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Abstract

Nuclear energy is an important source of energy globally, but results in the production of
used nuclear fuel. When removed from a nuclear reactor after its useful lifetime, used nuclear
fuel is still highly radioactive and must be stored safely for approximately one million years until
it returns to the radioactivity level of naturally occurring uranium ore. Canada, along with other
countries that have an inventory of used nuclear fuel, is in the process of designing a deep
geological repository (DGR) for long-term storage of used nuclear fuel. In this system, used
nuclear fuel, itself a stable solid, will be stored in copper-coated steel used fuel containers, and
placed in bentonite clay buffer boxes made of highly compacted Wyoming MX-80 bentonite.
Buffer boxes would then be stacked in placement rooms approximately 500 m below ground in a
suitable host rock with spaces between buffer boxes and host rock filled in with a granulated
form of bentonite referred to as gapfill material. To ensure the longevity of a DGR, it is
important to consider the role that microorganisms could play, particularly through contributing
to corrosion of used fuel containers through a process termed microbiologically influenced
corrosion. Expected to dominate occurrences of microbiologically influenced corrosion under
anoxic conditions, sulfate-reducing bacteria (SRB) are a primary target of research, but rarely
live in isolation, thus necessitating the study of microbial communities that could live in the

bentonite clay surrounding used fuel containers on a broader scale.

Due to the potentially detrimental role that some microorganisms could play in a DGR, a
goal in designing a DGR is to compact bentonite, a type of swelling clay, to a sufficiently high
dry density that microbial growth is suppressed upon saturation. The first goal of this thesis was
to investigate the bentonite dry density necessary to suppress microbial growth in Wyoming
MX-80 bentonite under oxic conditions and gapfill material under both oxic and anoxic
conditions. A set of pressure vessel experiments demonstrated suppression of microbial growth
under oxic conditions in bentonite compacted to a minimum dry density of 1.4 g/cm?®. Under
anoxic conditions, growth of heterotrophs was suppressed in pressure vessels with a minimum
dry density of 1.45 g/cm?, but culturable SRB persisted in abundances higher than the as-
received bentonite starting material in the outer layers of all pressure vessels throughout the full
one-year experiment. Additional experiments were conducted to explain the increase in

abundance of SRB, which had not previously been observed in other studies. These experiments
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suggested that the increase in abundance of SRB was likely not inherent to the gapfill material,
nor was there evidence for it being a result of differences in SRB medium or in amounts of trace
oxygen between studies. In both oxic and anoxic pressure vessels, an initial increase in
abundance of culturable heterotrophs was observed prior to complete saturation, presumably as
water became available but swelling pressure remained sufficiently low to allow for their growth.
Although previously proposed to potentially be associated with a recovery from the viable but
not culturable state rather than growth, a follow-up experiment suggested that the initial increase

in abundance of culturable heterotrophs was likely a reflection of growth (i.e., cell division).

Dry density is an important consideration in DGR design, but it is not the only physical
property that could influence microbial growth within a DGR. Temperature is expected to
fluctuate from natural subsurface temperatures of <20°C to temperatures as high as 94°C, and
little research has been conducted to explore the potential for microbial growth in bentonite at
these elevated temperatures. This thesis includes experiments testing the abundance and
community composition of microorganisms adapted to a variety of temperatures in as-received
and hydrated bentonite. The results showed a low abundance of culturable microorganisms that
survived incubation at 60°C, but 16S rRNA gene profiles dominated by presumably unculturable
representatives of the thermophilic family Thermoactinomycetaceae. Hydrated bentonite was
additionally incubated at temperatures of 75, 90, and 105°C, but DNA sequencing results did not
show a shift in community composition from as-received bentonite, suggesting that the natural
as-received bentonite microbial community may not include members adapted to these very high

temperatures.

Lab-scale experiments allow for testing of very specific DGR-relevant conditions (e.g.,
dry density and temperature) and the effect these have on microbial community abundance and
composition. However, a DGR is being designed to exist for upwards of one hundred thousand
years, which is not a realistic timescale for any experiment. To circumvent this limitation, one
approach is to couple lab-scale experiments to the study of natural analogues, which have
naturally existed for DGR-relevant timeframes. This thesis presents a study of the Tsukinuno
bentonite deposit in Japan, which can serve as a natural analogue to DGR bentonite. In this
study, sequencing of DNA extracted from bentonite revealed microbial communities dominated

by sequences associated with Thiobacillus, Hydrogenophaga, Comamonadaceae, and
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Pseudomonas. Although differences in community composition were observed between samples,
microbial communities were relatively similar for all four studied cores and at all depths into the
clay bed. A series of geochemical parameters were measured to help identify factors that may
influence microbial community composition. The abundance of culturable anaerobic
heterotrophs was positively correlated with the concentration of nitrate, which could be used by
anaerobes for denitrification, and the abundance of culturable aerobic and anaerobic heterotrophs
was negatively correlated with the abundance of the clay mineral montmorillonite, increased
concentrations of which would increase the swelling capacity of the bentonite. The results
presented throughout this thesis will together be useful for incorporation into future models of

microbial activity within a DGR and can ultimately be used to inform DGR design.
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Chapter 1: Introduction

1.1 Nuclear energy and the deep geological repository concept

Nuclear power is an important global source of energy and a key component of a fossil-
fuel independent future. In Canada, and globally, nuclear reactors are powered by uranium. In
Canada, a form of nuclear fuel known as Canada deuterium uranium (CANDU) is used. The
CANDU fuel is made of UO; powder pressed into solid pellets and then baked into ceramic fuel
pellets (Figure 1.1A) [1]. Fuel pellets are stacked in fuel pencils made of zirconium-tin alloy,
which are welded together to form fuel bundles (Figure 1.1A). When fuel bundles are removed
from nuclear reactors at the end of their useful life using current technology, they are still highly

radioactive and must be stored safely, isolated from people and the environment [1].
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Figure 1.1 Canadian nuclear fuel (A) within dry storage containers (B). Modified from a
previous publication [1].

Used nuclear fuel must be stored for very long timeframes because it takes one million
years for the radioactivity level of used nuclear fuel to return to that of naturally occurring
uranium ore (Figure 1.2A) [1]. Current storage of used nuclear fuel bundles occurs at reactor
sites (Figure 1.2B), where they are initially placed in water-filled pools for at least ten years
while initial radioactivity and heat dissipate, then in dry storage containers indefinitely (Figure
1.1B). As of June 2023, Canada had 3.3 million used fuel bundles in interim storage at reactor
sites, and this number is expected to increase to 5.6 million by the end of the planned operation

of existing Canadian nuclear reactors [1].
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Figure 1.2 Radioactivity of used nuclear fuel compared to uranium dioxide ore over time (A)
and the current storage locations of Canadian used nuclear fuel at existing reactor sites (B).
Modified from elsewhere [1].

Although storage at reactor sites is safe, it is only an interim solution because it is
unrealistic to maintain above ground storage facilities for a million years, during which time dry
storage containers would have to be replaced approximately every 50 years and storage facilities
refurbished regularly, not to mention the ice ages expected to occur and unknown state of human
civilizations that far into the future. In 2002, Canada’s producers of nuclear energy (Ontario
Power Generation, New Brunswick Power Corporation, and Hydro-Québec) established the

Nuclear Waste Management Organization (NWMO), a not-for-profit organization tasked with



designing a safe long-term storage solution for Canada’s used nuclear fuel. Along with other
countries also in the process of designing and implementing long-term storage solutions for used
nuclear fuel, the NWMO is designing a deep geological repository (DGR; Figure 1.3). In
Canada, the DGR will be implemented through an approach called Adaptive Phased
Management, which involves construction of a DGR, but also includes important steps like
public engagement, especially with communities near potential repository host sites, developing
a plan for transporting used nuclear fuel from reactor sites to the DGR site, and engaging with

other countries to incorporate global best practices [1].

The Canadian DGR design is a multibarrier system that involves placing used fuel
bundles in carbon steel used fuel containers (UFCs) that are coated in copper for corrosion
resistance, which are then placed in bentonite buffer boxes made of high-compacted Wyoming
MX-80 bentonite (Figure 1.3) [2]. Buffer boxes are then stacked in placement rooms
approximately 500 m below ground in a suitable host rock, with highly compacted spacer blocks
used to separate UFCs (Figure 1.3) [2]. Spaces between buffer boxes and the rock walls of the
placement room would then be filled in with a granulated bentonite referred to as gapfill material

(GFM; Figure 1.3).
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Figure 1.3 Proposed design of the Canadian DGR. Modified from a previous publication [2].

1.2 Bentonite clay

Bentonite is a key component of DGR designs, where it is the material directly in contact
with UFCs. Bentonite is a type of clay formed by the weathering of volcanic tuff and is defined
by the presence of montmorillonite as the dominant clay mineral [3]. Montmorillonite is the most
abundant clay mineral in the smectite group of clays and consists of two outer tetrahedral sheets
of silica with a central octahedral sheet of alumina [4]. Due to isomorphic substitution of Si** for
AP in the tetrahedral sheets, and of AI** for Mg?* in the octahedral sheets, montmorillonite has
a net negative charge. This charge is balanced by exchangeable cations, either sodium or
calcium, that exist between layers of montmorillonite [5]. Depending on the exchangeable
cation, montmorillonite either displays swelling behaviour or not. In the case of sodium, a
monovalent cation, attraction to negatively charged sheets of montmorillonite is weak, so when
hydrated, water molecules between the montmorillonite sheets push the sheets apart and the clay
swells. In contrast, divalent calcium cations are strongly attracted to the negatively charged
sheets, and when hydrated, water molecules do not push the sheets apart and the clay does not

swell [4].



The swelling nature of sodium bentonite makes it an ideal buffer material for use in a
DGR. Montmorillonite has a very small average particle size of 0.5 um, resulting in small pore
sizes that add to mechanical stability of the material and minimize space for microbial
colonization [4, 6]. When hydrated in a confined space (e.g., a DGR placement room), swelling
leads to the development of pressure (i.e., swelling pressure) that further limits microbial
colonization of bentonite. Further, bentonite has a low hydraulic permeability, which minimizes
flow of groundwater, potentially carrying with it corrosive compounds, from the host rock to the
UFCs [6]. This low hydraulic permeability would additionally immobilize radionuclides in the
event of UFC failure [6].

The type of bentonite proposed for use in a DGR is mined from Wyoming and processed
by applying high isostatic pressure (~100 MPa) to achieve a maximum mesh size of 80 (i.e.,
Wyoming MX-80). This powdered bentonite is highly compressed to form highly compacted
bentonite (HCB) buffer boxes and spacer blocks. It is also used to produce gapfill material, the
second type of bentonite proposed for use in a DGR, through a roll compacting/milling process.
The mineral composition of Wyoming MX-80 bentonite has a high montmorillonite content of
~81%, and smaller abundances of other minerals like muscovite, plagioclase, pyrite, and quartz
[7]. The bentonite received from a manufacturer prior to experimentation is commonly referred

to as “as-received bentonite,” which is a relatively dry and finely ground material.

1.3 Microbiology in the context of a DGR

In addition to including multiple natural and engineered barriers in the design of a DGR,
there are several factors that must be considered to ensure that the integrity of a DGR and its
components are stable over very long timeframes. One such factor is the role that
microorganisms within or surrounding the DGR could play. In general, DGRs are predicted to be
relatively inhospitable environments for microbial activity because of limited water availability,
lack of space, increased swelling pressure due to the highly compacted and swelling nature of
saturated bentonite clay, low nutrient availability, and high temperature [§]. Nonetheless, there
are active microbial communities in deep subsurface environments, and microorganisms are
additionally culturable from as-received bentonite [9, 10], thus necessitating the study of their

potential viability and activity within a DGR.



In the context of a DGR, microorganisms may participate in microbiologically influenced
corrosion (MIC), a process through which corrosion of a surface is initiated or propagated by
corrosive compounds produced by microbial metabolism. Under anoxic conditions, sulfate-
reducing bacteria (SRB) tend to dominate occurrences of MIC, likely due to the near-ubiquitous
distribution of sulfate in the environment (Figure 1.4) [11-16]. Even in sulfate-limited systems,
SRB have been shown to proliferate [17-19]. Additionally, SRB have been detected within
commercially available bentonites proposed for use in a DGR [9, 10]. Apart from SRB,
microorganisms with metabolisms that result in a net production of gas are also relevant. If
produced in sufficient volume, gas could lead to the formation of permeability fissures in the
clay or host rock, which would increase groundwater and ion transport to the surface of UFCs
[13]. Although SRB, and to a lesser degree gas-producing microorganisms, are a major area of
focus in DGR design, microorganisms rarely live in isolation and may have growth or
metabolism influenced by various symbiotic relationships with other microorganisms living in
the same community, such as those capable of sulfur oxidation or fermentation. As such, it is
important to study the whole microbial community that may be expected within bentonite clay

and the deep subsurface environment that will host the DGR.
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Figure 1.4 Microbiologically influenced corrosion of the copper coating of a used fuel container
via sulfide production by sulfate-reducing bacteria. UFC image taken from a previous
publication [20].



1.4 Microbiology of subsurface environments

Because a DGR will be hosted in the deep subsurface, existing research on deep
subsurface microbiology can provide important information about the types of microorganisms
and microbial metabolisms that may be expected to occur in and around a future DGR. The
terrestrial subsurface is one of Earth’s largest environments and is predicted to host as many
microbial cells as global surface soils, and more than all oceans combined [21-24]. Especially
given the massive volume of this ecosystem, subsurface microorganisms play an important role
in global biogeochemical cycling. The deep terrestrial subsurface is not only of interest to global
nuclear waste management organizations, but also to industries interested in mining the valuable
compounds, such as ores, minerals, oil, and natural gas, it contains, and for its potential in carbon
capture and storage of hydrogen for use as an energy vector [25]. Further, certain deep
subsurface environments on Earth can serve as analogues to saline subsurface environments on
other planets like Mars [26—32]. Nonetheless, the deep terrestrial subsurface remains
underexplored, particularly because of logistical challenges of sampling such inaccessible

locations.

Microorganisms are diverse in their metabolic needs, but there are several common
requirements for all known life on Earth: water, carbon, nutrients, physical space, and energy for
growth and reproduction. In many environments, these requirements are met readily, but the
deep subsurface is typically nutrient poor. Because availability of the necessities for life tend to
decrease with depth, so do the average abundances of microbial cells (Figure 1.5) [33, 34]. In
such nutrient-deprived conditions, life in the deep subsurface operates at a slower pace than it
does in most surface environments. For example, the average generation time for microbial cells
in terrestrial deep subsurface environments has been estimated to be centuries [35—40]. This,
coupled with relatively small population sizes, may lead to evolution driven by stochastic

processes, like genetic drift, rather than deterministic factors, such as selection [41].
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Figure 1.5 Schematic of a terrestrial subsurface environment. The top layer of the subsurface is
generally unsaturated, with saturated layers below. Most aquifers exist in the saturated zone,
within the top 100 m from the surface. The saturated zone consists of aquifers in permeable rock,
loose material, or fractured rock. Outside of aquifers, rock fractures within the saturated zone are
often water-filled. As depth increases, so do the temperature and pressure, whereas microbial
diversity and abundance are highest closer to the surface. Organic carbon, water, and oxygen
become increasingly unavailable with depth, whereas H», CO», and CH4 gases are abundant in
the deep subsurface.

In the deep subsurface, water exists in the form of groundwater, which is a broad term
used to describe fluid located below the surface in pore spaces of rocks and soil, in the fractures
between rocks, and in aquifers (Figure 1.5). Aquifers typically occur in the first 100 m below the
surface but can also extend to much greater depths [42]. They are commonly composed of
unconsolidated porous rock/sediment (e.g., sand, gravel) or consolidated porous rock (e.g.,
sandstone). Other aquifers consist of water within interconnected fractures, cracks, or joints in
solid rock (Figure 1.5). The salinity of groundwater increases with depth and can result in
hypersaline environments at some of the greatest depths sampled [43]. Deep groundwater may

also host high concentrations of heavy metals, which can be toxic to microorganisms [44, 45].

Given an absence of sunlight, and a lack of associated primary production from

photosynthesis, access to organic carbon in the deep subsurface is more limited for



microorganisms than it is in surface environments. Some organic carbon in the deep subsurface
was included with sediments at the time of their deposition and now through diagenesis exists
primarily as oil and petroleum deposits. Subsurface organic carbon also exists in clay, shales,
coal, and other deposits. Living near organic carbon deposits can be advantageous for
microorganisms, especially heterotrophs, but it is not the only strategy. Organic carbon can also
be produced in situ by chemolithoautotrophs that fix inorganic carbon, which allows for
microbial life in the subsurface beyond carbon reservoirs [46]. In addition to a lack of organic
carbon, deep subsurface environments are often anoxic, and with limited nutrients, thus most
subsurface microorganisms rely on non-oxygen electron acceptors and inorganic electron donors
for metabolism. However, some deep subsurface environments have access to oxygen via oxic
water originating from the surface [47]. Alternatively, a recent study demonstrated higher than
expected concentrations of dissolved oxygen in old groundwaters that may have been produced

in situ via microbial dismutation, a process termed “dark oxygen production” [48].

Physical space for microorganisms to inhabit the deep subsurface is highly variable,
ranging from pore spaces smaller than the size of a microbial cell, to larger fractures and faults
that are sometimes interconnected [49]. Rock type influences both pore size and organic carbon
availability. Sedimentary rocks are generally more porous than igneous and metamorphic rocks,
providing more space for microorganisms to grow and interact [50, 51]. They also generally have
not been exposed to the same high temperature and pressure conditions as igneous and
metamorphic rocks, thus microbial populations found within them could theoretically have been
present since the rock’s deposition [51-53]. In contrast, igneous and metamorphic rocks, which
together represent most of the deep subsurface, rely on nutrient and energy source transport via
fractures, and are usually void of organic matter [51]. Because the pore spaces of these rocks are

usually too small for microbial cells, fractures provide the most likely habitats [54, 55].

1.4.1 Chemical energy for primary production in deep subsurface environments

In the absence of sunlight, subsurface communities must rely on non-photosynthetic
primary production. It was originally thought that subsurface life must be supported by organic
carbon deposits that were formed by ancient photosynthetic events. Although subsurface
microbial communities that are near organic carbon deposits, such as oil, do take advantage of

these carbon sources, other communities rely entirely on chemolithoautotrophic metabolism and



fix their own carbon from inorganic sources available in the subsurface. The first deep terrestrial
subsurface microbial community shown to be completely supported by chemolithoautotrophic
primary production was discovered in 1995 [46]. Since then, geogenic gases such as dihydrogen
(H»2), methane (CHas), and carbon dioxide (CO) were linked with belowground primary
production [56].

For primary production to occur, microorganisms must have the capacity to fix inorganic
carbon into biomass. Several different carbon fixation pathways exist in microorganisms, but
perhaps the most important for deep subsurface metabolism is the reductive acetyl-CoA
pathway, or Wood-Ljungdahl pathway, because it is the preferred process for microorganisms
living in low-energy environments near the thermodynamic limit of life [57]. Commonly adopted
by acetogens, methanogens, and sulfate-reducing microorganisms, this pathway is used for
energy production and for fixing inorganic carbon into biomass [57]. Metagenomic studies have
demonstrated that the reductive acetyl-CoA pathway dominates within deep terrestrial subsurface

microbial communities [58—60].

1.4.2 Hydrogen-driven deep subsurface ecosystems

A common feature of deep subsurface microbial communities is a reliance on H» for
energy (Figure 1.6). Hydrogen gas is present in subsurface environments through processes like
radiolysis of water and serpentinization [61]. Although hydrogen-fuelled microbial metabolisms
in the deep terrestrial subsurface were demonstrated prior to the availability of metagenomics
[56], subsequent metagenomic studies have further reinforced a prevalence of genes involved in
H; oxidation associated with deep subsurface samples [58—60, 62]. For example, metagenomes
generated from samples of three different borehole depths showed a significant enrichment of
hydrogenases in borehole samples from 2.3 km compared to those from 0.6 or 1.5 km [45],
suggesting that hydrogen becomes increasingly important with distance below the Earth’s
surface. Hydrogen gas can be coupled to the reduction of many different electron acceptors that
are relevant to deep terrestrial subsurface metabolism, supporting methanogenesis [45, 63—65],
homoacetogenesis [45, 66], sulfate/sulfite reduction [11, 14, 36, 63, 67—75], and iron reduction
[63, 69, 76—78] (Figure 1.6).
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Figure 1.6 Schematic of deep subsurface microbial metabolisms fueled by organic carbon (A) and H> gas (B), and the sources of
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studies of the subsurface [44, 45, 59, 61, 62].

11



1.4.3 Common microbial subsurface communities

Prior to high-throughput sequencing and metagenomics, deep terrestrial subsurface
microbial community characterization generally involved either culturing approaches or clone
library analysis (16S rRNA gene amplicon sequencing of selected clones). Using such traditional
approaches, deep subsurface communities were commonly reported to be dominated by iron-
reducing bacteria, SRB, methanogenic archaea, and acetogens [64, 80—83]. When subsurface
samples were taken from locations near hydrocarbon reservoirs, fermentative microorganisms

were also detected [84, 85].

Because a subset of microorganisms is favoured by cultivation conditions, microbial
abundance estimates obtained by these techniques can be much lower than those from
microscopy-based techniques, sometimes by orders of magnitude [84]. With the advent of high-
throughput amplicon and metagenomic sequencing, it has been possible to study deep biosphere
microbial communities with increased resolution, circumventing the biases of culture-based
approaches. A survey of existing amplicon sequencing data from global terrestrial deep
subsurface environments showed a universal dominance of phyla Proteobacteria and Firmicutes.
It was proposed that the vast metabolic diversity within these phyla could account for their
dominance in deep terrestrial subsurface environments, seemingly independent of underlying
geology and environmental factors [86]. Metagenomic studies of deep terrestrial subsurface
environments commonly reveal microbial communities with diverse metabolisms. For example,
a study of deep subsurface samples from the Horonobe Underground Research Laboratory
(Japan) found a diverse microbial community consisting of 29 phyla, including 13 uncultured
representatives that had never been detected at this site [63]. The most abundant metabolic
functions encoded by the metagenomes were sulfate reduction, sulfur oxidation, nitrate
reduction, iron reduction, methane oxidation, and methanogenesis. Almost all reconstructed
genomes showed the potential for fermentation, several had genes for nitrogen fixation, many
encoded the Calvin-Benson-Basham or reductive acetyl-CoA pathways for carbon fixation, and
more than half had genes involved in hydrogen oxidation. The functions detected in these
metagenomes are common for deep terrestrial subsurface microorganisms [11, 60, 72, 87-901]];

however, not all deep subsurface environments host such diversity (Figure 1.6).
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1.4.4 Low diversity subsurface microbial communities

Some deep terrestrial subsurface microbial communities have very low diversity. For
example, water circulating within igneous rocks ~200 m belowground in Idaho was sampled and
shown to be dominated by methanogens, at >90% of all detected taxa [56]. A similarly low-
diversity community was discovered in groundwater from 2.8 km belowground in the Mponeng
gold mine in South Africa, which had a microbial community dominated by a single SRB
population belonging to the Firmicutes phylum [91]. Metagenomic sequencing of fracture fluid
recovered from this same environment revealed a metagenome with >99% of reads belonging to
this same population’s genome [36]. Additional reads in the metagenome were considered to be
laboratory or drilling contaminants. Named Candidatus Desulforudis audaxviator, which in Latin
means “bold traveler in search of sulfur,” the assembled genome suggested complete self-
sufficiency for this subsurface bacterium. In addition to the ability to couple sulfate reduction
with H (e.g., derived from radioactive decay of uranium) or formate oxidation for energy
metabolism, the genome for Ca. D. audaxviator contains all genes necessary for carbon and
nitrogen fixation and encodes all necessary amino acid biosynthesis pathways. Metabolically
flexible, Ca. D. audaxviator can switch from heterotrophy to autotrophy as conditions change.
Adaptations such as this could help to explain its ability to thrive in such a harsh environment
independently [59]. Since its discovery, Ca. D. audaxviator has been reported in other global
subsurface samples [92]. A similarly low diversity microbial community was later discovered in
porous sandstone near an oil deposit, dominated (>98%) by Halomonas sulfidaeris, a heterotroph

capable of using aromatic organic compounds [44].

1.4.5 Factors influencing subsurface microbial community composition

The factors that influence microbial community composition and diversity of deep
terrestrial subsurface environments remain poorly understood. Although the least diverse
microbial communities discovered have been in some of the deepest sampled environments [36],
other deep subsurface environments host relatively diverse microbial communities [89].
Decreasing diversity with depth is likely a combination of related factors that influence microbial
community composition, such as water recharge and origin, water activity (e.g., salinity), organic

matter availability, and electron donor and acceptor diversity.
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Several 1-5 km deep samples taken from boreholes in South Africa had microbial
communities dominated by either Firmicutes or Proteobacteria phyla [93-97]. In general,
Proteobacteria taxa tend to dominate fracture fluids that have more recently mixed with
meteoric (i.e., associated with precipitation) waters, which are relatively shallow subsurface
fluids. In contrast, representatives of the Firmicutes dominate deeper subsurface communities,
which tend to be fed from deep groundwaters with little or no meteoric water input [59]. This
trend could be explained by the selection for microorganisms, often Firmicutes members,
capable of using the reductive acetyl-CoA pathway for carbon fixation in lower energy deep
environments, with less fluid input from meteoric sources. Indeed, a metagenomics study
observed a higher relative abundance of Firmicutes members in fracture fluids with little mixing
of meteoric waters, which was associated with a higher abundance of protein encoding genes
associated with the reductive acetyl-CoA pathway [59]. A correlation between water origin and
microbial community composition has been reported for other environments, including the
Fennoscandian Shield and serpentinite springs in Canada [98, 99]. Water recharge, as well as
organic matter availability, are also reported to be positively correlated with subsurface
microbial community diversity [59]. Although not addressed by these experiments, additional
factors could favour the persistence of certain microorganisms at greater depths compared to
others, such as the ability of some microorganisms, including members of Firmicutes, to form

spores and withstand unfavourable conditions.

In addition to carbon fixation pathways, other adaptations for nutrient-poor conditions of
the deep subsurface could help explain persistence of certain microorganisms in these
environments. For example, Halomonas sulfidaeris dominates (>98%) a microbial community in
sandstone and is well adapted to use various aromatic organic compounds available from nearby
oil deposits [44]. It also has adaptations for survival in the hypersaline subsurface, including
transmembrane transporters for ions, heavy metal and ion efflux pumps, and various other
osmotic regulators. As a facultative anaerobe, it can also adapt to changes in oxygen availability
and is tolerant to high temperature and pressure [44]. The microorganisms detected at the deepest
depth sampled in a borehole in Finland had similar adaptations to the high salt and metal
concentrations [45]. Further, some obligate fermenting microorganisms can use the
osmoprotectant compounds produced by other organisms as a carbon and energy source. It was

observed that the microbial community composition in 2.5 km deep shale wells in Pennsylvania
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shifted, in response to increasing salt concentration associated with hydraulic fracturing of shale,
to favour halotolerant bacterial and archaeal species: Candidatus Frackibacter, which was
discovered at the site, Halanaerobium, Halomonadaceae, Marinobacter, Methanohalophilus,
and Methanolobus [100]. All genomes had evidence of an osmoprotectant strategy, including use
of the molecule glycine betaine, proposed to be produced by other microorganisms present to
fuel their fermentative metabolisms [100]. Another proposed adaptation to oligotrophic deep
subsurface conditions is small cell size [101]. Approximately 50% of the cells in microbial
communities of groundwater collected from the Aspd Hard Rock Laboratory passed through a
0.22-um filter. These small cells often had genomes that were assigned to phylum
Proteobacteria, and all had matches to known representative species reported to have cell sizes

larger than 0.3 pm [101].

Another factor known to influence subsurface microbial community composition is the
surrounding geology of deep terrestrial environments. Microorganisms often make use of the
molecules and ions available in the rocks they inhabit, either as electron sources or acceptors, or
as sources of limiting minerals (Figure 1.6). This includes metal sulfides like pyrite [102, 103],
metals such as iron and manganese and their oxides [104], silicate rocks like feldspar that
provide a source of phosphorus [105, 106], and gypsum-derived sulfate [63], which are not
evenly distributed in all rocks [103]. Profiles of available electron donors in subsurface
ecosystems correlate with microbial community composition [107], but host rock lithology has
rarely been directly linked to microorganisms living within that rock. Nonetheless, one study
compared the lithology and microbial community compositions of 15 types of host rock taken
from many different locations and showed that host rock lithology was a primary driver of
microbial community structure [108]. A study out of the Deep Mine Microbial Observatory
(South Dakota) looking at biofilms in fluid-filled fractures supported these results and suggested
that the types of minerals present could be an important factor for which microorganisms
colonize the rock surfaces [109]. Similarly, microbial communities within granite were
dependent on elements found within the granite, especially aluminum, silica, and calcium [110].
Another study showed that aquifer fluid type (e.g., gabbro, hyperalkaline peridotite, and alkaline
peridotite) was correlated with microbial community composition [111]. Although a single
geochemical parameter accounted for the correlation, differing pH, Eh, and availability of carbon

and electron acceptors among rock types were predicted to be key factors [111]. As
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microorganisms use the minerals present in the rock, they chemically transform them. While this
process has been studied in surface environments such as clay minerals in soil [112, 113], it is an
important consideration in deep subsurface environments, especially when those environments
will be modified, and potentially amended with non-native materials (e.g., clay, concrete),
through the construction of underground repositories, such as for long-term storage of used

nuclear fuel.

A recent study showed that stochastic geological activity may also play a role in
microbial community structure and succession, with a stronger influence than environmental
selection, for deep hard rock aquifer systems [114]. The findings suggest that geological activity
causing or changing fractures, which leads to the isolation or mixing of fracture fluids, and the
nutrients and microbial communities within, plays a significant role in microbial community
turnover and the establishment of new microbial communities when environmental conditions
and underlying geology of the rock formation remain unchanged [114]. Further understanding
the factors that determine microbial community composition and drive succession in deep
terrestrial subsurface environments will be critical for the planning of deep subsurface activities
that could be impacted by microbial activity, such as the construction of underground

repositories for used nuclear fuel storage.

1.5 Physical properties expected to change over the lifetime of a DGR

The construction of a DGR will impact the natural deep subsurface environment and its
naturally occurring microbial communities through the introduction of oxygen, water, space,
nutrients, and exogenous microorganisms, which may initially favour growth of aerobes and
facultative anaerobes [115]. Within a DGR, oxygen is eventually expected to be depleted. Initial
models suggested that oxygen may persist within a DGR for several decades due to slow
diffusion of oxygen into the host rock [116]. More recent models that additionally take microbial
oxygen consumption into account predict that oxygen may be depleted within a few months to
one and a half years of DGR closure [20, 117]. At this point, the DGR will return to reducing
conditions. In the absence of oxygen, light, and readily available organic matter,
chemolithoautotrophic forms of primary production common to natural deep subsurface

microbial communities may be favoured.
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Apart from oxygen, temperature, saturation, and swelling pressure are expected to change
throughout the lifetime of a DGR. Prior to the introduction of used nuclear fuel, the subsurface at
repository depth is between 10 and 17°C (Figure 1.7) [118, 119]. Once placed, used nuclear fuel,
which releases energy in the form of heat, will increase the temperature of the DGR (Figure 1.7)
[118, 119]. The heat at any given area in a DGR is impacted by proximity to used fuel
containers, but also by the thermal conductivity of the surrounding materials (HCB, GFM, host
rock). A range of temperatures are expected in the DGR both over time and spatially at any given
time. At temperatures above 125°C, the electrochemical behaviour of copper changes such that
corrosion occurs at an increased rate, and above a temperature of about 140°C, bentonite begins
converting to the non-swelling clay illite [ 120]. Both situations increase the susceptibility of the
system to corrosion. As such, DGRs are being designed so that the temperature within the system
remains sufficiently low that the barriers are not altered or destroyed. The Canadian DGR
specifically is being designed such that the temperature at the surface of the used fuel containers

never exceeds 100°C [120].
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Figure 1.7 Predicted temperature fluctuations in different locations (C) inside of a DGR hosted
in a crystalline (A) or sedimentary (B) host rock over one million years after used fuel
placement. Modified from several other sources [20, 118, 119].
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In a DGR hosted in a crystalline rock formation, models show that the temperature at the
surface of a UFC (the hottest part of the DGR) and in the highly compacted buffer boxes
surrounding the UFCs will climb from about 12°C to about 50°C within the first year of
emplacement and will continue to rise until the maximum temperature of 84°C is reached 45
years after emplacement (Figure 1.7). Temperatures will then remain elevated (i.e., >70°C) until
about 1600 years after emplacement, at which point the temperature will begin decreasing
(Figure 1.7). The bentonite at the outer edges of the placement rooms would be slightly cooler,
reaching a temperature of approximately 35°C within the first year after emplacement and
reaching a maximum of about 75°C about 50 years after emplacement (Figure 1.7). In a DGR
hosted in a sedimentary rock formation, slightly higher temperatures are expected. The
temperature at the UFC surface and in the bentonite buffer boxes surrounding the UFC would
rise from about 17°C to about 50°C within the first year after emplacement and would reach a
maximum temperature of 93°C, 47 years after emplacement, after which it would slowly

decrease over more than 10,000 years (Figure 1.7).

The saturation of bentonite within a DGR is driven by the heat produced by used nuclear
fuel. The initial saturation of the highly compacted bentonite buffer boxes and of the GFM are
expected to be 64-90% and 6%, respectively [20]. As heat is produced by used nuclear fuel,
water will be pushed away from the area surrounding UFCs (Figure 1.8). During this period of
low saturation, bentonite will not swell to its full capacity, and so the swelling pressure within
the system will be reduced, as will the rate of solute transport through bentonite [20]. As
temperature decreases, moisture will move back towards the UFCs (Figure 1.8) [20]. The
saturation pattern within a DGR will depend on the specific hydraulic conductivity of the host
rock and is therefore expected to differ for crystalline or sedimentary host rock (Figure 1.8) [20].
In the case of a crystalline host rock, full saturation may occur in fewer than 100 years, whereas

it is expected to take more than 1000 years in a sedimentary rock-hosted DGR (Figure 1.8) [20].
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Figure 1.8 Predicted saturation (blue) and relative humidity (red) of a DGR hosted in a
crystalline (A) and sedimentary (B) host rock over a one-million-year timespan after DGR
closure. Modified from elsewhere [20].

1.6 Study of microbiology in the context of long-term used nuclear fuel storage

Different microorganisms are adapted to a wide variety of physical conditions, including
oxygen concentration, temperature, water availability, pressure, pH, and salinity, which are all
expected to fluctuate throughout the lifetime of a DGR (Figure 1.9). Due to the potential
detrimental role that some microorganisms could have within a DGR, it is important to study
their viability, growth, and activity within bentonite. There are two broad approaches to study
bentonite microbiology in this context. These include relatively short-term microcosms, which
allow for the control of specific physical properties of interest, and natural analogue studies,
which are limited in terms of control of conditions but have naturally existed for DGR-relevant

timeframes.
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Figure 1.9 Range of temperature, pH, salinity, and pressure that can support known microbial
life, and the ranges expected in a crystalline or sedimentary rock-hosted DGR. Salinity range is
based on an initially low salinity of as-received bentonite to a maximum salinity based on that of
reference groundwater. Maximum pressure is based on the swelling pressure of ~100 bar
associated with the planned dry density of highly compacted bentonite buffer boxes of 1.7 g/cm?.
Figure adapted from a previous source [121], with overlay of DGR-relevant temperature [118,
119], pH [2], salinity [20], and pressure [122, 123].

1.6.1 Study of microbiology in bentonite compacted to varying dry densities

Due to the potential detrimental impact that some microorganisms could have on DGR
longevity, a goal in designing a DGR is to identify conditions that prevent microbial growth. In
the Canadian design, the objective is to identify the minimum bentonite dry density necessary to
suppress microbial growth in bentonite. Initial work looking at powdered Wyoming MX-80
bentonite saturated with distilled water under oxic conditions identified a dry density of 1.6
g/cm? as a conservative dry density target at or beyond which microbial growth is confidently
suppressed (i.e., the abundance of culturable heterotrophs and SRB do not increase beyond that
of the initial powdered bentonite starting material) [123]. The same study measured the

abundance of culturable microorganisms in bentonite plugs compacted to lower dry densities of
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1.3 g/cm?, in which similar abundances of microorganisms were cultured compared to the
starting bentonite material, and 0.8 g/cm?, in which the abundance of culturable aerobic
heterotrophs was orders of magnitude higher than that of the starting bentonite material. Given
that this experiment only ran for up to 90 days, a second experiment was prepared using the same
methods and bentonite compressed to 2.0 g/cm?® and was conducted for eight years to confirm
that microbial growth suppression was maintained over longer time frames [124]. In this second
experiment, an increase in abundance of culturable microorganisms was only observed for
aerobic heterotrophs in the outer layer (and not the inner layer) of the clay plug (i.e., the layer in
contact with the inside of the pressure vessel). Growth of culturable anaerobic heterotrophs and
SRB was suppressed in both layers of the clay plug. A follow-up experiment demonstrated that
high dry density had a static effect rather than killing microorganisms. Although abundance of
culturable microorganisms did not increase beyond that of the starting material in bentonite
compacted to a dry density of 1.6 g/cm?, when that same clay plug was then allowed to expand to
fill a larger volume (i.e., the dry density was effectively increased), the abundance of culturable
microorganisms increased, demonstrating the importance of not only achieving but also

maintaining a high bentonite dry density in a DGR [125].

The combined effect of bentonite dry density and anoxic conditions was tested in two in
situ experiments using Wyoming bentonite-packed modules deployed in boreholes. For one
experiment, a significant increase in the abundance of culturable aerobic and anaerobic
heterotrophs compared to the bentonite starting material was observed after 1 and 1.5 years of
incubation in a 1.25 g/cm? (i.e., low) dry density module in all tested layers of the module,
whereas microbial growth was suppressed in a parallel 1.55 g/cm? (i.e., high) dry density
module. By the 5.5-year time point, abundances of culturable heterotrophs were the same or
lower than those of the starting material regardless of bentonite dry density [126]. For the second
experiment, in contrast, there was a significant difference in abundance of culturable
heterotrophs between the inner and outer layers of the module, with a significant increase in
abundance of culturable aerobic heterotrophs compared to the starting material in the outer layer
of a 1.25 g/cm? (i.e., low) dry density module after 5 years of in situ incubation, but suppression
of microbial growth in the inner layer of this low dry density module and in both layers of a
parallel 1.50 g/cm? (i.e., high) dry density module [127]. In both experiments, the abundance of

culturable SRB never increased in abundance beyond the starting material regardless of dry
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density or incubation time [126, 127]. Similarly, in two studies using a type of Spanish bentonite
compacted to a high dry density of 1.7 g/cm?, survival of culturable SRB was observed after one
year of anoxic incubation at 30°C [128] or at 60°C [129], but final culturable abundances of SRB
remained within an order of magnitude of the abundance of culturable SRB in the clay starting
material [128, 129]. Together, current literature suggests that under both oxic and anoxic
conditions, maintenance of a sufficiently high dry density (i.e., 1.50-1.70 g/cm?®) suppresses
microbial growth, whereas heterotrophs in lower dry density bentonites (i.e., < 1.25 g/cm?) tend
to initially increase in abundance prior to eventual suppression of growth given sufficient time.
Regardless of oxygen and dry density conditions, the abundance of culturable SRB in bentonite

has not been observed to increase in abundance over time.

1.6.2 Study of microbiology in bentonite exposed to different temperatures

Within a year after placement of used nuclear fuel, the temperature within the DGR is
expected to surpass the temperature range for mesophilic microbial growth (Figure 1.9), which is
usually the focus of study; most experiments are conducted between room temperature and 30°C
[118, 119]. Although barrier components (copper, bentonite, host rock) are expected to be
physically unaltered by the range of temperatures expected in a DGR, microbial communities
within and surrounding the DGR would be expected to change in response to temperature, and
there are different microorganisms adapted to survive in all temperatures expected within a DGR

(Figure 1.9).

Because a DGR is expected to experience a range of elevated temperatures for thousands
of years after emplacement, it is important to study the effect of temperature on microbial
community abundance and composition in bentonite clay. To date, very few studies have
explored microbial community composition and abundance in bentonite clay exposed to high
temperature. In one study, bentonite collected from El Cortijo de Archidona (Spain) was dried
(moisture content of 12%) and compacted to a high dry density of 1.7 g/cm?. After a year of
anoxic bentonite plug incubation at 60°C, aerobic heterotrophs, anaerobic heterotrophs, and SRB
grew in cultures incubated at 30°C but not 60°C, suggesting that at least some mesophilic
microbial community members were able to withstand the harsh conditions and proliferate once
conditions became more favourable (e.g., 30°C with excess water and nutrients), but that

thermophilic microorganisms either did not proliferate within the bentonite clay plugs or were
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not culturable [129]. When bentonite was first spiked with potential electron donors and
acceptors (acetate, lactate, and sulfate), there was a small increase in the abundance of culturable
mesophilic microorganisms throughout the one-year 60°C incubation. Even in bentonite that was
first treated with a Tyndallization (i.e., repeated heating and cooling) process prior to
compaction, culturable microorganisms were still detected after the year-long high temperature
incubation, further demonstrating that some microorganisms can withstand very harsh
temperature exposure, at least for a relatively short time, and proliferate once temperature and
dry density are reduced [129]. A second study explored microbial activity in a slurry of Bavarian
bentonite and Opalinus porewater solution, also over a year of anoxic 30 or 60°C incubation. In
this study, there was evidence of Desulfosporosinus-driven sulfate reduction in 30°C
microcosms amended with hydrogen, but not for amended 60°C microcosms or unamended 30°C
or 60°C microcosms [130]. Although sulfate reduction was undetectable for 60°C microcosms,
DNA sequencing suggested that a change in microbial community composition occurred. In
microcosms with or without amendment with electron donors, 16S rRNA gene profiles were
dominated by sequences associated with the thermophile Caldinitratiruptor microaerophilus,

which was not a dominant member of the Bavarian bentonite prior to microcosm setup [130].

1.6.3 Study of microbiology in natural analogue samples

Laboratory and in situ experiments are ideal for testing how microorganisms in bentonite
respond to DGR-relevant conditions like dry density, swelling pressure, and temperature. One
major limitation of lab-scale experiments is a lack of realistic timeframes. Even if microbial
activity is low in a DGR, DGRs are being designed to persist for hundreds of thousands of years,
and so the cumulative activity of microorganisms over this time scale must be considered.
Although modelling can help, this is not easily achieved with laboratory or in sifu experiments.
To overcome this limitation, laboratory-scale experiments can be coupled to the study of natural
analogue sites. Certain sites have been identified as suitable analogues for different DGR
barriers, including bentonite, copper, and rock. In this context, natural analogues are naturally
occurring bentonite deposits that have existed for times comparable to or longer than the
projected lifetime of a DGR. Natural analogues serve as a “snapshot” of microbial communities
that have had the chance to establish in subsurface bentonite clay over long timeframes, and
could be used to infer the microbial communities that may be expected in DGR bentonite in the

long term. The study of natural analogues comes with its own set of challenges, including that it
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is challenging to find a natural analogue site that adequately mimics all conditions of a DGR.
Additionally, microbial growth and activity that may occur during the early phases of a DGR,
when conditions (e.g., temperature, saturation, and swelling pressure) are expected to fluctuate,
cannot be assessed readily. Nonetheless, coupling lab-scale and in sifu experiments with the
study of natural analogues can help to achieve a more holistic view of the range of microbial

population sizes, community compositions, and activities expected to occur in a DGR.

Two natural analogue sites have been identified and studied in Japan: the Kawasaki
bentonite mine in Miyagi prefecture, and the Tsukinuno bentonite mine in Yamagata prefecture.
Kawasaki mine is a strip mine with layers of Ca-type bentonite that are 25-30 m thick [131]. The
Tsukinuno mine includes 35 layers of Na-type bentonite within the mining area, up to 7 m thick
and located between parallel strata of shale [132]. These sites are suitable as analogues for a
DGR because they consist of ancient bentonite with relatively high concentrations of
montmorillonite. The Tsukinuno mine is additionally relevant given that the bentonite at this site
is a Na-type (swelling) bentonite, as are powdered and gapfill bentonites proposed for use in
DGRs. In two cores drilled from each site, the highest counts of culturable aerobic and anaerobic
heterotrophs on R2A agar were nearest the drilling mouth and decreased to less than 10?
cells/gdw by 1 m into the cores [131]. In this study, the authors measured several geochemical
parameters for comparison to culture counts. Montmorillonite content, cation exchange capacity,
degree of saturation, leached cation composition, and pH were not correlated with abundances of
culturable heterotrophs. Moisture content and dry density were both weakly to moderately
correlated with counts of culturable aerobic heterotrophs, anaerobic heterotrophs, and CFDA-

AM cell counts [131].

A second study at the Tsukinuno mine built on initial research by incorporating
cultivation of SRB as well as DNA-based techniques that allow for the study of microorganisms
beyond those capable of growing on the selected growth medium under a specific set of
conditions [133]. In this study, abundances of culturable heterotrophs were low (i.e., between 10!
and 10%) in the ten hand samples studied, and culturable SRB were only detected in a single
sample at the lowest abundance measurable by the MPN assay used [133]. However, the samples
were taken from tunnel walls exposed to oxygen, which is not the bentonite condition expected

to host populations of putatively anaerobic SRB. The 16S rRNA gene profiles were often quite
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different between samples but were generally dominated by a single genus within the
Proteobacteria, Actinobacteria, or Euryarchaeota phyla. It was suggested that at least a portion
of the DNA detected in 16S rRNA gene profiles could be relic as there was a poor overlap
between sequences associated with cultured microorganisms and taxa detected directly from the

clay via DNA-based techniques [133].

Several bentonite deposits in the Almeria region of Spain have been studied for their
physical properties, including their high compaction densities which make them suitable as both
sealing materials and as analogue samples [134]. Of these, three have been further studied from a
microbiology perspective: El Cortijo de Archidona, El Toril, and Los Trancos [135]. These
bentonite samples had montmorillonite concentrations between 71 and 96% [135]. Similar to the
study of bentonite cores in the Tsukinuno mine, no SRB were detected and microbial
communities varied between samples, but were generally dominated by sequences associated
with Proteobacteria, Bacteroidetes, and Actinobacteria. A range of chemical species and
geochemical parameters were measured to attempt to explain differences in microbial

community composition between samples, but no correlation was found [135].

Although not bentonite specifically, the analogue site perhaps most similar to a DGR is
Cigar Lake, because it serves as an analogue to multiple components of the multi-barrier DGR
design. Cigar Lake is a 1.3-billion-year-old high-grade uranium deposit located within the
sandstone of the Athabasca Basin (Saskatchewan, Canada). At this site, uranium ore is situated
450 m below the surface, at the interface of sandstone and underlying Canadian shield basement
rock, and is surrounded by a clay-rich halo between 5 and 30 m thick [136]. Nearest the uranium
deposit, the clay is a mixture of illite and chlorite, with concentrations of clay minerals between
80-100%, and it shifts to a mixture of illite and kaolinite with decreasing overall concentrations
of clay minerals as distance from the uranium deposit increases [136]. There is no radioactivity
from the uranium deposit detectable at the surface, demonstrating the capacity of bentonite and
overlying rock, even without additional engineered barriers, to effectively contain radionuclides
over very long timeframes [136]. From a microbiology perspective, Cigar Lake provides a
unique opportunity to study microorganisms present in ancient subsurface clay with elevated
levels of uranium, and the associated groundwater. Initial study of microorganisms within Cigar

Lake groundwater samples demonstrated the presence of microorganisms via cultivation on R2A
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agar and microscope counts using DAPI stain [137]. Much of the microbiological information
that exists for this site comes from a large-scale multidisciplinary study of the site that was
conducted through a collaboration between Atomic Energy of Canada Limited (AECL) and the
Swedish Nuclear Fuel and Waste Management Company (SKB) between 1989 and 1994. In this
study, modelling was used to predict the limiting nutrient in the groundwater and estimate the
maximum microbial community size that could be supported by the concentration of that
nutrient. For both groundwater samples taken from the clay halo, nitrogen was identified as the
limiting nutrient and a maximum microbial population density of between 5.4 x10° and 5.4x10’
cells/mL was estimated. Measurements of microbial abundance (i.e., ATP assay, biological
activity reaction tests, or direct microscopic cell count) all yielded estimates of total microbial
abundance lower than the proposed carrying capacity of the environment, on the order of 10° to
10 cells/mL [136]. For most samples, the number of anaerobes measured was upwards of an
order of magnitude greater than the number of aerobes. Sulfate-reducing bacteria were detected
in at least one groundwater sample from all layers of the sandstone, the clay zone, the ore, and

the basement, but were not detected in the shallower overburden or surface samples [136].

Although the study of the microbiology of natural bentonite analogues began more than
30 years ago, relatively few natural bentonite deposits have been studied, and even fewer using
modern DNA-based analyses that allow for a more in-depth assessment of microbial community
composition than cultivation alone. More recent studies that did make use of DNA-based
techniques identified sequences most often associated phyla Proteobacteria and Actinobacteria
[133, 135]. Comparisons between geochemical parameters and microbial community abundance
or composition have so far yielded weak or no correlations, except for moisture content and
swelling pressure that can be weakly correlated with microbial abundance [131, 135]. One
commonality among the few previous natural analogue bentonites studied is that SRB are
typically undetectable or at very low abundance. Existing natural analogue data suggest that a
future DGR could host relatively low abundance microbial communities, at least once DGR
conditions stabilize, potentially dominated by the Proteobacteria and Actinobacteria phyla and

largely associated with low SRB abundances.
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1.7 Thesis outline

A focus of existing microbiology research in the context of long-term used nuclear fuel
storage has been on the effect of dry density on microbial viability. A minimum dry density for
suppression of microbial growth (i.e., 1.6 g/cm?) has been proposed for Wyoming MX-80
bentonite, one of two types of bentonite in the Canadian DGR design, under oxic conditions
[123], but similar thresholds do not exist for GFM, the second type of bentonite in the Canadian
DGR design, under oxic or anoxic conditions. Further, little is known about microbial growth
that may occur during the saturation phase when swelling pressure is relatively low, or about
how microbial communities in bentonite respond to increased temperature. Although several
bentonite natural analogues sites have been studied [131, 133, 135, 136], there remain too few
natural analogue data to make robust predictions about the microbial community size and
composition that may be expected of a future DGR. The goal of this thesis was to address these

gaps in the literature.

This thesis includes five chapters focusing on the microbiology of different types of
bentonite exposed to repository-relevant conditions. Chapter 2 aimed to identify a minimum dry
density necessary to suppress microbial growth in Wyoming MX-80 and GFM bentonite under
oxic conditions and included early sampling time points prior to complete saturation to study the
microbial community composition and abundance throughout the saturation phase. Chapter 3 had
a similar focus as Chapter 2, but the pressure vessel experiments were conducted under anoxic
conditions. Chapter 4 explored the responses of bentonite microbial communities to seven
different DGR-relevant temperatures, using both as-received and hydrated bentonite. Chapter 5
describes the study of a bentonite natural analogue site in Japan, which builds on previous
research conducted at the same site by analyzing pristine core samples with a combination of
cultivation, DNA, and geochemical analyses. Throughout Chapters 2-4, as well as in previous
studies, there are unresolved observations related to the growth of aerobic heterotrophs and SRB
in bentonite. Consequently, Chapter 6 consists of several related experiments that aimed to
address some of these uncertainties. The first set of experiments was related to growth of aerobic
heterotrophs in bentonite. Specifically, they aimed to test whether observed increases in
abundance of culturable aerobic heterotrophs in hydrated bentonite compared to as-received
material are due to microbial growth or rather a recovery from the VBNC state, and why

measured abundances of aerobic heterotrophs in replicate bentonite samples are often highly
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variable. The second set of experiments was related to observed growth of SRB in Chapter 3.
These experiments aimed to compare SRB medium and experimental setup conditions used in
Chapter 3 to those used in previous studies where growth of SRB was not observed, and further

test the oxygen sensitivity of representative bentonite SRB.
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Chapter 2: Impact of dry density and incomplete saturation on microbial growth in
bentonite clay for nuclear waste storage

2.1 Introduction

Nuclear power is an important global source of energy and an integral component of a
fossil-fuel independent future. After a fuel bundle is removed from a nuclear reactor, it remains
highly radioactive and must be stored safely until radiation levels return to those of naturally
occurring uranium ore, essentially indefinitely [138]. To ensure isolation of used nuclear fuel
from the environment, several countries are in the process of designing a deep geological
repository (DGR). While the details vary from country to country, generally DGR designs
propose to seal fuel bundles within long-lived used fuel containers (UFC), which will be
surrounded in a buffer material, often bentonite clay, that has low hydraulic conductivity and is
inhospitable to microorganisms. These UFCs and the buffer backfill will be stored in DGR
placement rooms, which will be situated deep belowground in suitable host rock. In the Canadian
DGR design, UFCs will be placed into highly compacted bentonite (HCB) buffer boxes which
will be placed underground as a package. After emplacement, the space between the HCB boxes
and host rock will be packed with a granulated “gapfill material” (GFM) bentonite [139]. Both
the HCB and GFM are types of processed bentonite which are formed from the application of
high isostatic pressure (~100 MPa) or a roll compacting/milling process, of powdered Wyoming
MX-80 bentonite, respectively. Wyoming MX-80 bentonite is a sodium bentonite with a mineral
composition of approximately 81% montmorillonite, 3.4% muscovite, 3.5% plagioclase, 0.6%

pyrite, and 3.0% quartz [7].

To ensure the long-term sustainability of a DGR, there are several important safety
considerations. Within the context of microbiology, an important concern is the potential for
microbiologically influenced corrosion (MIC), which is a process where corrosion of a surface is
initiated or propagated by corrosive compounds produced by microbial metabolism. The process
of MIC is well studied for a wide range of environments where metals, such as pipes, tubes, and
bridge foundations [140—144], or non-metals, including concrete sewer systems [145] are placed
underground or underwater. For a DGR, MIC is important because it could lead to corrosion of
the copper-coated used fuel containers via sulfide induced corrosion. Sulfate-reducing bacteria

(SRB) can contribute to MIC because sulfide reacts directly with copper and copper oxides to
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produce copper sulfides and hydrogen gas, potentially fuelling additional SRB activity. Previous
studies show that SRB are dominant members of anoxic subsurface microbial communities when
sulfate is available [14, 16-19, 67, 71, 72, 146] and they have additionally been identified in the
commercially available MX-80 bentonite proposed for use in a future DGR design [9, 10].
Further, Canadian groundwaters relevant to DGR placement contain sulfate [147]. Although
SRB are a focus of microbiology research related to long-term nuclear waste storage, due to their
potential to cause MIC, other microorganisms could also potentially influence a DGR, for
example through the formation of gases that could lead to permeability fissures in clay or host

rock [71].

A focus of microbiology research related to long-term nuclear waste storage has involved
identifying conditions necessary to suppress microbial growth. In addition to nutrient
availability, which is expected to be low in the subsurface and for engineered barrier components
(e.g., clay, metal), factors expected to influence microbial growth in bentonite clay are water
activity, dry density, and swelling pressure [123, 148—150]. Previous research demonstrated that
the abundance of culturable heterotrophs and SRB did not increase when powdered Wyoming
MX-80 bentonite samples were packed to a dry density of 1.6 g/cm?® when pore water (i.e., water
used to saturate the bentonite plugs) salinity was < 50 g L', which corresponded to a water
activity of 0.96 and a swelling pressure of 2 MPa [123]. Stable phospholipid fatty acid (PLFA)
abundances reported in this same study led to an interpretation that, rather than being killed,
microorganisms persisted as dormant cells or inactive endospores [123]. Another study
investigating powdered Wyoming MX-80 bentonite clay under pressure showed similar non-
lethal suppression of microbial growth at a dry density of 1.7 g/cm? [124]. An additional study
made use of bentonite-containing modules placed in boreholes, showing that bentonite-
associated microbial communities were stable within the first year of incubation [151]. However,
the added variable of saturation with groundwater that had its own microbial community,

separate from the bentonite, makes interpretations of these results more challenging.

Although dry densities necessary to suppress microbial growth in Wyoming MX-80
bentonite clay have been proposed, how transferrable these same dry densities are to other
product forms (e.g., GFM) such that the same suppression of microbial growth is achieved is not

as well known. Previous studies have also focused on longer term incubations, which miss the
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changes in microbial abundance and community composition during the process of saturation
that can be observed using a temporal short-term assessment approach. Although the saturation
process is relatively short in a small pressure vessel, it is expected to span for 50-5000 years in a
DGR [20] and thus any increased microbial abundance and activity during this time could have
important implications in DGR evolution. Because DNA is difficult to extract from bentonite
clay in sufficient quantities for downstream analyses, DNA-based techniques were rarely used to
directly profile and quantify clay-associated microbial communities until recently. However,
applying DNA-based techniques directly to clay from pressure vessels is an important
complement to culture-dependent analyses for comprehensive characterization of the types of

microorganisms capable of growing in bentonite at various dry densities.

The objective of this study was to analyze the microbiology of both powdered and gapfill
Wyoming MX-80 bentonite clay to identify dry density conditions necessary to suppress
microbial growth. To accomplish this, powdered or gapfill bentonite clay were packed in
pressure vessels to dry densities between 1.1 (below repository target dry density) and 1.6 g/cm?
(at or above repository target dry density), sampled at time points between 1 month and 12
months, and analyzed with a combination of culture-dependent and independent techniques to
estimate microbial abundances and community composition within each pressure vessel as they

relate to the process of saturation.

2.2 Materials and methods

2.2.1 Okxic pressure vessel setup and disassembly
Pressure vessels were filled with bentonite clay that was supplied by the Nuclear Waste

Management Organization (NWMO) and compacted to dry densities of 1.25 and 1.6 g/cm? for
gapfill bentonite and to dry densities of 1.1, 1.4, and 1.6 g/cm? for powdered bentonite (Figure
2.1). One batch of powdered bentonite was used for all powdered bentonite pressure vessels.
Two different batches of GFM were used for gapfill pressure vessels; all 1.6 g/cm? 1-, 3-, and
18- month vessels, one of the two 1.6 g/cm® 6-month vessels, and one of the two 1.25 g/cm? 6-
month vessels were filled with gapfill material one, and the remaining vessels were filled with
gapfill material two. The mineral composition of each as-received bentonite sample used to fill
pressure vessels was determined using quantitative X-ray diffraction (XRD) analysis performed

by Activation Laboratories. The XRD analysis was performed in a Bruker D8 Endeavour
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diffractometer equipped with a Cu X-ray source, at 40 kV and 40 mA over a 20 range of 4-70°,
with a step size of 0.02° and a time per step of 0.5 seconds, a fixed divergence slit at 0.30°, and
sample rotation at 15 rpm. A portion of each sample was dispersed in distilled water and the <25
um size fraction was separated by gravity settling for clay speciation. The PDF4 minerals
database (International Centre for Diffraction Data) was used for mineral quantification and the
Rietveld method [152] was used to determine the quantity of each crystalline mineral. The

proportion of clay minerals was calculated using the ratios of their basal-peak areas.

The diameter and height of the clay plugs were 5.3 cm and 14.8 cm, respectively. The
water activity and moisture content of the gapfill bentonite prior to saturation in a pressure vessel
were measured to be 0.38 and 6.1% respectively. The water activity and moisture content of the
powdered bentonite were 0.42 and 10.5% respectively. The pressure vessel casings were
fabricated from 316 stainless steel, with detachable stainless-steel filter stones and end caps.
Each pressure vessel was lined with a polytetrafluoroethylene (PTFE) inner casing and all
vessels were sterilized by exposure to 99.5% (v/v) acetone then to 70% (v/v) ethanol. Pressure
vessels were assembled and disassembled in an oxic environment using a hydraulic press and
sterilized bentonite sampling tools, and were sealed for the duration of incubation. To accelerate
saturation of bentonite clay with water during the experiments, vessels were connected to an
AZURA P6.1L HPLC pump and pressurized to 10 MPa with naturally aerated Type I water
(resistivity = 18.2 MQ/cm) from a purification system (Thermo Scientific). The bentonite was

not amended with any nutrients for microorganisms.
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Figure 2.1 Photograph of a pressure vessel (A) and schematic of the clay plug within the
pressure vessel (B) and the samples layers sampled: top, middle, and bottom of the inner core
and the outer layer (C). Pressure vessels were filled with powdered or gapfill bentonite clay, the
former being the raw material which was processed to produce highly compacted bentonite and
gapfill material, which are both components of the theoretical design of a deep geological
repository (D). Modified from a previous publication [20].

Duplicate gapfill pressure vessels were incubated for 1, 3, and 6 months for each dry
density. An additional single 1.6 g/cm? dry density gapfill pressure vessel was incubated for 18
months. Duplicate powdered bentonite for 1.4 and 1.6 g/cm? dry density pressure vessels were
incubated for 1, 3-4, 6, and 12 months, and duplicate powdered bentonite 1.1 g/cm? dry density
pressure vessels for 1, 3, and 6 months. All pressure vessels were assembled, incubated, and

disassembled at room temperature (21£2°C).

33



1.25 g/cm?® 1.60 g/cm?® 1.10 g/cm? 1.40 g/cm?® 1.60 g/cm?®

|:| Gapfill material
18 months
|:| Powdered Wyoming MX-80 bentonite

Figure 2.2. Experimental design schematic for anoxic pressure vessels.
2.2.2 Oxic pressure vessel bentonite sample storage and preparation

After pressure vessel disassembly and bentonite coring at the University of Western
Ontario (Figure 2.1A, 2.1B), bentonite samples were shipped to the University of Waterloo on
ice and transferred to 4°C storage upon arrival. Sampling of bentonite took place next to a
Bunsen burner on sterile aluminum foil. The outer surfaces (i.e., surfaces in contact with the
inside of the pressure vessel) of the three outer-layer bentonite samples (i.e., top, middle, and
bottom, based on position in the pressure vessel) were removed with a sterile scalpel and are
referred to throughout as “outer layer” samples (Figure 2.1C). The outer surfaces of the inner
core bentonite samples were removed with a sterile scalpel to avoid potential contamination
introduced during the coring process. The inner core was then split into three separate samples
(i.e., top, middle, and bottom, based on position in the pressure vessel). These core samples were
cut into smaller pieces using a sterile scalpel and are referred to throughout as “inner layer”

samples.
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From each of six samples per pressure vessel, a 2 g aliquot was weighed into a sterile 50
mL conical tube and stored at 4°C for up to 24 hours before cultivation. A second 2 g aliquot
was added to a PowerBead Tube from the DNeasy PowerMax Soil Kit (Qiagen) and stored at -
20°C prior to DNA extraction. A final portion of each sample was used to measure water activity

and moisture content.

2.2.3 Water activity and moisture content measurements of oxic pressure vessel samples
A WP4C Water Potential Meter (Decagon) was used to measure the water activity of

each bentonite sample using the fast mode of the instrument. The same bentonite aliquots were
then weighed and placed in an oven at 110°C for 24-48 hours. Samples were weighed again
when removed from the oven and the difference in weight, before and after baking, was used to

calculate sample moisture content (equation 2.1).

) mass before baking — mass after baking
2.1 Moisture content = - x100%
mass before baking

2.2.4 Cultivation of oxic pressure vessel bentonite
A 2 g aliquot of each bentonite sample was added to 18 mL of phosphate-buffered saline

(PBS; 8 g NaCl, 0.2 g KCl, 1.44 g Na;HPOys, and 0.24 g KH2POy4 in a final volume of 1 L Type I
water, with pH adjusted to 7.4 using HCI) solution in a 50 mL conical tube, then vortexed at low
speed for 30 minutes at room temperature (approximately 21°C). This clay suspension is referred
to as “dilution A” throughout. After vortexing, two ten-fold serial dilutions were made in PBS
from dilution A and are referred to as “dilution B” and “dilution C”. Dilution A (100 uL) was
added to six Reasoner’s 2A (R2A; M1687, HiMedia Laboratories) agar plates and spread using a
sterile glass spreader until dry. Dilutions B and C (100 puL) were added to three R2A agar plates
each and spread using the same method as dilution A. Three dilution A, B and C plates were
incubated under oxic conditions in a 30°C incubator for 5-6 days. The remaining three dilution A
plates were placed in a vacuum chamber (BVV3GSSW, BVV), which was flushed five times
with a 90% N> and 10% CO; gas mixture. Each vacuum chamber contained a GasPak EZ
anaerobe sachet (BD), to help remove residual oxygen present after flushing, and an anaerobic
indicator strip (BD), to verify anoxic conditions throughout the incubation. Vacuum chambers

were placed in a 30°C incubator for 28 days. After incubation, colonies were counted on each
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plate and the number of colony forming units per gram (CFU g!) was calculated for each
sample. A sterile foam-tipped applicator (Puritan) was used to swab colonies from each plate and
swabs were stored at -20°C until DNA extraction. This culture biomass was collected for DNA
sequencing for the purpose of identifying taxa that are viable in the clay samples. Not all viable
microorganisms in the clay can necessarily grow in the cultures, but comparing the culture 16S
rRNA gene profiles to the clay profiles can provide information about the viability of the
microorganisms associated with the clay profiles, which would not otherwise be possible through

sequencing of clay DNA alone.

One mL of dilution A, B, and C for each bentonite sample was added to each of 5 test
tubes (i.e., 15 test tubes total for each bentonite sample) filled with 9 mL of SRB enrichment
medium (M803, HiMedia Laboratories). Test tubes were placed in a vacuum chamber and the
vacuum chambers were flushed as described above and incubated under anoxic conditions at
30°C. After 28 days of incubation, positive tubes were identified by the presence of black ferrous
sulfide precipitate and the most probable number (MPN) method was used to estimate the
number of SRB present per gram of original clay sample [153]. From each positive SRB tube, 1
mL was collected and centrifuged at 8000 x g for 10 minutes to pellet cells. Supernatants were

discarded and cell pellets stored at -20°C prior to DNA extraction.

Using the moisture content measured for each sample, each value of CFU g'! and MPN g!

was converted to a value of CFU or MPN per gram dry weight (gdw) (equation 2.2).

L abundance gt
~ (100 — moisture content) x 0.01

2.2  abundance gdw~

An ANOVA was used to test the effect of dry density, pressure vessel layer, and incubation
time on abundance of culturable SRB, aerobic heterotrophs, and anaerobic heterotrophs. Each
sample group included the six replicate pressure vessel samples for a given time point, layer
(inner or outer), and dry density. After a significant p value was observed for the initial ANOVA,
Tukey’s HSD test was performed with a p value threshold of 0.1 to determine which time points
had samples with significantly higher abundances of culturable SRB, aerobic heterotrophs, or

anaerobic heterotrophs compared to the starting material.
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2.2.5 DNA extraction from bentonite, swabs, and culture biomass

Genomic DNA was extracted from a 2 g aliquot of each bentonite sample using the
DNeasy PowerMax Soil Kit (Qiagen), from control swabs using the DNeasy PowerSoil Kit
(Qiagen), and from culture biomass using the DNeasy UltraClean Kit (Qiagen). A “kit control”
containing no sample was included for each extraction batch. The manufacturer’s instructions
were followed with the following changes. After addition of lysis solution, PowerBead Tubes
were incubated at 70°C for 10 minutes for the PowserSoil and UltraClean extractions, and at
65°C for 30 minutes for the PowerMax extractions. This was followed by beadbeating using a
FastPrep-24 Classic Instrument (MP Biomedicals) at 5.5 m/s for 45 seconds for the PowerSoil
and UltraClean Kit extractions, and beadbeating using a MM 400 Mixer Mill (Retsch) at 30 Hz
for 10 minutes for the PowerMax extractions. Final elution volumes for the PowerSoil,
UltraClean, and PowerMax extractions were 60 uL, 50 pL, and 2 mL, respectively. The
PowerMax DNA extraction method used here was validated previously for clay samples [154].

DNA samples were stored at -20°C until further analysis.

2.2.6 Quantitative PCR of oxic pressure vessel bentonite samples

Bacterial 16S rRNA genes were quantified in duplicate for each bentonite sample using
the CFX96 Real-Time PCR Detection System (Bio-Rad). The total volume of each PCR was 15
pL, which consisted of 1x Sso Advanced Universal SYBR Green Supermix (Bio-Rad), 0.3 uM
each of forward primer 341F and reverse primer 518R [155], 7.5 pg of bovine serum albumin
(BSA), and 2 pL of template DNA. The following thermocycler conditions were used: 98°C
initial denaturation for 3 minutes, followed by 40 cycles of 98°C for 15 s and 55°C for 30 s. For
the standard curve, the V3-V5 region of the Thermus thermophilus 16S rRNA gene was
previously cloned into the pUC57-Kan plasmid, flanked by M13F/R primer binding sites. The
M13 primers were used to amplify the 16S rRNA gene fragment, which was then gel purified
and stored at -20°C prior to use for the qPCR standard curve. Each aliquot of the standard DNA
was thawed and quantified using the Qubit dsDNA High Sensitivity Assay Kit (Invitrogen) with

4 uL of sample per Qubit quantification immediately prior to preparing the qPCR standard curve.

Bacterial 16S rRNA gene copy numbers were calculated using linear regression of the

standard curve based on the Qubit quantification of the standard. The starting quantity (SQ)
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results from the qPCR assay for each bentonite DNA sample were converted to values of 16S
rRNA gene copies gdw!, and SQ values of no template controls (NTCs) on the same plate were

subtracted (equation 2.3).

2.3 16STrRNA gene copes gdw™1!

_ (average SQ sample — average SQ of NTCs) x 2000 uL elution in DNA extraction

2 uL template in qPCR reaction X 2 g clay in DNA extraction

2.2.7 Amplicon sequencing of bentonite, swab, and culture biomass samples

The V4-VS5 region of the 16S rRNA genes from each genomic DNA extract were
amplified in triplicate in 96 well plates with universal primers 515F-Y[156] and 926R [157],
modified to contain a unique six-base index sequence and flow cell binding and sequencing sites
[158]. The PCR setup was performed in a PCR hood (AirClean Systems) with ISO 5-HEPA-
filtered air and surfaces treated with UV light for 15 minutes before each use. All tubes, PCR
water, and BSA were UV treated (302 nm) for 20 minutes on a transilluminator (ProteinSimple).
The final volume of each PCR was 25 pL and consisted of 1x ThermoPol Buffer (New England
BioLabs), 0.2 uM of each primer, 200 uM dNTPs, 15 pg BSA, 0.625 U hot start Taq DNA
polymerase (New England BioLabs), and 1 uL of template DNA. The following thermocycler
conditions were used: 95°C initial denaturation followed by 35 or 50 cycles of 95°C denaturation
for 30 s, 50°C annealing for 30 s, and 68°C extension for 1 min, followed by a final extension at
68°C for 7 minutes. Bentonite DNA samples were amplified for 50 cycles, and culture DNA
samples were amplified for 35 cycles. Negative PCR controls containing no template DNA
(NTCs) were included in each 96 well plate to test for cross contamination between wells of the
plate and NTCs were also prepared in tubes separate from the plate for each master mix to test

for contamination.

Triplicate uniquely indexed PCR products were visualized on a 1% agarose gel
containing ethidium bromide and were then pooled and quantified on a 1% agarose gel
containing GelRed (Biotium). Based on gel quantification, equimolar volumes of each amplicon
were pooled into a single tube. Negative PCR controls (in plate and out of plate NTCs) and PCR-
amplified DNA kit controls were added to the pool (5 uL each), even if amplification was not

detected on the agarose gel. Pooled 16S rRNA gene amplicons were excised from a 1.5%
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agarose gel and purified using the Wizard SV Gel and PCR Clean-Up System (Promega). The
purified library was quantified using the Qubit dsDNA High Sensitivity Assay Kit (Invitrogen)
and by qPCR. The library was denatured, diluted to 8 pM, and mixed with 15% PhiX control v3
(Illumina) following Illumina guidelines (Document No. 15039740 v01). All samples were
sequenced across five runs on a MiSeq System using a 2 x 250 cycle MiSeq Reagent Kit v2
(Tllumina) with an average cluster density of 799,000 clusters mm? and average clusters passing

filter of 83.8%.

2.2.8 Oxic pressure vessel sequence analysis
Sequences were demultiplexed using Local Run Manager version 4.0.0.1769 and

analyzed using Quantitative Insights Into Microbial Ecology 2 [159] and Divisive Amplicon
Denoising Algorithm 2 (DADAZ2; Callahan et al., 2016), managed by Automation, Extension,
and Integration Of Microbial Ecology (AXIOME3; Min et al., 2021). Paired-end reads were
imported into Quantitative Insights into Microbial Ecology 2 (QIIME2) and DADA?2 was used to
remove low quality reads and primer sequences, and to truncate forward and reverse reads to 250
bases. The DADA?2 pipeline was additionally used to denoise and dereplicate paired-end reads
and generate amplicon sequence variants (ASVs). Taxonomy was assigned to ASVs using a
naive Bayes classifier pre-trained with SILVA database release 138 [162]. Potential contaminant
ASVs were identified using the Decontam R package [163] with a threshold of 0.5. For each
MiSeq System run, clay samples and culture samples were processed through Decontam
separately. The list of potential contaminants produced by Decontam was analyzed manually and
likely contaminants were removed from the ASV table; this final ASV table was used for all
subsequent analyses (Supplementary File S1). Samples were normalized to 5000 reads using the
scaling with ranked subsampling (SRS) package in R [162], and this normalized ASV table was
used to compute Bray-Curtis distances in Python (Figure 2.7).

All sequence data were deposited in the European Nucleotide Archive with accession

number PRJEB56656.
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2.3  Results
2.3.1 Mineral composition of as-received bentonite used in pressure vessels

The mineral composition of each as-received bentonite sample used to fill pressure
vessels was determined using quantitative XRD analysis (Figure 2.1). Montmorillonite, the
primary clay mineral in bentonite, varied from 73.7 to 87.0%. Other minerals were detected at

similar abundances in the three bentonite samples.

Table 2.1 Mineral composition (wt %) of the three bentonites used. “n.d.” indicates that the
mineral was not detected. and when detected in amounts too low to quantify is reported as
“trace.”

Clinoptilolite
((Naz,k2,Ca)3Al6Si30072
*24H,0)

Montmorillonite gy e Plagioclase
((OH):SisALOx ?;‘g‘§ C“S“z’;‘.‘g‘e (NaAlSi;Ox-
1H;0) 102 i02) CaALSi:0x)

K feldspar Mica (XYa.
(KAISi;05) 3Z4010(OH)2)

Calcite Gypsum
(CaCO0s) (CaS0O4e2H,0)

Gapfill

Material 1 834 1.0 nd. 7.4 3.7 1.8 n.d. 2.7 trace

Gapfill

Material 2 73.7 1.6 2.7 104 29 2.0 6.7 trace trace

Powdered

. 87.0 23 nd. 53 2.8 1.2 n.d. 1.4 trace
bentonite

2.3.2 Microbial abundance and growth
Prior to saturation in a pressure vessel, both gapfill and powdered bentonite had similar

mineral compositions (Table 1), had relatively low abundances of culturable heterotrophs and
SRB, and had 16S rRNA gene abundances greater than the combined numbers of culturable
microorganisms detected (Figure 2.3). The number of 16S rRNA gene copies derived from
qPCR, culturable aerobic heterotrophs derived from plate counts, and culturable SRB derived
from MPN tests were not significantly different between the powdered starting material and the

gapfill starting material (Tukey’s HSD, p<0.10).

Within the first month of pressure vessel incubation, there was a significant increase in the
average abundance of culturable aerobic heterotrophs in the outer layer of each pressure vessel at
all dry densities less than 1.6 g/cm?® (Tukey’s HSD, p<0.10). The number of culturable aerobic
heterotrophs measured in each of the 1.6 g/cm? dry density pressure vessels after one month of
incubation varied. Although the average number of culturable aerobic heterotrophs across the six

sampling locations of these 1.6 g/cm? pressure vessels was not significantly greater than the
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abundance in the starting materials, several individual samples had significantly higher
abundances of culturable aerobic heterotrophs than the starting material. After the increase in
abundance of culturable aerobic heterotrophs within the first month of pressure vessel
incubation, the average abundance decreased to the level of the starting material in subsequent
time points for the 1.4 and 1.6 g/cm? dry density pressure vessels (Figure 2.3). The early time
points where an increased abundance of aerobic heterotrophs was observed were also associated
with incompletely saturated bentonite. Although saturation was not measured directly, the
moisture content and water activity of the six sampled locations within each pressure vessel
varied at early time points, especially in pressure vessels with a high dry density (Figure 2.3,

Figure 2.4
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Figure 2.3. Abundance of 16S rRNA gene copies/gdw, aerobic and anaerobic heterotroph CFU/gdw, and SRB MPN/gdw for inner
core (top) and outer layer (bottom) bentonite samples. Measures of CFU/g less than 2000 are below the limit of quantification for this
method (as fewer than 20 colonies on a plate is considered statistically insignificant). Error bars represent the standard deviation of
replicates for values of 16S rRNA gene copies/gdw and CFU/gdw, and represent average 95% confidence intervals specified by the
MPN table for values of MPN/gdw. The contour plots (top of the figure) represent the water activity throughout the pressure vessel,
generated using the average measured water activity values from the six sampled locations within each pressure vessel. The stars
above bars representing culture counts indicate average abundances that were significantly greater than the corresponding abundance

in the initial gapfill bentonite (Tukey’s HSD, p<0.1).
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Figure 2.4 Temporal changes in water activity and moisture content of each pressure vessel layer.
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Fewer anaerobic heterotrophs were cultured from the pressure vessel bentonite samples
compared to aerobic heterotrophs, and most of these values were below the limit of
quantification (2000 CFU/g), which corresponds to 20 colonies counted on each replicate agar
plate). The average number of anaerobic heterotrophs cultured from the outer layer of the 3-
month 1.25 g/cm?® and from the 1-month 1.6 g/cm?® gapfill pressure vessels were significantly
higher than starting material (Tukey’s HSD, p<0.10). The average increases in the abundance of
anaerobic heterotrophs in the outer layer of both the 1-month 1.1 g/cm? and 1.4 g/cm’ powdered
bentonite pressure vessels were both significantly higher than the starting material (Tukey’s
HSD, p<0.10). By the 6-month time point, the average numbers of culturable anaerobic
heterotrophs in the powdered and gapfill pressure vessels returned to the same number as for
starting material (Tukey’s HSD, p<0.10). For most samples, MPN estimates for SRB abundances
were lower than culturable heterotroph abundances (Figure 2.3). The average number of
culturable SRB never exceeded that of the as-received bentonite starting material. (Tukey’s

HSD, p<0.10).

2.3.3 Microbial characterization of pressure vessel clay samples

Very few taxa were detected in more than one replicate of the powdered bentonite
starting material (Figure 2.5), reflecting a low biomass and heterogeneous starting material. The
genera detected in more than one replicate were Bryobacter, Nocardioides, Bacillus, PIR4
lineage, and Thiobacillus, with Thiobacillus being the only genus detected in all replicates. The
gapfill bentonite starting material also had replicate 16S rRNA gene profiles with few
overlapping taxa detected (Figure 2.6). Genera detected in more than one replicate were
Amycolatopsis, Arthrobacter, Glycomyces, Micrococcacaea, Nocardioides, Streptomyces,
Comamonadaceae, and Paracoccus. Lack of consistency among replicates could be due to low
read counts for certain replicates or could reflect heterogeneity in the distribution of
microorganisms in the clay starting material. Microbial community profiles associated with the
starting material were distinct from the one-month time point samples for all dry densities and

both clay types, after which similar dominant taxa were detected (Figures 2.3 and 2.4).
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Figure 2.5 Bubble plot showing the 16S rRNA gene profiles of the powdered bentonite pressure vessel samples. Only genera at or
above 15% relative abundance are shown. IB, IM, IT, OB, OM, and OT (x-axis) refer to the location in the pressure vessel (inner
bottom, inner middle, inner top, outer bottom, outer middle, outer top; see Figure 1). Bubbles are coloured by inner layer (orange) and
outer layer (blue). Pressure vessel target dry density and incubation time are indicated at the top of the figure.
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Microbial community profiles associated with the starting material were distinct from the
one-month time point samples for all dry densities and both clay types, after which similar
dominant taxa were detected (Figures 2.3 and 2.4). Most pressure vessel samples had high
relative abundances of ASVs associated with Bacillus and Pseudomonas, especially the
powdered bentonite pressure vessel samples. Sequences associated with other genera of
primarily aerobic heterotrophs, including Cupriavidus and Streptomyces, were also detected in
several samples, especially from the 1.1 and 1.25 g/cm?® dry density pressure vessels at relative

abundances greater than the starting material (Figures 2.3 and 2.4).
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Figure 2.6 Bubble plot showing the 16S rRNA gene profiles of the gapﬁll bentonite pressure
vessel samples. Only genera at or above 10% relative abundance are shown. IB, IM, IT, OB,
OM, and OT (x-axis) refer to the location in the pressure vessel (inner bottom, inner middle,
inner top, outer bottom, outer middle, outer top; see Figure 1). Bubbles are coloured by inner
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The only genera of SRB detected in powdered bentonite pressure vessel samples at a

minimum relative abundance of 10% were Desulfosporosinus, Desulfitispora, and
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Desulfoconvexum, which were detected in 20, 1, and 1 sample, respectively (Figure 2.5).
Desulfosporosinus was the only genus of SRB detected in more than one gapfill pressure vessel
sample and was the only putative SRB present at higher than 10% relative abundance in any
sample (Figure 2.6). The only other genus of putative SRB found in both gapfill and powdered
bentonite was Halodesulfovibrio, which was detected in one gapfill and one powdered bentonite
pressure vessel sample at 1.8% and 0.58% relative abundance, respectively. The remaining
genera of SRB detected in a single powdered pressure vessel sample each were affiliated with
Desulfobacca, Desulfoconvexum, Desulfuromonadaceae, Desulfuromonas, Desulfitobacterium,
Desulfurispora, and Desulfitibacter, which were each detected at relative abundances less than
1%. Additional genera of SRB detected in a single gapfill pressure vessel sample each were
Desulfobacter, Desulfatitalea, and Desulfovibrio, which were detected at relative abundances

between 0.39% and 8.82%.

2.3.4 Microbial characterization of pressure vessel culture samples

The 16S rRNA gene profiles for anaerobic heterotroph cultures were dominated by very
few ASVs, mostly from the genera Pseudomonas, Cupriavidus, Deftia, and Staphylococcus
(Figure 2.7). The 16S rRNA gene profiles of aerobic heterotroph and SRB cultures were
dominated by sequences associated with genera similar to those detected in the clay samples
from direct DNA extraction and sequencing. The most abundant genera detected in these cultures
were Pseudomonas and Bacillus (Figure 2.7). Because of how SRB biomass was collected, and
that most tubes positive for SRB were from the lowest dilutions, it is likely that at least a portion
of the DNA sequenced from these cultures came from the clay itself rather than the

microorganisms that grew in the culture.

The dominant genus detected in SRB cultures was Desulfosporosinus, which was
represented by 120 ASVs in the 16S rRNA gene profiles of 70% of the SRB cultures at an
average combined relative abundance of 29%. Three other genera of known SRB were detected
in the SRB culture 16S rRNA gene profiles: Desulfurispora, which was represented by 2 ASVs
and was detected in 11% of SRB cultures at an average relative abundance of 0.5%,
Desulfotomaculum, which was represented by 5 ASVs and was detected in 5% of SRB cultures
at an average relative abundance of 0.6%, and Desulfallas, which was represented by three ASVs

and was detected in a single SRB culture at a relative abundance of 9%. In total, 35 out of the
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140 positive SRB culture tubes had no known SRB detected in the 16S rRNA gene profiles.
Several of these samples had very few sequences due to low biomass, and likely represent
culture tubes that had relatively small amounts of black precipitate and consequently low relative

abundances of SRB.
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Figure 2.7 Principal coordinate analysis (PCoA) biplot based on Bray-Curtis distances of SRB,

aerobic heterotrophs, and anaerobic heterotroph 16S rRNA gene profiles. Genera greater than or
equal to 5% relative abundance are displayed as clear circles. Samples were normalized to 5000
reads using the scaling with ranked subsampling (SRS) package in R.

2.4 Discussion

An initial (i.e., by the one-month time point) increase in average abundance of culturable
aerobic heterotrophs was observed in all pressure vessels with dry densities less than 1.6 g/cm?,
and in several individual samples from the 1.6 g/cm? pressure vessels (Figure 2.3). The variation
in moisture content and water activities of the six sampled locations within the 1.6 and 1.4 g/cm?
density one- and three-month time points indicates that these high dry density pressure vessels
were not fully saturated at the one, three, and possibly six-month time points (Figure 2.3 contour

plots, Figure 2.4). As such, the results indicate that the initial increase in abundance of culturable
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microorganisms for the high dry density samples likely occurred as water became available prior
to complete pressure vessel saturation, when the pressure within the pressure vessel was still
relatively low (Figure 2.3). A previous study using powdered MX-80 bentonite clay in pressure
vessels showed a suppression of microbial growth at measured dry densities of at least 1.6 g/cm?,
defined as no increase in the abundance of culturable microorganisms throughout the 40-90 day
experiment [123]. This difference may be explained by the smaller size of clay plugs in that
study (2-2.5 x 1.6 cm) that would be expected to saturate more quickly than those used in the
present study (5.3 x 14.8 cm). For the Canadian design, a DGR is expected to take 50-5000 years
to fully saturate, depending on whether the host rock is crystalline or sedimentary [20], and so
these results suggest that a similar increase in abundance of heterotrophs following the saturation
front, in areas with available water and below-target swelling pressure, may be expected. By the
final time point, the average abundance of culturable aerobic heterotrophs was statistically the
same as the starting material in 1.4 and 1.6 g/cm? dry density pressure vessels, suggesting that

microbial growth is eventually suppressed by a dry density of at least 1.4 g/cm?

Although an initial growth of aerobic heterotrophs was observed in several pressure vessel
samples, the results of this study do not show an increase in the abundance of SRB throughout
the saturation process. Oxygen in the DGR is predicted to be consumed within 1.5 years [20],
well before the DGR is fully saturated. Because known SRB are strictly anaerobic, pressure
vessel experiments conducted under anoxic conditions (Chapter 3) will provide additional insight

into potential pre-saturation increases in SRB abundance during the anoxic phase of the DGR.

Most pressure vessel clay samples had high relative abundances of ASVs associated with
Bacillus and Pseudomonas, especially the powdered bentonite pressure vessel samples. Members
of the Pseudomonas genus have previously been identified within bentonite profiles retrieved
from borehole modules, although these were suggested to derive from the groundwater rather
than clay itself [151]. Because the pressure vessels were saturated with pure water, the results of
the present study suggest that viable Pseudomonas cells are present in both powdered and gapfill
MX-80 bentonite clay and proliferate during bentonite saturation. In a previous study, Bacillus
was the dominant genus cultured directly from dry clay samples on both oxic R2A, as well as a
denitrifying bacteria enrichment medium [10]. Most Pseudomonas and Bacillus representatives

are putative aerobic chemoheterotrophic bacteria and a previous study demonstrated that spore-
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forming species of Bacillus survived better than other types of bacteria in spiked and compacted
bentonite samples (Pedersen et al., 2000). Others have demonstrated that specific Pseudomonas
representatives can withstand desiccation by producing internal solutes to increase cell turgor
pressure, and montmorillonite within bentonite has additionally been shown to increase the
survivability of desiccation-resistant microorganisms in low water content environments [165].
Sequences associated with other genera of primarily aerobic heterotrophs, including Cupriavidus
and Streptomyces, were detected in several samples, especially from the 1.1 and 1.25 g/cm? dry
density pressure vessels at relative abundances greater than the starting material. These results
suggest that Pseudomonas, Bacillus, and to a lesser degree Cupriavidus and Streptomyces may
be amongst the taxa expected to grow initially in a DGR as saturation occurs and while oxygen

remains available.

Previous work demonstrated that most microorganisms that grew in cultures from dry as-
received clay did not overlap with the dominant microorganisms detected in the 16S rRNA gene
profiles of the clays [10]. However, in the present study, the dominant members of the 16S
rRNA gene profiles of the culture and clay samples often did overlap. The overlap of dominant
genera detected in the 16S rRNA gene profiles of the clays and the cultures suggests that the
culturing methods applied are targeting the dominant microorganisms present, and that the

dominant microorganisms detected in the clay 16S rRNA gene profiles are viable.

Although SRB were not dominant members of the pressure vessel clay 16S rRNA gene
profiles, the genera Desulfosporosinus, Desulfitispora, and Desulfoconvexum were all detected at
relative abundances of greater than 10% in at least one clay sample. Desulfosoporosinus was the
dominant genus of SRB detected in the SRB cultures, although genera Desulfurispora,
Desulfotomaculum, and Desulfallas were all also detected in some SRB cultures at low relative
abundance. These four genera of SRB are all spore-forming members of the Firmicutes phylum
[166], and all but Desulfosporosinus are known to be thermophilic or moderately thermophilic
[166—168]. The dominance of Desulfosporosinus in the cultures and the clays compared to the
other genera could be attributed to the pressure vessel incubation (ie., room temperature) and
culture (ie., 30°C) conditions that were more suited to its growth than to that of the other SRB
detected. Taxa affiliated with Desulfosporosinus have also previously been identified as

dominant SRB representatives in as-received dry bentonite and bentonite clay exposed to high
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swelling pressures. Because the temperature of a DGR is expected to change, temporally and
spatially, there is potential for different types of SRB to occupy different temperature niches. For
example, in a study looking at the response of bentonite-associated microbial communities to
heat, the dominant SRB switched from Desulfosporosinus to Desulfotomacullum before and after
a 24-hour heat incubation at 90°C [169]. The four genera of SRB detected in the cultures were
also detected in the 16S rRNA gene profiles of bentonite in a study where bentonite was
incubated in an excess of sterile groundwater, sometimes as dominant members of the 16S rRNA
gene profiles [170]. Future research should explore the viable SRB in MX-80 hydrated bentonite

clays incubated at a range of DGR-relevant temperatures.

2.5 Conclusion
Studying the suppression of microbial growth in bentonite clay exposed to varying dry

densities is necessary for informing DGR design, and for assisting with modelling corrosion
dynamics over geological timeframes. A key goal of this study was to determine the minimum
dry density necessary to suppress microbial growth in powdered and gapfill bentonite clay under
oxic conditions, as well as to study the types of microorganisms present and viable under the
different dry density conditions. The results of this study demonstrate that microbial growth is
suppressed by a dry density of 1.6 g/cm? in both powdered and gapfill bentonite, and likely by a
dry density of 1.4 g/cm? as well once saturation is complete. Both the culturing and DNA-based
results presented here show an initial increase in the number of aerobic heterotrophs in pressure
vessels with dry densities less than 1.6 g/cm?, and in several individual samples from the 1.6
g/cm? dry density pressure vessels. This is proposed to be due to the slow and uneven saturation
of high dry density pressure vessels allowing for growth of microorganisms in areas with
available water and below-target pressures. A similar trend is possible in a DGR, where
saturation is expected to take many years. The 16S rRNA gene profiles showed a switch from
starting material with low abundance ASVs to pressure vessel bentonite samples dominated by
sequences associated with Bacillus, Pseudomonas, Cupriavidus, and Streptomyces genera. These
genera could be amongst those expected to grow in a DGR environment prior to complete
saturation if the elevated temperature surrounding the UFCs does not preclude their growth.
Desulfosporosinus was the dominant genus of SRB detected in culture 16S rRNA gene profiles
from most samples. The experiments in the present study were conducted under oxic conditions,

which would be expected to preclude the growth of strictly anaerobic SRB while the oxygen
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persisted in the pressure vessels. The next step of this research will be to conduct the
experiments under anoxic conditions to investigate if SRB do increase in abundance in bentonite

at high dry densities when their preferred oxygen requirements are met.
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Chapter 3: Suppression of microbial growth by increased dry density of anoxic bentonite

3.1 Introduction

Nuclear energy is critical for achieving a fossil-fuel independent future. One
consideration that must be made with this form of energy is the highly radioactive used nuclear
fuel that is produced. After a fuel bundle is removed from a nuclear reactor, it must be stored
safely until its radioactivity level dissipates to that of naturally occurring uranium ore (i.e.,
approximately a million years) [138]. To isolate used nuclear fuel from Earth’s surface for such
long timescales, many countries are in the process of designing deep geological repositories
(DGR) for the underground storage of used nuclear fuel. The DGR design specifications vary
from country to country, but generally involve identification of a suitable host rock within which
used fuel, placed in an engineered used fuel container, is added to placement rooms that are

eventually filled with a buffer material after emplacement.

Bentonite clay is a commonly proposed buffer material for DGR designs because it has
several qualities that make it suitable for use in a DGR, including its ability to swell when
hydrated, leading to a low hydraulic conductivity and a relatively inhospitable environment for
microorganisms [171]. The Canadian design includes two types of bentonite. The first is a
powdered Wyoming MX-80 bentonite that will be highly compacted through application of high
isostatic pressure (~100 MPa) to form buffer boxes and spacer blocks. The second is a granulated
gapfill material (GFM), produced from powdered Wyoming MX-80 through a roll
compaction/milling process, to fill in spaces between buffer boxes/spacer blocks and the host
rock. Wyoming MX-80 bentonite is a sodium bentonite that has a high concentration of the
primary bentonite mineral montmorillonite, which is what gives bentonite its swelling property,

as well as lower concentrations of other minerals like muscovite, plagioclase, pyrite, and quartz

[7].

To ensure long-term integrity of a deep geological repository, safety must be assessed
from several perspectives. In the context of microbiology, a key consideration is the potential for
microbiologically influenced corrosion (MIC), a process through which corrosion is initiated or
propagated by corrosive compounds produced by microbial metabolisms. The process of MIC is

a widespread problem that for over a century has troubled industries that use underground or

53



underwater components like pipes, tubes, and bridge foundations. For a DGR, MIC is relevant to
the longevity of used fuel containers, which in the Canadian design are made of carbon steel and
coated in copper. Under anoxic conditions expected for most of a DGR lifetime, sulfate-reducing
bacteria (SRB) are expected to dominate MIC contributions [12]. Sulfate-reducing bacteria
reduce sulfate to sulfide, which can corrode copper. Not only are SRB prevalent members of
deep subsurface microbial communities [11, 60, 72, 87-90], but they can be detected in
commercially available bentonites proposed for use in a DGR [9, 10]. Although SRB are a focus
of microbiology research in relation to DGR design, other microorganisms could impact the
longevity of a DGR. For example, many microorganisms produce gas through their metabolism,
which in large enough quantities could produce permeability fissures in the clay and lead to

increased groundwater flow through the system [71].

Due to the potential impacts that some microorganisms could have on DGR longevity, a
goal in designing a DGR is to identify conditions that prevent microbial growth altogether. For
the Canadian design, the objective is to identify the minimum bentonite dry density required to
suppress microbial growth. Initial work tested powdered Wyoming MX-80 bentonite saturated
with distilled water under oxic conditions and identified 1.6 g/cm?® as a conservative dry density
target at or beyond which microbial growth was fully suppressed (i.e., the abundance of
culturable heterotrophs and SRB do not increase beyond that of the initial powdered bentonite
starting material) [123]. In a more long-term (i.e., 8 years) version of this study, using bentonite
compacted to 2.0 g/cm?, microbial growth was similarly suppressed in the inside of the clay plug
[124]. A more recent study (Chapter 2) built on this previous work by testing the effect of dry
density on microbial growth in both powdered and gapfill bentonite, and additionally tested a
range of shorter incubation times prior to complete saturation to observe microbial growth during
the saturation process. In this study, after an initial increase in average abundance of culturable
heterotrophs in bentonite compacted to dry densities <1.6 g/cm?, by the 6-month time point
microbial growth was suppressed in bentonite with dry densities of at least 1.4 g/cm?,
presumably as the bentonite neared saturation and the associated target swelling pressure. The
effect of dry density under anoxic conditions was tested with two in situ experiments using
borehole modules packed with Wyoming bentonite. Both experiments demonstrated suppression
of microbial growth within clay plugs after five years of borehole incubation when compacted to

low (i.e., 1.25 g/cm?) and high (i.e., 1.50 or 1.55 g/cm?) dry density [126, 127]. In one study, this
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was following an initial increase in abundance of heterotrophs in the first 1.5 years of incubation
in low (but not high) dry density modules [126]. In all experiments discussed, and additionally
two other studies that measured the abundance of culturable SRB but not heterotrophs in
bentonite compacted to 1.7 g/cm?, the abundance of culturable SRB did not increase significantly
beyond that of the starting clay material, regardless of oxygen and dry density conditions [123,
124, 126-128, 172]; Chapter 2]

Although it has been demonstrated that microbial growth can be suppressed in
sufficiently compacted bentonite clay, a minimum dry density necessary to suppress microbial
growth in gapfill bentonite under anoxic conditions has not yet been identified. Further, most
studies have either used bentonite pre-saturated before compaction, or sufficiently long
incubation times to achieve complete bentonite saturation, and thus overlook microbial growth
that may occur during the saturation phase. In the context of a small clay plug exposed to a
pressurized pump, the saturation process is relatively quick. However, in a DGR, the saturation
phase is expected to take 50-5000 years depending on the host rock selected [20]. During the
saturation phase, areas of bentonite would have access to water but experience below-target
swelling pressure, thus establishing more favourable conditions for microbial growth. As such,
understanding the changes in microbial community composition and abundance during the
saturation phase is critical. The objective of this study, thus, is to analyze microbial community
composition and abundance in gapfill bentonite compacted to various DGR-relevant dry
densities and incubated for one month (i.e., early in the saturation process) to one year (i.e.,
nearing or at complete saturation) under anoxic conditions, with the goal of identifying the

minimum dry density necessary to suppress microbial growth in anoxic gapfill bentonite.

3.2 Materials and methods

3.2.1 Anoxic pressure vessel setup and disassembly

Pressure vessel casings were made of 316 stainless steel with detachable stainless-steel
filter stones and end caps at the top and bottom of the inside of the vessel. Each pressure vessel
was also lined with a polytetrafluoroethylene (Teflon; PTFE) inner casing. All vessels were
sterilized with 99.5% (v/v) acetone followed by 70% (v/v) ethanol. The diameter and height of
the clay plugs that fit within each vessel were 5.3 cm and 14.8 cm, respectively. Pressure vessels

were filled with gapfill bentonite clay, supplied by the NWMO, to dry densities of 1.25 g/cm?,
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1.40 g/cm?, 1.45 g/em?, 1.50 g/em?, or 1.60 g/cm? (Figure 3.1). Mineral composition of the
bentonite was previously determined using XRD analysis (Activation Laboratories; Table 2.1).
The average water activity and moisture content of six replicate gapfill bentonite aliquots prior to
saturation in a pressure vessel were measured to be 0.45 +/- 0.0008 and 5.8% +/- 0.14%,
respectively. Prior to assembly, gapfill bentonite was transported into an anaerobic chamber at
least 48 hours prior to pressure vessel assembly to allow for residual oxygen to diffuse from the

bentonite.

To accelerate bentonite saturation, pressure vessels were connected to an AZURA P6.1L
HPLC pump and pressurized to 10 MPa with Type I water (resistivity = 18 MQ cm™). Type I
water was autoclaved and filter sterilized using a 0.20 um Stericup Vacuum Filter (Millipore),
then flushed with argon gas for one hour in a volumetric flask. A second water sample, sterilized
with the same procedure, was flushed in parallel in a beaker. At the end of the flushing period,
water from the beaker was used to top up the water in the volumetric flask as the gas line was
removed, and the overflowing volumetric flask was quickly stoppered to minimize oxygen in the

headspace. The volumetric flask was then quickly transported into an anaerobic chamber.

Pressure vessels were assembled and disassembled in an anaerobic chamber. Assembly
involved the use of a hydraulic press to pack the bentonite into pressure vessels. The hydraulic
press and bentonite sampling tools were sterilized using 70% ethanol. For each dry density,
duplicate pressure vessels were incubated for 1, 4, or 6 months (Figure 3.1). All pressure vessels
were assembled, incubated, and disassembled at room temperature. During disassembly, sterile
foam-tipped applicators (Puritan) were used to swab the top, middle, and bottom of the Teflon
layer, and top and bottom filter stones, which were all in contact with the bentonite, as well as

the insides of top and bottom lids.
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Figure 3.1 Experimental design schematic for anoxic pressure vessels.

3.2.2 Anoxic pressure vessel bentonite sample storage and preparation

After pressure vessel disassembly and bentonite coring at the University of Western
Ontario, bentonite samples were packed in airtight, heat-sealed bags (Uline), while still in the
anaerobic chamber, and were then shipped to the University of Waterloo on ice where they were
transferred to 4°C storage upon arrival. Individual samples were moved to an anaerobic chamber
immediately before processing. Inside the anaerobic chamber, the outer layer of the bentonite
was removed with a sterile scalpel on sterile aluminum foil. Samples were separated into top,
middle, and bottom layers based on their location in the pressure vessel. These samples are
referred to throughout as “outer layer” samples (Figure 2.1C). The outer surfaces of the inner
core bentonite samples were removed with a sterile scalpel to remove any contamination
introduced during the coring process. The inner core was then split into top, middle, and bottom
layer samples based on position in the pressure vessel. These samples are referred to throughout

as “inner layer” samples (Figure 2.1C).

Working in the anaerobic chamber, from each of the six samples per pressure vessel, a 2
g aliquot was weighed into a sterile 25 mL conical tube and stored in an airtight heat-sealed bag

(Uline) at 4°C for up to 48 hours before cultivation. A second 2 g aliquot was weighed into a
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sterile 5 mL tube and stored at -20°C prior to DNA extraction. A final portion of each sample

was immediately used to measure water activity and moisture content.

3.2.3 Water activity and moisture content measurements of anoxic pressure vessel
samples

An Aqualab 4TE water activity meter was used to analyze each pressure vessel sample.
After water activity measurement, the same sample of bentonite was transferred to a pre-weighed
aluminum foil container, weighed, and dried at 110°C for at least 24 hours. Samples were
weighed a second time upon removal from the oven and the difference in mass was used to

calculate moisture content (equation 2.1).

3.2.4 Cultivation of anoxic pressure vessel bentonite

All cultivation was completed in the anaerobic chamber. Liquid media was flushed with
N2 gas prior to being transported into the anaerobic chamber. For phosphate-buffered saline
solution, 1L bottles were flushed with N> gas for 30 minutes using sterile tubing downstream of a
0.20 um PES filter (Sarstedt). The PBS consisted of 8 g NaCl, 0.2 g KCl, 1.44 g Na,HPOs, and
0.24 g KH>POg4 in a final volume of 1 L Type I water, with pH adjusted to 7.4 using an HCI
solution. For SRB medium (M803, HiMedia Laboratories), 1 L bottles containing part A of the
medium were flushed with N> gas for 20 minutes, and then an additional 15 minutes after adding
parts B and C of the medium, also using sterile tubing and a filter. After flushing, bottles were
immediately capped and transported into the anaerobic chamber and lids were briefly opened to
allow any oxygen trapped in the headspace to escape. Agar was not flushed, but agar plates were
transported into the anaerobic chamber at least 24 hours before use. Resazurin was added to all
SRB media and agar at a final concentration of 0.5 mg/L to visibly detect if oxygen was present

in the media.

To each 25 mL tube containing 2 g of bentonite, 18 mL of PBS was added, then the tubes
were vortexed at low speed for 30 minutes at room temperature. This clay suspension is referred
to as “dilution A” throughout. After vortexing, two ten-fold serial dilutions were made from
dilution A in a final volume of 10 mL, and are referred to as “dilution B” and “dilution C”

throughout.

Dilution A (100 uL) was added to six Reasoner’s 2A (R2A; M1687, HiMedia

Laboratories) agar plates and spread using 2 mm sterile glass beads until dry. Dilutions B and C
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(100 puL) were each added to three R2A plates and spread using the same method as dilution A.
Three dilution A and all dilution B and C plates for each sample were incubated under oxic
conditions at 30°C for 5 days. The remaining three dilution A plates for each sample were placed
in an airtight, heat-sealed bag containing a GasPak EZ anaerobe sachet (BD) to help remove
residual oxygen, and an anaerobic indicator strip (BD) to verify anoxic conditions throughout
incubation. Anaerobic bags were packed and sealed in the anaerobic chamber. Anaerobic bags
containing plates were incubated at 30°C for 28 days. After incubation, colonies were counted
and a value of CFU/g was calculated for each sample. Culture biomass was collected on sterile

foam-tipped applicators (Puritan) and stored at -20°C until DNA extraction.

Sulfate-reducing bacteria were enumerated using the most probable number (MPN)
method [153]. For each sample, 15 test tubes containing 9 mL of SRB medium each were
inoculated with 1 mL of either dilution A (five tubes), B (five tubes), or C (five tubes). Test
tubes were placed in vacuum chambers containing a GasPak EZ anaerobe sachet (BD) and an
anaerobic indicator strip (BD), then flushed five times with a 90% N> and 10% CO> gas mixture.
Vacuum chambers containing SRB cultures were incubated at 30°C for 28 days. After
incubation, each test tube was assessed for evidence of SRB growth. Positive tubes were
identified by the presence of black ferrous sulfide precipitate produced by a reaction between
SRB-derived sulfide and the ferric ammonium sulfate present in the medium. The number of
tubes positive for SRB growth was compared to an MPN table to obtain a value of MPN/g of
clay [153]. For each sample, 1 mL of each positive SRB tube was pooled separately for each
dilution in 5 mL tubes, which were centrifuged at 8,000 x g for 10 minutes to pellet cells.
Supernatants were discarded and cell pellets were stored at -20°C prior to DNA extraction. For
ten four-month samples, all 15 cultures were positive for SRB growth, and in this situation an
MPN table does not yield a specific MPN value. As such, for these ten samples, new aliquots of
clay were used to inoculate MPN tubes using nine serial dilutions as opposed to three. Using the
moisture content measured for each sample, each value of CFU/g or MPN/g was converted to a

value of CFU or MPN per gram dry weight (gdw; equation 2.2).

An ANOVA was used to test the effect of dry density, pressure vessel layer, and
incubation time on abundance of culturable SRB, aerobic heterotrophs, and anaerobic

heterotrophs. Each sample group consisted of the six replicate pressure vessel samples for a
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given time point, layer (inner or outer), and dry density. The Tukey’s HSD test was then
performed with a p value threshold of 0.1 to determine which time points had samples with
significantly higher abundances of culturable SRB, aerobic heterotrophs, or anaerobic
heterotrophs compared to the starting material. The majority of anaerobic heterotroph counts
were 0, making any statistical test that relies on a normal distribution challenging. As such, for
anaerobic heterotrophs, the Tukey’s HSD test only compared samples where anaerobic

heterotrophs were detected.

3.2.5 DNA extraction from bentonite, swabs, water filters, and culture biomass
Genomic DNA was extracted from the 180 pressure vessel clay samples and six aliquots

of gapfill bentonite starting material. Genomic DNA was also extracted from the highest dilution
of SRB culture that had at least one positive tube for all four-month pressure vessel samples, and

from all Teflon layer and filter stone swabs from the four-month pressure vessels.

Genomic DNA was extracted from a 2 g aliquot of each bentonite sample using the
DNeasy PowerMax Soil Kit (Qiagen), from Teflon layer, filter stone, and lid swabs using the
DNeasy PowerSoil Kit (Qiagen), and from culture biomass using the DNeasy UltraClean Kit
(Qiagen). At least one kit control containing no sample was included for each extraction batch.
The manufacturer’s instructions were followed with the exception of the cell lysis and elution
steps. After addition of lysis solution, PowerBead tubes were incubated at 65°C for 30 minutes
for PowerMax extractions, and at 70°C for 10 minutes for PowerSoil and UltraClean extractions.
This was followed by bead beating using an MM 400 Mixer Mill (Retsch) set to 30 Hz for 10
minutes for PowerMax extractions and a FastPrep-24 Classic Instrument (MP Biomedicals) set
to 5.5 m/s for 45 seconds for PowerSoil and UltraClean extractions. Final elution volumes were
reduced to concentrate DNA. For PowerMax extractions, PowerSoil extractions, and Ultraclean
extractions, elution volumes of 2 mL, 60 pL, and 50 uL were used, respectively. The PowerMax
DNA extraction method used here was validated previously for bentonite clay samples [154].

After extraction, DNA samples were stored at -20°C until further analysis.

3.2.6 Quantitative PCR of anoxic pressure vessel bentonite samples
For each bentonite sample, bacterial 16S rRNA genes were quantified in duplicate using

the CFX Opus Real-Time PCR System (Bio-Rad). The total volume of each PCR was 15 pL,
which consisted of 1x Sso Advanced Universal SYBR Green Supermix (Bio-Rad), 0.3 uM each
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of forward primer 341F and reverse primer 518R [155], 7.5 pg of bovine serum albumin (BSA),
and 2 pL of template DNA. The following thermocycler conditions were used: 98°C initial
denaturation for 3 minutes, followed by 40 cycles of 98°C for 15 s and 55°C for 30 s. For the
standard curve, M 13 forward and reverse primers were used to amplify a region of a previously
constructed plasmid containing the full length 16S rRNA gene from Thermus thermophilus
(Figure 3.1). This amplicon was purified, quantified, and used as the standard for generation of
the standard curves. Samples were split among six 96 well plates that were processed on the
same day using a single tube of master mix and set of standard dilutions. The aliquot of the
standard DNA was thawed and quantified using the Qubit dsDNA High Sensitivity Assay Kit
(Invitrogen) with 4 pL of sample immediately prior to preparing the qPCR standard curve.

Bacterial 16S rRNA gene copy numbers were calculated using linear regression of the
standard curve based on the Qubit quantification of the standard. DNA extraction kit controls
were included in the qPCR. The average starting quantity (SQ) value from all kit controls from
kits with the same lot number was calculated. For each sample SQ value, the average kit control
SQ corresponding to the same lot number as the kit the sample was extracted using was
subtracted from the sample SQ. Adjusted SQ values for samples were converted to values of 16S

rRNA gene copies/gdw (equation 3.1).

3.116S rRNA gene copes gdw™1

_ (average SQ sample — average SQ of kit controls) x 2000 uL elution in DNA extraction
B 2 uL template in qPCR X 2 g clay in DNA extraction
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Figure 3.2 Plasmid used for making qPCR standard. The uidA4 partial gene comes from
Escherichia coli and the 16S rRNA full length gene from Thermus thermophilus.

3.2.7 Amplicon sequencing of bentonite, swab, water filter, and culture biomass samples
For each genomic DNA sample (i.e., pressure vessel clay, culture biomass, or swab), the
V4-V5 region of the 16S rRNA gene was amplified in triplicate with universal primers 515F-Y
[156] and 926R [157], modified to contain a unique six-base index sequence, flow cell binding,
and sequencing primer binding sites [158]. The PCR setup was performed in a PCR hood
(AirClean Systems) with ISO 5-HEPA-filtered air. Surfaces within the PCR hood were treated
with UV light for 15 minutes before each use. All tubes, PCR water, and BSA were pre-treated
with UV (302 nm) for 20 minutes on a transilluminator (ProteinSimple). The final volume of
each PCR was 25 pL and consisted of 1 x ThermoPol Buffer (New England BioLabs), 0.2 uM of
each primer, 200 pM dNTPs, 15 pg BSA, 0.625 U Hot Start Taq DNA polymerase (New
England BioLabs), and 1 uL of template DNA. The following thermocycler conditions were
used: 95°C initial denaturation, followed by 35 (cultures) or 40 (swabs and bentonite) cycles of
95°C denaturation for 30 s, 50°C annealing for 30 s, and 68°C extension for 1 min, followed by a
final extension at 68°C for 7 min. Negative PCR controls containing no template DNA (NTCs)
were included in each 96 well plate to test for cross contamination between wells of the plate,
and both NTCs and positive controls were also prepared in tubes separate from the plate for each

master mix.
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Triplicate PCR products were visualized on a 1% agarose gel stained with ethidium
bromide and were then pooled and quantified on a second 1% agarose gel stained with GelRed
(Biotium). Based on gel quantification, equimolar volumes of each amplicon were pooled into a
single tube. For samples with no visible amplification, 20 pL of sample was added. Kit controls
from DNA extraction as well as NTCs were added to the pool, even if amplification was not
detected on an agarose gel, at a volume of 5 pL each. Pooled amplicons were excised from a
1.5% agarose gel stained with ethidium bromide and were purified using the Wizard SV Gel and
PCR Clean-Up System (Promega). The purified library was quantified using the Qubit dsDNA
High Sensitivity Assay Kit (Invitrogen) and qPCR using P5 and P7 primers (Illumina). The
library was denatured and diluted to 10.5 pM following Illumina guidelines (Document No.
15039740 vO1), then spiked with PhiX Sequencing Control v3 (Illumina) to a final concentration
of 15% (v/v). All samples were sequenced on a MiSeq System using a 2 x 250 MiSeq Reagent
Kit v2 (Illumina).

All clay and culture DNA samples were sequenced on a single MiSeq run with an
average cluster density of 668,000 clusters/mm?, average clusters passing filter of 93.2%, and
average Q30 of 91.5%. Swab DNA samples were sequenced on a second MiSeq run with an
average cluster density of 774,000 clusters/mm?, average clusters passing filter of 91.4%, and

average Q30 of 90.0%.

3.2.8 Anoxic pressure vessel sequence analysis

Sequences were demultiplexed using Local Run Manager version 4 and further analyzed
using Quantitative Insights Into Microbial Ecology 2 [159] and Divisive Amplicon Denoising
Algorithm 2 (DADAZ2; Callahan et al., 2016). Paired-end reads were imported into QIIME2, and
DADAZ2 was used to remove low quality reads and primer sequences and to truncate forward and
reverse reads to 250 bases. The DADA?2 pipeline was additionally used, through QIIME2, to
denoise and dereplicate paired-end reads and generate amplicon sequence variants (ASVs).
Taxonomy was assigned to ASVs using a naive Bayes classifier pre-trained with SILVA
database release 138. Potential contaminant ASVs were identified using the Decontam R
package [163] with a threshold of 0.5, selected by examining histograms of Decontam score
distribution. Clay, culture, and swab samples were processed through Decontam separately.

ASVs flagged as contaminants were removed from the ASV table for subsequent analysis.
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All sequence data were deposited in the European Nucleotide Archive with accession

number PRJEB79405.

33 Results

3.3.1 Cultivation from pressure vessel bentonite samples
Prior to saturation in a pressure vessel, gapfill bentonite had very few culturable

microorganisms. Six as-received bentonite clay replicates yielded an average abundance of 360
CFU/gdw for aerobic heterotrophs, 159 CFU/gdw for anaerobic heterotrophs, and 8 MPN/gdw
for SRB (Figure 3.3). After incubation in pressure vessels, the abundance of culturable
microorganisms increased beyond the abundances measured in the gapfill starting material for
most samples (Figure 3.3). The average abundance of culturable microorganisms for each set of
replicate pressure vessels was compared to the average abundance of culturable microorganisms
in the gapfill starting material. For inner layer samples, only two average abundances were
significantly higher than the corresponding starting material: anaerobic heterotrophs in the 1-
month 1.40 g/cm? pressure vessels, and SRB in the 12-month 1.40 g/cm? pressure vessels
(Tukey’s HSD; p<0.10). For outer layer samples, the average abundances of culturable aerobic
and anaerobic heterotrophs were higher than the corresponding starting material only for the 1
month 1.25 and 1.40 g/cm? pressure vessels (Tukey’s HSD, p<0.10). The average abundance of
SRB in most outer layer pressure vessel samples was significantly higher than the abundance
measured in the starting material (Tukey’s HSD, p<0.10). However, after the initial increase
observed in the one-month pressure vessels, the abundance of culturable SRB did not increase
further at later time points in pressure vessels with a minimum dry density of 1.45 g/cm? (Anova,
p<0.10). Abundance of 16S rRNA gene copies in bentonite samples ranged from below detection

limit to 10°.

Moisture content and water activity within many pressure vessels were inconsistent,
presumably because the bentonite was not pre-hydrated and saturation progressed slowly,
especially for high dry density pressure vessels (Figure 3.3). On average, the higher the dry
density, the lower the average moisture content and water activity, and the range of measured
water activities also increased with increasing dry density (Figure 3.4). For individual samples,
higher moisture content was typically associated with increased abundances of culturable aerobic

heterotrophs, though the highest measured abundances of culturable heterotrophs and SRB often
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had relatively low moisture content (Figure 3.4). The trend of high water activity leading to
overall higher abundances of aerobic heterotrophs was less clear for abundances of anaerobic
heterotrophs and SRB. Although water activity overall had lower correlations to abundances of
culturable microorganisms compared to moisture content, all samples with greater than 10> CFU
or MPN/gdw of aerobic heterotrophs, anaerobic heterotrophs, or SRB had a minimum water
activity of 0.91 (with one outlier for aerobic heterotrophs). Although this water activity may be a
threshold below which growth of microorganisms was minimal, having a water activity greater
than 0.91 was not always associated with microbial growth. For all three types of culturable
microorganisms, samples with a minimum water activity of 0.91 were associated with the full

range of measured abundances of culturable microorganisms (Figure 3.4).
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Figure 3.3 Bar plot depicting abundance of 16S rRNA genes, and culturable aerobic heterotrophs, anaerobic heterotrophs, and SRB.
Each bar represents the average of six biological replicate samples and their technical replicates. Error bars represent the standard
deviation of 18 replicate plates for heterotrophs, the standard deviation of six replicate MPN/gdw values for SRB, and the standard
deviation of 12 replicate qPCR counts. The stars above bars representing culture counts indicate average abundances that were
significantly greater than the corresponding abundance in the initial gapfill bentonite (Tukey’s HSD, p<0.10). Contour plots are based
on the measured water activity at the six sampled locations in each pressure vessel.
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Figure 3.4 Scatterplot matrix showing relationship between water activity, moisture content, and
culturable abundances of aerobic heterotrophs, anaerobic heterotrophs, and SRB. The diagonal
includes density plots, and the top panels include correlations. For all comparisons including
water activity, the Spearman correlation is reported, and for all other comparisons, the Pearson
correlation is reported. The top correlation in each set (grey) is of all dry densities combined, and
the remaining correlations are grouped and coloured by dry density. The significance of the

correlation is indicated with asterisks (p<0. 5 is depicted by *, p<0.01 by **, and p<0.001 by

3.3.2 16S rRNA gene analysis of pressure vessel bentonite, cultures, and swabs
Genomic DNA was extracted from six samples (top, middle, and bottom of the inner and

outer layers) from each pressure vessel and the V4-V5 region of the 16S rRNA gene was
amplified and sequenced. Overall, sequencing depth was very low for most samples (Figure 3.5),

likely due to the low concentrations of DNA present (usually below the detection limit of Qubit).
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The most prevalent genera detected (i.e., present in at least half the samples) were Vibrio,
Mycoplasma, Acinetobacter, and Pseudomonas (Figure 3.5). The most abundant putative SRB
detected in the 16S rRNA gene profiles was Desulfosporosinus, which was detected in 32 of the
180 pressure vessel clay samples and none of the gapfill starting material replicates (Figure 3.5).
For samples with a minimum sequencing depth of 10 reads (the remaining 30 samples had
sequencing depth between 54 and 8790 reads), the average relative abundance of sequences

associated with Desulfosporosinus was 5.0%.

Given the large number of samples with abundances of culturable SRB significantly
greater than those of the gapfill starting material, the SRB cultures from all four-month pressure
vessels were selected for sequencing to ensure that sequences associated with SRB were present
in the cultures, and that observed SRB activity (i.e., black precipitate) was not erroneous. At least
one ASV (and in most samples four ASVs) associated with Desulfosporosinus was present in
each SRB culture from both the pressure vessel clay and the gapfill starting material clay (Figure
3.6). For most samples, ASVs associated with Desulfosporosinus made up most of the reads
(Figure 3.6). Apart from Desulfosporosinus, many cultures had ASVs associated with
Pseudomonas, and SRB cultures from gapfill starting material in particular had several ASVs

associated with Bacillus and Sporacetigenium.

All swabs of the Teflon layer, filter stone, and lids (i.e., the pressure vessel surfaces in
contact with the bentonite) from the four-month pressure vessels were also selected for DNA
extraction and sequencing to assess if the SRB that grew in the cultures might be associated with
the pressure vessel-bentonite interfaces. For comparison, Teflon layer and filter stone swabs
from four-month pressure vessels from previously conducted oxic experiments (Chapter 2) were
included. Sequences associated with Desulfosporosinus were detected in 47 of the 62 anoxic
pressure vessel swab samples, often at high relative abundance (Figure 3.7). In contrast,
sequences associated with Desulfosporosinus were only detected in 1 of 23 oxic pressure vessel
swabs at very low relative abundance (Figure 3.7). In addition to SRB, anoxic pressure vessel
16S rRNA gene profiles were similar to each other and distinct from oxic pressure vessel swab
16S rRNA gene profiles (Figure 3.7). The most prevalent ASVs (i.e., detected in at least half the
samples) in the anoxic pressure vessel 16S rRNA gene profiles were associated with

Pseudomonas, Anaerobacillus, Cellulomonadaceae, Desulfosporosinus, Bacillus, Mycoplasma,
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Escherichia-Shigella, Alkalibacter, and Anaerosolibacter (Figure 3.7). Most swabs from oxic
pressure vessels had 16S rRNA gene profiles dominated by sequences associated with the

Pseudomonas genus (Figure 3.7).
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Figure 3.5 Bubble plot of 16S rRNA gene profiles from pressure vessel inner (orange) and outer (blue) layer clay, as well as gapfill
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least one sample are included. The bar graph shows the number of sequencing reads obtained for each sample.
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Figure 3.7 Bubble plot of 16S rRNA gene profiles from four-month pressure vessel swabs and from a filter of the water used to
saturate pressure vessels, at the end of all pressure vessel setup. The left panel includes swabs of filter stones, lids, and Teflon layers
from anoxic pressure vessels. The middle panel includes swabs of filter stones and Teflon layers from previous oxic pressure vessels,
for comparison. Only genera with a minimum relative abundance of 10% in at least one sample are included.
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34 Discussion

3.4.1 Cultivation from pressure vessel bentonite samples

For anoxic pressure vessels, the initial abundance of culturable aerobic heterotrophs,
anaerobic heterotrophs, and SRB were similar to those reported in previous experiments using
Wyoming bentonite (Figure 3.3) [10, 123, 126]. When water is added to as-received bentonite,
an initial increase in abundance of culturable aerobic heterotrophs has previously been reported
for both oxic [123, 125] and anoxic experiments [126]. Presumably as the bentonite saturates and
swells to its full capacity, microbial growth is eventually suppressed given a sufficiently high dry
density (Chapter 2). Even in lower dry densities, incubations that are long enough have
additionally resulted in suppression of microbial growth in bentonite, especially in “inner layer”
bentonite [126, 127]. In experiments set up under anoxic conditions, an initial increase in
abundance of anaerobic heterotrophs has been reported in bentonite compacted to both low (i.e.,
1.25 g/cm®) and high (i.e., 1.55 g/cm?) dry densities [126]. For culturable heterotroph
abundances, the results of the present study support previous literature [10, 125, 126]. By the
one-month time point, the abundance of culturable aerobic and anaerobic heterotrophs was
occasionally greater than that of the gapfill starting material, especially in low dry density and
outer layer samples (Figure 3.3). At these early time points, water activity and moisture content
within the pressure vessels were inconsistent, suggesting that the pressure vessels were not fully
saturated and thus likely had regions of bentonite with available water and below-target swelling

pressures (Figure 3.3).

Different from previous literature, the average abundance of culturable SRB increased in
several outer layer samples and one inner layer sample between the initial gapfill bentonite and
the one-month time point, and these abundances often persisted throughout the one-year
experiment (Figure 3.3). However, after the initial (i.e., in the one-month pressure vessels)
increase in abundance of culturable SRB in pressure vessels with a minimum dry density of 1.45
g/cm?, the abundance did not further increase throughout the remainder of the one-year
experiment, suggesting that cells were no longer dividing. The abundance of culturable SRB was
poorly correlated with water activity and moisture content, and was elevated in some bentonite
samples from all dry densities and incubation times tested (Figure 3.4). For the oxic version of
the work presented here (Chapter 2), as well as foundational research also conducted under oxic

conditions, no increase in abundance of SRB was reported regardless of dry density [123]. This
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was hypothesized to be at least in part due to the presence of oxygen, which would be expected
to preclude the growth of obligately anaerobic SRB. However, SRB have similarly not been
observed to increase in abundance in other experiments where compacted bentonite clay was
incubated under anoxic conditions. The present experiment is perhaps most similar to in situ
experiments where “modules” were packed with as-received bentonite clay to various dry
densities and incubated in DGR-relevant underground environments. Under these conditions,
SRB did not increase in abundance from the initial abundance in the bentonite starting material,
regardless of dry density, even when modules were sampled at sufficiently early time points to
observe increased abundances of culturable heterotrophs [126, 127]. Additional anoxic lab-scale
experiments have studied SRB in compacted bentonite and have similarly not observed growth.
In another experiment, a goal was to identify conditions that encouraged growth of SRB in
bentonite [173]. Specifically, bentonite was hydrated with both water and SRB medium to
achieve a high water activity, in the absence of pressure, and was incubated under anoxic
conditions at 30°C. Even under such conditions predicted to be ideal for growth of SRB, the
abundance of culturable SRB never increased beyond that of the starting bentonite [173].

Although SRB have not previously been reported to increase in abundance in bentonite
clay, there were some differences between the present study and previous studies. This study
used gapfill bentonite, which has not been used in previous such studies. Pressure vessels were
incubated at room temperature, unlike in situ experiments that involved incubations at colder
temperatures associated with the underground environments for modules. The relatively large
size of pressure vessels, and the fact that the bentonite was not pre-saturated, makes it such that
the saturation process, when some microorganisms are suspected to grow, is elongated compared
to other experiments. Further, although several experiments use “anoxic conditions,” perhaps
there were trace amounts of oxygen present that impacted the ability of obligate anaerobes like
SRB to survive and proliferate. Additional experiments are needed to better understand the

factors that allow for the growth of SRB in compacted bentonite clay.

Even though abundances of culturable SRB were higher in this experiment than in
previous research, the abundances detected were still relatively low (Figure 3.3). Ongoing work
studying the rate of corrosion on copper coupons embedded within the bentonite clay of anoxic

pressure vessels will additionally help to demonstrate whether the SRB present in the clay were
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sufficient in number and activity to generate detectable copper corrosion. Further, although many
average abundances of culturable SRB were greater than those of the starting gapfill material in
the outer layers of the pressure vessel, this was only true for one set of inner layer bentonite
samples. In pressure vessels with a minimum dry density of 1.45 g/cm?, abundances of all three
types of cultured microorganisms were not significantly different than the starting material in
inner layer bentonite, suggesting that this dry density is sufficient to suppress microbial growth

in the inner layer (Figure 3.3).

3.4.2 16S rRNA gene analysis of pressure vessel bentonite, cultures, and swabs
A second major goal of this research was to study the microbial community composition

of bentonite clay from pressure vessels. The most prevalent genera detected in 16S rRNA gene
profiles were putative heterotrophs, including Vibrio, Mycoplasma, Acinetobacter, and
Pseudomonas (Figure 3.5). The most dominant and prevalent genus of SRB detected in pressure
vessel clay samples was Desulfosporosinus, which is a commonly detected genus of SRB in
bentonite [10, 127, 151, 173]. Given that culturable SRB were detected in 178 of the 180
pressure vessel bentonite samples, it was hypothesized that ASVs associated with
Desulfosporosinus would be present in the 16S rRNA gene profiles of most samples, but they
were only detected in 32 of the 180 samples (Figure 3.5). It is possible that this is due at least in

part to the low sequencing depth of most samples given very low DNA concentrations.

To confirm that SRB cultures included SRB and were not counted as being positive for
SRB growth (i.e., blackness in the medium) due to an unknown abiotic reaction, the most dilute
set of positive SRB cultures from each 4-month pressure vessel was selected for DNA extraction
and 16S rRNA gene sequencing. All 16S rRNA gene profiles from the 4-month SRB cultures
included at least one, and usually multiple, ASVs associated with Desulfosporosinus (Figure
3.6). This genus often made up the majority of reads for a sample. The water used to saturate
pressure vessels was also filtered at the end of the experiment, and DNA was extracted from this
filter and sequenced to confirm that SRB were not introduced to the system from the water.
Although there was detectable DNA in the water sample by the end of the experiment, no

sequences associated with known SRB were found in this sample (Figure 3.7).

With confirmation that there were sequences associated with known SRB growing in the

SRB cultures, DNA was extracted and sequenced from swabs taken from pressure vessel
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components (Teflon layers, filter stones, and lids) in contact with the bentonite to identify if
putative SRB were present at greater relative abundance at the pressure vessel-bentonite interface
as compared to within the bentonite. Indeed, sequences associated with Desulfosporosinus were
detected in most swab samples, often at high relative abundances (Figure 3.7). Similar swabs
from the oxic version of the current study (Chapter 2), where culturable SRB never increased in
abundance beyond the initial abundance of the bentonite starting material, were included for
comparison. These swabs were dominated by sequences associated with Pseudomonas, which
was also a dominant member of the community of most oxic pressure vessel clay samples, and
Desulfosporosinus was only detected in a single sample at very low relative abundance (Figure
3.7). Consistent with the higher abundance of culturable SRB in outer layer bentonite compared
to inner layer bentonite, the 16S rRNA gene analysis results suggest that SRB may

predominantly grow at the pressure vessel-clay interfaces rather than within the clay itself.

3.5 Conclusion

Studying abundances and composition of microbial communities in bentonite compacted
to different dry densities is critical for informing DGR design. Previous research has focused on
testing the effect of dry density on microbial growth suppression in powdered bentonite clay
(i.e., the material used to make highly compacted bentonite buffer boxes in the Canadian design),
but rarely gapfill bentonite (i.e., the material used to fill spaces between bentonite buffer boxes
and the walls of the placement rooms in the Canadian design), and never gapfill under anoxic
conditions. The results of this study demonstrate that under anoxic conditions, growth of
microorganisms is suppressed by a minimum dry density of 1.45 g/cm? in the inner layer,
although abundances of culturable SRB greater than the initial abundances in the starting
material are maintained throughout the one-year experiment in several outer layer bentonite

samples.

The 16S rRNA gene analysis demonstrated that sequences associated with known SRB
were detected in many bentonite samples but were even more prevalent and abundant in the 16S
rRNA gene profiles of swabs taken from the bentonite-pressure vessel interface. It remains
unclear why SRB increased in abundance in anoxic pressure vessels when a similar phenomenon
has not been observed in other studies examining growth of SRB in bentonite, even when the

bentonite was supplemented with SRB medium and incubated under anoxic conditions in the
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absence of pressure. However, the abundances of culturable SRB detected in the pressure vessels
were still relatively low, and ongoing work studying the corrosion of copper coupons that were
embedded within the bentonite in anoxic pressure vessels will be critical for demonstrating the

impact, if any, that the growth and activity that SRB had on copper corrosion.

Future experiments should continue to study the conditions that promote growth of SRB
in compacted bentonite clay. For example, it is possible that the porous components of the
pressure vessel (i.e., Teflon layer, filter stones, and lids) provided a necessary surface for biofilm
formation that was not present in other experiments. In the context of a DGR, bentonite will not
be saturated with Type I water, nor will it exist at room temperature for the duration of its
lifetime. As such, testing the effect of dry density on microbial growth suppression in
groundwater-saturated bentonite, and under a range of DGR-relevant temperatures, is critical.
Even though SRB increased in abundance in compacted bentonite in the present study, this may
not be true for pressure vessels set up using more DGR-relevant conditions. Finally, with
increasing information related to microbial growth and corrosion in compacted bentonite, an
important next step will be to incorporate experimentally determined values into models to

predict DGR evolution on physical and temporal scales that cannot be tested experimentally.
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Chapter 4: Effect of temperature on microbial communities in bentonite clay

4.1 Introduction
Bentonite clay is an important component of many proposed deep geological repository

(DGR) designs, where it serves as a buffer between used fuel containers and the rock within
which the DGR is hosted. In terms of microbiologys, it is important to understand the response of
bentonite-associated microbial communities to the conditions they are likely to experience in a
DGR to better predict the long-term stability of such a repository. Studies on the microbiology of
bentonite clay in the context of DGR design often focus on sulfate-reducing bacteria (SRB)
because they commonly dominate occurrences of microbiologically influenced corrosion (MIC)
in other anoxic environments [12]. In a DGR, MIC could compromise the integrity of metal used
fuel containers (UFCs), which house the used nuclear fuel. Despite focussing on SRB,
microorganisms live in communities with other microorganisms, where they may have various
symbiotic relationships. As such, it is important to study microbial communities of bentonite
clay as a whole rather than by focussing only on specific populations. One important goal in
designing DGRs, including the Canadian DGR, is to identify the minimum dry density of
saturated bentonite clay that is required to suppress microbial growth. As such, the major area of
focus in bentonite microbiology studies has been the effect of dry density on microbial

abundance and survival [123-129, 151].

In addition to dry density, an important factor that has been less well studied in bentonite
microbiology research is temperature. A DGR is expected to experience a wide range of
microbiologically relevant temperatures. Before construction of a DGR, the temperature in the
subsurface of the two potential Canadian host sites, at repository depth, is between 12 and 17°C
[118, 119]. Within a DGR, used nuclear fuel, which releases energy in the form of heat, will
increase the temperature [118, 119]. DGRs are being designed in such a way that the temperature
within the system never reaches sufficiently high temperatures to lead to bentonite conversion to
non-swelling illite clay (i.e., >140°C) or electrochemical changes in the copper coating of the
UFCs (i.e., >125°C) that could increase the rate at which they corrode [120]. The Canadian
DGR, specifically, is being designed such that the temperature at the surface of the UFCs never
exceeds 100°C [120]. The expected temperature that may be reached within different areas of a

DGR depends on the type of rock at the host site. Models show a steady increase in temperature
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in the area surrounding the UFCs until the maximum temperature (84°C for crystalline host rock
and 93°C for sedimentary host rock) is reached ~45 years after emplacement, after which
temperatures are expected to remain elevated (>70°C) for over 1000 years before beginning to
cool over several thousand years. Areas of the DGR further from the UFCs are expected to
experience slightly cooler conditions. Overall, the expected temperature range within a DGR is
anywhere between 12°C and 93°C, depending on the location within the DGR, the type of host

rock, and the time after used fuel placement.

To date, very few studies have investigated microbial community composition and
abundance in bentonite exposed to elevated temperatures. In bentonite from El Cortijo de
Archidona (Spain), heterotrophs and SRB did not increase in abundance in bentonite compacted
to 1.7 g/cm? and incubated under anoxic conditions at 60°C for a year, but they did remain
culturable in similar abundances before and after compaction and incubation [129]. Even in
bentonite first sterilized through a “Tyndallization” process (i.e., repeated heating and cooling)
prior to compaction, microorganisms from the clay plugs were culturable, though in lower
numbers than the starting material [129]. This suggests that native bentonite microbial
communities may not increase in number under harsh temperature and dry density conditions,
but that they can survive the conditions and proliferate once temperature and dry density are
reduced. In a second study exploring the effect of temperature on microbial communities within
Bavarian bentonite, in the absence of pressure, sulfate reduction was evident in slurries of
Bavarian bentonite and Opalinus clay porewater solution incubated at 30°C, but not in parallel
60°C incubations [130]. However, a shift in microbial community composition was observed
through DNA sequencing of the 60°C slurry. The 16S rRNA gene profiles of these high
temperature microcosms were dominated by sequences associated with the thermophilic species

Caldinitratiruptor microaerophilus [130].

No known studies have investigated the effect of temperature on microbial community
composition in as-received clay nor clay hydrated to DGR-relevant water activities/moisture
contents. Additionally, the effect of temperature has been limited to 60°C and has not been
explored in either of the bentonite clays proposed for use in a Canadian DGR: Wyoming MX-80
bentonite, and gapfill material produced from Wyoming MX-80 through a low-temperature roll-

compaction method. Thus, the purpose of this study was to explore the impact of a range of
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DGR-relevant temperatures (15, 30, 45, 60, 75, 90, and 105°C) on microbial community

composition and abundance within five as-received bentonite clays, with and without hydration.

4.2 Materials and methods

4.2.1 Bentonite background

Five different manufactured sodium-type bentonite clays were used in this study, and are referred
to throughout as Asha, MX6, MX7, MX9, and GFM. Asha is a bentonite sourced from Kutch,
India, and manufactured by Ashapura Minechem Co. This as-received clay was previously
characterized using DNA sequencing and cultivation [10]. Both MX6 and MX7 are Wyoming
bentonite and were used in borehole modules in the Grimsel Underground Research Laboratory
[127, 151]. Clay MX9 is Wyoming MX-80 bentonite that was characterized in the same study as
Asha bentonite [10] and separately in a hydrated clay microcosm study [173]. Gapfill material
(GFM) was made from Wyoming MX-80 bentonite through a roll compaction process. It was
included in two studies that aimed to identify the minimum dry density necessary to suppress
microbial growth using pressure vessels (Chapter 2 and Chapter 3). The mineral composition of
each as-received bentonite sample used to fill pressure vessels was determined using quantitative
XRD analysis performed by Activation Laboratories. The XRD analysis was performed in a
Bruker D8 Endeavour diffractometer equipped with a Cu X-ray source, at 40 kV and 40 mA over
a 20 range of 4-70°, with a step size of 0.02° and a time per step of 0.5 seconds, a fixed

divergence slit at 0.30°, and sample rotation at 15 rpm.

4.2.2 Microcosm experiment setup
From each as-received clay, cultivation and DNA analysis were conducted with no

hydration nor prior incubation at elevated temperature. Separately, each as-received clay was
hydrated and incubated at various temperatures (Figure 4.1). Sample names including “R1,”

“R2,” and “R3” refer to biological replicates.

For hydrated clay microcosms, as-received bentonite was mixed with a pre-determined
volume of autoclaved Type I water to achieve a water activity of 0.99 (Table 4.2). The hydrated
clay was mixed by hand with sterile nitrile gloves until a homogenous mixture was achieved. A
WP4 Dew Point Potentiometer (Meter Group, USA) was used to ensure that the water activity of
hydrated bentonite was 0.99. For 15-60°C microcosms, three 80 g aliquots of bentonite were

mixed with water and each was then split into 4 x 20 g aliquots for each of the four temperatures
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of a given replicate. For 75-105°C microcosms, 10 g of bentonite was mixed with water and each

hydrated 10 g aliquot was added to an individual jar.

Table 4.1 Volumes of Type I water added to 10 or 80 g of each type of bentonite to achieve a
water activity of 0.99.

Bentonite Volume of water (mL) to add Volume of water (mL) to add

to 10 g of bentonite to 80 g of bentonite
Asha 3.5 28.0
MX6 4.3 34.0
MX7 4.4 35.0
MX9 3.0 24.0
GFM 4.5 36.0

For each type of bentonite, a total of 21 microcosms were set up in sterile 250 mL mason
jars. Triplicate jars were incubated at 15, 30, 45, 60, 75, 90, or 105°C for one week (Figure 4.1).
Setup occurred on the bench and hydrated clay microcosms were incubated under oxic
conditions. After incubation, the jars were shaken to mix the clay, and a subsample was collected
for cultivation and for DNA extraction. Cultures were set up immediately, and bentonite

intended for DNA extraction was stored at -20°C until DNA extraction.
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Figure 4.1 Schematic of experimental set up of as-received bentonite (A) and hydrated bentonite
(B) DNA and cultivation-based analyses for five bentonite types.
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4.2.3 Cultivation from microcosms

For each bentonite sample (as-received or hydrated), 2 g of bentonite was added to 18 mL
of phosphate buffered saline solution (PBS; 8 g NaCl, 0.2 g KCl, 1.44 g NaHPOg4, and 0.24 g
KH2POy in a final volume of 1 L Type I water, with pH adjusted to 7.4 using HCI) in a 25 mL
tube. Tubes were vortexed horizontally at low speed for 30 minutes to disperse the bentonite in
the PBS. This is referred to as dilution A throughout. One mL of dilution A was added to 9 mL
of PBS and is referred to as dilution B, and 1 mL of dilution B to a separate 9 mL of PBS and is

referred to as dilution C.

Three types of cultures were set up: aerobic heterotrophs, anaerobic heterotrophs, and
SRB. For heterotrophs, 100 pL of dilution A was added to six Reasoner’s 2A (R2A) agar
(M1687; HiMedia Laboratories) plates, 100 uL of dilution B to six R2A agar plates, and 100 pL
of dilution B to three R2A agar plates. Three dilution A, three dilution B, and three dilution C
plates were incubated under oxic conditions for 5 days, and three dilution A and three dilution B
plates under anoxic conditions for 28 days. An agar concentration of 1.5% was used for plates
incubated at 15 and 30°C, and a concentration of 3% was used for plates incubated at 45 or 60°C

as 1.5% agar plates partially melted during incubation at elevated temperatures.

For SRB, five test tubes filled with 9 mL of SRB medium (M803; HiMedia Laboratories)
were inoculated with 1 mL of dilution A, five test tubes with 1 mL of dilution B, and five test
tubes with 1 mL of dilution C. All SRB cultures were incubated under anoxic conditions for 28
days. For cultures incubated anoxically, tubes or plates were placed in vacuum chambers
(BVV3GSSW, BVV) containing a GasPak EZ anaerobe sachet (BD) to help remove residual
oxygen and an anaerobic indicator strip (BD) to verify anoxic conditions. Vacuum chambers
were flushed five times with a 90% N> and 10% CO: gas mixture to create an anoxic

environment.

For each as-received (un-hydrated) clay, a set of cultures was incubated at each of 15, 30,
45, and 60°C (Figure 4.1). For hydrated clays, cultures were incubated at the same temperature
as the hydrated bentonite used to inoculate the culture (Figure 4.1). Overall, for each of the five
clay samples, triplicate sets of cultures, each derived from a biological replicate mason jar, were

incubated at each of 15, 30, 45, and 60°C. Although hydrated clay microcosms were also
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incubated at 75, 90, and 105°C, cultures were not incubated at these temperatures because agar

would melt.

After incubation, colonies on R2A agar plates were counted, and these numbers were
used to calculate values of CFU/g. For SRB cultures, tubes were examined for SRB activity,
which was identifiable by the presence of a black ferrous sulfide precipitate produced by a
reaction between SRB-derived sulfide and the ferric ammonium sulfate present in the SRB
medium. Biomass was collected from each culture where growth was evident. For heterotroph
cultures, colonies were collected on sterile foam-tipped applicators (Puritan), and for SRB
cultures, 1 mL of each positive culture was collected and centrifuged at 8000 x g for 10 minutes
to pellet cells. For a given bentonite sample, biomass from all positive A dilution SRB cultures
was collected together, and biomass from all positive B and C dilution SRB cultures was

separately collected. Biomass was stored at -20°C until DNA extraction.

4.2.4 DNA extraction from bentonite and culture biomass
Genomic DNA was extracted from 50 mg of the 105 (5 clay types x 7 temperatures x

triplicate) hydrated clay samples and from duplicate aliquots of each of the five as-received clay
samples using the DNeasy PowerSoil Pro kit (Qiagen). Genomic DNA was extracted from
culture biomass using the DNeasy UltraClean kit (Qiagen). The manufacturer’s instructions were
followed with the following exceptions. After addition of lysis solution, PowerBead tubes were
incubated at 70°C for 10 minutes followed by bead beating for 45 s using a FastPrep-24 Classic
Instrument (MP Biomedicals) set to 5.5 m/s. DNA was eluted in 60 pL for PowerSoil extractions
and in 50 pL for UltraClean extractions. After extraction, DNA samples were stored at -20°C

until further analysis.

4.2.5 Amplicon sequencing of bentonite and culture biomass

For each genomic DNA sample (hydrated clay, as-received clay, culture biomass), the
V4-V5 region of the 16S rRNA gene was amplified in triplicate using universal primers 515F-Y
[174] and 926R [157], modified to include a six-base index sequence, [llumina flow cell binding,
and sequencing primer binding sites [158]. All PCR mixtures were prepared in a PCR hood
(AirClean Systems) with ISO 5-HEPA-filtered air and surfaces wiped with 70% ethanol and UV-
treated for 15 minutes before each use. Tubes, water, and BSA used for PCR were also UV-

treated on a UV transilluminator (ProteinSimple) using 302 nm wavelength light. Each PCR

83



consisted of 1x ThermoPol Buffer (New England BioLabs), 0.2 uM forward and reverse primer,
200 uM dNTPs, 15 pg BSA, 0.625 U hot start Taqg DNA polymerase (New England BioLabs),
and 1 pL of template DNA in a final volume of 25 pL. The following thermal cycle conditions
were used: initial denaturation at 95°C for 5 minutes, followed by 35 (cultures) or 40 (clay)
cycles of 95°C denaturation for 30 s, 50°C annealing for 30s, and 68°C extension for 7 min,
followed by a final extension step for 7 min at 68°C. No template controls (NTCs) were included
in each 96 well plate to test for contamination between wells, and additional NTC and positive
controls were included in tubes to test for master mix contamination and appropriate

amplification, respectively.

Triplicate PCR products were imaged on a 1% agarose gel stained with ethidium
bromide, then triplicates were pooled and quantified on a second 1% agarose gel stained with
GelRed (Biotium). Based on gel quantification, equimolar quantities of each sample were
pooled. Kit controls and NTCs were added to the pool, regardless of visible amplification, at a
volume of 5 pL. This pool was electrophoresed on a 1.5% agarose gel stained with ethidium
bromide, and the band corresponding to the amplicons was excised and purified using the
Wizard SV Gel and PCR Clean-Up System (Promega). The purified pool was quantified using
the Qubit dsDNA High Sensitivity Assay Kit (Invitrogen) and with qPCR using P5 and P7
primers (Illumina). The library was denatured and diluted following Illumina guidelines

(Document No. 15039740 vO1), then spiked with PhiX Sequencing Control v3 (Illumina).

All as-received clay and associated cultures were sequenced on a MiSeq run with a
cluster density of 659,000 clusters/mm?, average Q30 of 93.0%, and clusters passing filter of
92.5%. All hydrated clay samples were sequenced on second MiSeq run with a cluster density of
774,000 clusters/mm?, average Q30 of 90.0%, and clusters passing filter of 91.4%. All culture
samples from hydrated clay were sequenced on third MiSeq run with a cluster density of 813,000
clusters/mm?, average Q30 of 89.5%, and clusters passing filter of 93.2%.

4.2.6 Microcosm sample sequence analysis
Sequences were demultiplexed using Local Run Manager version 4. Demultiplexed reads

were further analyzed using Quantitative Insights Into Microbial Ecology 2 (QIIME2) [159]
including Divisive Amplicon Denoising Algorithm 2 (DADA2) [160]. Paired-end reads were

imported into QIIME2, and DADA?2 was used to remove low quality reads and primer sequences
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and to truncate reads to 250 bases. Next, sequences were denoised, dereplicated, and amplicon
sequence variants (ASVs) were generated, again using DADA?2 through QIIME2. Taxonomy
was assigned to ASVs using a naive Bayes classifier pre-trained with SILVA databased release
138. The Decontam R package [175] was used to identify potential contaminant sequences. A
threshold of 0.5 was selected by examining histograms of Decontam score distribution. For clay
samples, several ASVs flagged as contaminants were associated with thousands of reads in
culture samples and only a few reads in one or a few controls. As such, any ASV flagged as a
contaminant that was associated with >1000 reads in at least one culture and <50 reads in any
control was removed from the list of contaminants. Contaminant ASVs were removed from the

ASV table prior to subsequent analysis.

All sequence data were deposited in the European Nucleotide Archive with accession

number PRJEB79490.

4.3 Results

4.3.1 Mineral characterization of as-received bentonite
The mineral composition of the five as-received bentonite samples used throughout were
measured. Regardless of source, the mineral composition of the five bentonite samples were

similar (Table 4.2).

Table 4.2 Mineral composition (%) of the five bentonite clays used. When the mineral was not
detected, it is reported as “ND,” and when detected in amounts too low to quantify is reported as
“trace.”

Montmorillonite Plagioclase Clinoptilolite Kaolinite Gypsum
Mineral (OH)SisALO Quartz Cristobalite (Najlsigdx K feldspar Mica (XY2- ((Naz,k2,Ca)z (ALSHOS( Calcite (ngz;u:z Goethite
i i - i K = : N 205 ~ aS04
-nH,0) (Si02) (5i02) CaALSi:0s) (KAISiz05) 3Z4010(OH)2) Al(,SmO;:I'(Z)A; OH);) (CaC0s) H0) (FeO(OH))
12
Asha 84.4 14 ND 48 ND ND ND 3 3.1 1.4 1.9
MX6 77.3 39 1.4 9.5 4.1 22 ND ND 1.6 trace ND
MX7 715 3.7 1.5 11.8 3.1 1.7 ND ND 0.7 trace ND
MX9 88.4 13 ND 4.6 2.8 1.1 ND ND 1.8 trace ND

GFM 73.7 1.6 2.7 10.4 29 2 6.7 ND trace trace ND

4.3.2 Cultivation of bentonite from microcosms

Culturable aerobic heterotrophs were detected in each of the clays, dry or hydrated, when

cultures were incubated at 15, 30, or 45°C (Figure 4.2). Culturable aerobic heterotrophs grew at
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60°C from Asha, MX9, and GFM as-received clays, and from all but MX6 when the clay was
first hydrated and incubated at 60°C for a week (Figure 4.2). The average abundance of
culturable aerobic heterotrophs in as-received clays at 15, 30, 45, and 60°C was 5.1 x10%, 1.8
x10%, 2.1 x10%, and 3.4 x10' CFU/g, respectively. After hydration, the average abundance of
aerobic heterotrophs at 15, 30, 45, and 60°C was 2.8 x10%, 3.2 x10%, 3.2 x10°, and 1.3 x10°
CFU/g, respectively. At 30°C, there were more aerobic heterotrophs cultured from hydrated clay
compared to as-received clay for MX6 and MX7, and at 45°C for all clays other than GFM
(Figure 4.2 stars; Tukey’s HSD, p<0.05). For aerobic heterotroph cultures grown at 15 or 60°C,
the abundance before and after hydration was not significantly different for any bentonite type
(Figure 4.2; Tukey’s HSD, p<0.05). For each hydrated clay, the highest abundance of culturable
aerobic heterotrophs was either at 30 or 45°C (Figure 4.2). The value of culturable aerobic
heterotrophs at 30 and 45°C was statistically the same for all clays other than GFM, for which
the abundance at 30°C was greater than that at 45°C, and was often also the same as abundances
at 15°C (Figure 4.2 letters; Tukey’s HSD, p<0.05). The abundance of culturable aerobic
heterotrophs at 60°C for each hydrated clay was significantly lower than for the same hydrated
clay incubated at 30°C. For all as-received clays, there was no statistical difference between the
abundance of aerobic heterotrophs cultured at any of the four temperatures (Tukey’s HSD,

p<0.05).

Culturable anaerobic heterotrophs were detectable in many fewer samples than aerobic
heterotrophs (Figure 4.2). Anaerobic heterotrophs were cultured from all as-received bentonites
at 45°C, all but MX9 at 30°C, and all but MX6 and GFM at 15°C (Figure 4.2). At 60°C, the only
as-received clay from which anaerobic heterotrophs were culturable was GFM (Figure 4.2). The
abundance of culturable anaerobic heterotrophs in as-received clay was at most 127 CFU/g
(45°C). Once hydrated and incubated for a week, most clays did not have culturable anaerobic
heterotrophs regardless of if they did initially in the as-received clay (Figure 4.2). At each
temperature, a maximum of one hydrated clay had culturable anaerobic heterotrophs, and no clay
had culturable heterotrophs at more than one temperature. At 15°C, MX7 had culturable
heterotrophs, at 30°C Asha, at 45°C MX6, and at 60°C, no hydrated clay had culturable
anaerobic heterotrophs (Figure 4.2).
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SRB were cultured from as-received clay at all four tested temperatures for all bentonite
types, at a maximum abundance of 144 MPN/g (30°C; Figure 4.2). They were culturable from all
hydrated clays incubated at 15 or 30°C, at similarly low abundances, but were often not
detectable in clays hydrated and incubated at 45 or 60°C (Figure 4.2). At 60°C, SRB were only
culturable from Asha and GFM, and at 45°C from all but MX7, though for MX6 and MX9 only
one tube positive for SRB growth was observed, each for only one of three biological replicate

microcosms (Figure 4.2).
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Figure 4.2 Bar plot showing the abundance of culturable aerobic heterotrophs, anaerobic
heterotrophs, and sulfate-reducing bacteria (SRB) grown at 15, 30, 45, or 60°C from as-received
or hydrated Asha, MX6, MX7, MX9, or GFM bentonite. For cultures set up from as-received
clay, error bars represent the standard deviation between technical triplicates (heterotrophs) or
the 95% confidence interval provided by the MPN table (SRB). For cultures set up from
hydrated clays, error bars represent the standard deviation between biological triplicate
microcosms. Stars in the aerobic heterotrophs panel represent clays for which there was a
significant difference between the value of CFU/g before and after hydration at the given
temperature (Tukey’s HSD test, p<0.05). Small letters in the aerobic heterotroph panel show
statistically generated groups for the four temperatures of a given clay (Tukey’s HSD test,
p<0.05). For dry clays, no letters are included as all incubation temperatures led to the same
abundance of culturable heterotrophs for each clay (Tukey’s HSD, p<0.05).
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4.3.3 16S rRNA gene analysis of as-received bentonite and associated cultures
Although there were differences in 16S rRNA gene profiles between the five different as-

received bentonite types, as-received bentonite profiles were generally dominated by sequences
associated with Actinobacteriota and Proteobacteria (Figure 4.3). The most abundant genera
among as-received clay samples were Amycolaptosis, Arthrobacter, Nocardiopsis, Streptomyces,

Bacillus, Paracoccus, Xanthomonas, and family Micrococcaceae (Figure 4.3).
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Whereas as-received clays were dominated by sequences associated with phyla
Actinobacteriota and Proteobacteria, most cultures from as-received clays were dominated by
sequences associated with Firmicutes, regardless of clay, culture type, or incubation temperature
(Figure 4.3). In aerobic heterotroph cultures incubated at 15 or 30°C, all 16S rRNA gene profiles
were dominated (i.e., 68.5-100.0%) by sequences associated with Bacillus. At 30°C, sequences
associated with Paenibacillus also had relatively high abundances in Asha, MX6, and MX7
profiles, and Sphingomonas and Staphylococcus in MX9 and GFM, respectively (Figure 4.3).
Aerobic heterotroph cultures incubated at 45°C were either dominated by sequences associated
with Bacillus (Asha and GFM), Streptomyces (MX6), or Paenibacillus (MX9). The aerobic
heterotrophs cultures incubated at 60°C had no overlap of dominant genera for the three clays
from which aerobic heterotrophs were culturable (Figure 4.3). That said, biomass extracted from
MXO9 and GFM cultures incubated at 60°C had very low numbers of sequencing reads (i.e., 8 and
44 respectively). Asha was dominated by sequences associated with Geobacillus, MX9 by
sequences associated with Comamonadaceae, and GFM by sequences associated with Allivibrio,

Enterobacteriaceae, and Fervidobacterium (Figure 4.3).

Similar to aerobic heterotroph cultures, anaerobic heterotroph cultures incubated at both
15 and 30°C also often had relatively high abundances of sequences associated with Bacillus in
all but the GFM 30°C cultures, which were instead dominated by sequences affiliated with
Clostridium sensu stricto 1 (Figure 4.3). Genus Paenibacillus was also represented by relatively

abundant reads in Asha cultures incubated at both 15 and 30°C (Figure 4.3).

The dominant putative SRB represented in the 16S rRNA gene profiles of SRB cultures
was associated with the Desulfosporosinus genus, although Desulfotomaculum sequences
dominated Asha cultures incubated at 15 or 30°C, and was additionally detected in lower relative
abundance in cultures from GFM and MX6 incubated at 45 and 60°C, respectively (Figure 4.3).
Sequences associated with Desulfosporosinus and/or Desulfotomaculum were detected in all
SRB cultures from as-received clay except for SRB cultures from Asha incubated at 15°C, from
MX7 and MX9 incubated at 45°C, and from GFM incubated at 60°C, which were instead
dominated by Caldibacillus (GFM at 60°C) or Bacillus (Asha, MX6, MX7, MXO9; Figure 4.3).
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the number of sequence reads obtained for each sample.

4.3.4 16S rRNA gene analysis of hydrated bentonite and associated cultures

The 16S rRNA gene profiles of hydrated clay samples were often dominated by similar

sequences when the bentonite was incubated at 15, 30, or 45°C (Figure 4.4). The three Wyoming
MX-80 bentonites (MX6, MX7, and MX9) had profiles dominated by sequences associated with

Streptomyces. Sequence associated with Micrococcaceae were also relatively abundant when the

bentonite was incubated at 15 or 30°C, and sequences associated with Nocardiopsis were

abundant when bentonite was incubated at 30 or especially 45°C (Figure 4.4). Hydrated Asha

and GFM replicates had especially low sequence read abundances, likely contributing to

replicate profiles with little overlap. In ordination space, all hydrated clays incubated at 15 or

30°C grouped together, both when weighted UniFrac and Bray Curtis distances were used, and

separately from the un-hydrated as-received bentonite (Figure 4.5). The bentonite incubated at

45°C had overlap with 15 and 45°C bentonite samples, but also had comparatively higher
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relative abundances of sequences associated with Nocardiopsis, which was prevalent and
relatively abundant in as-received bentonite samples (Figure 4.4). In ordination space, these
45°C samples grouped with the 15 and 30°C samples when weighted UniFrac distances were

used, but more closely with starting material when Bray Curtis distances were used (Figure 4.5).

For bentonite hydrated and incubated at 60°C, all replicates of MX6 and MX7 had higher
abundances of sequence reads than the remaining three bentonite samples (Figure 4.4). The
profiles of these samples were dominated (99-100%) by sequences associated with family
Thermoactinomycetaceae (Figure 4.4). In ordination space, these Thermoactinomycetaceae-
dominated samples grouped together and separately from all other samples (Figure 4.5). Overall,
temperature was significantly correlated (p=1 x10#) to both weighted-UniFrac and Bray Curtis-
based ordinations (R*=0.54 and R*70.58, respectively; Figure 4.5). The family
Thermoactinomycetaceae was also present, though less abundant, in MX6 and MX7 incubated at
45°C (Figure 4.4). It was not present in MX6 or MX7 incubated at 75, 90, or 105°C, though it
was present in one replicate of GFM incubated at 90 and at 105°C (Figure 4.4). Sequences
associated with Thermoactinomycetaceae were only detected in one as-received clay sample
(one replicate of Asha) at 1.5% relative abundance. The 16S rRNA gene profiles of all samples
incubated at 75, 90, or 105°C had very little overlap, likely due to the very low sequencing depth
for most of these samples (Figure 4.4). In general, bentonite incubated at temperatures of 60°C or
higher either had very few (average 241) sequencing reads, perhaps indicative of no or little
microbial growth in the bentonite microcosm, or had relatively high sequencing depth and

profiles dominated by sequences associated with family Thermoactinomycetaceae (Figure 4.6).

Sequences associated with Desulfosporosinus and Desulfovibrionaceae, both genera of
known SRB, were detected in the hydrated clay profiles in samples with very low read counts,
perhaps resulting from contamination of these samples from SRB culture samples with high
abundances of these sequences. Sequences associated with Desulfosporosinus were detected in
one MXO9 replicate incubated at 75°C, which had a total of two reads, and sequences associated
with Desulfovibrionaceae were detected in an MX6 replicate incubated at 105°C that had 91
reads total, and in an Asha replicate incubated at 30°C that had 158 reads total.
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Figure 4.4 Bubble plot showing the 16S rRNA gene profiles of five bentonite samples (three

biological replicates each) hydrated with Type I water and incubated for 7 days at 15, 30, 45, 60,
75, 90, or 105°C. Only ASVs with a minimum relative abundance of 10% in at least one sample
are shown. The bar plot displays the total number of sequence reads for each sample.
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The heterotroph cultures inoculated with hydrated bentonite and incubated at 15, 30, or
45°C had 16S rRNA gene profiles dominated by sequences associated with similar taxa to those
that dominated the hydrated clay profiles (Figure 4.4, Figure 4.7). For most aerobic heterotroph
cultures incubated at 15 or 30°C, 16S rRNA gene profiles were dominated by sequences
associated with Micrococcaceae. Exceptions to this were GFM replicates incubated at 15°C,
which were dominated by sequences associated with Bacillus, and Asha replicates incubated at
30°C, which had a slightly higher relative abundance of Sinomonas (Figure 4.7). When grown
under anoxic conditions at 30°C, profiles were instead dominated by sequences associated with
Bacillus (Figure 4.7). With or without oxygen, heterotroph cultures incubated at 45°C were
dominated by sequences associated with Streptomyces (Figure 4.7). There were three heterotroph
samples with very high relative abundances of sequences associated with Desulfosporosinus
(Figure 4.7). These samples each had a maximum of 16 sequence reads total, and thus this ASV
likely represents contamination from a concentrated SRB culture sample. The dominant taxa
from high temperature hydrated clay profiles, Thermoactinomycetota, was only detected in one
aerobic heterotroph sample (Asha-R1 incubated at 60°C), where it made up 95% of the 37,889

sequencing reads (Figure 4.7).

Like SRB cultures inoculated with as-received clay, the dominant genus of SRB in SRB
cultures inoculated with hydrated clay was Desulfosporosinus, except for replicates of Asha
bentonite incubated at 30 or 45°C, which were instead dominated by Desulfotomaculum (Figure
4.7). In SRB cultures incubated at 60°C, sequences associated with known SRB were only
detected in one Asha replicate. Other SRB cultures at this temperature had poorly overlapping
16S rRNA gene profiles with dominant taxa including Actinomadura, Microccocaceae,

Aeribacillus, and Bacillus (Figure 4.7).
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Figure 4.7 Bubble plot showing the 16S rRNA gene profiles of aerobic and anaerobic
heterotrophs (A) and SRB cultures (B) inoculated with hydrated clay, and incubated at either 15,
30, 45, or 60°C. Only ASVs with a minimum relative abundance of 5% in at least one sample are
shown.

4.4  Discussion
Studies exploring the microbiology of bentonite clay in the context of long-term nuclear

waste storage usually use bentonite incubated at 30°C, room temperature, or even cooler
temperatures associated with the subsurface at or above planned repository depth, and microbial

cultures from bentonite are most commonly incubated at 30°C, or occasionally slightly cooler
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temperatures (e.g., 15 or 20°C) [10, 123—-128, 151, 173]. One major limitation of this approach is
that, after a relatively short period (e.g., less than a year) with moderate temperatures appropriate
for mesophilic microbial growth, a DGR is expected to experience elevated temperatures (as
high as 93°C in the models of the Canadian design) for thousands of years [10]. As such, one
goal of this study was to determine if DGR-relevant as-received bentonite clay contains
microorganisms capable of growing at lower and higher temperatures than 30°C. The cultivation
results demonstrate that microorganisms are culturable from a variety of as-received bentonite
clays at a temperature of 30°C as has previously been shown [10], but also at temperatures of 15,
45, and 60°C (Figure 4.2). The abundance of culturable microorganisms from as-received clay
was similar regardless of incubation temperature. That said, at the highest tested temperature of
60°C, aerobic heterotrophs were not culturable from two bentonite samples and anaerobic
heterotrophs were only culturable from one bentonite sample, suggesting that some as-received
bentonite types may have microorganisms better adapted to withstanding high temperature than

others (Figure 4.2).

Previous experiments showed that, when water is added to bentonite, there is often an
increase in abundance of culturable heterotrophs provided that swelling pressure is sufficiently
low (either from incubating hydrated bentonite in an unconfined space or from incomplete
saturation of a system that will eventually experience elevated swelling pressure) [125, 173];
Chapter 2, Chapter 3]. Similar to these previous experiments conducted at 30°C, in the present
study there was also an increase in the abundance of culturable aerobic heterotrophs after
bentonite hydration and incubation at 30°C, and also often 15 and 45°C, but never 60°C (Figure
4.2). SRB were always detected in low abundance, and in some clays remained culturable at all
tested incubation temperatures, suggesting the presence of thermotolerant but likely not
thermophilic SRB (Figure 4.2). The decreased number of hydrated clays, compared to as-
received clays, with detectable anaerobic heterotrophs could possibly be because they were
outcompeted by aerobic heterotrophs which often saw significant increases in abundance from
as-received starting material to hydrated clay (Figure 4.2). These results agree with a previous
study that showed that the abundance of culturable microorganisms in highly compacted
bentonite (i.e., 1.7 g/cm?) incubated at 60°C did not increase [129]. In a separate study of clay
slurries, no microbial activity was measured in 60°C incubations [130]. However,

microorganisms remained alive throughout incubation at elevated temperature and were still
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culturable after incubation [129, 130]. Combined with the results of the current study, cultivation
results suggest that the microbial communities within bentonite clay may prefer more moderate
temperatures (i.e., 15-45°C) but that members of the community are able to survive incubation at

elevated temperature.

Decreased abundance of culturable aerobic heterotrophs incubated at 60°C, compared to
lower temperature incubations, does not necessarily mean that thermophiles did not grow in
these hydrated bentonite microcosms, and instead could reflect unsuitable cultivation conditions.
A DNA-based analysis was included to examine shifts in bentonite community composition
before and after hydration and incubation at elevated temperature as a second tool to identify
microbial growth at elevated temperature. In agreement with a previous experiment conducted at
30°C using a similar setup, ASVs associated with Strepfomyces dominated the microbial profiles
of hydrated bentonite incubated at 30°C, and also 15 and 45°C [173]. At 15 and 30°C, sequences
associated with Micrococcaceae were also relatively abundant, as were sequences associated
with Nocardiopsis in bentonite incubated at 30 or 45°C. Streptomyces, Micrococcaceae, and
Nocardiopsis are all members of the phylum Actinobacteriota, and are aerobic heterotrophs best
known for their production of biotechnologically and medically relevant secondary metabolites
[176—178], with some members of family Micrococcaceae being cold-adapted [179]. The fact
that these taxa increased in relative abundance before and after bentonite hydration and
incubation suggests that microorganisms within these taxa grew in the clay. This is further
supported by 16S rRNA gene profiles of hydrated clay culture biomass that were dominated by
sequences associated with these same taxa, and an increase in culturable aerobic heterotrophs

observed for these samples after hydration.

When sequencing depth was sufficiently high in bentonite incubated at temperatures of
60°C or higher, 16S rRNA gene profiles were dominated by sequences associated with family
Thermoactinomycetaceae (Figure 4.4, Figure 4.6). This was most apparent in the hydrated MX6
and MX7 replicates incubated at 60°C, where sequences associated with this family made up 99-
100% of the sequencing reads (Figure 4.4, Figure 4.6). Family Thermoactinomycetaceae consists
of thermophilic aerobic heterotrophs, often capable of producing endospores [180]. The fact that
sequences associated with this family were not detected in as-received MX6 or MX7 replicates,

coupled to the high relative abundance of sequences associated with this family in hydrated clays
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with high sequence read counts, suggests that microorganisms belonging to family
Thermoactinomycetaceae grew (i.e., increased in abundance) in several high temperature (e.g.,
MX6 and MX7, 60°C) microcosms. A similar observation was reported in a study of Bavarian
bentonite in a slurry with Opalinus clay porewater, where no microbial activity was measured in
60°C microcosms, but DNA sequencing revealed a shift in microbial community composition
from starting material to after hydration and incubation. In this study, after incubation, microbial
profiles were dominated by the thermophilic species Caldinitratiruptor microaerophilus [130],
which is a facultatively microaerophilic, heterotrophic, nitrate-reducing, non-spore-forming
bacterium with an optimal growth temperature of 65°C [181]. Together, these results suggest that
viable thermophilic microorganisms were present in several bentonite samples, potentially
surviving as spores, and can proliferate when provided with suitable conditions (e.g., water and
an elevated growth temperature). These results also suggest that using cultivation to demonstrate
decreased abundance of viable microorganisms at elevated temperature may not be appropriate.
Based on the DNA sequence results of the present study, the cultivation-based abundance results
are likely an underestimate of the abundance of viable thermophiles in bentonite. Sequences
associated with Thermoactinomycetaceae were rarely detected in cultures from hydrated clays,
further suggesting that the cultivation conditions used here, and commonly elsewhere, were not

ideal for these microorganisms.

In both as-received and hydrated bentonite, sequences associated with known SRB were
rarely detected and never at high relative abundance (Figure 4.3, Figure 4.4). The SRB cultures
inoculated with both as-received and hydrated clay were usually dominated by sequences
associated with Desulfosporosinus, which is a commonly detected genus of SRB in bentonite
clay [10, 127, 151, 173]; Chapter 2, Chapter 3]. Coupled with the consistently low abundances of
culturable SRB in both as-received and hydrated clay, the results do not suggest any growth of
SRB in bentonite under any tested conditions. That said, SRB are known to be obligate

anaerobes, and the experiments presented here were conducted under oxic conditions.

Overall, the results suggest a temperature-dependent shift in microbial community
composition when water is added to bentonite clay. At moderate (i.e., 15-45°C) incubation
temperatures, several taxa that were detectable in as-received bentonite increased in abundance,

and were confirmed to be viable because the same taxa were detected in 16S rRNA gene profiles
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of culture biomass from hydrated clay cultures. At high incubation temperatures (i.e., 60-105°C),
thermophilic taxa proliferated that were not detected in as-received clay. These results suggest
that as-received bentonite likely contains numerous microbial cells at low relative abundance that

can proliferate under specific incubation temperature conditions.

4.5  Conclusion
Temperature is expected to vary substantially within the timeframe of a DGR.

Temperature-related design specifications have been established to ensure the stability of copper
and bentonite at elevated temperature, but the impact of temperature on microbial communities
in bentonite has rarely been studied. The results of this study demonstrate that temperature does
influence which microorganisms grow in bentonite when water is added, and that thermophilic
microorganisms may exist in as-received bentonite at very low abundance. Cultivation results
showed that aerobic heterotrophs, anaerobic heterotrophs, and SRB were culturable from at least
some of the five tested bentonites at 15, 30, 45, and 60°C, suggesting that the as-received
bentonite microbial community includes members adapted to a range of different temperatures.
Adding water to as-received bentonite resulted in an increase in the abundance of culturable
aerobic heterotrophs for several bentonite samples incubated at 30 or 45°C, and significantly
fewer aerobic heterotrophs were cultured from hydrated bentonite incubated at 60°C compared to
at 30°C for all bentonite samples. However, sequence data show a shift in microbial community
composition for all MX6 and MX7 60°C microcosms from an initial community in the as-
received clay including several taxa mostly from phyla Actinobacteriota, Proteobacteria, and
Firmicutes, to profiles dominated (>99%) by sequences associated with the thermophilic family
Thermoactinomycetaceae, which was not detected in the as-received MX6 or MX7 samples. For
one of these bentonite samples (MX6), no culturable aerobic heterotrophs, anaerobic
heterotrophs, or SRB were detected in any replicate. For the other, culturable aerobic
heterotrophs were detected in a single replicate, and 16S rRNA gene profiles of biomass from
this culture did not include sequences associated with Thermoactinomycetaceae. Together, these
results suggest that thermophilic microorganisms exist within at least some as-received
bentonite, though may not be detectable using a direct DNA-sequencing from as-received
bentonite approach, and can grow in bentonite given sufficient water and an elevated

temperature. These results further suggest that cultivation may underestimate the abundance of
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thermophilic microorganisms in bentonite. This highlights the importance of a multifaceted

approach to studying community composition of low biomass bentonite clays.

SRB are important targets for microbiology research of bentonite clay given the
detrimental role they could play in microbiologically influenced corrosion within a DGR. The
results of this study indicate that SRB did not increase in abundance for any of the hydrated
bentonite microcosms, though they did remain culturable at low abundances up to 60°C. These
results suggest that, at least while the DGR remains oxic, SRB are not likely to grow in bentonite
at temperatures between 15 and 60°C, but they may persist in a viable state in bentonite even
when exposed to elevated temperatures. The current experiments were conducted under oxic
conditions with no compaction, which is a condition that may arise locally in and around a DGR,
but generally bentonite is expected to be compacted, water less available, and oxygen consumed
relatively quickly. As such, future studies should continue to incorporate different temperatures
into their experimental design to test the effect of temperature combined with other parameters
that are expected to vary within a DGR spatially and temporally (e.g., swelling pressure, water
activity, and oxygen) and others that are inherent to the selected host rock (e.g., groundwater
composition). This will allow for a more detailed understanding of the specific microorganisms
that may proliferate in a DGR when swelling pressure is sufficiently low (e.g., during periods of

incomplete saturation) to not suppress microbial growth altogether.
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Chapter 5: Microbial analysis of bentonite cores from the Tsukinuno mine: a natural
analogue to a deep geological repository for long-term storage of used nuclear fuel

5.1 Introduction
Bentonite clay is a key component of many proposed deep geological repository (DGR)

designs for long-term storage of used nuclear fuel, including the Canadian design, where it acts
as a barrier and sealant between used fuel containers (UFCs) and the host rock. As such,
bentonite clay has been under study in several different fields. In the context of microbiology, it
is critical to understand the composition and abundance of microbial communities within
bentonite clay under various DGR-relevant conditions to understand if and how they may alter a
DGR environment. Of particular interest are sulfate-reducing bacteria (SRB) because their
activity can contribute to microbiologically influenced corrosion in anoxic environments, which
may lead to the corrosion of metal used fuel containers in a poorly designed system [12].
Additional microbial metabolisms can lead to the production of gasses, which in high enough
quantities could produce permeability fissures in the clay, thus leading to increased groundwater
access to UFCs and potentially transporting corrosive compounds [71]. Because microorganisms
generally do not live in isolation in an environment, understanding total microbial community

responses are beneficial for DGR simulation studies.

Although laboratory and in situ experiments provide an ideal opportunity to test the effect
of various parameters that are expected to fluctuate over the lifetime of a DGR (e.g.,
temperature, saturation and associated swelling pressure, moisture content, and water activity)
and other parameters that are inherent to the design of the DGR (e.g., dry density, type of
bentonite), one factor that cannot be tested effectively on a relevant scale is time. The long-lived
fission products of used nuclear fuel have half-lives upwards of 100,000 years, which is thus the
planned lifetime of a DGR [138]. To overcome this limitation, lab-scale and in situ studies can
be applied to the study of natural analogue sites, which mimic aspects of a DGR and have existed
in nature for DGR-relevant timeframes. Thus, natural analogues can serve as a “snapshot” of
microbial community composition and abundance that could be expected in a DGR once
conditions stabilize. The study of natural analogues comes with its own set of limitations, one
major one being that it is difficult, if not impossible, to find a site that closely mimics all DGR

conditions (e.g., montmorillonite content and related swelling capacity, dry density, saturation,
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temperature, and water activity). Further, natural analogues cannot predict the behaviour of
microbial communities in the early stages of a DGR when conditions are expected to fluctuate,
which could be an important period of time for microbial activity. Nevertheless, coupling the
study of natural analogue sites to detailed observations of microbial community response to
various conditions through in vitro or in situ experiments can provide a more holistic prediction
for the range of microbial population sizes, community compositions, and activity levels

expected to occur in a DGR.

In the context of bentonite and microbiology, natural analogue sites have been identified
and studied in three countries: Japan, Spain, and Canada. In Japan, the Kawasaki (Miyagi
prefecture) and Tsukinuno (Yamagata prefecture) mines are located on calcium and sodium-type
bentonite deposits respectively, and both have bentonites with relatively high montmorillonite
contents, making them relevant to DGR bentonite [131]. One study looking at both sites
observed higher counts of culturable heterotrophs nearest the drilling mouth, with abundances
consistently decreasing to less than 102 cells/gdw by 1 m into the core [131]. The authors
attempted to compare culture counts to several geochemical parameters and found no correlation
for any parameter except moisture content and dry density, which were both weakly correlated
(moisture content positively and dry density negatively) to abundance of culturable aerobic and
anaerobic heterotrophs [131]. A more recent study at the Tsukinuno site incorporated cultivation
of SRB and DNA-based techniques and measured low or zero culturable SRB, relatively low
counts of culturable heterotrophs, and 16S rRNA gene profiles dominated by sequences
associated with Proteobacteria, Actinobacteria, and Euryarchaeota [133]. Sequences associated
with Proteobacteria and Actinobacteria, as well as Bacteroidetes, dominated 16S rRNA gene
profiles of bentonite from El Cortijo de Archidona, El Toril, and Los Trancos (Spain) [135].
Similar to experiments on Japanese bentonites, the authors found no correlation between
measured geochemical parameters and microbial community composition [135]. Although not
specifically bentonite, an additional DGR-relevant natural analogue site in Canada, Cigar Lake,
is a uranium deposit located approximately 450 m below ground and surrounded by a clay, such
that no radioactivity is detectable at the surface [136]. Ground water associated with clay from
this site was shown to have relatively low abundances of heterotrophs (i.e., 10° to 10° cells/mL)

and occasional detection of SRB, also at low abundance [136].

102



Although the study of DGR-relevant natural analogue sites focusing on microbiology
began more than 30 years ago, natural analogue research remains relatively limited, and often
predates the era of high-throughput DNA sequencing. To date, the study of natural analogues has
revealed low abundances of culturable microorganisms, with SRB either not detected or detected
in very low abundance, and attempts to correlate geochemical and physical parameters to
microbial community composition or abundance has so far mostly revealed no correlations [131,
135]. This current study expands on a previous study of Tsukinuno bentonite grab samples [133].
The purpose was to assess the abundance and composition of microbial communities in 4-6 m
bentonite cores, using both cultivation and DNA-based techniques, and to compare these to
measured geochemical variables. Using a combination of cultivation and DNA-based techniques
allowed for the study of both (a portion of) the viable community and the total DNA-based
community, which previous studies have indicated could be in large part made up of relic DNA

[133].

5.2 Materials and methods

5.2.1 Sample site and bentonite sampling

Four cores were drilled from the Tsukinuno mine. The Tsukinuno mine is situated in the
Yamagata prefecture in Japan and consists of 35 layers of Na-type bentonite within the mining
area, up to 7 m thick and located between parallel strata of shale [132]. The deposit formed in the
middle Miocene epoch, between 12 and 16 million years ago, from diagenic alteration of

volcanic ash deposited on the sedimentary basin during a period of high volcanic activity [132].

Three cores (D4A, D4B, and D4C) were drilled from bentonite bed 31 (Figure 5.1A), and
one core (D6) was drilled from bentonite bed 29 (Figure 5.1B). Core D4A was drilled
horizontally through and perpendicular to the tunnel wall (4.35 m total), and D4B and D4C were
drilled from the same wall at an incline (3.55 and 4.75 m total). Core D6 was drilled vertically
(5.95 m total). Cores were drilled in 1 m sections using a quadruple barrel corer. When cores
were removed from the two outer steel layers, a flexible plastic (directly in contact with the
bentonite) and acrylic layer remained around the bentonite throughout shipment (Figure 5.1C).

Corer caps were screwed to the acrylic tube to seal the bentonite within.
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Figure 5.1 Photo of the drilling setup at the site where the D4 (A) and D6 (B) cores were
retrieved, an example of a core in its acrylic casing (C) and once removed from the acrylic casing

(D).

Three types of water were collected throughout bentonite sampling: tap water, which was
used for drilling, drilling water at the end of drilling, and groundwater. For tap water and
groundwater, 1 L was filtered first through a 0.22 um Stericup Vacuum Filter (Millipore), then
the flow through was subsequently filtered through a 0.10 pm Stericup Vacuum Filter
(Millipore). This process was repeated with duplicate aliquots of each type of water. The drilling
water had a large amount of suspended clay material and immediately clogged the filter. As
such, water was collected and DNA subsequently extracted directly from the water with no
filtration. All cores and filters were stored at 4°C from right after sampling, throughout shipment

to the University of Waterloo, and upon arrival at the University of Waterloo.

5.2.2 Core processing

Cores were removed from 4°C storage one at a time for subsampling. For each of the four
cores, 30 cm subsamples were collected at each meter mark, except for the end of the core
nearest the tunnel opening, where the outside few mm of material was collected (“0 m” for the
D4 cores and “5.2 m” for the D6 core) separately from the full 30 cm subsection (“0.1 m” for the

D4 cores and “5.3 m for the D6 core; Figure 5.2). Cores are referred to throughout using the
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name of the core (D4A, D4B, D4C, or D6) followed by the meter marker after a dash (e.g., D4A-
1 refers to the 1 m subsample of the D4A core). The outside of the acrylic casing was wiped with
70% ethanol and a reciprocating saw with an ethanol-sterilized blade was used to cut the casing
open on either side of the 30 cm section. Next to a flame, the inner plastic layer was removed
with a sterile scalpel blade and the 30 cm section of core was collected on a sterile sheet of
aluminum foil using a hammer and sterile chisel to separate the subsection from the rest of the
core. A small amount of clay was collected from the ends of the subsample for immediate water
activity and moisture content measurements in triplicate. The subsection was then wrapped in
sterile foil and transported into an anaerobic chamber (Coy) for further processing to minimize
oxygen exposure (Figure 5.1D).

Inside the chamber, the outside of the core was shaved using a sterile scalpel to remove
any potential contamination introduced during the sampling process. The inner layer was then
split as follows: 2 g was collected in triplicate for cultivation, 5 g was collected in triplicate for
DNA extraction, 10 g was collected for XRD analysis, and 250 g was collected for geochemical
analyses. For the two 0 m samples and the one 5.2 m sample, only a small amount of outer layer
material was available, so XRD and geochemical analyses were excluded. For each analysis,
bentonite from different parts of the 30 cm subsection were mixed. Bentonite intended for
cultivation, XRD, and geochemical analyses was stored at 4°C prior to processing, and bentonite
intended for DNA extraction was stored at -20°C prior to extraction.

D4A I | 1m | 3 m | _4m | Outer layer
0-0.9m 0.9-1.78 m 1.78-2.5m 2535m 35-435m collected for
subset of analyses

Full subsections
[l collected for all

D48 foumm analyses
0-09m 0.9-1.73 m 1.73-2.55 m 2.55-3.55m
D4C “2m
0-0.8m 0.8-1.6m 1.6-2.25m 2.25-3.15m 3.15-4 m 4-475m
D6 |mm “om [5m [om
5.2-5.33 m 5.55-6.4 m 6.4-71m 7.1-8m 8-89m 8.9-9.85m 9.85-10.65 m 10.65-11.15m

Figure 5.2 Schematic of the ~1 m core segments retrieved and the subsamples that were
collected for analysis (purple and blue). Light grey cores represent depths that were not analyzed
for microbiology.

5.2.3 Water activity and moisture content measurement of core samples
An Aqualab 4TE water activity meter was used to analyze triplicate aliquots of clay from

each core subsample. After water activity measurement, the same aliquot of clay was transferred

to a pre-weighed aluminum foil container, weighed, and dried in an oven at 110°C for at least 24
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hours. After drying, samples were weighed again and the difference in mass before and after

drying was used to calculate the moisture content (equation 2.1).

5.2.4 XRD and geochemical analysis of bentonite core samples

Quantitative X-ray diffraction (XRD) analysis and clay speciation analysis was
completed by Activation Laboratories Ltd. Briefly, the XRD analysis was performed in a Bruker
D8 Endeavour diffractometer equipped with a Cu X-ray source, at 40 kV and 40 mA over a 20
range of 4-70°, with a step size of 0.02° and a time per step of 0.5 seconds, a fixed divergence
slit at 0.30°, and sample rotation at 15 rpm. For clay speciation, a portion of each sample was
dispersed in distilled water and the <25 pm size fraction was separated by gravity settling. The
PDF4 minerals database (International Centre for Diffraction Data) was used for mineral
quantification and the Rietveld method [152] was used to determine the quantity of each
crystalline mineral. The proportion of clay minerals was calculated using the ratios of their basal-

peak areas.

Geochemical analyses were performed by the Agriculture and Food Laboratory at the
University of Guelph. The pH and cation exchange capacity of each sample was measured using
the barium chloride method [182]. Total, organic, and inorganic carbon were measured using the
SC-444 combustion method (Leco Corp). For measurement of total sulfur, homogenized samples
were closed-vessel microwave digested with nitric and hydrochloric acids, and total sulfur was
quantified using inductively coupled-plasma-optical emission spectroscopy (ICP-OES) with a
pneumatic nebulizer [183]. Concentrations of arsenic, cadmium, chromium, cobalt, copper,
molybdenum, nickel, mercury, lead, zinc, and selenium were measured using closed vessel,
mixed acid, microwave digestion followed by inductively coupled plasma mass spectrometry
(ICP-MS). Concentrations of calcium, magnesium, potassium, and sodium were measured by
ICP-OES after extraction with ammonium acetate [184], iron by ICP-OES after extraction with
DPTA [185], and phosphorus colourimetrically using a Seal AA3 after extraction with sodium
bicarbonate [186]. Ammonium was measured using a spectrophotometer at 650-660 nm after a
reaction with alkaline phenol and hypochlorite to form indophenol blue. Nitrate was quantified
using a spectrophotometer at 520 nm after reduction by copperized cadmium to form nitrite,
which has a reddish-purple dye in dilute phosphoric acid and N-(1-naphthyl)-ethylenediamine
dihydrochloride.
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5.2.5 Cultivation of bentonite core samples

All cultivation was completed in an anaerobic chamber. Prior to cultivation, liquid SRB
medium (M803; HiMedia Laboratories) and phosphate buffered saline solution (PBS; 8 g NaCl,
0.2 g KCl, 1.44 g Na2HPOg4, and 0.24 g KH>PO4 in a final volume of 1 L Type I water, with pH
adjusted to 7.4 using HCl), were both flushed with N> gas using sterile tubing downstream of a
0.22 um PES filter (Sarstedt) and then shuttled into the anaerobic chamber. Lids were briefly
opened to allow any oxygen trapped in the headspace to escape. Each 1-L bottle of PBS was
flushed for 30 minutes, and 1-L bottles of SRB medium for 20 minutes plus an additional 15
minutes after the addition of parts B and C. Reasoner’s 2A (R2A; M1687; HiMedia
Laboratories) agar was not flushed, but agar plates were transported into the anaerobic chamber
at least 24 hours before being used. Resazurin was added to all SRB medium and agar to a final

concentration of 0.5 mg/mL to detect visibly if oxygen was present in the medium.

The 2 g triplicate aliquots of bentonite clay for each core, previously weighed into 25 mL
tubes, were removed from 4°C storage a few at a time to minimize time at room temperature. To
each 25 mL tube, 18 mL of PBS was added, and tubes were vortexed horizontally for 30 minutes
at low speed to suspend the clay in the PBS. This clay suspension is referred to as dilution A
throughout. From dilution A, two 10-fold serial dilutions were prepared in PBS with a final

volume of 10 mL and are referred to as dilution B and C.

Dilution A (100 pnL) was added to twelve R2A agar plates, dilution B (100 pL) to six
R2A agar plates, and dilution C (100 pL) to three R2A agar plates. Clay suspension was spread
with sterile 2 mm glass beads until dry. Three dilution A, three dilution B, and three dilution C
R2A plates were incubated at 30°C for 5 days under oxic conditions, and three dilution A and
three dilution B plates were incubated at 30°C under anoxic conditions for 28 days. A second set
of cultures was incubated at 15°C to more closely mimic in situ conditions: three dilution A
plates were incubated under oxic conditions, and three under anoxic conditions. All plates
incubated under anoxic conditions were placed in airtight heat-sealed bags containing a GasPak
EZ anaerobe sachet (BD) to help remove any residual oxygen, and an anaerobic indicator strip
(BD) to verify anoxic conditions throughout incubation. After incubation, the colonies on each
plate were counted and a value of CFU/g was calculated for each sample. Culture biomass was

collected on sterile foam-tipped applicators (Puritan) and stored at -20°C until DNA extraction.

107



For each sample, two sets of SRB cultures were additionally created, one incubated at
15°C and one at 30°C. A total of 15 test tubes each containing 9 mL of SRB medium were
inoculated with 1 mL of dilution A (5 tubes), B (5 tubes), or C (5 tubes) for each temperature.
Test tubes were placed in vacuum chambers (BVV3GSSW, BVV) containing a GasPak EZ
anaerobe sachet (BD) and anaerobic indicator strip (BD), then flushed five times with a 90% N>
and 10% CO; gas mixture and incubated at either 15°C or 30°C for 28 days. After incubation,
each test tube was assessed for evidence of SRB growth by observing presence of black ferrous
sulfide precipitate produced by a reaction between SRB-derived sulfide and the ferric ammonium
sulfate present in the medium. The number of positive tubes at each dilution was used to estimate
the most probable number of cells per g of clay by comparison to an MPN table [153]. One mL
of each positive SRB culture was pooled for each sample, and these pooled tubes were
centrifuged at 8000 x g for 10 minutes to pellet cells. The supernatants were discarded and the

cell pellets were stored at -20°C until DNA extraction.

Values of CFU or MPN per gram were converted to values of CFU and MPN per gram

dry weight (gdw) using the measured moisture content values and equation 2.2.

5.2.6 DNA extraction from bentonite core samples

Genomic DNA was extracted from the 66 (22 core samples x triplicate) previously frozen
5 g bentonite samples using the DNeasy PowerMax soil kit, from duplicate drilling water
samples and from duplicate 0.22 um and 0.10 pum filters of groundwater and of tap water using
the DNeasy PowerSoil Kit (Qiagen), and from culture biomass using the DNeasy UltraClean Kit
(Qiagen). The manufacturer’s instructions were followed except for the cell lysis and elution
steps. After addition of lysis solution, PowerBead tubes were incubated at 65°C for 30 minutes
for PowerMax extractions, and at 70°C for 10 minutes for PowerSoil and UltraClean extractions.
This was followed by bead beating for 10 minutes at 30 Hz using an MM 400 Mixer Mill
(Retsch) for PowerMax extractions, and for 45 seconds at 5.5 m/s using a FastPrep-24 Classic
Instrument (MP) for PowerSoil and UltraClean extractions. Final elution volumes were reduced
to concentrate DNA as yield was expected to be low, especially for clay and water samples. For
PowerMax, PowerSoil, and UltraClean extractions, 2 mL, 60 pL, and 50 pL. were used,

respectively. Genomic DNA extracts were stored at -20°C until further analysis. The method
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used for DNA extraction from bentonite clay samples has been previously validated for bentonite

[154].

5.2.7 Quantitative PCR of bentonite core samples
For each bentonite sample, bacterial 16S rRNA genes and fungal 18S rRNA genes were

quantified in duplicate using a CFX Opus Real-Time PCR system (Bio-Rad). The total volume
of each reaction was 15 pL, which included 1x Sso Advanced SYBR Green Supermix (Bio-
Rad), 0.3 uM each of forward and reverse primer, 7.5 pg of bovine serum albumin (BSA), and 2
pL of template DNA. For 16S rRNA gene qPCR, primers 341F and 518R were used [188], and
for 18S rRNA gene qPCR, FungiQuant-F and FungiQuant-R primers were used [189]. For both
16S and 18S rRNA gene qPCR, the following thermal cycling conditions were used: initial
denaturation at 98°C for 3 minutes, followed by 40 cycles of 98°C for 15 s and 55°C for 30 s.
For the 16S rRNA gene standard, M13 forward and reverse primers amplified a region of a
previously constructed plasmid containing the full length of the 16S rRNA gene from Thermus
thermophilus (Figure 3.1). For the 18S rRNA gene qPCR standard, primers EMP515F [174] and
Unil392R [190] generated an 18S rRNA gene amplicon from Saccharomyces cerevisiae DNA.
A fresh aliquot of standard DNA was thawed and quantified using the Qubit dsDNA High
Sensitivity Assay Kit (Invitrogen) with 4 uL of sample immediately prior to preparing the gPCR
standard curve. Samples were split between two 96 well plates for each qPCR primer set and

were processed on the same day using a single tube of master mix and set of standard dilutions.

Bacterial 16S rRNA gene and fungal 18S rRNA gene copy numbers were calculated
using linear regression of the standard curve based on the Qubit quantification of the standards.
DNA extraction kit controls were included in the qPCR, and the average SQ was calculated for
all kit controls that came from kits with the same lot number. This SQ value was subtracted from
the SQ value of each clay sample extracted using a kit with the same lot number. Adjusted SQ

values were converted to 16S or 18S rRNA gene copies/gdw (equation 5.1).

5.1 16S or 18S rRNA gene copes gdw ™1

_ (average SQ sample — average SQ of kit controls) x 2000 uL elution in DNA extraction

2 uL template in qPCR X 5 g clay in DNA extraction
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5.2.8 Amplicon sequencing of bentonite core, culture biomass, and water filter samples

To help ensure sufficient DNA for sequencing from bentonite samples, a 1 mL aliquot of
genomic DNA from each bentonite sample was concentrated using the NucleoSpin gDNA
Clean-up XS kit (MN). The manufacturer’s instructions were followed, and DNA was eluted in

two steps using 12 followed by 8 pL of elution buffer.

For each genomic DNA sample (clay, water, filter, or culture biomass), the V4-V5 region
of the 16S rRNA gene was amplified in triplicate using universal primers 515F-Y [174]and 926R
[157], modified to include a six-base index sequence, flow cell binding, and sequencing primer
binding sites [158]. The PCR was set up in a PCR hood (AirClean Systems) with ISO 5-HEPA-
filtered air. Surfaces of the PCR hood were washed with 70% ethanol and UV-treated for 15
minutes before each use. All tubes, water, and BSA were also UV-treated on a UV
transilluminator (ProteinSimple) using 302 nm wavelength light. The final volume of each PCR
was 25 pL and included 1x ThermoPol Buffer (New England BioLabs), 0.2 uM forward and
reverse primer, 200 uM dNTPs, 15 pg BSA, 0.625 U hot start Taq DNA polymerase (New
England BioLabs), and 1 uL of template DNA. The following thermal cycling conditions were
used: initial denaturation at 95°C for 5 minutes, followed by 35 (cultures) or 40 (clay, water,
filters) cycles of 95°C denaturation for 30 s, 50°C annealing for 30s, and 68°C extension for 7
min, followed by a final extension step for 7 min at 68°C. No template controls (NTCs) were
included in each 96 well PCR plate to test for contamination between wells, and additional no
template controls and positive controls were included separately in tubes to ensure the master

mix was prepared properly.

Triplicate PCR products were visualized on a 1% agarose gel stained with ethidium
bromide, then triplicates were pooled and quantified on a second 1% agarose gel stained with gel
GelRed (Biotium). Based on relative gel quantification, equimolar amounts of each amplicon
were pooled. For samples with no visible amplification on the agarose gel, a maximum of 20 uLL
of PCR product was included. Kit controls and NTCs were also added to the pool, even if they
did not have visible amplification, at a volume of 5 uL. This pool was excised from a 1.5%
agarose gel stained with ethidium bromide to remove primer dimers and other PCR components,

and the excised band was purified using the Wizard SV Gel and PCR Clean-Up System
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(Promega). The purified pool was quantified using the Qubit dsDNA High Sensitivity Assay Kit
(Invitrogen) as well as qPCR using P5 and P7 primers (Illumina). The library was denatured and
diluted (9.0 pM for the MiSeq run including clay and culture samples and 12.0 pM for the MiSeq
run including water and filter samples) following [llumina guidelines (Document No. 15039740

v01), then spiked with PhiX Sequencing Control v3 (Illumina) to a final 20% concentration.

All clay and culture samples were sequenced on a single MiSeq run with a cluster density
of 656,000 clusters/mm?, average Q30 of 92.5%, and clusters passing filter of 88.8%. Water and
filter samples were sequenced on a second MiSeq run with a cluster density of 774,000

clusters/mm?, average Q30 of 90.0%, and clusters passing filter of 91.4%.

5.2.9 Sequence analysis of bentonite core, culture biomass, and water filter samples

Sequences were demultiplexed using Local Run Manager version 4 and further analyzed
using Quantitative Insights Into Microbial Ecology 2 (QIIME?2) [159] including Divisive
Amplicon Denoising Algorithm 2 (DADA?2) [160]. Paired-end reads were imported into
QIME2, where DADA?2 was used to remove low quality reads and primer sequences and to
truncate forward and reverse reads to 250 bases. Denoising, dereplicating, and generation of
amplicon sequence variants (ASVs) was additionally accomplished using DADA?2 through
QIIME2. Taxonomy was assigned to ASVs using a naive Bayes classifier pre-trained with
SILVA database release 138. Potential contaminant ASVs were identified using the Decontam R
package [175] and a threshold value of 0.5 (selected by examining histograms of Decontam
scores). All ASVs flagged as contaminants were removed from the ASV table for subsequent

analysis.

All sequence data were deposited in the European Nucleotide Archive with accession

number PRJEB79453.

5.3 Results

5.3.1 Mineral and chemical characterization of Tsukinuno bentonite
The bentonite cores had variable amounts of clay content, ranging from 15-80%, as

compared to 87%, 83%, and 74% for the Wyoming MX-80 powdered and two gapfill bentonite
samples. The clay fraction of the Tsukinuno bentonite cores were predominantly associated with

montmorillonite, the primary clay mineral in bentonite, but several core samples also had large
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proportions of interstratified illite and smectite (a group of clay minerals, of which
montmorillonite is the most common; Figure 5.3). Dominant non-clay minerals were quartz,
which made up the majority of some samples, and plagioclase, which was especially abundant in
D6-10 and 11 (Figure 5.3). A relatively high proportion (27%) of sample D6-5.3 was comprised
of calcite, which was no more than 5% abundant in any other sample and often was not detected
at all (Figure 5.3). Although mineral abundances did vary between samples, there was no

obvious trend with distance from tunnel wall/floor.

The clay samples exposed to the tunnel wall (D4A and B 0 m samples) had highest
average moisture content values of 53.4% and 41.5%, respectively, after which there was no
obvious trend with depth. They also had the highest water activities of 1.00 and 0.998,
respectively, after which, once again, there was no obvious trend with depth. Of the inner layer
samples, the moisture content ranged from 7.6% (D4B-1) to 31.9% (D4A-2), with an average
moisture content of 18.9%. Water activity ranged from 0.935 (D4B-1) to 0.998 (D4A-2), with an
average of 0.986. The D4B-1 samples were the only samples with water activities less than 0.96.
Most core samples had pH values between 9.0 and 9.5. Exceptions to this were D4B-3, which
had a pH of 7.6, and D6-11, which had a pH of 6.3 (Figure 5.4). These were also the samples
with the lowest clay content. The clay cores additionally had low carbon content, with inorganic
carbon making up a maximum of 1.31% (D6-10) and organic carbon concentrations less than
0.2% in all cores other than D4B-3 (1.04%). Three clay cations were measured: sodium and
calcium, which are the exchangeable cations associated with montmorillonite, and magnesium,
which can substitute the central aluminum atoms. Of the three, sodium was consistently most
abundant, which was expected because the Tsukinuno deposit is characterized by a sodium-type
bentonite (Figure 5.4). The cores overall had high concentrations of ammonium (average of 260
mg/kg dry clay) and low concentrations of nitrate (average 0.91 mg/kg dry clay). Iron,
phosphorus, and potassium were all detectable in all clay samples other than D6-11 for
phosphorus, at average concentrations of 19.6, 1.3, and 353 mg/kg dry clay, respectively. Of the
heavy metals measured, zinc was consistently the most abundant, especially in the D4C core

(Figure 5.4).
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Figure 5.3 Stacked bar plot showing the mineral composition of the 19 Tsukinuno core samples
based on XRD analysis. One Wyoming MX-80 powdered bentonite and two gapfill bentonite

samples were included for comparison. Clay minerals are shown in blue and non-clay minerals
in grey.
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Figure 5.4 Measured concentrations of chemical parameters in 19 Tsukinuno core samples.

5.3.2 Cultivation and qPCR

Aerobic heterotrophs were detected via cultivation, at both 15°C and 30°C, in most

bentonite samples. The highest abundance of culturable aerobic heterotrophs grown at 30°C was

2.4 x10% in D4A-0, and this same sample had the highest abundance of culturable aerobic

heterotrophs grown at 15°C of 3.5 x10° CFU/gdw (Figure 5.5). The average abundance of
culturable aerobic heterotrophs at 15°C and 30°C were 2.5 x10° and 3.8 x10* CFU/gdw,
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respectively. The cultivation results for anaerobic heterotrophs closely mimicked those of
aerobic heterotrophs: the highest abundance of culturable anaerobic heterotrophs at both 15°C
(8.7 x10° CFU/gdw) and 30°C (1.6 x10* CFU/gdw) was also in the D4A-0 sample, and when
culturable aerobic heterotrophs were not detected in a sample, neither were culturable anaerobic
heterotrophs (Figure 5.5). The abundance of culturable aerobic and anaerobic heterotrophs had a
high Spearman correlation of 0.90 (Figure 5.6). The average abundances of culturable anerobic
heterotrophs at 15°C and 30°C were 8.7 x103 CFU/gdw and 1.9 x10° CFU/gdw, respectively.
Culturable SRB were often not detected: at 15°C, SRB were detected in 12 of the 22 core
samples, and at 30°C in 9 of the 22 core samples (Figure 5.5). When they were detected, their
abundance was very low. At 15 and 30°C, the maximum abundances of culturable SRB were 5.9
and 5.8 MPN/gdw, respectively, and both maxima occurred in the D4A-0 sample. The
abundance of culturable SRB was not significantly correlated with the abundance of culturable

aerobic or anaerobic heterotrophs (Figure 5.6).

The abundances of culturable aerobic and anaerobic heterotrophs were also negatively
correlated with the concentration of montmorillonite (rs=-0.62 for aerobic heterotrophs and -0.49
for anaerobic heterotrophs; Figure 5.6). The abundance of culturable aerobic heterotrophs was
additionally significantly correlated negatively to the concentration of plagioclase (rs=-0.48) and
positively to the concentration of copper (7:=0.46; Figure 5.6). The abundance of culturable
anaerobic heterotrophs was positively correlated with the concentration of nitrate (7:=0.59;
Figure 5.6). The abundance of culturable sulfate-reducing bacteria was significantly positively
correlated with the concentrations of phosphorus (7=0.47), sodium (7s=0.54), magnesium
(r=0.63), inorganic carbon (rs=0.53), and calcium (rs=0.49), as well as to moisture content
(rs=0.54) and cation exchange capacity (»s=0.63), and was negatively correlated with the

concentrations of plagioclase (rs=-0.46), arsenic (-0.49), and mercury (7=-0.53; Figure 5.6).

The qPCR analysis revealed detectable 16S rRNA gene copies in all core samples, and
18S rRNA gene copies in 14 of the 22 core samples (Figure 5.5). The highest abundance of 16S
rRNA gene copies was 5.7 x10° copies/gdw (D4B-3) and the average was 5.7x10° copies/gdw.
For 18S rRNA genes, the maximum abundance was 9.0 x103 copies/gdw (D4B-1) and the
average was 8.1 x10? copies/gdw). For both 16S and 18S qPCR, there was a high degree of

variation between biological replicates of the same core sample (Figure 5.5). The abundance of
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16S rRNA genes was significantly correlated with the abundance of culturable aerobic
heterotrophs (7:=0.50) but not to anaerobic heterotrophs or SRB, and the abundance of 18S
rRNA genes was not significantly correlated with any abundances of cultured microorganisms,

though it was correlated with the abundance of 16S rRNA genes (=0.56; Figure 5.6).
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Figure 5.5 Bar plot showing the abundance of culturable aerobic heterotrophs, anaerobic
heterotrophs, and SRB, as well as 16S and 18S rRNA gene copies. For culture counts, error bars
are based on the standard deviation between biological triplicate samples. For gPCR
measurements, error bars are based on the standard deviation of biological triplicate samples and
each of their technical duplicate measurements. For abundances of culturable SRB, bars were
removed if no SRB were detected in any replicates even though MPN tables do not produce a
value of 0 when no tubes are positive for growth.
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Figure 5.6 Heat map showing Spearman correlations between measurements of chemicals,
minerals, moisture content, water activity, cation exchange capacity, pH, and abundances of 16S
and 18S rRNA genes and culturable aerobic heterotrophs, anaerobic heterotrophs, and SRB
grown at 30°C. The 0 and 5.2 m samples were excluded as only a subset of analyses were
performed for these samples. Samples are ordered based on hierarchical clustering. Negative
correlations are indicated in red and positive correlations in blue. Any correlations with
insignificant p values (>0.05) are not shown.

5.3.3 16S rRNA gene analysis of clay and water samples

The 16S rRNA gene profiles of clay samples were overall quite similar to each other,
regardless of core and distance from tunnel wall/floor, and were dominated by sequences

associated with phylum Proteobacteria (Figure 5.7). Cores D4B and D4C were especially
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similar. The most abundant genus detected in these cores was Thiobacillus, which was
represented by three ASVs together representing an average of 45.1% of reads (Figure 5.7).
Sequences associated with Hydrogenophaga were also relatively abundant in these samples,
comprising a combined average of 22.5% of reads between the five ASVs associated with this
genus (Figure 5.7). Samples from the D4A core often had very low sequencing read counts,
especially in the 3 m replicates, likely explaining the profiles with poor overlap between
replicates (Figure 5.7). The samples with higher read counts generally had 16S rRNA gene
profiles similar to the D4B and D4C cores. These samples similarly had several dominant ASVs
associated with Hydrogenophaga and with family Comamonadaceae (Figure 5.7), potentially
representing additional more poorly resolved Hydrogenophaga-associated ASVs. Compared to
D4B and D4C, the D4A samples overall had fewer sequences associated with Thiobacillus.
Instead, the dominant ASV in the D4A samples was associated with Pseudomonas stutzeri,
which had an average relative abundance of 9.7%. This same ASV was also detected in all D4B

and D4C core samples at lower relative abundance (Figure 5.7).

The D4A (horizontal drill), D4B and D4C (inclined drill), and D6 replicates were plotted
separately and geochemical data was overlayed to test if any of these measured variables led to
differences in microbial community composition (Figure 5.8). In ordination space, the triplicate
samples at a given depth grouped more closely with each other than with any other samples
(Figure 5.8). In general, more separation between samples was observed with Bray Curtis
distances than when phylogeny was considered with weighted UniFrac distances. The separation
of the D4A core samples in one direction with Bray Curtis distances could be explained by
increasing concentration of zinc (Figure 5.8 A). The 2 m samples, which had the highest
concentration of zinc amongst D4A core samples (Figure 5.4), additionally had elevated relative
abundances of Pseudomonas stutzeri compared to some other D4A core samples (Figure 5.8A).
The separation of samples in the opposite direction could be explained by cation exchange
capacity as well as increasing concentrations of inorganic and total carbon, which were all higher
in the 1 and 2 m samples than in the 0.1, 3, or 4 m samples (Figure 5.4). The 1 and 2 m samples
were also associated with increased relative abundance of Paracoccus marcusii, Dietzia, and one
ASV each of Hydrogenophaga and Comamonadaceae compared to other D4A samples (Figure
5.8A).
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The concentration of nitrogen was significantly correlated with the distribution of D4B
and C samples in ordination space with both Bray Curtis and weighted UniFrac distances (Figure
5.8C-D). The concentration of nitrogen was highest in 1 and 3 m samples from the D4B core
(Figure 5.4). These samples were associated with higher relative abundance of a specific
Hydrogenophaga ASV compared to other D4B and C samples. Using Bray Curtis distances,
concentrations of nickel, selenium, quartz, and organic carbon were also significantly correlated
with the distribution of samples (Figure 5.8C). These variables were also all highest in the D4B 3
m samples (Figure 5.4). In the opposite direction within ordination space, concentrations of lead,
zinc, cadmium, dolomite, arsenic, and illite/smectite were significantly correlated with both the
Bray Curtis and weighted UniFrac ordinations (Figure 5.8C-D). All but illite/smectite were
consistently higher in D4C 2-4 m samples compared to the D4B samples (Figure 5.4). These
samples were associated with especially high relative abundances of sequences associated with

Thiobacillus (Figure 5.8C-D).

Similar to samples from core D4A, samples from core D6 also generally lacked
sequences associated with Thiobacillus and had higher relative abundances of Pseudomonas
stutzeri compared to the D4B and D4C cores (Figure 5.7). Making up an average of 23.3% of
reads, the dominant ASV in the D6 cores was associated with Comamonadaceae. With the
exception of the 5.2 and 5.3 m samples, ASVs associated with Hydrogenophaga dominated,
similar to the other cores, making up an average of 14.1% of reads. Instead, in the 5.3 m samples
an ASV associated with Halothiobacillus dominated (62.4%) the profiles (Figure 5.7). These 5.3
m samples grouped most distantly from other D6 samples in ordination space and were
associated with a high relative abundance of Halothiobacillus (62.4%), which was not detected
in any other sample. Additionally, they had increased relative abundances of Pseudomonas
stutzeri compared to other D6 samples, although the same ASV was detected in most D6 samples
at lower relative abundance. No measured geochemical variables were significantly correlated

with the D6 ordinations at the R? threshold of 0.3.

Sequences associated with known SRB were rare in clay samples. Four ASVs were
detected, each in a single sample, and with fewer than 20 sequencing reads each. One ASV was
associated with Desulfosporosinus (D6-10), two with Candidatus Desulforudis (both in D6-5.3),
and one only resolved to the family Thermodesulfovibrio (D6-11).
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The DNA from tap water, drilling water, and groundwater was extracted and sequenced
for comparison to the bentonite cores. Tap water was used to drill the cores, and was included in
the analysis to indicate potential core contamination by tap water during drilling. The four filters
had very low read counts and the profiles did not overlap with clay samples (Figure 5.7). After
drilling, the drilling water had a large amount of suspended clay material and the 16S rRNA gene
profiles looked similar to the clay cores (Figure 5.7). Ground water was included in the analysis
to determine if the microbial communities detected in the clay were unique to the clay or similar
to those associated with groundwater. Predominant ASVs in these samples were not detected in
the clay and were instead associated with Turneriella (32% in one replicate and not detected in
the other three), an uncultured bacterium from order Xanthomonadales (6.8%), Porphyrobacter
(6.4%), and Nevskia (6.0%). All other ASVs, including four associated with Comamonadaceae
and three associated with Hydrogenophaga that were common to the clays, were detected at an

average relative abundance of less than 5% (Figure 5.7).
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Figure 5.8 Triplots based on Bray Curtis (top row) and weighted UniFrac (bottom row)
distances between 16S rRNA gene profiles of D4A (A and B), D4B and D4C (C and D), and D6
(E and F) bentonite cores. Geochemical and mineral parameters with a significant (p<0.05)
correlation of at least 0.3 are displayed as vectors. Taxa bubbles represent taxa at least 5%
abundant across the dataset. The ASV table was normalized to 5000 reads using scaling with
ranked subsampling (SRS) prior to computing distances.

5.3.4 16S rRNA gene analysis of cultures

Biomass was collected from all cultures where growth was observed. The DNA was
extracted from this biomass and the 16S rRNA gene was amplified and sequenced to identify the
taxa associated with the cultured microorganisms. Most cultures were dominated by one or a few
different genera, and these taxa were quite similar in cultures incubated at 15 and 30°C for a
given sample (Figure 5.9). Overall, the dominant genus detected in aerobic heterotrophs cultures
at both 15 and 30°C was Pseudomonas. Several D4A core samples also had a similarly high
relative abundance of sequences associated with Glutamicibacter, and the shallower (5.2-6 m)
D6 samples had abundant sequences associated with Micrococcaceae (Figure 5.9). Although
overall less prevalent across the data set, several samples had relatively high abundance of
sequences associated with Microbacterium, Rhodococcus, Chryseobacterium, Bacillus,

Acinetobacter, Brevundimonas, and Comamonadaceae (Figure 5.9).
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Similar to the aerobic heterotroph cultures, anaerobic heterotroph cultures were also
dominated by sequences associated with Pseudomonas. Samples that had fewer Pseudomonas
sequences tended to have higher relative abundance of sequences associated with members of the
Actinobacteria phylum, specifically Microbacterium, Cellulomonas, Cutibacterium, Oersokovia,
and/or Sanguibacter (Figure 5.9). Similar taxa were detected in samples grown at 15 and at
30°C. The SRB cultures were also associated with Pseudomonas sequences (Figure 5.9). The
D4B samples had a lower relative abundance of Pseudomonas sequences than other cores, and
instead had abundant sequences associated with Shewanella, which were not detected in any of
the other cores. A total of 19 ASVs associated with known SRB were detected in the cultures. Of
these, 14 were associated with genus Desulfosporosinus (two with Desulfosporosinus meridiei,
one with Desulfosporosinus orientis, two with Desulfosporosinus hippie, and nine only resolved
to the genus level), three were associated with Desulfotomaculum, one with
Desulfohalotomaculum, and one resolved only to family Desulfitobacteriales (the same family as
Desulfosporosinus). Genus Desulfosporosinus was the most prevalent: 10 of the 35 SRB cultures
positive for SRB growth included sequences assigned to Desulfosporosinus, whereas only one

sample (D4B-0) had sequences associated with other genera.

One reason to sequence biomass from cultures was to determine if the taxa cultured
overlapped with those detected in the DNA extracted directly from clay. Although this approach
cannot determine if all sequences detected in the clay directly were associated with viable
microorganisms, it can provide insight into the viability of taxa that are detected in both the clay
and the associated cultures. There were 16 ASVs with an average relative abundance of greater
than 1% in clay samples and 11 of these were detected in at least one culture (Figure 5.10). The
five ASVs not detected in a culture were associated with Hydrogenophaga, Halothiobacillus,
Comamonadaceae, and two with Thiobacillus. Of these, all but Halothiobacillus were

represented in cultures by a different ASV with the same taxonomic affiliation.
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displayed.
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Figure 5.10 Scatterplot showing the average relative abundance of ASVs in clay samples (x axes) and culture samples (y axes). Each
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54 Discussion

5.4.1 Tsukinuno as a DGR-relevant natural analogue site
No natural analogue will perfectly mimic all aspects of bentonite in a DGR, but an ideal

natural analogue will mimic some key aspects of a DGR. The bentonite proposed for use in some
DGR designs, including the Canadian design, is Wyoming MX-80 bentonite. The Canadian
design also includes a second type of bentonite, gapfill material, which is created from Wyoming
MX-80 through a roll compaction/milling process. For this discussion, DGR-relevance was

assessed by comparing properties of Tsukinuno bentonite to those of Wyoming bentonite.

From a microbiology perspective, a key aspect to DGR design is dry density and
associated swelling pressure, which is expected to limit or inhibit microbial growth and activity
[123, 124, 126, 127]. There are two key factors that contribute to the swelling capacity of
bentonite: montmorillonite content, and the primary exchangeable cation associated with the
montmorillonite structure. Montmorillonite is the predominant clay mineral in bentonite and
confers its swelling property. As such, the higher the content of montmorillonite, the higher the
swelling capacity. The Tsukinuno bentonite core samples had variable amounts of clay content,
ranging from 15-80% (Figure 5.3). Although the clay fraction of most cores was dominated by
montmorillonite, some cores had high proportions of interstratified illite and smectite (the group
of clay minerals that montmorillonite belongs to; Figure 5.3). The cores with the highest
montmorillonite content, D4A-3 (76%) and D4B-2 (78%) were within the range of measured
montmorillonite content in Wyoming MX-80 (87%) and two batches of gapfill (83 and 74%;
Figure 5.3). Montmorillonite has an exchangeable cation in the interlayer space of its structure,
which can either be sodium or calcium. Sodium-type bentonites have much higher swelling
capacities than calcium-type bentonites [191]. Both Wyoming bentonite and Tsukinuno
bentonite are sodium-type bentonites, adding to the relevance of Tsukinuno bentonite as a natural

analogue [132].

It is challenging to compare other chemical measurements between Tsukinuno bentonite
and Wyoming bentonites because these are largely influenced by the water saturating the
Wyoming bentonite (in the case of a DGR, the groundwater at the DGR site). In terms of
microbial growth, one key factor that is less dependent on groundwater composition is moisture.

The moisture content in Tsukinuno bentonite ranged from 7.6-31.9%, with an average value of
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18.9%. By comparison, gapfill bentonite compacted to dry densities of 1.25, 1.40, 1.45, 1.50, and
1.60 g/cm?® had average moisture contents of 29.8, 26,2, 24.3, 23.1, and 20.6%, respectively (data
not shown). The D4B and C and D6 core samples generally had moisture contents below the
range of compacted MX-80, but all D4A core samples had moisture contents within this range.
Although expected to be influenced by the salinity of ground water in a DGR, gapfill bentonite
compacted to the same dry densities reported above and saturated with Type I water had water
activities between 0.617 and 0.997, putting most of the Tsukinuno bentonite water activities at
the high end of this range. As groundwater with a higher salinity than Type I water would be
expected to reduce water activity, it is likely that the water activities of Tsukinuno bentonites

would be higher than expected water activities in DGR bentonite.

5.4.2 Cultivation and qPCR
Similar to a previous study using cultivation techniques to study clay cores from the

Tsukinuno mine, the highest abundances of culturable aerobic and anaerobic heterotrophs on
R2A agar occurred in the bentonite exposed to the tunnel wall (Figure 5.5) [131]. Unlike this
previous Tsukinuno study where culturable heterotrophs had a maximum abundance of 10?
CFU/gdw by a depth of 1 m into the core, in the present study abundances of culturable aerobic
heterotrophs in the inner layers of the core were often greater than 10> CFU/gdw and
occasionally reached 10° CFU/gdw (Figure 5.5). Abundances of culturable anaerobic
heterotrophs were generally lower than those of aerobic heterotrophs, and in inner layer samples
had a maximum of 10* CFU/gdw (Figure 5.5). A recent study that analyzed hand samples (i.e.,
small samples collected from tunnel walls) from the Tsukinuno mine reported abundances of
culturable aerobic heterotrophs between 10! and 10%, on average lower than in the current study,
and several samples with undetectable anaerobic heterotrophs, similar to the current study [133].
One commonality between the current study and all previous natural analogue studies is the

minimal presence of culturable SRB [133, 135, 136].

The abundance of 16S rRNA genes was significantly and positively correlated with the
abundance of culturable aerobic heterotrophs (rs=0.50; Figure 5.6). The abundance of 16S rRNA
genes was on average an order of magnitude higher than the abundance of culturable aerobic
heterotrophs (5.7 x10° 16S rRNA gene copies/gdw compared to 3.8 x10* CFU/gdw; Figure 5.5).

These values are more similar than in the most recent study of Tsukinuno bentonite, where the
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abundances of 16S rRNA genes were up to 4 orders of magnitude more abundant than culturable
heterotrophs or SRB [133]. The relative similarity between 16S rRNA gene copies and culturable
heterotrophs in the present study could indicate that a higher proportion of the total DNA in the

bentonite is associated with viable microorganisms.

No known previous study has analyzed eukaryotic communities within natural analogue
samples. Although detected in relatively few samples, several Tsukinuno bentonite samples had
measurable abundances of fungal 18S rRNA genes, suggesting that fungi persist within the
samples (Figure 5.5). With no sequencing information to accompany these results, it is unknown
which fungal taxa are associated with the detected DNA; a next step will be to explore

eukaryotic community profiles of these bentonite cores.

Several geochemical parameters were measured for each clay sample to study
correlations among these parameters and the abundance and composition of microbial
communities. For the initial Tsukinuno bentonite study, a similar approach was taken and only
moisture content and dry density were found to be moderately correlated with the abundance of
culturable heterotrophs [131]. In the present study, moisture content was only found to be
correlated with the abundance of culturable SRB, but not the abundance of culturable
heterotrophs (Figure 5.6). However, all but one sample had water activities greater than 0.96, and
several were nearing 1.0, so available water was likely not limiting for microorganisms in most
samples. Although dry density was not measured, montmorillonite concentration would similarly
be expected to have a negative impact on microbial growth due to increased swelling pressure.
Indeed, montmorillonite concentration was negatively correlated with the abundance of both
aerobic (1:=-0.62) and anaerobic (1:=-0.49) heterotrophs. The abundances of aerobic and
anaerobic heterotrophs were also significantly correlated with copper and nitrate concentrations,
respectively (Figure 5.6). Copper is an important component of many cellular proteins, and the
concentrations of copper measured in the bentonite samples were generally lower than
concentrations shown to be inhibitory in water and soil systems [192, 193]. The positive
correlation between nitrate and abundance of anaerobic heterotrophs could be explained by the
high relative abundance of Pseudomonas stutzeri, a known denitrifying bacterium, in anaerobic
heterotrophs cultures [194]. The abundance of SRB was correlated positively to several

biologically necessary elements (i.e., phosphorus, sodium, magnesium, carbon, and calcium) and
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negatively to heavy metals arsenic and mercury (Figure 5.6). However, culturable SRB were in
similarly very low abundance, just above the limit of detection, in all samples where they were

detected, so these correlations should be interpreted cautiously.

5.4.3 16S rRNA gene analysis
A first step in DNA analysis of the clays was to compare 16S rRNA gene profiles of

bentonite cores to those of the tap water used for drilling (Figure 5.7). The tap water used for
drilling did not include dominant taxa detected in the clay samples, indicating that the samples
were not contaminated by the drilling process (Figure 5.7). Many of the dominant ASVs detected
in clay were also not found in the associated ground water, although there was some overlap in

taxa such as Hydrogenophaga and Thiobacillus (Figure 5.7).

Although few previous studies on the microbiology of natural analogue sites have
implemented DNA-based analyses, Proteobacteria and Actinobacteria have been identified as
dominant phyla [133, 135]. Consistent with previous literature, the majority of sequences
detected in the Tsukinuno cores were associated with phylum Proteobacteria, as well as a few
taxa within phylum Actinobacteria at generally lower relative abundances (Figure 5.7). Cores
D4B and D4C had very similar 16S rRNA gene profiles overall and were dominated by
sequences associated with Thiobacillus and Hydrogenophaga (Figure 5.7). Species within
Hydrogenophaga are known for being autotrophic hydrogen oxidizers [195]. Members of the
genus Thiobacillus are best known for coupling denitrification to sulfur oxidation [196-200], but
some species have been shown to instead oxidize arsenic and fix nitrogen [199], and two studies
have shown that members of Thiobacillus have the genes necessary for dissimilatory sulfate
reduction [198, 200]. Although metagenomic sequencing was not conducted and so it is not
known what Thiobacillus species in the clay cores encode within their genomes, the relative
abundance of reads associated with Thiobacillus was strongly correlated with the concentration
of arsenic (r=0.71), but much less so for nitrate (+=0.05) or sulfur (+=0.15; Figure 5.8). The
concentration of arsenic, and of other heavy metals zinc and cadmium, was additionally
significantly correlated with the distribution of D4B and C core samples in ordination space, in
the direction of samples dominated by Thiobacillus-associated sequences (Figure 5.8). This
analysis also showed a significant correlation with nitrogen in the direction of samples with a

high relative abundance of a specific Hydrogenophaga-associated ASV (Figure 5.8).
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Samples from cores D4A and D6 also had ASVs associated with Thiobacillus and
Hydrogenophaga, but generally had higher representation of sequences associated with
Pseudomonas stutzeri and Comamonadaceae (Figure 5.7). Pseudomonas is a commonly detected
genus of bacteria in both bentonite clay and cultures from bentonite clay [10, 127, 151, 201] and
is a known denitrifier [194]. Comamonadaceae is a diverse family with members capable of
different metabolisms such as denitrification and hydrogen oxidation [202, 203]. An ordination
of D4A 16S rRNA gene profiles was significantly correlated with four measured variables,
which were not always reflected among dominant taxa for these samples (Figure 5.8). The
samples with the highest relative abundance of Pseudomonas stutzeri also had the highest
concentrations of zinc (Figure 5.8). Cation exchange capacity, inorganic carbon, and total carbon
were all correlated within ordination space in the direction of samples with increased relative
abundance of Paracoccus marcusii, Dietzia, Hydrogenophaga, and Comamonadaceae (Figure
5.8). In general, it is challenging to determine how the measured correlations relate to microbial
community composition. In some cases, they may reflect a key nutrient or co-factor that a
particular group of microorganisms require, and in other cases they may be indirectly related to
microbial community composition. For example, they could be correlated with a factor that was
not measured that is related to microbial requirements. In this study, very similar taxa were
detected across most samples, adding an additional challenge. As more diverse natural analogue
samples are studied, it may be easier to draw connections between geochemical parameters and
microbial community composition. Incorporating a metagenomic approach may offer insight into

the physiological requirements that account for these correlations.

Sequencing DNA extracted from clay directly offers the ability to study the microbial
community beyond the portion of the community capable of growing under the selected
cultivation conditions, but one limitation is that the DNA detected could be associated with
living bacteria or instead could represent relic DNA. To minimize this limitation, DNA
sequencing directly from clay was combined with cultivation and subsequent sequencing of
DNA from culture biomass. Most dominant ASVs detected using the direct from clay approach
were also detected in the biomass of at least one culture, suggesting that the dominant taxa
detected in the clay could represent viable microorganisms (Figure 5.10). This interpretation is
further supported by the relatively similar (i.e., usually approximately one order of magnitude

greater) abundances of 16S rRNA gene copies and culturable aerobic heterotrophs (Figure 5.7,
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Figure 5.9). One caution with this interpretation is that, especially for liquid SRB cultures, there
is some clay present in the cultures that could contribute to sequencing reads. For the 16 most
abundant (>1% relative abundance) ASVs in clay samples, 11 were also detected in at least one
culture, but only four (one ASV associated with Pseudomonas and three with Comamonadaceae)
at greater than 1% relative abundance in that culture (Figure 5.10). Although no known natural
analogue studies have used this approach, the microbiology of bentonite clay outside of the study
of natural analogues has implemented this approach. Compared to a series of manufactured
powdered or gapfill bentonite samples, the Tsukinuno samples had a higher degree of overlap
between dominant clay ASVs and culture ASVs [10]. However, when similar manufactured dry
clays were hydrated with Type I water in pressure vessel experiments, there was increased
overlap between dominant clay ASVs and dominant culture ASVs (Chapter 2). To better predict
if the DNA sequenced from Tsukinuno cores was associated with living microorganisms,

additional techniques should be implemented, such as PMA-treatment or ancient DNA analysis.

Consistent with cultivation results, sequences associated with known SRB were not
detected in most samples, and when they were it was at very low relative abundance (Figure 5.7).
Of the taxa detected, Desulfosporosinus was the only one also detected in cultures (Figure 5.9).
That said, the medium used is intended for the cultivation of heterotrophic bacteria like
Desulfosporosinus, so the remaining genera detected in the clay could be viable but not
culturable under the selected conditions (e.g., the pH values of the media were not the same as
the bentonite). Low SRB abundance is common to all natural analogue studies that have
specifically looked for them [133, 135, 136]. Although the conditions of these analogues differ
from bentonite in a DGR in various ways, the natural analogue literature thus far, including the
present study, suggests that low SRB abundance could be expected for DGR-associated

bentonite.

5.5 Conclusion

The study of microorganisms in bentonite clay in the context of long-term nuclear waste
storage has largely focused on short-term experiments where manufactured clay is exposed to
one or a few DGR-relevant conditions, either in a lab setting or in boreholes. These types of
experiments are critical for testing the effect of various DGR conditions (e.g., temperature, dry

density, pressure) on microbial community composition and abundance, but have a time-related
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limitation. A DGR is being designed to last upwards of one hundred thousand years, which is not
a realistic timescale for these types of experiments. Coupling these short-term experiments to the
study of natural analogues can help to alleviate the issue of time, given that natural analogues
have already existed in nature for DGR-relevant timeframes. The results of this study
demonstrate relatively low abundances of culturable heterotrophs in four bentonite cores taken
from the Tsukinuno mine. The abundance of culturable heterotrophs was correlated with the
concentration of montmorillonite, potentially due to increased swelling pressure characteristic of
clays with a high montmorillonite proportions. The abundance of anaerobic heterotrophs was
additionally correlated with the concentration of nitrate, perhaps indicative that nitrate stimulates
the growth of certain anaerobic heterotrophs in clay such as known denitrifier Pseudomonas,

which was affiliated with dominant sequences from anaerobic heterotrophs cultures.

Similar to previous bentonite natural analogue studies, the Tsukinuno core samples were
dominated by sequences associated with Proteobacteria and Actinobacteria, and more
specifically Thiobacillus, Hydrogenophaga, Pseudomonas, and Comamonadaceae. Although
ordinations of the 16S rRNA gene profiles overlayed with measured geochemical parameters
revealed several significant correlations, in many cases it was challenging to link the correlations
to growth requirements of the taxa detected via DNA sequencing. That said, the 16S rRNA gene
profiles of all samples were quite similar, and more obvious relationships may exist if a larger

diversity of bentonite clay communities were included.

Culturable SRB were consistently detected at very low abundance (maximum 5.9
MPN/gdw) and were not detected at all in approximately half of the bentonite core samples.
Sequences associated with known SRB were additionally detected in very few samples and at
very low abundances. These results are consistent with previous natural analogue studies, where

SRB were similarly either not detected or detected in low abundance [133, 135, 136, 204].

The results of this study, in combination with the few other bentonite analogue studies
conducted to date [133, 135, 136, 204], suggest that bentonite associated with a future DGR
could host relatively low abundance microbial communities, likely including heterotrophic
bacteria like Pseudomonas, and potentially hydrogen and sulfur oxidizers. Although Tsukinuno

cores also had high representation of ASVs associated with Thiobacillus, Hydrogenophaga, and
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Comamonadaceae, it is challenging to say whether these sequences were associated with living
bacteria. Detection of many dominant clay ASVs in cultures, coupled with overall 16S rRNA
gene copies being relatively similar in abundance to culturable heterotrophs, support that much
of the DNA detected could be associated with living organisms. However, additional techniques
to differentiate between living microorganisms and relic DNA should continue to be developed
and implemented. In addition, conditions of the Tsukinuno bentonite do not fully mimic
expected conditions for DGR bentonite. For example, most Tsukinuno samples had lower
proportions of montmorillonite compared to Wyoming bentonite. Although SRB are common
constituents of deep subsurface microbial communities, current natural analogue studies would

not suggest that they would be dominant members of DGR bentonite communities.

133



Chapter 6: Testing conditions for growth of aerobic heterotrophs and SRB in bentonite
clay

6.1 Introduction

Bentonite clay is an integral component of deep geological repository designs for long-
term storage of used nuclear fuel. Given the long timeframe a DGR needs to persist (e.g.,
between one hundred thousand and one million years), and the importance of isolating
radioactive used nuclear fuel from the surrounding environment, it is important to study
bentonite from several different perspectives, including microbiology [138]. Microorganisms
could impact the integrity of a DGR through their participation in microbiologically influenced
corrosion (MIC), or through gas production, which in large enough volumes could produce
permeability fissures [12, 71]. Under anoxic conditions, which are expected for most of the
lifetime of a DGR, sulfate-reducing bacteria (SRB) have been shown to dominate occurrences of
MIC in other environments and are thus primary targets of microbiology research on bentonite
clay in the context of long-term used nuclear fuel storage [12]. Certain observations in previous
studies of bentonite clay microbiology remain unresolved and will be addressed here. The first is
whether increases in abundance of culturable aerobic heterotrophs sometimes observed in
hydrated bentonite in the absence of compaction or prior to complete saturation is due to a
recovery from the VBNC state or instead due to growth of aerobic heterotrophs (Chapter 2 and
3). The second is whether variable abundances of culturable aerobic heterotrophs observed in
some hydrated clay microcosms is due to inherent heterogeneity of bentonite or instead due to
experimental setup conditions introducing heterogeneity (Chapter 4). The third observation is
that SRB have been found to grow in bentonite under some conditions (Chapter 3), but not other
similar conditions, and the factors that influence their ability to grow in bentonite are poorly

understood.

As-received bentonite (i.e., relatively dry bentonite, “as-received” from the manufacturer)
contains viable microorganisms at low abundances [10]. When water is added to as-received
bentonite, an increase in abundance of culturable aerobic heterotrophs is commonly observed,
provided that the swelling pressure is sufficiently low, either due to low dry density or prior to
complete saturation [123, 124, 126, 127]; Chapter 2, Chapter 3]. Although a high dry density

(e.g., 1.4-1.6 g/cm?) suppresses microbial growth in saturated bentonite (Chapter 2-3), it does not
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appear to kill microorganisms [125]. In an experiment with saturated Wyoming MX-80 bentonite
compressed to a high dry density of 1.6 g/cm?, no increase was observed for the abundance of
culturable aerobic heterotrophs beyond that of the as-received MX-80 bentonite [125]. When lids
of the vessels were removed to allow the bentonite to expand beyond the limits of the vessels,
effectively decreasing the dry density of the bentonite, the abundance of culturable aerobic
heterotrophs increased [125]. The authors proposed that the most likely explanation for the
increase in abundance of culturable aerobic heterotrophs was a recovery from the viable but not

culturable (VBNC) state rather than actual cell division [125].

The VBNC state was first proposed in 1985 after an observation that many non-
culturable cells could become culturable under the same cultivation conditions after a “reversal”
event [205]. Though still relatively poorly understood, the VBNC state is characterized by a
physiological change that can help cells survive under adverse conditions, and differs from
dormancy because cells can remain metabolically active [206-208]. Generally, the VBNC state
is induced by harsh conditions, which have been thoroughly summarized in a recent review
[208]. Of the reported conditions to cause cells to enter the VBNC state, the most relevant to the
conditions of as-received bentonite include desiccation and potentially starvation, and
additionally high pressure when bentonite is saturated in a confined space [208]. That said, other
conditions have also been reported to induce the VBNC state in certain microorganisms,
including low or high temperature, pulsed electric fields, low or high pH, altered osmotic
pressure, UV, lack of carbon source, low salinity, oxygen limitation, aerosolization, antibiotics,
and exposure to a variety of toxic compounds [208]. Under this state, cells are more resistant to
adverse conditions including high or low salinity, heavy metal toxicity, acidity, and antimicrobial
compounds like ethanol and chlorine [209, 210]. When conditions become more favourable,
cells can reverse back to a non-VBNC state. The specific conditions that induce and reverse the
VBNC state are sometimes very specific and multifaceted [208]. Over 100 microbial species
have been reported to be capable of entering a VBNC state, including Escherichia coli, and the
conditions that induce and lead to a recovery from the VBCN state differ from species to species
[206-208]. Although the VBNC state has not been studied for bentonite specifically, there is
precedent for desiccation and subsequent rehydration-driven induction and recovery from the

VBNC state in soil [211, 212].
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When the abundance of culturable aerobic heterotrophs increases in hydrated or saturated
bentonite, and the experimental design includes replication, there is often high variability in
abundance of culturable aerobic heterotrophs between replicates [173]; Chapter 2-4]. For
systems like pressure vessels, this can be explained by uneven saturation leading to distinct
swelling pressures and water activities throughout the clay plug (Chapter 2, Chapter 3). In
microcosms set up using hydrated bentonite that is thoroughly mixed before incubation, it is
unclear whether differences in abundance of culturable aerobic heterotrophs between biological
replicates are due to actual microbial heterogeneity in the bentonite clay or inconsistent

experimental techniques.

Although culturable aerobic heterotrophs increase in abundance in bentonite clay when
water is added, most experiments show no evidence of SRB growth in bentonite [123, 124, 126—
128]; Chapter 2]. Even in microcosm experiments where bentonite was hydrated with SRB
medium and incubated anoxically in the absence of pressure, conditions predicted to promote
SRB growth, no increase in SRB abundance was observed [173]. However, in recent anoxic
pressure vessel experiments testing the effect of dry density on suppression of microbial growth
in Wyoming bentonite (Chapter 3), culturable SRB increased significantly compared to the as-
received bentonite starting material for most bentonite samples taken from the outer layers (i.e.,
in contact with the inner surfaces of the pressure vessel) of the bentonite plug. In this study, it
was proposed that SRB could have increased in abundance in anoxic pressure vessels due to a
difference in the type of bentonite used, or a difference in setup conditions leading to more
anoxic conditions in this study compared to others (Chapter 3). Another difference between
studies involving culturing SRB from bentonite is the choice of medium (Chapter 3). In the
anoxic pressure vessel study, where an increase in abundance of culturable SRB was observed,
an SRB medium from HiMedia Laboratories (M803) was used (Chapter 3). This medium has
also been used in other studies where growth of SRB was not observed [127, 151, 173]; Chapter
2, Chapter 4]. A different SRB medium, Postgate’s B medium, is also commonly used to culture

SRB from bentonite [123—-126, 128].

The purpose of this research was to better understand the growth of aerobic heterotrophs
and SRB in hydrated bentonite and the conditions that promote and prevent growth. The first

goal was to determine if the increase in abundance of culturable aerobic heterotrophs in hydrated
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bentonite compared to relatively dry as-received bentonite is due to growth (i.e., cell division) or
recovery from the VBNC state. The second goal was to explore heterogeneity of replicate
hydrated bentonite microcosms as measured by cultivation. The third goal was to identify
conditions that promote growth of SRB in anoxic pressure vessel experiments (Chapter 3),
compared to previous experiments where growth of SRB has not been reported [123, 124, 126—
128]; Chapter 2, Chapter 4]. This was done by testing differences in the type of bentonite, setup
conditions, and choice of SRB medium, as well as the oxygen sensitivity of representative SRB

cultures from bentonite clay.

6.2 Materials and methods

6.2.1 Recovery from VBNC state versus growth of aerobic heterotrophs
Four 32.5 g aliquots of Wyoming MX-80 bentonite, referred to throughout as M25, were

hydrated to a water activity of 0.98 by adding 8 mL of water and thoroughly mixing by hand
using disposable nitrile gloves. Bentonite water activity was confirmed using an Aqualab 4TE
water activity meter. Each 32.5 g aliquot of hydrated bentonite was added to a separate sterile
250 mL mason jar (four total). To a separate set of four sterile 250 mL mason jars, 32.5 g of as-
received bentonite was added. Duplicate jars of hydrated and of as-received bentonite were
incubated at 30°C for one week, and a second set of duplicate hydrated and as-received bentonite
microcosms were incubated at 4°C for one week. All setup occurred on the laboratory bench and

incubation was under oxic conditions.

Immediately after setup, as well as one, three, and seven days after setup, 2 g aliquots of
bentonite were removed from each microcosm for cultivation of aerobic heterotrophs, anaerobic
heterotrophs, and SRB. At each time point, a second 2 g aliquot was removed for DNA
extraction. From each DNA extract, the V3 region of the 16S rRNA gene was quantified using
digital PCR (dPCR). Each 45 pL. dPCR mix included 15 pL of 3x QIAcuity EvaGreen
Mastermix (Qiagen) and 0.4 uM 341F forward primer and 518R reverse primer [188]. The dPCR
mix (35 pL) was combined with 10 pL of template and vortexed for 10 s, then 40 pL of this
mixture was transferred to a QIAcuity Nanoplate 26k (Qiagen). The thermal cycling conditions
were as follows: initial denaturation at 95°C for 2 min followed by 40 cycles of 95°C

denaturation for 15 s, 55°C annealing for 15 s, and 72°C extension for 15 s, followed by a final
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extension at 35°C for 5 min. From DNA extracts, the V4-V5 region of the 16S rRNA gene was

also amplified and sequenced for the zero and seven-day time points.

6.2.2 Bentonite heterogeneity

To test the variability in abundance of culturable aerobic heterotrophs among replicate
microcosms, three different methods of bentonite hydration and mixing were tested (Table 6.1),
each with six replicate microcosms (Figure 6.1). To test the variability in abundance of
culturable aerobic heterotrophs within a microcosm, triplicate microcosms were set up using
mixing method one (Figure 6.1). From each, six 2-g aliquots of bentonite were used to establish
six different sets of cultures. All microcosms were prepared on the laboratory bench using 10 g
of a single batch of Wyoming MX-80 bentonite (referred to throughout as MX9) hydrated with 3
mL of Type I water to achieve a bentonite water activity of 0.99. All microcosms were incubated
under oxic conditions for one week at 45°C, as this is the clay and incubation temperature
previously observed to have the highest variability among biological replicates (Chapter 4). After
incubation, 2 g of bentonite was collected for cultivation of aerobic heterotrophs, and 50 mg for

DNA extraction. The V4-V5 region of the 16S rRNA gene was sequenced for all DNA extracts.

Table 6.1 Methods of hydrating and mixing bentonite for setup of microcosms.
Mixing method  Description

1 As-received stock bentonite mixed, then six bentonite aliquots weighed
and hydrated separately.

2 As-received stock bentonite mixed, then bentonite for six microcosms
was weighed together, hydrated together, then separated into six separate
microcosms.

3 As-received stock bentonite not mixed. Six bentonite aliquots weighed

and hydrated separately.
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Figure 6.1 Schematic of bentonite microcosm experiments to test heterogeneity of culturable

heterotrophs. R1-R6 refer to replicate numbers.

6.2.3 Comparison of SRB medium

As-received Asha, MX6, MX7, MX9, and GFM bentonite (described in Chapter 4) were

used to inoculate either M803 SRB medium from HiMedia Laboratories (referred to throughout

as “HiMedia”) or Postgate’s medium B (Table 6.2) [213]. Separate cultures inoculated with each

clay were incubated at 15, 30, 45, or 60°C for 28 days. Biomass from positive cultures was

collected for DNA extraction and subsequent sequencing.

Table 6.2 Comparison of the ingredients in Postgate's medium B and HiMedia SRB medium. All

values are expressed as g/L.

Na-DL-
lactate

NH.Cl Yeast

Medium K.HPO Na;SO4 CaCly MgSO4
4 extract

*7H,0

FeSOq4
X7H20

Na-
thioglycolate

Ascorbic
acid

Peptone Meat (NHa)2Fe(
extract SO4)2 @

B 6H0

Sodium
ascorbate

Postgate’s 0.5 1.0 0.075 2.0 2.0 1.0 1.0
medium B

Himedia 0.5 15 1.0 2.0 35 NA NA
SRB

medium

0.5

NA

0.1

NA

0.1 NA NA NA

NA 2.0 1.0 0.39

NA

0.1

6.2.4 Setup of SRB growth experiment

Triplicate sterile mason jars were filled with either 65 g of Wyoming MX-80 bentonite

(MX09) or with 65 g of gapfill material (GFM), prepared using one of four methods (Table 6.3;

Figure 6.2). These two types of bentonite were selected because MX9 was used in previous
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anoxic microcosms, where SRB growth was not observed [173], and GFM was used in anoxic
pressure vessels where an increase in the abundance of culturable SRB was observed (Chapter
3). For MX9, 11.4 mL of Type I water was added to the bentonite and mixed thoroughly by hand
with disposable nitrile gloves to achieve a bentonite water activity of 0.96. For GFM, 18.0 mL of
water was used to achieve the same water activity. The mass of bentonite was selected to mimic
previous anoxic MX9 microcosms where SRB growth was not observed [173]. The water
activity of 0.96 was selected as it was the average water activity of previous anoxic pressure
vessel samples with the highest measured abundances of culturable SRB (i.e., all 15 MPN tubes
positive for SRB growth; Chapter 3) and this was additionally one of three water activities

included in MX9 microcosm experiments where SRB growth was not observed [173].

Microcosms set up using method A, B, and D were set up at the University of Waterloo.
Method A mimicked the setup conditions of previous microcosms set up at the University of
Waterloo [173]. Mason jars set up using method B were set up at Western University and
mimicked the setup conditions of previous anoxic pressure vessels set up at Western University
(Chapter 3). Microcosms set up using method C were conducted at the University of Waterloo
and intended to be at least as strictly anoxic as those set up at Western University (method B).
Setup method D was included to test if the mixing of bentonite with water killed
microorganisms. This was part of the setup of previous anoxic microcosms, where growth of
SRB was not observed, but was not a part of the setup of previous anoxic pressure vessels where
growth of SRB was observed. Although all setup conditions were intended to be anoxic, setup
method A would be expected to potentially have the highest amounts of trace oxygen. All
microcosms were incubated in an anaerobic chamber (~25°C) for six weeks. After incubation, 2
g aliquots were collected from each microcosm for cultivation of SRB, aerobic heterotrophs, and

anaerobic heterotrophs (6.2.6).
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Table 6.3 Description of microcosm preparation.

Preparation Description
method

A As-received bentonite was transported into the anaerobic chamber one day
ahead of microcosm set up. The air lock was flushed 6 times from ambient
pressure to -0.68 barr when transporting as-received bentonite into the
anaerobic chamber. Water was flushed in a bottle for 30 minutes with N»
gas. Water was added to bentonite and mixed thoroughly by hand.

B As-received bentonite was transported into the anaerobic chamber one week
ahead of time. The air lock was flushed 3 times from -0.8 barr to -1.0 barr
before adding gas to ambient pressure for transportation of as-received
bentonite into the anaerobic chamber. Water was flushed in a volumetric
flask for 1 hour with Ar gas, then filled with separately flushing water until
overflowing and quickly stoppered to prevent oxygen from entering the head
space. Water was added to bentonite and mixed thoroughly by hand.

C As-received bentonite transported into anaerobic chamber 18 days ahead of
time. The air lock was cycled 30 times from ambient pressure to -0.68 barr
when transporting as-received bentonite into the anaerobic chamber. The air
lock was opened from inside the chamber after the 9", 18, and 27" round of
flushing to shake the bag of bentonite to help remove trace oxygen. Water
was flushed in a volumetric flask for 1 hour with N gas, then filled with
separately flushing water until overflowing and quickly stoppered to prevent
oxygen from entering the headspace. Water was added to bentonite and
mixed thoroughly by hand.

D Same method as C, but water was added on top of bentonite and not mixed.

Setup method A Setup method B Setup method C  Setup method D

i Wi i i Wi i Wi i i Wi i

N e e N | e e e e N | a Na N

Ry
Gapfill
Figure 6.2 Schematic of the SRB growth experiment.

6.2.5 Setup of SRB oxygen sensitivity experiment
A 20 g aliquot of Asha bentonite was hydrated with a pre-determine volume of sterile

Type I water to achieve a water activity of 0.96, and thoroughly mixed by hand using disposable
nitrile gloves. Hydrated bentonite was placed in a sterile 250 mL mason jar and incubated at

30°C for one week (this is the same microcosm as one of the replicate Asha 30°C microcosm
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described in Chapter 4). After incubation, 2 g of bentonite was used to inoculate SRB cultures.
These cultures were incubated at 30°C under oxic conditions for 28 days to test if SRB from
bentonite would grow under oxic conditions. After incubation, biomass was collected from

cultures for DNA extraction and sequencing.

Separately, the oxygen sensitivity of an enrichment culture of Desulfosporosinus sp.
previously isolated from borehole modules filled with Wyoming bentonite (i.e., mixture of
bentonites referred to as MX6 and MX7) [127, 151] was tested. Seven sets of triplicate Hungate
tubes, each filled with 9 mL of anoxic SRB medium (M803; HiMedia Laboratories), were
inoculated with 200 uL of a Desulfosporosinus sp. enrichment culture. Each set of triplicate
cultures had a headspace with a different concentration of air (0%, 25%, 50%, 60%, 70%, 80%,
or 90%). All manipulations occurred in an anaerobic chamber. Hungate tubes were incubated at
30°C for seven days. Cells were counted in the inoculum as well as at the one-, three-, five-, and
seven-day timepoint, using a Petroff-Hausser counting chamber, to prepare a growth curve. The
cells in five grids were counted and averaged, unless fewer than ten cells were counted in any of

the five grids, in which case the cells in all ten grids were counted and averaged.

6.2.6 Cultivation
For each sample, 2 g of bentonite was weighed and added to 18 mL of sterile phosphate

buffered saline (PBS; 8 g NaCl, 0.2 g KCl, 1.44 g Na,HPOs, and 0.24 g KH>POy in a final
volume of 1 L Type I water, with pH adjusted to 7.4 using HCI) solution in a 25 mL tube. These
tubes were vortexed horizontally at low speed for 30 min to disperse bentonite within the
solution. This dilution is referred to as “dilution A” throughout. Two 10-fold serial dilutions
were made in PBS from dilution A, each in a final volume of 10 mL, and are referred to as

“dilution B” (1:100 dilution) and “dilution C” (1:1000 dilution), respectively.

For heterotroph cultures, 100 pL of clay suspension was added to Reasoner’s 2A (R2A;
M1687; HiMedia Laboratories) agar plates and spread until dry using sterile 2 mm glass beads.
For aerobic heterotrophs, three sets of triplicate plates were inoculated with one of dilution A, B,
or C. For anaerobic heterotrophs, triplicate plates were inoculated with dilution A. All plates
were incubated at 30°C unless otherwise specified (plates from the heterogeneity experiment
were incubated at 45°C). Aerobic heterotroph cultures were incubated for 5 days and anaerobic

heterotroph cultures were incubated for 28 days. After incubation, colonies were counted on each

142



plate and an average value of colony forming units (CFU) per g was calculated. When
applicable, colonies were swabbed with a sterile foam-tipped applicator (Puritan). Swabs were

frozen at -20°C until DNA extraction followed by sequenced.

For SRB cultures, 15 test tubes filled with 9 mL of SRB medium were inoculated for
each sample, 5 with dilution A, 5 with dilution B, and 5 with dilution C. These cultures were
incubated at 30°C for 28 days. After incubation, tubes positive for SRB growth were identified
by a black ferrous sulfide precipitate produced by a reaction between SRB-derived sulfide and
ferric ammonium sulfate in the medium. The number of positive tubes of each dilution was
compared to a most probable number (MPN) table to determine the MPN/g of each sample
[153]. When applicable, 1 mL of each positive SRB culture was collected and centrifuged at
8000 x g for 10 minutes to pellet cells. Cell pellets were frozen at -20°C until DNA extraction

followed by sequencing.

All anoxic incubations (i.e., SRB and anaerobic heterotrophs) involved placing agar
plates or test tubes in either vacuum chambers (BVV3GSSW, BVV) or bags. In either case, a
GasPak EZ anaerobe sachet (BD) was included to remove any residual oxygen and an anaerobic
indicator strip (BD) to confirm anoxic conditions throughout incubation. Vacuum chambers were
flushed five times with a 90% N> and 10% CO- gas mixture, and bags were either packed in an
anaerobic chamber or flushed with 90% N> and 10% CO. and then heat sealed. For experiments
set up under anoxic conditions, media was flushed prior to cultivation and setup of cultures
occurred in an anaerobic chamber. The PBS was flushed with N> gas for 30 minutes using sterile
tubing downstream of a 0.22 um PES filter (Sarstedt). The SRB medium was flushed in the same
manner for 20 minutes, plus an additional 15 minutes after the addition of parts B and C of the
medium. Resazurin was also added to all SRB and R2A agar media at a final concentration of

0.5 mg/mL to confirm anoxic media throughout incubation.

An ANOVA was used to test for differences in abundances of culturable microorganisms
between treatments. In all cases, a p value threshold of 0.05 was used, and in the case of a
significant ANOVA result, a Tukey’s HSD post hoc test was used, also with a p value threshold
of 0.05. For the VBNC versus growth of aerobic heterotroph experiment, samples groups

included values (from cultivation or dPCR analysis) from duplicate microcosms. For the
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heterogeneity experiments, each sample group included six replicate measurements. Finally, for
the SRB growth microcosm experiment, sample groups included culture counts from triplicate

mason jars prepared using each setup method.

6.2.7 DNA extraction

Genomic DNA was extracted from clay using the DNeasy PowerMax soil kit (Qiagen;
recovery from VBNC state experiments) or the DNeasy PowerSoil kit (Qiagen; bentonite
heterogeneity experiments) and from culture biomass using the DNeasy UltraClean kit (Qiagen).
For PowerMax and PowerSoil extractions, 2 g and 50 mg of bentonite were used, respectively.
The manufacturer’s instructions were followed except for the lysis and elution steps. After
addition of lysis solution, PowerBead tubes were incubated at 65°C for 30 minutes (PowerMax
extractions) or 70°C for 10 minutes (PowerSoil and UltraClean extractions), followed by bead
beating for 10 minutes at 30 Hz using an MM 400 Mixer Mill (Retsch; PowerMax extractions) or
for 45 s at 5.5 m/s using a FastPrep-24 Classic Instrument (MP; PowerSoil and UltraClean
extractions). To concentrate DNA, final elution volumes were reduced to 2 mL, 60 pL, and 50

pL for PowerMax, PowerSoil, and UltraClean extractions, respectively.

6.2.8 DNA sequencing

For each genomic DNA sample, the V4-V5 region of the 16S rRNA gene was amplified
in triplicate using universal primers 515F-Y [174] and 926R [157], modified to include a six-
base index sequence, Illumina flow cell binding, and sequencing primer binding sites [158]. All
reactions were set up in a PCR hood (AirClean Systems) with ISO 5-HEPA-filtered air. Surfaces
of the hood were first washed with 70% ethanol and then treated with UV light for 15 minutes
before each use. All tubes, water, and bovine serum albumin (BSA) were also UV-treated on a
UV-transilluminator (ProteinSimple) using 302 nm wavelength light for a minimum of 15
minutes. Each 25 uLL PCR included 1x ThermoPol Buffer (New England BioLabs), 0.2 uM
forward and reverse primer, 200 uM dNTPs, 15 pg BSA, 0.625 U hot start Taq DNA polymerase
(New England BioLabs), and 1 pL of template DNA. The following thermal cycling conditions
were used: initial denaturation at 95°C for 5 minutes, then 35 (cultures) or 40 (clay) cycles of
95°C denaturation for 30 s, 50°C annealing for 30s, and 68°C extension for 7 min, followed by a

final extension step for 7 min at 68°C. No template controls (NTCs) were included both in the 96
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well plate alongside samples, as well as in separate PCR tubes. Positive controls were additional

included in separate PCR tubes.

Triplicate PCR products were visualized on a 1% agarose gel stained with ethidium
bromide and were then pooled and quantified on a second 1% agarose gel stained with GelRed
(Biotium). Based on gel quantification, equimolar amounts of each sample were combined to
form a pool, which was excised from a 1.5% agarose gel stained with ethidium bromide. The
PCR products were purified from the agarose fragment using the Wizard SV Gel and PCR
Clean-Up System (Promega). The purified pool was quantified using the Qubit dSDNA High
Sensitivity Assay Kit (Invitrogen) as well as qPCR using P5 and P7 primers (Illumina). The final
library was denatured and diluted following Illumina guidelines (Document No. 15039740 v01),
then spiked with PhiX Sequencing Control v3 (Illumina).

All clay samples were sequenced on a single MiSeq run with a cluster density of 774,000
clusters/mm?, average Q30 of 90.0%, and clusters passing filter of 91.4%. All culture biomass
samples were sequenced on a second MiSeq run with a cluster density of 813,000 clusters/mm?,

average Q30 of 89.5%, and clusters passing filter of 93.2%.

6.2.9 Sequence analysis
Sequences were demultiplexed using Local Run Manager version 4. Demultiplexed reads

were analyzed using Quantitative Insights Into Microbial Ecology 2 (QIIME2) [159], including
Divisive Amplicon Denoising Algorithm 2 (DADA?2) [160]. After importing paired-end reads
into QIIME2, DADA?2 was used to remove low quality reads and primer sequences, to truncate
reads to 250 base pairs, to denoise and dereplicate sequences, and to generate amplicon sequence
variants (ASVs). Taxonomy was assigned using a naive Bayes classifier pre-trained with SILVA
database release 138. The Decontam R package [175] was used to identify potential
contaminants. Clay and culture samples, which were sequenced in different MiSeq runs, were
processed with Decontam separately. A threshold value of 0.5 was selected by examining
histograms of Decontam score distributions. Contaminant ASVs were removed from the ASV

table prior to subsequent analysis.
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All sequence data were deposited in the European Nucleotide Archive. For sequences
from the clay heterogeneity study, the accession number is PRIEB7941. For sequences from the

VBNC experiments, the accession number is PRIEB79492.

6.3 Results and discussion
6.3.1 Recovery from VBNC state versus cell division

Previous research has suggested that the increase in abundance of culturable aerobic
heterotrophs that is commonly observed in hydrated or saturated bentonite [124-127; Chapter 2-
4] could be due to a recovery from the VBNC state, rather than actual growth [125]. Although
the VBNC state has not been studied for bentonite specifically, desiccation and subsequent
rehydration-driven induction and recovery from the VBNC state in soil has been reported [211,
212]. To test whether hydration-induced increases in abundance of culturable aerobic
heterotrophs are due to cell division or a recovery from the VBNC state, a series of microcosms
were set up under varying water and temperature conditions. The hypothesis was that if the
increase in abundance of culturable aerobic heterotrophs, which is commonly observed in
bentonite incubated between room temperature and 30°C, was due to a recovery from the VBNC
state due to rehydration of the bentonite, this should also occur at 4°C. If it was instead due to
actual cell division, this would not be expected to occur (at least at the same rate) in hydrated

bentonite incubated at 4°C.

Initially, the abundance of culturable aerobic heterotrophs was the same in all
microcosms (Figure 6.3; Tukey’s HSD, p<0.05). Similar to previous literature, the abundance of
culturable aerobic heterotrophs in hydrated bentonite in the present study increased over the
seven-day incubation at 30°C (Tukey’s HSD, p<0.05; Figure 6.3A). As predicted, this increase
was not observed in hydrated bentonite incubated at 4°C, or in un-hydrated (i.e., as-received)
bentonite incubated at either temperature (Tukey’s HSD, p<0.05; Figure 6.3A). As a control,
anaerobic heterotrophs and SRB, which have not previously been shown to increase in
abundance in oxic hydrated bentonite experiments [123, 124, 173]; Chapter 2], were included.
Like these previous studies, culturable anaerobic heterotrophs and SRB did not increase in
abundance over the seven-day incubation period (Tukey’s HSD<p<0.05; Figure 6.3A). These
results suggest that increase in abundance of aerobic heterotrophs in hydrated bentonite is not

due to a recovery from the VBNC state driven by rehydration alone. However, the conditions
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that lead to a recovery from the VBNC state can be very specific and multifaceted, so these
cultivation results alone do not rule out the possibility that recovery from VBNC state in
bentonite heterotrophs is driven by a both increased available water and temperature together

[208].

To rule out coupled hydration- and temperature-driven recovery from the VBNC state,
the cultivation analysis was coupled to a DNA analysis. Quantification of DNA extracted from
each microcosm showed a similar pattern to that of culturable aerobic heterotrophs. A significant
increase in abundance of 16S rRNA genes was observed over the seven-day incubation of
hydrated bentonite at 30°C, but not 4°C or un-hydrated (i.e., as-received) bentonite at either
temperature (Tukey’s HSD, p<0.05; Figure 6.3A). Further, 16S rRNA gene sequencing revealed
a shift in community composition from as-received bentonite starting material in the 30°C
hydrated bentonite microcosms over the seven-day incubation, but not any other microcosms.
Because DNA-based analyses are expected to include both culturable and VBNC cells, these
results demonstrate that observed increases in abundance of culturable aerobic heterotrophs in
hydrated bentonite are likely a result of cell division. In these microcosms, heterotrophic growth
was associated primarily with Streptomyces, but other heterotrophs may prevail under different

conditions.

Consistent with aerobic heterotroph cultivation and dPCR results, the 16S rRNA gene
profiles of bentonite collected from each microcosm after incubation showed a temperature- and
hydration-dependent shift in community composition (Figure 6.3). After seven days of
incubation, the microbial community composition of as-received bentonite microcosms
incubated at 30°C and in as-received and hydrated bentonite microcosms incubated at 4°C was
similar to that of the as-received bentonite starting material (Figure 6.3). Although there was
some overlap in ASVs detected in hydrated bentonite microcosms incubated at 30°C and the as-
received bentonite starting material, 30°C hydrated bentonite microcosms were dominated by
sequences associated with Streptomyces, which were not detected in any other microcosms or the
starting material (Figure 6.3). Together these results suggest that the increase in abundance of
aerobic heterotrophs is due to growth (i.e., increase in cell number) of these organisms rather

than a recovery from the VBNC state.
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Figure 6.3 Bar plot showing abundances of culturable microorganisms and 16S rRNA gene
copies in microcosms containing either as-received or hydrated MX-80 bentonite (M25)
incubated at either 4 or 30°C for one week (A). Corresponding 16S rRNA gene profiles of as-
received bentonite starting material and bentonite from microcosms after seven days of
incubation (B). Error bars represent standard deviation of duplicate microcosms. Letters above
bars represent statistically generated groups, such that bars with the same letter are not
statistically different from each other (Tukey’s HSD, p<0.05).

6.3.2 Bentonite heterogeneity
When growth of aerobic heterotrophs in hydrated bentonite is observed, and biological

replicates are included in the experimental design, there can be a relatively high degree of
variation in abundance of heterotrophs between biological replicates [173]; Chapter 2-4], even
when bentonite is hydrated using thorough mixing [173]. This phenomenon is more or less
apparent depending on the type of bentonite used and the temperature at which it is incubated
(Chapter 4). A clay and incubation temperature (i.e., a batch of Wyoming MX-80 bentonite
referred to as MX9, and 45°C incubation) previously observed (Chapter 4) to result in highly
variable abundances of culturable aerobic heterotrophs between biological replicates was

selected for additional analysis, including several replicates, to further explore heterogeneity
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between and within hydrated bentonite microcosms. Three different methods of mixing as-
received bentonite with water were tested (Table 6.1) to determine if inadequate mixing in
microcosm setup was the reason for observed variability in abundances of culturable aerobic
heterotrophs between replicate hydrated bentonite microcosms. Regardless of mixing method,
replicate microcosms had variable abundances of culturable aerobic heterotrophs (Figure 6.4A).
In some microcosms, counts of culturable aerobic heterotrophs were in the order of 10°, and in
others they were not detected at all (6.4A). For each mixing method, the standard deviation was
proportionally similar (equal to between 1.9 and 2.2 times the average). The variability in
abundance of culturable aerobic heterotrophs was smaller between technical replicate plates than
between biological replicate microcosms (although some error bars appear large when fewer than
20 colonies were counted on replicate plates; Figure 6.4A). Despite variability, the average
abundance of culturable aerobic heterotrophs was the same for all mixing methods (ANOVA,
p=0.82).

In addition to variability in culturable abundances of aerobic heterotrophs, 16S rRNA
gene profiles were also variable between microcosms (Figure 6.4B). Sequence depth was lower
for microcosms established using mixing method two (Table 6.1), potentially explaining the
more variable profiles between replicates. Bentonite samples from microcosms were most
commonly dominated by sequences associated with Streptomyces or Saccharopolyspora,
however, individual microcosms sometimes had little or no representation of these genera in
their 16S rRNA gene profiles and were instead dominated by sequences associated with
representatives of phyla Actinobacteria, Firmicutes, or Proteobacteria (Figure 6.4B). Although
barely detected in the bentonite profiles, the most common taxon dominating 16S rRNA gene
profiles of cultures from the bentonite was Bacillus, though once again there was variability
between replicate microcosms, and some microcosms were instead dominated by sequences

associated with other taxa such as Streptomyces or Saccharopolyspora (Figure 6.4B).
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Figure 6.4 Abundance of culturable aerobic heterotrophs in six replicate microcosms set up
using mixing method A (Table 6.1; A), and corresponding 16S rRNA gene profiles of bentonite
from each microcosm as well as of biomass from the aerobic heterotroph cultures inoculated
with each bentonite sample (B). Error bars in bar plots represent the standard deviation in
abundance of culturable heterotrophs on three replicate agar plates. Only genera with a minimum
relative abundance of 10% in at least one sample are included in the bubble plot.

Because variation was observed between replicate microcosms, a second experiment was
conducted to test if a similar level of variation would be observed if sets of cultures were
inoculated using different aliquots of bentonite originating from the same microcosm. To test
this, a total of three microcosms, each used to inoculate six separate sets of cultures, were
established using mixing method one (Table 6.1). Though to a lesser degree, there was still
observed variability in the abundance of culturable aerobic heterotrophs in each set of cultures
(Figure 6.5A). Despite variation, the average abundance of culturable aerobic heterotrophs was

the same in all three microcosms (ANOVA, p=0.41).

The 16S rRNA gene profiles were also variable (Figure 6.5B). In general, 16S rRNA
gene profiles of aerobic heterotroph cultures inoculated with aliquots of hydrated bentonite from
the same microcosm were usually dominated by similar sequences, but this was not always the
case (Figure 6.5B). For example, three replicate bentonite samples from microcosm one had
aerobic heterotroph cultures dominated by sequences associated with Bacillus, whereas three
replicate bentonite samples taken from the same microcosm instead had aerobic heterotroph
cultures with high relative abundances of sequences associated with Prauserella, Georgenia,
Saccharopolyspora, and Streptomyces (Figure 6.5B). Similarly, most cultures inoculated with

bentonite from microcosm 2 were dominated by sequences associated with Prauserella, but
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others instead by sequences associated with Streptomyces or Saccharopolyspora (Figure 6.5B).
Cultures inoculated with bentonite from microcosm 3 had the most consistent 16S rRNA gene

profiles, all being dominated by sequences associated with Streptomyces (Figure 6.5B).

One explanation for the observed heterogeneity is that the relatively low abundance of
cells in as-received bentonite are randomly distributed between and within microcosms such that
different species are differentially represented in certain microcosms or areas within a
microcosm. These cells could then potentially proliferate with increased water and temperature,
resulting in replicate microcosms being dominated by different species. From the results of this
experiment, it is possible that there truly are different abundances of culturable aerobic
heterotrophs between replicate microcosms and within individual microcosms, but it is also
possible that the microorganisms that happen to proliferate in one microcosm are culturable
under the specific conditions used, whereas the microorganism that proliferate in another may
not be. For example, sequences associated with Saccharopolyspora often dominated the 16S
rRNA gene profiles of hydrated bentonite after incubation (Figure 6.4B, Figure 6.5B) and are
detected in low or no abundance in as-received MX9 (Chapter 4), suggesting that
Saccharopolyspora-associated cell division occurred in the microcosms. That said, this taxon
was rarely detected in the 16S rRNA gene profiles of associated cultures (Figure 6.4B, Figure
6.5B), suggesting that it may not be culturable under the conditions applied. This taxon also
dominated the profiles of previously conducted microcosm experiments, and similarly was not
detected in 16S rRNA gene profiles of associated cultures [173]. Sequences associated with
Thermoactinomycetaceae also dominated (3184 or the 3187 total reads were associated with it)
the microbial profile of bentonite from one microcosm (replicate one, mixing method two), and
this culture had no detectable culturable aerobic heterotrophs, even though members of family
Thermoactinomycetaceae are typically aerobic heterotrophs [180]. This taxon was also
previously found to dominate microbial profiles of bentonite from microcosms, but not those of
the associated cultures (Chapter 4), further suggesting that it may not be culturable under the
selected conditions. Although speculative, variability in abundance of culturable aerobic
heterotrophs between and within replicate hydrated bentonite microcosms could be due to actual
differences in abundance of culturable microorganisms, or instead could be due to the
proliferation of unculturable (under the selected conditions) microorganisms in some

microcosms, and higher proportions of culturable microorganisms in others.
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Figure 6.5 Abundance of culturable aerobic heterotrophs in six subsamples of three replicate
microcosms, all set up using mixing method 1 (Table 6.1; A), and corresponding 16S rRNA gene
profiles of bentonite from each of the three microcosms as well as of aerobic heterotroph cultures
inoculated with each bentonite sample (B). Error bars in bar plots represent the standard
deviation in abundance of culturable heterotrophs on three replicate agar plates. Only genera
with a minimum relative abundance of 5% in at least one sample are included in the bubble plot.

6.3.3 SRB medium comparison

Unlike aerobic heterotrophs, culturable SRB typically do not increase in number in
bentonite [123, 124, 126—-128]; Chapter 2, Chapter 4], even when supplied with available water
and nutrients [173]. However, in a recent set of anoxic pressure vessel experiments set up using
gapfill bentonite compacted to varying dry densities and hydrated with sterile Type I water
(Chapter 3), SRB did increase in abundance from the as-received bentonite starting material in
several samples, especially outer layer samples in contact with the inside of the pressure vessel.
In this study, it was proposed that the measured increase in abundance of culturable SRB not
previously observed in other studies could be due to differences in SRB medium between
studies, differences in the specific bentonite used, or differences in set up that could have
resulted in less trace oxygen than in other studies. A series of experiments were conducted to test

these factors.

There are two types of SRB medium commonly used in experiments that involve
cultivation of SRB from bentonite: Postgate’s medium B, and SRB medium from HiMedia
(M803). To test if differences in the composition of the two media (Table 6.2) results in different
abundances or community compositions of culturable SRB from bentonite, triplicate sets of SRB
cultures were inoculated with as-received bentonite incubated at 15, 30, 45, or 60°C for one
week. Although too few replicates were included to conduct statistics, the 95% confidence

intervals for SRB cultures from a given clay incubated at a specific temperature either set up
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with Postgate’s medium B or with HiMedia’s SRB medium always overlapped (Figure 6.6). This

result was consistent for cultures incubated at 15, 30, 45, and 60°C (Figure 6.6).

Regardless of media choice, cultures inoculated with the same clay and incubated at the
same temperature had similar 16S rRNA gene profiles (Figure 6.7). The most prevalent genus of
putative SRB detected in clay samples was Desulfosporosinus, though sequences associated with
Desulfotomaculum were instead dominant in some samples (Figure 6.7). Most SRB cultures
incubated at 15 or 30°C were dominated by sequences associated with SRB, whereas sequences
associated with Bacillus were more dominant in 45°C cultures (Figure 6.7). Sequences
associated with Desulfospororinus were dominant in some 60°C cultures, and other dominant
genera included Bacillus, Caldibacillus, Brevibacillus, and Anoxybacillus (Figure 6.7). At 15 and
30°C, when a HiMedia culture from a particular clay was dominated by sequences associated
with genera other than Desulfosporosinus (e.g., with Bacillus or Anaerosporomus), the

corresponding Postgate’s medium B culture generally was as well (Figure 6.7).

Together, these results demonstrate that both media perform similarly, suggesting that
experiments conducted using one medium or the other should be comparable. HiMedia’s SRB
medium, which was used to culture SRB from anoxic pressure vessels where SRB increased in
abundance (Chapter 3), was also used to culture SRB from bentonite in other anoxic experiments
where they were not observed to increase in abundance, further suggesting that the choice of
SRB medium in the anoxic pressure vessel experiment was not the reason for the unexpected

increase in abundance of culturable SRB [127, 173].
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Figure 6.6 Bar plot showing the abundance of culturable sulfate-reducing bacteria (SRB) in
Asha bentonite hydrated to a water activity of 0.99 and incubated under oxic conditions for one
week at 15, 30, 45, or 60°C. Replicate SRB cultures were set up with Postgate’s medium B or
with SRB medium from HiMedia (M803). Error bars represent the 95% confidence interval

provided by the MPN table.
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Figure 6.7 Bubble plot of 16S rRNA gene profiles of SRB cultures inoculated with Asha
bentonite hydrated to a water activity of 0.99 and incubated under oxic conditions for one week
at 15, 30, 45, or 60°C. Replicate cultures were set up using Postgate’s medium B or with SRB
medium from HiMedia (M803). Only genera with a minimum relative abundance of 10% in at
least one sample are included. “A” and “BC” at the end of sample names refer to the culture

dilution.
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6.3.3 SRB growth in bentonite
A set of microcosms prepared using different conditions (Table 6.3) was used to test if

SRB growth observed in anoxic pressure vessels (Chapter 3), but not a previous microcosm
experiment specifically designed to promote the growth of SRB (i.e., bentonite hydrated to a
high water activity with SRB medium under anoxic conditions), was due to anoxic pressure
vessel set up resulting in a lower concentration of trace oxygen [173]. Setup methods A and B
mimicked previous microcosm [173] and anoxic pressure vessel (Chapter 3) conditions,
respectively. These two sets of microcosms were set up in different research labs consistent with
where the setup of the original experiment (microcosm or anoxic pressure vessel) occurred.
Although both conditions were intended to be anoxic, it was expected that method A could result
in higher concentrations of trace oxygen. Set up method C was conducted at the same location as
method A and was intended to be at least as anoxic as method B. Triplicate microcosms set up
using each of these set up methods resulted in the same low abundance of culturable SRB
(Tukey’s HSD, p<0.05). The abundance of culturable aerobic and anaerobic heterotrophs was
also similar between all tested conditions (Figure 6.8). For both aerobic and anaerobic
heterotrophs, no increase in abundance was observed over the six-week incubation (Tukey’s

HSD, p<0.05; Figure 6.8).

One difference between the setup of these experiments and that of anoxic pressure
vessels was that the clay was thoroughly mixed with water. To ensure that the mixing process
itself did not destroy SRB cells, a fourth condition was included where water was added on top
of the bentonite but not mixed. Microcosms set up using this method had the same low
abundances of SRB as all other microcosms (Tukey’s HSD, p<0.05), suggesting that mixing was
not the reason for no SRB growth in microcosms. This present microcosm experiment also tested
two different types of bentonite, gapfill bentonite (used in anoxic pressure vessels) and MX9
(used in previous microcosms), to determine if gapfill, which had not previously been used in
anoxic microbiology experiments, either contained a higher initial abundance of SRB or was
somehow more conducive to SRB growth. The abundance of culturable SRB, once again, was
the same for all microcosms, regardless of which bentonite was used (Tukey’s HSD, p<0.05).
These results suggest that neither clay nor differences in setup method leading to differences in
trace oxygen concentration were responsible for SRB growth in anoxic pressure vessels but not

in other experiments.
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Figure 6.8 Bar plots of the abundance of culturable aerobic heterotrophs, anaerobic heterotrophs,
and SRB in microcosms set up using either gapfill material or Wyoming MX-80 bentonite
(MX9) hydrated to a water activity of 0.96 and incubated under anoxic conditions at ~25°C for
six weeks. Replicate microcosms were set up using one of four setup methods (Table 6.3). Error
bars represent the standard deviation between triplicate microcosms.

To further test if trace oxygen could be responsible for SRB not growing in some
bentonite experiments but growing in others, the oxygen sensitivity of SRB from bentonite was
tested. In the one experiment, SRB cultures were inoculated with hydrated Asha bentonite and
incubated under oxic conditions. After incubation, five out of five A dilution (i.e., 1:10 dilution
of bentonite) cultures, five out of five B dilution (i.e., 1:100 dilution of bentonite) cultures, and
one out of five C dilution (i.e., 1:1000 dilution of bentonite) cultures were positive for SRB
growth. Biomass was collected from positive cultures of each dilution, and DNA was extracted
and sequenced. The 16S rRNA gene profiles of these cultures show presence of sequences
associated with the SRB Desulfotomaculum in the A and C dilution (Figure 6.9A). Although
these cultures did not have airtight caps, they were incubated without shaking and their 16S
rRNA gene profiles included relatively high abundances of sequences associated with putative

aerobic heterotrophs, so it is possible that an anoxic zone developed in the bottom of the tubes as
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aerobes consumed the oxygen, which was not replenished by mixing. Nonetheless, the results of
this experiment would suggest that SRB from bentonite, or at least Desulfotomaculum, are not

killed by exposure to oxygen.

To further explore the oxygen sensitivity of bentonite SRB, an enrichment culture of
Desulfosporosinus (>90%), a commonly observed putative SRB in bentonite, was subcultured
into several new tubes of SRB medium. Triplicate subcultures were incubated with increasing
concentrations of air in the headspace. The anoxic cultures exhibited the fastest growth, followed
by cultures with a headspace including 25 and 50% air (Figure 6.9B). These cultures were
completely black (indicating SRB activity) one, two, and five days after inoculation,
respectively. Cultures with 60% air in the headspace or higher had similar cell counts to the
initial inoculum at all time points, and these cultures never turned black, indicating no SRB
activity (Figure 6.9B). As oxygen concentrations would be expected to be too low to support
growth of obligate aerobes (~10% in the headspace of the 50% air cultures and ~5% in the 25%
air cultures), and no increase in abundance of cells (SRB or otherwise) was observed in the
cultures containing higher concentrations of air where SRB were not detected (i.e., no black
precipitate), it is likely that the increase in abundance of cells was reflective of
Desulfosporosinus growth. Although SRB are typically thought of as obligate anaerobes,
Desulfosporosinus and Desulfotomaculum species are known to form oxygen-tolerant
endospores that allow them to survive oxygen exposure [214, 215]. Further, members of the
genus Desulfosporosinus have been isolated from oxic environments and have genetic evidence
of oxygen adaptations typically associated with aerobes [216, 217]. In one study, it was proposed
that these organisms may even be performing sulfate reduction in the oxidizing layers of the gold
mine tailings in which they were detected [217]. The results of these experiments do not
conclusively show that SRB can reduce sulfate in the presence of oxygen (a pure culture would
be needed), but they do suggest that SRB in bentonite are likely not inhibited by trace amounts of

oxygen that may be introduced during experimental setup.
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Figure 6.9 Bubble plot showing 16S rRNA gene profiles of SRB cultures inoculated with three
dilutions (A, B, C) of an Asha bentonite clay suspension and incubated under oxic conditions.
Asha bentonite was hydrated to a water activity of 0.99 and incubated at 30°C for one week prior
to culture inoculation. Only ASVs with a minimum relative abundance of 1% in at least one
sample are included (A). Cell count-based growth curve of a Desulfosporosinus enrichment
culture incubated with varying concentrations of air (0-90%) in the headspace. Error bars
represent the standard deviation between triplicate cultures (B).

Overall, it remains unknown why SRB could grow in anoxic pressure vessel experiments
(Chapter 3) when a similar increase in abundance has not been observed in previous studies. The
results of the experiments presented here suggest that medium, bentonite type, and trace oxygen
likely do not account for growth of SRB in anoxic pressure vessels. One other major difference
between previous anoxic pressure vessel (Chapter 3) and anoxic microcosm [173] experiments
was pressure. That said, SRB were not observed to grow in other experiments where bentonite
was exposed to pressure under anoxic conditions, though these studies all used a different type of
bentonite and were either conducted in boreholes with lower temperatures and higher
concentrations of salt in the saturating water than in anoxic pressure vessels, or were set up using
dried clay [126—128, 173]. Another difference between anoxic pressure vessels (Chapter 3) and

anoxic microcosms [173] is the presence of a solid, porous substrate (i.e., filter stones directly in
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contact with the clay plug) that could potentially promote biofilm formation. Future microcosm
studies could be conducted incorporating similar solid substrates to test if SRB grow in their

presence.

6.4 Conclusion
The microbiology of bentonite clay is under study in the context of long-term used

nuclear fuel storage, as bentonite is a key component of several repository designs. Existing
research on the microbiology of bentonite clay has led to questions about how and why aerobic
heterotrophs and SRB grow in bentonite. Specific questions regarding the growth of
microorganisms in bentonite included if increases in abundance of aerobic heterotrophs
commonly measured in bentonite were associated with true growth or instead a recovery from
the VBNC state, why culturable abundances of aerobic heterotrophs were so variable in replicate
clay samples, and if observed SRB growth in bentonite in one study but not others was due to

choice of medium, bentonite type, or more strictly anoxic conditions.

The results of this study demonstrated that the increase in abundance of culturable
aerobic heterotrophs commonly observed when bentonite is hydrated under low- or no-pressure
conditions is likely due to actual cell division. The abundance of culturable aerobic heterotrophs
increased in microcosms of hydrated Wyoming MX-80 bentonite incubated at 30°C but not 4°C,
and DNA quantification results mirrored those of aerobic heterotroph culture abundances. To
further support that the increase in abundance was due to true growth, a shift in community
composition was observed for 30°C hydrated bentonite microcosms but not 4°C hydrated
bentonite microcosms. This increase in abundance of culturable aerobic heterotrophs was shown
to be highly variable, both in abundance and community composition, between, and to a lesser
degree within, replicate microcosms. The microorganisms that proliferated in some hydrated
bentonite microcosms were rarely or never detected in cultures inoculated with the same
bentonite material, and the microorganisms that proliferated in other microcosms were
commonly cultured. As such, it was proposed that the variability in abundance of culturable
aerobic heterotrophs may not be an accurate representation of different abundances of aerobic
heterotrophs in the microcosms and could instead reflect very different microbial community
compositions among replicate microcosms including different proportions of culturable

microorganisms.
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The experiments presented in this study suggest that SRB medium choice, bentonite type,
and more strictly anoxic conditions than used in some previous studies do not account for the
increase in abundance of SRB observed in a previous anoxic pressure vessel experiment
(Chapter 3). Clay suspensions used to inoculate two different types of SRB medium, and
microcosms set up using one of two different types of bentonite and one of four setup methods,
potentially associated with introduction of different levels of trace oxygen, all resulted in the
same low abundances of culturable SRB. Future studies should continue to explore the
conditions that allow for the growth of SRB in bentonite. For example, future hydrated bentonite
microcosm studies could include a solid porous substrate, similar to the filter stone in anoxic
pressure vessels where SRB were observed to grow, to test if this promotes SRB growth. The
experiments presented throughout, as well as previous microcosm and anoxic pressure vessel
experiments, all used sterile Type I water to hydrate bentonite. In the context of a DGR, it will be
important to test if the increase in abundance of SRB in previous pressure vessel experiments

would also occur if those pressure vessels were saturated with relevant groundwater.
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Chapter 7: Conclusions

7.1 Summary and context

The study of microbiology in the context of long-term used nuclear fuel storage has been
ongoing for over 30 years. Initial research focused on qualitative descriptions of the types of
microbial activity that could be relevant to a DGR, often by comparison to relevant subsurface
environments and their associated groundwater [218]. More recent research has focused on
bentonite specifically, and has aimed to quantitatively identify parameters that promote and
suppress microbial growth. Because a goal in designing DGRs is to suppress microbial growth
by increased bentonite dry density, studying microbial suppression in bentonite compacted to a
high dry density has been a major focus of study [123, 124, 126-129, 151, 219]. An initial study
demonstrated suppression of microbial growth in powdered Wyoming MX-80 bentonite
compacted to a dry density of 1.6 g/cm? under oxic conditions [123], and subsequent studies have
corroborated this [124, 126-129, 151, 219]. In all cases, gapfill material was not studied and
bentonite was either pre-saturated prior to compaction or early sampling time points (i.e., < 1
year) were not incorporated into experimental designs. As such, existing studies have overlooked
any microbial growth that may occur during the process of saturation, which represents
thousands of years in a DGR [20] and could be associated with more favourable conditions for
microbial growth due to decreased swelling pressure. Additionally, prior to the research
presented in this thesis, intermediate dry densities (i.e., 1.4-1.5 g/cm?), which could more
realistically be achieved for gapfill material in a DGR, had not been assessed for their ability to
suppress microbial growth. To address gaps in the literature, Chapters 2 and 3 focused on
identifying bentonite dry density conditions that suppress microbial growth in powdered and
gapfill bentonite under oxic conditions and in gapfill bentonite under anoxic conditions. In both
studies, intermediate dry densities were included to test if microbial growth was suppressed by
dry densities lower than 1.6 g/cm®. Further, bentonite was not pre-saturated and was sampled at

early time points to study microbial growth throughout the saturation phase.

To accurately model microbial growth in a DGR, it is important to not only study
microbial response to increased dry density, but also to the range of other physical conditions
expected in a DGR. As a DGR is expected to maintain elevated temperatures (>70°C) for over

one thousand years [119, 220], it is critical to understand the potential for thermophilic microbial
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growth. In the few studies that had been conducted prior to the research presented in this thesis,
it was demonstrated that some microorganisms in bentonite could survive a temperature of 60°C
but did not grow (i.e., increase in number) during this time [129, 130]. In one study, although
microbial activity was not observed, DNA sequencing did demonstrate a shift in microbial
community composition [130]. The work presented in Chapter 4 builds on these initial
observations by using a coupled cultivation and DNA sequencing-based approach to look for
evidence of microbial growth at elevated temperature, and additionally built on previous research
by incorporating five additional DGR-relevant temperatures (15, 45, 75, and 105°C) beyond the
previously studied 30 and 60°C.

Although lab-scale experiments are crucial for studying the response of bentonite
microbial communities to changes in specific DGR-relevant physical properties, they are very
short term (i.e., usually one year or less) in comparison to the very long timeframes a DGR is
expected to remain active (i.e., one hundred thousand to one million years). A solution to this is
to couple lab-scale experiments to the study of natural bentonite deposits (i.e., natural
analogues), which have existed in nature for DGR-relevant timeframes. Few natural analogues
have been studied [133, 135, 136, 204], and half of the studies in this area predate the era of
DNA sequencing [136, 204]. Nonetheless, these studies have demonstrated the presence of
culturable microorganisms in all clays studied, sometimes including sulfate-reducing bacteria in
low numbers [133, 135, 136, 204]. For the studies that incorporated DNA-sequencing, microbial
communities were often dominated by sequences associated with Proteobacteria or
Actinobacteria phyla, and the factors that determine which microorganisms exist in one
bentonite sample versus another remain poorly understood [133, 135]. In the existing literature,
too little data exists to make broad-scale conclusions or predictions about the potential state of
bentonite in a DGR far into its future. The data presented in Chapter 5 adds the study of several
bentonite core samples from the Tsukinuno mine (Japan), incorporating cultivation, DNA
sequencing, and measurement of a variety of geochemical components to attempt to explain

factors that drive microbial community composition and abundance in natural bentonite deposits.

The work presented throughout this thesis raised additional questions regarding the
growth of microorganisms in bentonite and the factors that influence it. These questions were

addressed in Chapter 6. The first uncertainty was regarding the increase in abundance of
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culturable aerobic heterotrophs, compared to as-received bentonite, in hydrated bentonite that is
uncompacted or compacted to a relatively low dry density (i.e., <1.4 g/cm?), which was observed
in Chapters 2, 3, and 4 as well as in previous literature [123, 124, 126, 127]. One study proposed
that this increase in abundance was more likely associated with a recovery from the VBNC state
rather than a reflection of microbial growth [125]. When these increases in abundance of
culturable heterotrophs are observed, and the experimental design includes replication, the
abundances among replicates are often highly variable, even when caution is taken to make
replicates as homogeneous as possible [173]. Finally, when growth of SRB was observed in
anoxic pressure vessels in Chapter 3, a series of experiments were conducted to explain the
factors that may have allowed for this growth, as it had not been observed in previous

experiments [123, 124, 126—128].

7.2 Dry density considerations for a future DGR
The results of the work presented in Chapter 2 support that the previously identified dry

density threshold of 1.6 g/cm? [123] does suppress microbial growth under oxic conditions in
powdered Wyoming MX-80 bentonite, and further demonstrates that this same high dry density
leads to suppression of microbial growth in gapfill material, which was previously untested
under these conditions. Although intermediate dry densities were not tested for gapfill material
under oxic conditions, a dry density as low as 1.4 g/cm? suppressed microbial growth in
powdered bentonite once saturation neared completion (Chapter 2). Prior to saturation, partially
hydrated pressure vessels (i.e., at early sampling time points) were generally associated with
growth of aerobic heterotrophs in the outer layers (i.e., the surfaces in contact with the inside of
the pressure vessel). This increase in abundance of culturable heterotrophs has previously been
observed [123, 124, 126, 127] and was hypothesized to be due to a recovery from the VBNC
state for existing cells rather than microbial growth [125]. The results presented in Chapter 6
demonstrate that the increase in abundance is instead likely due to growth by cell division (i.e.,

increase in cell number).

A similar initial increase in abundance of aerobic heterotrophs, and anaerobic
heterotrophs in this case, was observed in the outer layers of anoxic pressure vessels with
bentonite compacted to a dry density of 1.40 g/cm?® or less (Chapter 3). Although no increase in

abundance of culturable heterotrophs was observed in the inner layer of pressure vessels with a
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minimum bentonite dry density of 1.45 g/cm?, culturable SRB higher in abundance than the
starting material persisted throughout all pressure vessel dry density conditions (1.25-1.60 g/cm?)
over the one-year experiment. That said, these results do not necessarily imply that SRB were
active at all time points, and it is instead possible that they proliferated in outer layer samples at
early time points with low saturation and swelling pressure, then persisted as inactive spores in
the saturated bentonite. Follow-up experiments suggested that this SRB growth, which had not
been observed in previous studies, was likely not inherent to gapfill material, nor due to choice
of SRB medium, nor differences in trace oxygen between anoxic experiments (Chapter 6).
Additional experiments will be needed to better understand the conditions that allow for the

growth of SRB in bentonite.

Together, results of pressure vessel experiments suggest that a dry density of 1.40-1.45
g/cm? would suppress microbial growth in the powdered and gapfill bentonite in a future DGR,
in both the initial oxic phase and the long-term anoxic phase, once the DGR is fully saturated.
Prior to saturation, growth of heterotrophs and SRB may be expected, especially at the bentonite-
rock wall interfaces. It is also important to note that, unlike in the current experiments, saturation
in a DGR will be linked to temperature. This means that for most of the low saturation period in
a DGR, the temperature will be much higher than the ~25°C temperature that these pressure
vessel experiments were conducted at. This could be expected to limit microbial growth,

although additional experimentation would be helpful to confirm these observations.

7.3 Temperature limits of microbial growth in bentonite

The results of this thesis corroborate previous literature which demonstrated survival of
microorganisms in bentonite after incubation at 60°C [129, 130], and further demonstrates that
microorganisms can persist in a viable and culturable state in bentonite after incubation at 15, 30,
or 45°C, suggesting that the as-received bentonite microbial community includes thermotolerant
microorganisms (Chapter 4). Although an increase in the abundance of culturable
microorganisms, usually used to define microbial growth in bentonite, was not observed in
hydrated bentonite incubated at 60°C, 16S rRNA gene profiles of these microcosms were
dominated by sequences associated with Thermoactinomycetaceae, which were not detected in
as-received bentonite samples and rarely detected in associated cultures. These results

highlighted a limitation of culture-based microbial abundance estimates. It is likely that members
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of family Thermoactinomycetaceae did grow in these microcosms based on DNA sequencing
results, but from the cultivation results alone it appeared as though microbial growth did not
occur, and further that very few cells from the initial community survived. Although DNA was
detected in bentonite incubated at temperatures up to 105°C, microbial profiles between
replicates were variable and did not reflect a change in community composition from the as-
received bentonite starting material, suggesting that there was no or minimal microbial growth in

bentonite at these temperatures.

Overall, the microcosm experiments demonstrate that as-received bentonite includes
microorganisms that can grow in hydrated bentonite incubated at 15, 30, 45, or 60°C. These
results do not support microbial growth in bentonite incubated at temperatures of 75°C or higher.
Importantly, sequences associated with Thermoactinomycetaceae were not detected in the as-
received bentonite starting material, highlighting the important of these types of microcosm
experiments to test for the presence of certain microbial groups rather than using analysis of as-
received clay alone to make conclusions about the microbial potential within. Similarly, the
results of Chapter 4 cannot be used to make any statements about whether thermophilic
microorganisms would proliferate in bentonite under anoxic conditions, in compacted bentonite,
or in bentonite saturated with relevant groundwater rather than Type I water, but all three

represent valuable follow-up experiments.

7.4 Microbiology of a future DGR

Making statements about the types of microorganisms that may be present temporally in
a DGR is challenging. Existing literature that used DNA-based analyses suggested that microbial
communities within compacted bentonite in a DGR may be associated with taxa such as
Pseudomonas and Bacillus, as they have been shown to proliferate in compacted bentonite [127,
151]. Although there was evidence for growth of microorganisms associated with these taxa
under certain conditions, results of the experiments presented within show that as-received
bentonite includes several different species of viable microorganisms that can proliferate in
bentonite under suitable conditions (Chapter 2, 3, 4, 6). The specific microorganisms that
proliferate in a given bentonite sample are likely related to the distribution of low abundance
microorganisms and condition-specific selection. Under all conditions tested (i.e., oxygen

concentration, temperature, bentonite type, and dry density), sequences associated with phyla
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Proteobacteria, Firmicutes, and Actinobacteria dominated. Generally, these sequences were
associated with putative heterotrophs, though the sulfur oxidizer Thiobacillus was dominant in
several high dry density oxic pressure vessels (Chapter 2), and the sulfate-reducing bacterium
Desulfosporosinus was detected at high relative abundance in the bentonite-pressure vessel

interfaces of anoxic pressure vessels (Chapter 3).

All tested physical conditions were found to influence the microorganisms that grew in
bentonite (Chapter 2, 3, 4, 6). Correlating physical properties to microbial community
composition and abundance was more challenging for natural analogue samples where
conditions were not modified throughout an experiment but instead had been stable over very
long timeframes (Chapter 5). Nonetheless, nitrate, which could act as an electron acceptor in
denitrification, was positively correlated with the abundance of culturable anaerobic
heterotrophs, and montmorillonite, which influences the degree of clay swelling, was negatively
correlated with the abundance of culturable aerobic and anaerobic heterotrophs. Several different
geochemical properties were weakly or moderately correlated with microbial community
composition of Tsukinuno bentonite cores. These results suggest that additional physical or
chemical properties that have not been considered in the present experiments (e.g., ground water
chemical composition and pH) could influence the microorganisms that grow in bentonite

beyond the known influence of dry density, temperature, water availability, and oxygen.

Based on the results presented, a DGR, initially oxic and moderate in temperature, may
be associated with growth of putative heterotrophs such as Streptomyces, Nocardiopsis,
Saccharopolyspora, and Micrococcaceae, as water becomes available and swelling pressure
remains relatively low (Chapter 4 and 6). In areas of increasing temperature, thermophiles like
those from family Thermoactinomycetaceae may instead dominate (Chapter 4). Eventually, as
saturation is complete and oxygen depleted, microbial growth should be suppressed, provided
that the dry density is at least 1.4 g/cm? (Chapter 2-3). In any areas with locally lower dry
densities, growth of microorganisms such as Mycoplasma, Acinetobacter, and Pseudomonas may
be expected if oxygen is fully depleted (Chapter 3). If some oxygen remains, growth could
instead be associated with Pseudomonas, Bacillus, or Thiobacillus, and additionally
Streptomyces and Cupriavidus if dry density is locally below target (i.e., 1.1-1.25 g/cm?; Chapter

2). In general, the abundance of viable microorganisms is expected to be highest at interfaces
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(e.g., between bentonite and the host rock; Chapter 2 and 3), where growth of anaerobic sulfate-
reducing bacteria and other microorganisms such as Bacillus and Anaerobacillus could be
expected if conditions are anoxic (Chapter 3). These interface zones are more likely to be

associated with aerobic microorganisms such as Pseudomonas if oxygen persists (Chapter 3).

In the long-term, natural analogue research suggests that at least some of the taxa
detected in the lab-scale experiments could prevail in subsurface clay. All bentonite cores from
the Tsukinuno mine were dominated by sequences associated with family Comamonadaceae,
Thiobacillus, and Pseudomonas (Chapter 5). On a broader taxonomic level, phylum
Proteobacteria dominated Tsukinuno clay profiles, and additionally phylum Actinobacteria in
the cultures inoculated with Tsukinuno clay. These represent two of three phyla that dominated
all lab-scale experiments presented here (Chapter 2, 3, 4, 6), and the third, Firmicutes, is a
common inhabitant of subsurface communities in general. Although the conditions of the
Tsukinuno bentonite do not perfectly mimic the expected conditions of DGR bentonite, the
results of the natural analogue experiment (Chapter 5) did not suggest that SRB would be

dominant members of long-term bentonite-associated communities.

167



ES—
i
(®)
3
Ch. 4 ? 5
Growth of aerobic
heterotrophs is Growth of Growth of
likely along thermophiles heterotrophs and . X .
saturation front under oxic, high || SRB at interfaces Microbial growth No evidence
and at interfaces water activity at moderate suppressed for long-term
conditions (~30°C) within bentonite SRB—
Bacillus, Pseudomonas, temperature with a dry density dominated
Thiobacillus, Streptomyces, ) >1.45 g /cm?3 microbial
Nocardiopsis, 7 Desulfosporosinus, communities
Micrococcaceae Pseudomonas,
.’V. - Acinetobacter 2
e 80 1
g
3 60+
o
o) .
2 40
S
()
[

[ Crystalline
040 - K—/ Sedimentary

102 100 10° 10 102 100 10+ 105 10°
Time after placement (years)
Figure 7.1 Predicted microbiology of a future DGR throughout time and its relation to research
in this thesis.

Degree of saturation
o
(e}
o
1

7.5 Future outlook

Although our understanding of microbial growth in bentonite in the context of long-term
used nuclear fuel storage is increasing, there remain some outstanding questions. For example,
many of the microorganisms that are detected in bentonite via DNA sequencing are from taxa
with a high degree of metabolic versatility. With 16S rRNA gene sequencing alone, it is only
possible to make broad predictions about the types of metabolisms that the microorganisms
detected may be capable of conducting. To achieve a more detailed understanding of the specific
microbial metabolisms that occur in bentonite under different conditions, metagenomics and
metatranscriptomics should ideally be incorporated, although both are challenging for bentonite,

from which DNA and RNA are rarely extracted in sufficient quantities for these analyses.

Another limitation of current DNA-based analysis is the inability to distinguish between
relic DNA and DNA belonging to living cells. In the case of natural analogue samples, for

example, it is unknown if any of the DNA detected represents currently living organisms. This
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can be mitigated to a degree by incorporating a cultivation-based approach and sequencing
biomass from the cultures, but not all viable microorganisms are culturable. As such, when clay
and culture profiles have a high degree of overlap, it implies that the DNA detected in clay
represents viable microorganisms, but when they overlap poorly, the opposite conclusion is not
appropriate (i.e., the DNA in clay may represent viable microorganisms that are not culturable
under the specific conditions applied). In other experiments, where a shift in microbial
community composition is observed after incubation under a specific set of condition (e.g.,
hydration coupled to increased temperature or dry density), it is likely that the DNA detected
represents microorganisms that grew throughout the course of the experiment. That said, it is not
known how long this DNA persists after a cell may die. For example, growth of certain
microorganisms was observed in the initial low-saturation, low-swelling pressure phase of
pressure vessel experiments. Sequences associated with these same microorganisms were also
detected in pressure vessels incubated beyond the point of saturation, but it is not known if those
cells were still intact and viable at that point or if the high swelling pressure had killed them.
Although again challenging due to the low biomass, swelling, and adsorptive nature of bentonite,
methods such as propidium monoazide (PMA) pre-treatment prior to DNA extraction, which has
been developed for several other environments [221-223], should be developed for bentonite to

allow for the study of only the viable portion of the microbial community.

Dry density is an important parameter in DGR design given that it is what is expected to
suppress microbial growth. Other conditions that could also influence microbial growth (e.g.,
temperature, saturation, water activity, groundwater composition, and presence of geogenic gases
like hydrogen that could act as electron sources) that are either inherent to the host rock or that
are expected to change over the lifetime of a DGR are relatively underexplored, as are
combinations of conditions that will co-occur in a DGR (e.g., high dry density coupled to
incomplete saturation and high temperature). The results presented throughout show that the
microorganisms that grow in bentonite are not always the same and depend on the specific
conditions of the bentonite. Although most microorganisms observed to grow in bentonite are
putative heterotrophs, further experiments are needed to fully understand the conditions that
promote the growth of SRB in bentonite. To accurately model the microbiology of a DGR
environment, it is important to know which microorganisms are likely to persist at different

times in a DGR. Especially when the physical conditions applied promote the growth of
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microorganisms that do not grow under commonly used cultivation conditions (e.g., high
temperature), incorporating a multifaceted experimental design (e.g., not relying on cultivation
alone, but instead incorporating DNA-based analyses as well) is critical to avoid making

incorrect conclusions.

7.6 Research significance
Overall, the research presented throughout this thesis corroborates previous dry density

thresholds for suppression of microbial growth in Wyoming MX-80 bentonite under oxic
conditions and further presents minimum dry density thresholds for gapfill material under oxic
and anoxic conditions, which had not previously been reported. It further explored a range of
lower dry densities that represent more realistic targets to achieve in a DGR, through which a
lower minimum dry density threshold of 1.40 g/cm? (oxic) to 1.45 g/cm? (anoxic) was
demonstrated to be sufficient to suppress heterotrophic growth, though SRB persisted in anoxic
experiments (potentially as inactive spores) at higher dry densities. By using an experimental
design involving initially un-hydrated (i.e., as-received) bentonite and early sampling time points
(i.e., one month), microbial growth during the saturation phase, which could represent thousands
of years in a DGR, was studied. Through this, it was shown that heterotrophs may initially
increase in abundance in compacted bentonite prior to complete saturation, and a follow-up
experiment demonstrated that this increase in abundance is likely attributed to true growth rather
than a recovery from the VBNC state, as previous literature has suggested [125]. This research
also adds to existing literature on natural analogue samples, and the effect of elevated
temperature on microbial growth and survival in bentonite. Through the temperature
experiments, it was shown that as-received bentonite contains thermophilic microorganisms that
can proliferate in uncompacted hydrated bentonite incubated at a high temperature (i.e., 60°C).
The natural analogue study suggests that bentonite within a DGR, once conditions stabilize,
could be associated with low abundance microbial communities without detectable SRB
representation. Together these results can be incorporated into models to better understand the
impact that microorganisms may have in a DGR over the very long timeframes it needs to

remain active, which will ultimately be used to inform DGR design.
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