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ABSTRACT

The Nuclear Waste Management Organization of Canada was mandated with the safe, long-term
containment of the mounting nuclear industry waste (NWMO, 2005). The engineering of a
multi-level barrier system in deep geological repositories to prevent radionuclide escape into
groundwater involves the multidisciplinary collaboration of physicists, modelers, engineers,
policy makers and legislators. This extreme environment is largely inhospitable to life,
nevertheless microbial ubiquity demands biological attention if we are to approach risk
assessment with legislative integrity. Two decades of work driven by an engineer-turned-
microbiologist (Stroes-Gascoyne et al., 2010) provided extensive data to support highly
compacted bentonite clay for microbial suppression during repository saturation. However,
interfaces still demand microbiological attention (Wolfaardt and Korber, 2012), and desiccated
bentonite interfaces are thus the focus of this research. The foundational work (Chapter 2)
developed tools for evaluating microbial activity in saturated and desiccated bentonite. Novel

aspects included the evaluation of precipitated sulphides with fluorometry, and the use of closed-

1ii



loop CO, measurements to assess microbial metabolism at bentonite-air interfaces. These tools
were employed (Chapter 3) to measure the influence of relative humidity (RH) on persistent
microbial metabolic activity at bentonite-air interfaces, and the influence of metabolic activity on
the clay matrix. It was shown that the combination of bentonite interfaces and high RH
stimulated the metabolic persistence of microbial communities during desiccation, despite high
RH inhibiting the long-term survival of viable communities. A number of hypotheses were built
on these observations (Chapter 4). These extended the observation of the interactive influence of
high RH and bentonite to another hygroscopic matrix, polyethylene glycol, confirming that
hygroscopic interfaces and high RH improve microbial access to water vapor at surface-air
interfaces. It was also shown that oligotrophy increases biofilm desiccation-resilience in a
desiccation-tolerant  species (Arthrobacter), but not a desiccation-sensitive species
(Pseudomonas). An appreciation of the microbial ability to harness their matrix for access to
water vapor, and the interaction of this metabolic persistence with long-term survival, is
applicable in the modeling and engineering of these industrial environments, and is an intriguing
picture of the response of these versatile organisms to the vast challenges within which they so

remarkably persist.
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CHAPTER 1

Introduction to Microbial Metabolism at Surface-Air Interfaces

Implications for the Long-Term Storage of Used Nuclear Fuel



1. Introduction

1.1 Used Nuclear Fuel Storage: Legislature, Policy and Emplacement

The Nuclear Waste Management Organization of Canada (NWMO) is an independent research
body, commissioned under the Nuclear Fuel Waste Act to design and implement a process for
the storage of Canada’s accumulated used nuclear fuel (NWMO, 2005). In its Adaptive Phased
Management plan, proposed in 2005 and federally initiated in 2007, the NWMO describes the
disposal of nuclear waste in deep geological repositories (DGR’s) under a multi-disciplinary
management plan that spans 3 phases over 90 years. Under the APM plan, a program has been
rolled out to select a geologically appropriate site in a willing and informed host community
(NWMO, 2005; NWMO, 2010). In Canada, there are currently 22 operating Canada Deuterium
Uranium (CANDU) nuclear generation facilities. According to the Nuclear Energy Agency of
the Organization for Economic Co-operation and Development (OECD, 2012), nuclear power
generates 50% of Ontario’s total power supply. Canadian reactor site storage, as of 2014, had
accumulated over 2.5 million CANDU bundles (ca. 50,000 tonnes of heavy metal, t-hm), with
projections of 3.4 million fuel bundles (ca. 69,000 t-hm) at the time of DGR emplacement
(Garamszeghy, 2010). The APM strategy was selected as a long-term solution, relying on both
natural and engineered barriers in the DGR for radionuclide containment. The natural barrier
system will involve emplacement under 500 m of low-permeability sedimentary or crystalline
host rock, in geological formations assessed for stability. The Canadian engineered barrier
system (Fig 1.1) consists of copper-coated steel used fuel containers, containing 48 CANDU
bundles each, surrounded by highly-compacted bentonite (HCB) clay. The used fuel container is

designed to provide containment for at least 100,000 years; whereas, the HCB clay and host rock



will be relied upon for isolation of radionuclides to one million years. A nearly-sterile zone is
expected in the highly compacted bentonite directly surrounding the used fuel containers.
However, the interfaces between the bentonite barrier and the host rock have been identified as
potential zones of microbial activity warranting investigation (Stroes-Gascoyne et al., 2011A;

Pedersen, 2010; Wolfaardt and Korber, 2012).

Repository Interfaces

4 Used fuel container and bentonite

2 Host rock and bentonite
4 5 Copper-coated steel
3 Bentonite components o used fuel container

Low
permeability
host rock

Bentonite pellets
(Gap-fill)

Highly compacted
bentonite

FIG 1.1 The Canadian Engineered Barrier System (EBS) in a deep geological repository
for used nuclear fuel storage. The current Canadian design employs copper used fuel
containers as a first barrier for the prevention of radionuclide escape from CANDU fuel bundles,
and highly-compacted bentonite (HCB) blocks as a buffer between the used fuel containers and
the host rock. The interface between the host rock and HCB is of greatest microbiological

interest.



1.2 Used Nuclear Fuel Storage: Interface Microbiology

Microbes are adept at surviving diverse extreme conditions (Fredrickson et al., 2004; Dadachova
and Casadevall, 2011; Hallbeck and Pedersen, 2012), and metabolism could have a variety of
consequences in a DGR (Hallbeck and Pedersen, 2012; Stroes-Gascoyne and West, 1997).
Microbial metabolism could create anaerobic zones due to oxygen consumption, metabolic by-
products could cause Microbially Induced Corrosion (MIC), metabolic gas generation could
cause cracks and channels of preferential diffusion through the compacted bentonite (Fig 1.2)
and microbes could influence radionuclide migration by sorption or solubility. Indigenous
microbial populations in the host rock may influence the storage of used nuclear fuel, as well as
organisms introduced during the construction phase (Sherwood Lollar, 2011; Pedersen, 1997).
Construction and waste placement will lead to aerobic, hot, dry, oxidizing conditions in the
DGR; but upon emplacement and sealing, the environment should revert back to the initial
anaerobic, cool, saturated, reduced conditions over time. This gradual change in conditions is

predicted to take hundreds of thousands of years (NWMO, 2005).

FIG 1.2 Potential microbial DGR consequences. Biogenic cracking of cement compounds in a

surface repository after 4-5 years (Safonov et al., 2012).



The microbiology of this field has been extensively studied (Wolfaardt and Korber, 2012;
Safonov et al., 2012; Fru and Athar, 2008; Stroes-Gascoyne et al., 2010; Stroes-Gascoyne et al.,
2011A, B) and it was concluded that the surface area and compacted bentonite surrounding the
used fuel containers are likely to be completely sterile for many hundreds of years due to
extreme heat, radiation and desiccation. These may lessen over time, but compaction of bentonite
to a dry density of 1.6 g/cm’, with a corresponding saturation swelling pressure of >2 MPa and
ay of <0.96, limits culturable microbial numbers to background levels in as-received, powdered
dry bentonite (Stroes-Gascoyne et al., 2010). Thus, the area directly surrounding the canisters is
considered unlikely to pose any microbial threat to the storage structure integrity. However, the
interfaces between the buffer and host rock could potentially present both the space and the

nutrients for microbial survival and activity.

The potential for microbial metabolic activity in the nutrient-limited deep geological subsurface
has been demonstrated (Kotelnikova, 2002). The organisms that have received the most attention
in this environment are tellingly classified by their metabolic by-products, which have potential
impacts in any deep subsurface endeavours, such as mining and repositories. They include the
sulphate-reducing bacteria (SRB), acetogens and the methanogens (Wolfaardt and Korber,
2012), with corrosive sulphide production by SRB receiving the most focus in nuclear waste
research. The compaction of the MX-80 bentonite buffer and resultant swelling pressure,
combined with the natural salinity of groundwater, should prevent the growth of these organisms
by lowering a,, (Stroes-Gascoyne et al., 2010; Masurat et al., 2010). However, these limiting
parameters may not be maintained at HCB-host rock interfaces. Stroes-Gascoyne et al. (2011A)

postulated that DGR moisture cycles could lead to non-homogenous bentonite swelling and the



transient release of microbial limiting parameters at buffer-host rock interfaces. Moisture levels
may fluctuate due to heat gradients as a result of used fuel emplacement. When dry, the absence
of water would be expected to limit microbial activity whereas upon saturation, clay swell
pressure would physically limit microbial access to water. However, if these swell parameters
are not met in non-uniform microenvironments during the periods between dry and wet phases,
microbial activity could influence the bentonite matrix with the production of extracellular
polymeric substances (EPS) and metabolites (Fig 1.3). In particular, biofilm formation at HCB-
host rock interfaces has the potential to alter the transport of radionuclides and metabolites
through the bentonite matrix, or provide microenvironments that promote microbial survival and
activity. Such activity may influence key physical properties of bentonite, such as the clay swell
index. Thus, the 2™ and 3" Chapters of this dissertation investigates,
(1) the ability to measure microbial metabolism in bentonite in saturated and desiccated
conditions,
(1)  the potential for microbial metabolism at surface-air interfaces,
(i11))  the influence of relative humidity and clay on microbial metabolic persistence at
surface-air interfaces and,
(iv)  the impact of microbial metabolism on key bentonite properties, such as the clay

swell index and water retention capacity.



CFU Aerobes/g
i
e

Measured Dry Density (g/cm?)

Stroes Gascoyne et al., 2010

HIGHLY COMPACTED BENTONITE
l HOST ROCK

Moisture Cycles?
High RH?

INTERFACES Microbial Activity?
Impact on Bentonite Environment?

FIG 1.3 Research motivation schematic. Previous studies have demonstrated that bentonite
compacted to 1.6 g/cm’ limits a, by swelling sufficiently to suppress microbial growth in
saturated conditions. During liquid or gaseous moisture cycles, however, interface
microenvironments may form with high enough ay and low enough pressure for microbial

activity. This work investigates the measurement of such potential microbial interface activity.

The distinction between microbial survival and persistent metabolism is fundamental, both in
definition and consequent impact. Due to nutrient limitation and extreme conditions in
subsurface environments, and the associated challenges in measuring microbial activity,
subsurface microbiology has focused on microbial survival and species diversity. However, in
the time-scales considered in DGR models, even slow metabolism could eventually influence the
matrix. Thus, this research attempts to address microbial impact, rather than species diversity.
Chapters 2 to 4 address the classification of an active community (with a measurable metabolic
impact on their surroundings) and a potential community (with a potential for activity under ideal
conditions), and discuss the relevance of both in the DGR. Particularly, the influence of relative

humidity (RH) on microbial activity and survival is investigated.



1.3 What do Microbes Face upon Desiccation?

1.3.1 “Essentially Aquatic Organisms”

A microbial community relies on water as the source of the proton motive force for the ADP-
ATP cycle, the basis of innumerable intra-cellular processes, and external water is similarly
crucial for maintaining cell turgor, motility and molecular momentum across the membrane,
including the export of toxins and import of substrates (Stotzky and Pramer, 1972).

As such, microbes have been referred to as “[regardless of their habitat...] aquatic creatures”
(Stotzky and Pramer, 1972). The theory behind the availability of water to microbes at soil-air
interfaces was extensively reviewed decades ago, and two excellent reviews will be summarized
here for context (Stotzky and Pramer, 1972; Brown, 1976). Notably, both of these thorough
reviews point out that the theory was rarely conclusively demonstrated in situ, due to the
challenge of measurement techniques and the variability and diversity of natural soil and surface
populations. The development of genetic techniques since then has facilitated an understanding
of metabolism at surface-air interfaces (Billi et al., 2000; Deng et al., 2012), but low cell
concentrations and reactions rates remain a hurdle to measuring true impacts in this field of

study.

As proposed by Brown (1976), all prokaryotes and many microbial eukaryotes acquire nutrients
from solution, and for a growing prokaryote, even a desiccated environment is thus essentially a
“concentrated solution with which the microbial cell must come directly to thermodynamic

terms”’.



Osmotic potential and water activity are the most well-researched indicators of microbial
environmental access to water, since both are relatively easily measured. Water activity (ay,
described in Eq 1) describes the availability of environmental water to microorganisms, as

opposed to quantification of the total water in the environment.

ay = P¢/Py, = RH/100 Eql

where Ps = vapour pressure of the solution/environment, Pw = vapour pressure of pure water at

the same temperature, and RH is the relative humidity (Brown, 1976).

However, as pointed out by Brown (1976), water potential is a much more thorough concept,

since it includes osmotic potential (concentration of solutes, W,), pressure potential (‘Pp),
gravimetric potential (W), potential due to humidity (‘*y) and the matric potential (‘Y1) (Eq 2).
All of these will have an influence on the availability of water to the microbial population at a

surface-air interface.

Y=V, + W+ W, + P+ Py Eq 2

This equation demonstrates that the influence of desiccation on a microbial cell comprises more
than pure limitation of liquid phase water molecules. Matric potential and osmotic potential, two
distinct variables in the above-mentioned equation, have distinct morphological effects on both
bacterial biofilms and eukaryotes (Chang and Halverson, 2003; Ramirez et al., 2004; Ritchie,
2006). In Pseudomonas putida, matric stress stimulates thicker biofilm EPS layers and solute

stress stimulates filamentous morphology, both well-studied bacterial responses to desiccation



(de Goffau et al., 2011). The effects of water limitation on microbes are also determined by a
number of extrinsic factors such as the availability of nutrients, the substrate upon which the
cells are dried, the inoculum size, the cell growth phase, and the speed at which the cells are

dried (Billi and Potts, 2002; Potts, 1994).

1.3.2 Desiccation at the Molecular Level: Cell Responses

There are two phases to the microbial desiccation response: an initial, rapid thermodynamic
response and a slower metabolic, enzymatic and molecular adaptation during persistent growth
(Brown, 1976). In the adaptation phase, growth at low a,, is due to (a) enzymes that have
different conformations from non-adapted organisms or (b) the same enzymes as non-adapted
organisms, within an intra-cellular environment that is controlled at higher a,, than the external
environment, or a combination of the two. In halotolerant and halophylic bacteria, low ay,
changes peptidoglycan and lipid structures to the extent that antibiotics like penicillin don’t
affect them. It also influences metabolism and stimulates pigment, gas vacuole and satellite DNA
production. Thus, in exploring the influence of RH on microbial metabolism, the adaptation

phase must be considered, and its influence on anabolic-catabolic rates.

1.3.3 Nutrient Cycling, Growth Rates and Desiccation

Water limitation is an effective and well-researched method for retarding microbial growth in the

food industry, achieved by drying, freezing (limiting microbial access to liquid water) or adding

solutes (Brown, 1976). Eukaryotes are much more tolerant of a wider range of water activity and

10



osmotic potential than prokaryotes (Table 1; Brown, 1976), and yeasts are notorious for
contaminating honey, despite its high solute concentration and consequent low a,, (Snowdon and
Cliver, 1996). However, desiccation is typically linked to starvation, since microbes faced with
desiccation are often airborne, or on nutrient-poor surfaces (Billi and Potts, 2002; Potts, 1994).
Brown (1976) describes an interesting discrepancy in the impact of the concentration of solutes
that inherently accompanies desiccation in often nutrient-limited natural environments. At least
during the initial phases of desiccation, the negative effects of water limitation increase
concurrently with microbial access to nutrients. Similarly, the cell death and decomposition of
susceptible species during desiccation provides resistant heterotrophs with extra nutrients. A
desiccated biofilm community in a nutrient-poor environment may thus have access to more
nutrients per cell than the same community under saturated conditions. Microbial mats have been
shown to scavenge and tightly recycle limiting nutrients in water columns, thus, particularly
within biofilms, similar nutrient cycling would likely occur during desiccation (Varin et al.,

2010).
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TABLE 1. Approximate limiting water activities for microbial growth®

g’v?:;r( :i') Reference points Foods Bacteria Yeasts Fungi
1.00 Blood Vegetables Caulobacter
Plant wilt Meat, fruit Spirillum spp.
Seawater
0.95 Bread Most gram rods Basidiomycetous Basidiomycetes
yeasts
0.9 H {Moet cocci F ium
X am Lactobacillus Ascomycetous yeasts { usart

Bacillus Mucorales

0.85 Salami Staphyl, Saccharomyces rouxii,
(in salt)
Debaryomyces (in salt)
0.80 Fruit cake 8. bailii (in sugars) | Penicillium
Conserves
0.75 Salt lake Salt fish Halophils Wallemia
Aspergillus
Cereals Chrysosporum
0.70 Confectionary
ied fruit

0.65 Eurotium
0.60 S. rouxii (in sugars) | Xeromyces bisporus
0.55 DNA disordered

@ This table was obtained in its essentials from J. I. Pitt. With the exception of the halophilic bacteria, the organisms
listed had a tolerance range from a, 1.00 (approximately) down to their tabulated level. The halophilic bacteria, together
with halophilic species of the alga Dunaliella and the halophilic actinomycete Actinospora halophila, have an upper limit as
well (see text). The growth characteristics of halophilic bacteria suggest that they are limited at 0.75 a,, by the solubility of
salt rather than by their physiology.

Fluxes in cell/community catabolic-anabolic balances are also an adaptive desiccation response,
since microbes will expend energy to produce water when the external a, is lower than the
internal cellular ay, limit (de Goffau et al., 2011). Since the development of continuous flow cells,
open systems have dominated biofilm studies of nutrient cycling, since most saturated natural
biofilms (streams, drains, skin or oral infections, etc.) are better reflected by open systems
(Benoit et al., 2010). However, nutrient cycles in desiccated biofilms will likely follow closed
system, static dynamics more closely, with important consequent parameters like nutrient
depletion and waste accumulation. Hydrodynamically, the no-slip boundary condition posits that
there is zero flow at attachment surfaces in flow systems (Floryan and Rasmussen, 1989) and
biofilms form “stagnant” internal phases with slow growth rates in the deeper regions (Xu et al.,
1998), suggesting that even fast-growing saturated biofilms have phases adapted to “closed

system” dynamics that would likely benefit a microbial community during desiccation.
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It was shown in saturated biofilms that although the planktonic cell output is high, the carbon
cost to the biofilm in the same time span was as low as 1.0+£0.2% of the total carbon input
(Bester et al., 2011). Thus, within a saturated biofilm, very low levels of carbon are required to
prolifically produce cells. Such carbon balances suggest that cycles of cell production and
degradation could provide sufficient nutrients to sustain persistent metabolism in a biofilm
community at surface-air interfaces, particularly if adaptation includes slower metabolic

processes.

An elegant technique was recently developed to measure slow environmental microbial growth
rates at single cell level in situ, using the incorporation of heavy water into fatty acid synthesis
(Kopf, 2015). The average in situ growth rate of Staphylococcus aureus in expectorated sputum
from cystic fibrosis patients was between 12 hours and 4 days — radically longer than the typical
laboratory culture generation time. This work proposes a revolution in our approach to laboratory
studies, suggesting experimental growth rates be informed by much slower in situ growth rates.
In most environmental systems, microbes have adapted to nutrient limitation, desiccation and
low metabolic rates, suggesting that high growth rates or metabolic footprints are not necessarily
measures of strong microbial communities. As Chesterton eloquently phrased this philosophy a
century ago, “There is unfortunately one fallacy here into which it is very easy for men to fall...
of supposing that because an idea is greater in the sense of larger, therefore it is greater in the
sense of more fundamental and fixed and certain” (Chesterton, 1925). Such ubiquitous natural
“slowness” could suggest that there is physiological, morphological and adaptive strength in
metabolic pacing, which needs to inform laboratory experiments. Simply put, faster is not

necessarily stronger. Thus, although exploring metabolism at surface-air interfaces is
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challenging, the metabolic and survival dynamics may lead to deeper understanding of the true
strength of microbes. Biofilm population or community morphology may permit metabolic
persistence and pacing through interactions and cooperation, since macrobiological populations,
for example birds in flight, often rely on population structure for pacing and energy conservation
(Weimerskirch et al., 2001). Thus, the role of microbial morphological diversity in desiccation is

introduced.

1.3.4 Morphology: Dormancy and Biofilms

Dormancy has long been marvelled at as a survival tactic allowing microbes to tolerate almost
any environmental stress, including desiccation (Feofilova et al., 2012). The state of dormancy
generally involves protective morphological changes, like spore formation and melanization,
followed by the cessation of metabolic processes. These dormant spores germinate and regain
their metabolic activity upon re-exposure to an ideal niche, generally one rich in nutrients and
water. Such spore-formers can survive extreme environmental stresses ranging from desiccation
to nutrient deprivation and high levels of radiation. Melanized spore-bearing fungi, for instance,
were the first organisms to recolonize the Chernobyl site following radiation contamination
(Zhdanova et al., 2000). Bacterial endospores, however, have an internal water content of
approximately 21-58% and are therefore not considered strictly anhydrobiotic (Billi and Potts,
2002). The viable but nonculturable state (VBNC) of bacteria is another response to desiccation,
albeit a poorly understood physiological state. This phenomenon describes a viable yet
metabolically inactive state that bacteria enter in response to environmental stressors like

desiccation (Kell et al., 1998; Oliver, 2005; Oliver, 2010).

14



Another vastly different microbial adaptation to such environmental stress, including desiccation,
is their tendency to persist as multi-species biofilms. The fundamental difference between
dormancy and biofilm response to desiccation is the biofilm maintenance of higher water activity
and consequent potential persistent metabolic activity (Varin et al., 2010; Chang et al., 2007,
Jordan et al., 1999). Extracellular polymeric substances (EPS) are fundamental constituents of
biofilms and can improve the biofilm community’s ability to scavenge both water and nutrients
from the environment when either are limiting. EPS is also thought to protect cells from
desiccation by providing a matrix for various water-stress proteins and polysaccharides such as
trehalose (Billi and Potts, 2002). Biofilm production of EPS is enhanced in response to a plethora
of harsh conditions, including desiccation (Auerbach et al., 2000; Chang and Halverson, 2003).
In addition, synergism is enhanced in multi-species biofilms, creating metabolic networks that
are more effective at harnessing the energetic potential in the environment, across both energetic
redox and physical gradients, than pure or planktonic cultures (Pfeffer et al., 2012).

Biofilm forces also play a role in adaptation to extreme conditions. In saturated biofilms, liquid-
air surface tension forces were proven sufficient to break the attractive Lifshitz-van der Waals
forces, attractive and repulsive electrostatic interactions, and acid-base forces that attach biofilms
to surfaces (Bos et al., 1999; Rutter and Vincent, 1988). The use of liquid-air interface tension
forces for the detachment of particles has practical expression in the use of bubbles for the
detachment of biofilms (Leenaars and O'Brien, 1989; Gomez-Suarez et al., 2001). However,
during evaporation of water from a biofilm, these same physical surface-air interface forces will
likely work in favour of the biofilm, forming a protective, concentrating physical force around

the biofilm, rather than a disruptive force.
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The physiological and metabolic responses of biofilms to harsh conditions have been extensively
studied in saturated environments, since such biofilms are central to wastewater treatment, the
food industry, hospitals and medicine. However, biofilm studies under desiccated conditions are
rare due to the challenge of measuring morphology, physiology and metabolism at the lower
limits of technological capabilities. Another challenge to the study of desiccation-induced
mechanisms is the unravelling of the myriad stressors that often accompany desiccation,
including nutrient limitations, temperature fluctuations, UV radiation and osmotic shock
(Bauermeister et al., 2011). Halverson and Holden’s groups have addressed some of these
challenges and extensively described the formation of biofilms at surface-air interfaces using
fluorescently labelled Pseudomonas putida, (Chang et al., 2007; Auerbach et al., 2000; Chang
and Halverson, 2003; Li et al., 2010; Nielson et al., 2011). From these studies, cell association
emerged as a common morphological response to desiccation, including the formation of cell
tetrads or hyphae-like cell chains. Cell size can increase in some species, and decrease in others.
However, their focus is almost exclusively on morphology and the biofilms were grown on
relatively nutrient-rich, moist surfaces mimicking biofilms that form on leaves and soil particle
surfaces. Despite the stark differences between these studies and the nuclear waste environment,
they do emphasize two critical parameters when studying microbes at surface-air interfaces, and
particularly their response to atmospheric water content: 1) the importance of attachment surface
and 2) the importance of microbial community. Although technology has limited the study of
desiccated biofilms, microbiology at surface-air interfaces has a few industrial and economic

consequences that have driven progress despite the challenges.
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1.3.5 Popular Interface Microbiology: Surface Weathering and Soil

The understanding of biofilms at solid-air interfaces has application in the fouling of statues,
monuments, paintings and other structures. Weathering is thus one aspect of desiccated
microbiology that has received some attention, along with some studies on diversity in air and
arid soils (Alakomi et al., 2006; Gorbushina and Broughton, 2009; Gorbushina, 2007).
Microorganisms at this boundary exist primarily in sub-aerial biofilms and are adapted to the
stresses typical of these terrestrial environments, such as desiccation, temperature fluctuations,
nutrient scarcity, and solar radiation (Gorbushina, 2007). These biofilms are often predominated
by a specific group of eukaryotes known as microcolonial fungi, which have been shown to form
subaerial biofilms on rocks in deserts (Gorbushina, 2007; Grishkan, 2011; Gostincar et al.,
2012). These tight, melanized hyphal clumps can penetrate rocks to depths in the range of mm.
Eukaryotes are active at a much broader range of water activity extremes (Brown, 1976), form
often-melanized spores in response to environmental stresses and their hyphal morphology
allows them to access energy sources across physical distances (Pfeffer et al., 2012). In addition,
eukaryotes adapted to deep subsurface aquifers were isolated from groundwater in the Aspo
Underground Laboratory (Ekendahl et al., 2003) and from frozen arctic lakes at extremely
limited ay, (Sterflinger et al., 2012), and need to be considered in extreme environments,

particularly in weathering. The presence of eukaryotes in the DGR is addressed in Appendix A.

Another microbial surface-air habitat that has earned a scientific spotlight is soil, due to the

agricultural impact of the soil microbiome. However, soil desiccation is often evidenced as a

discontinuity of the liquid water phase, in contrast to the more consistent, homogenous water
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limitation on rocks or walls (Stotzky and Pramer, 1972). Plants have adapted to obtain occluded
water via root hairs, and microbes will also be concentrated in occluded water. Thus, microbial
growth patterns measured in desiccated soil are not necessarily a reflection of microbial growth
at low ay,, but possibly rather microbial growth in discontinuous liquid phases and
microenvironments of higher a,. The concept of water gradients and cycles also receives much
attention in soil microbiology. This underscores the contention in this dissertation that at DGR
bentonite-rock interfaces, microenvironments of concentrated occluded water or dampness could
form microhabitats of high enough water potential and low enough swelling to sustain microbial
metabolism. Bentonite is highly hygroscopic, and therefore both high relative humidity and
water seepage are potential contributors to occluded microhabitats of higher water activity. Two
critical physical parameters when studying microbial activity at a surface-air interface are thus
(1) the RH of the environment and (2) the tendency of the surface to retain water, along with the

ability of microorganisms to access both of these.

14 Microbial Access to Water: Vapour and Surface-Bound Water

1.4.1 Relative Humidity

The influence of the gaseous and liquid phases of water on microbial growth at surface-air
interfaces need to be distinguished, since the atmosphere provides water in the gaseous phase, as
well as precipitation. Gaseous water is discussed in terms of relative humidity (RH), defined as
the amount of water vapour in the air and quantified as the ratio of the actual partial vapour
pressure of water to the saturation vapour pressure of water at a particular temperature
(Bauermeister et al., 2011). The influence of RH on desiccated bacterial survival at surface-air

interfaces was shown to be species-dependent (Bauermeister et al., 2011; Turner and Salmonsen,
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1973; Walters et al., 2005; Ronan et al., 2013). However, an emergent trend in these studies is
that survival seems to be lower at high RH than at mid and low RH for most species, including
desiccation-tolerant microorganisms. Desiccation-tolerant species are classified based on an
internal water content survival threshold (Potts, 1994). An internal water content of
approximately 0.7 g water/g dry weight is characteristic of an average bacterial cell in saturated
conditions, and cellular water content below 0.3 g water/g dry weight is the threshold typically
associated with cell death. When dried to equilibrium with air, the vast majority of organisms are
irreversibly damaged, leading to cell death due to water limitations (Alpert, 2005). Tolerance to
desiccation is an obvious evolutionary advantage due to the ubiquity of surface-air interfaces on
earth. Organisms with the ability to survive at internal cellular water contents below 0.1 g
water/g dry weight are classified as desiccation tolerant (Billi and Potts, 2002). It has been
experimentally demonstrated that internal water contents of 0.1 g water/g dry weight can be
achieved at ambient RH of 40%, whereas drying cells in air to equilibrium at 30% RH results in
an internal cellular water content of 0.03 g water/g dry weight (Potts, 1994). Again, the majority
of such studies have focused on the potential of microbes to survive these cellular thresholds,

rather than metabolize.

Thus, the ambient water vapour equilibrium in the environment influences the internal cellular
water content, which typically limits cell activity below these thresholds. Similarly, RH gradients
have marked influences on cellular morphology in both bacteria and eukaryotes (de Goffau et al.,
2009). However, a third critical aspect is the interaction between RH and the attachment
environment on which the organism/biofilm is dried. Hygroscopic surfaces attract water, whilst

hydrophobic surfaces repel water. Little research has been done on the effect of this on microbial
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activity at surface-air interfaces. In bentonite clays, the hygroscopic nature of the matrix, in
conjunction with the ambient water vapour, might influence long-term microbial activity at

bentonite-air interfaces during DGR desiccation cycles.

1.4.2 Hygroscopic Clay Matrices

Having explored relative humidity, the next factor to engage, within the context of DGR
microbiology and bentonite buffers, is the interaction between the hygroscopic clay surface and
atmospheric water, and the accessibility of this water to microbes for metabolic persistence. The
clay-microbe interaction, particularly the influence of clay on the activity of microbes, has
largely been studied from the perspective of agricultural soil sciences and was, again, thoroughly
reviewed decades ago (Filip, 1973). This review highlights the overwhelmingly positive effect of
the addition of montmorillonite clays, such as bentonite, to agricultural soils. It results in higher
crop yields, greater return of plant biomass to the soils, the reduction of carbon and nitrogen
losses, increased humus content of the soil and an increase in microbial biomass and activity. It
does not have a high nutrient content, and thus the positive influence is likely due to its structure.
Clay minerals have a direct influence on microbial cells, as well as an influence on their
environment. Sorption of microbial cells to clay is influenced by clay type, concentration,
particle sizes, the cations in solution, as well as the microbial populations age, size and motility.
Partial reduction is a crucial component of the hydrogen bonding and van der Waals forces
involved in clay-cell sorption. Since clay and cells are predominantly negatively charged,
sorption follows an ion exchange-like process. Montmorillonite added to soils decreases the

sensitivity of bacteria to desiccation, temperature extremes and X-rays, promoting their survival.
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Despite the positive influence of bentonite on microbial activity, the primary parameter of
bentonite as a suppressive material in a DGR is the compaction and resultant swell pressure.
However, this agricultural work suggests that at interfaces, where transient release of this
pressure may occur in microenvironments, the bentonite-air interface is an environment of
potential microbial protection and activity. The primary aspect of potential protection in this

work is the interaction of the clay with water, and its influence on microbial metabolism.

1.4.3. Moisture Cycles

As pointed out above, soil is the most widely studied surface-air microbial habitat, yet much
microbial activity in desiccated soil may be attributed to occluded water channels and
precipitation cycles. Similarly, microbial growth on rocks in deserts, as well as in frozen lakes,
may be attributed to precipitation cycles. Thus, most of these microbes could be adapted to
switch to dormancy upon desiccation rather persisting metabolically. As studies typically focus

on presence and diversity, rather than activity, the distinction in literature is elusive.

In this work, we contend that microbes may metabolize at surface-air interfaces, and that relative
humidity and bentonite surface hygroscopicity could interact to create microenvironments of
higher a,, promoting microbial metabolism under desiccation. However, a laboratory
predisposition is the classification of “low” versus “high” relative humidity. Whilst typical
measurements relate microbial responses to these distinct conditions (Turner and Salmonsen,
1973; Walters et al., 2005; Ronan et al., 2013), microbes rarely face consistently low or

consistently high relative humidity, unless in very unique (probably man-made) environments.
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Biology constitutes cycles and is almost never static in any condition. The circadian rhythm is
renowned as a fundamental biological determinant in response to external rhythms (Edgar et al.,
2012; Trinder et al., 2015). Thus, the study of microbial metabolism during desiccation is more
realistically pursued within the context of desiccation cycles. For example, natural water rhythms
that will influence a soil microbial community include rainy and dry seasons, diurnal/nocturnal
dew cycles, shadows cast over soil that move with the sun, and terrestrial disturbances (animal
locomotion) (Stotzky and Pramer, 1972). In soils, desiccation cycles have been shown to
significantly shift microbial community composition and influence activity (Kakumanu et al.,
2013). Within man-made environments, such as bathrooms and kitchens, surfaces are exposed to
precipitation cycles, humidity cycles, temperature cycles and splashing/drying cycles. Pipes and
drains experience even greater cyclic extremes between desiccation and flow. Within the DGR, a
moisture cycle is predicted due to the emplacement of heated waste, which, as pointed out, may
facilitate transient microenvironments for microbial activity at buffer-rock interfaces, but may
also drive adaptation and influence microbial community metabolic persistence. This study was
limited to investigations of two consistent relative humidity points during desiccation. However,
potential extension would be the investigation of the influence of relative humidity cycles and

gradients on microbial metabolism and survival at surface-air interfaces.

1.5. Research Questions and Hypotheses

Perspective is important in this exploration. In certain applications, such as wastewater and

bioremediation, science attempts to enhance and harness the metabolic activity of the biofilm

22



(Post et al., 2013). In contrast, in the food and medical realms the focus is predominantly on
eliminating the biofilms, which often harbour pathogens and are more resistant to antimicrobial
treatment than planktonic cells (Van Houdt and Michiels, 2010; Ghadakpour et al., 2014). In this
study, the ecological and industrial perspectives are similarly distinct. Although persistent
metabolism under desiccation may have greater metabolic impacts on the immediate bentonite
environment, dormancy may result in a greater community potential upon re-saturation. These
distinct biofilm energetic responses seem to be mutually exclusive, and need to be studied from
the ecological perspective of biofilm robustness: essentially, from the perspective of the
microbial community. A similarly interesting, but much more simple, question involved
evaluating what can be measured in the bentonite environment, under saturated and desiccated

conditions.

Thus, in Chapter 2, the measurement of microbial metabolism in bentonite is explored, under
both saturated and desiccated conditions. The novel techniques of (1) fluorometry and (2) carbon
dioxide evolution at bentonite-air interfaces are introduced, and the limitations of both are

expounded upon.

Chapter 3 employs some of these tools to explore a number of fundamental questions regarding

the potential for microbial metabolism in bentonite, and at bentonite-air interfaces:

(1) the potential for microbial metabolism at clay-air interfaces,

(11) the influence of relative humidity and clay on microbial metabolic persistence at

surface-air interfaces and,
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(i11))  the impact of microbial metabolism on key bentonite properties, such as the clay

swell index and water retention capacity.

Chapter 4 extends these observations into theories, proposing a number of hypotheses to test
these theories. In this chapter, the (1) strength of CO; as a metabolic indicator at surface-air
interfaces was further evaluated, (2) the notion that hygroscopic surfaces and high relative
humidity promote microbial communities’ access to water was strengthened by extending the
observation to synthetic hygroscopic surfaces and (3) the proposal that oligotrophy stimulates the
desiccation resilience of a microbial biofilm was assessed in desiccation-sensitive and

desiccation-tolerant species.

All of these questions and hypotheses inform the contribution of microbes in deep geological
nutrient cycling within the bentonite interfaces, as well as fundamental surface-air microbial
ecology, a field that has received minimal microbiological attention despite dominating the

human ecological experience.

6. Contributions of Authors

Chapter 2 was published as Stone, W., Kroukamp, O., Moes, A., McKelvie, J., Korber, D. R., &

Wolfaardt, G. M. (2016). Measuring microbial metabolism in atypical environments: Bentonite

in used nuclear fuel storage. Journal of microbiological methods, 120, 79-90.

doi:10.1016/j.mimet.2015.11.006.
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Hypotheses and experimental design were carried out by WS, supervised by OK. Experiments,
data analyses and manuscript preparation were carried out by WS, and AM assisted with
sulphide standard curves and water retention experiments. Manuscript was supervised and edited

by OK, JM, DRK and GMW.

Chapter 3 was accepted for publication in the Journal of Applied Clay Science as Stone, W.,
Kroukamp, O., McKelvie, J., Korber, D. R., & Wolfaardt, G. M. Microbial metabolism in
bentonite clay: Saturation, desiccation and relative humidity. Hypotheses and experimental
design were carried out by WS, supervised by OK. Experiments, data analyses and manuscript
preparation were carried out by WS. Manuscript was supervised and edited by OK, JM, DRK

and GMW.
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Chapter 2

Measuring Microbial Metabolism in Atypical Environments:

Bentonite in Used Nuclear Fuel Storage

Chapter 2 was published as Stone, W., Kroukamp, O., Moes, A., McKelvie, J., Korber, D. R., &
Wolfaardt, G. M. (2016). Measuring microbial metabolism in atypical environments: Bentonite
in used nuclear fuel storage. Journal of microbiological methods, 120, 79-90.

doi:10.1016/j.mimet.2015.11.006
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2.1 Abstract

Genomics enjoys overwhelming popularity in the study of microbial ecology. However, extreme
or atypical environments often limit the use of such well-established tools and consequently
demand a novel approach. The bentonite clay matrix proposed for use in Deep Geological
Repositories for the long-term storage of used nuclear fuel is one such challenging microbial
habitat. Simple, accessible tools were developed for the study of microbial ecology and
metabolic processes that occur within this habitat, since the understanding of the microbiota-
niche interaction is fundamental to describing microbial impacts on engineered systems such as
compacted bentonite barriers. Even when genomic tools are useful for the study of community
composition, techniques to describe such microbial impacts and niche interactions should
complement these. Tools optimized for assessing localized microbial activity within bentonite
included: (a) the qualitative use of the resazurin-resorufin indicator system for redox localization,
(b) the use of a CaCl, buffer for the localization of pH, and (c) fluorometry for the localization of
precipitated sulphide. The use of the Carbon Dioxide Evolution Monitoring System was also
validated for measuring microbial activity in desiccated and saturated bentonite. Finally, the
buffering of highly-basic bentonite at neutral pH improved the success of isolation of microbial
populations, but not DNA, from the bentonite matrix. Thus, accessible techniques were
optimized for exploring microbial metabolism in the atypical environments of clay matrices and
desiccated conditions. These tools have relevance to the applied field of used nuclear fuel
management, as well as for examining the fundamental biogeochemical cycles active in

sedimentary and deep geological environments.
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2.2 Introduction

The rapid advancement in molecular techniques has facilitated a deeper understanding of
microbial genetic diversity, metabolism and ecology, but has also achieved a popularity and
focus that is somewhat limiting, as these techniques are not suitable for all samples or
environments. For instance, genomic techniques are traditionally applied to environmental
samples in surface waters and soils with higher biomass, but low-biomass systems introduce
amplification bias, although steps have been taken to overcome this limitation (Binga et al.,
2008; Barton et al., 2006). Examples of such low-biomass systems include almost any carbon-
poor, deep-subsurface environment. However, despite the limited presence of microbial biomass,
the potential for microbial metabolism and impact in such environments has been repeatedly
demonstrated, for instance in geological cycling (Sherwood Lollar, 2011; Hirsch et al., 1995;
Kotelnikova, 2002). Similarly, any extremes (i.e., temperature, pressure or desiccation) will drive
biomass down, introducing bias. However, microbial activity in such environments is often of
particular interest, both due to practical impact and a human fascination with adaptation to
hostile niches (Horneck et al., 2008; Murray and Fritsen, 2011). Notably, most microbes of
human concern are at least transiently exposed to desiccation, as our environment is not aquatic,
yet microbial studies are overwhelmingly carried out in water/media saturated systems (Ronan et
al., 2013). The study of microbial activity, as opposed to identification or quantification, is even
more challenging in such low-biomass unsaturated systems, since RNA is less stable than DNA
(Fleige and Pfaffl, 2006). This necessitates the development of tools to study microbial activity

and impact in low-biomass systems.
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An example of such a challenging low-biomass environment is highly compacted Wyoming
MX-80 bentonite, selected for use as a buffer in the long-term storage of used nuclear fuel in
Deep Geological Repositories (DGR). The need for such repositories is an international priority
and a number of countries have been collaboratively exploring plans for the containment of
highly-radioactive used nuclear fuel. The Adaptive Phased Management plan of Canada
(NWMO, 2005) is one such response to this growing inventory, with multiple barriers for
prevention of radionuclide escape (Fig 2.1), having an operational life cycle of 100,000 — 1

million years.

Repository Interfaces

4 Used fuel container and bentonite

2 Host rock and bentonite
+ > Copper-coated steel
3 Bentonite components % S used fuel container

Low
permeability
host rock

Bentonite pellets
(Gap-fill)

Highly compacted 4
bentonite

FIG 2.1 The Canadian Engineered Barrier System (EBS) in a deep geological repository
for used nuclear fuel storage. The current Canadian design employs copper used fuel
containers as a barrier for the prevention of radionuclide escape from CANDU fuel bundles, and
highly compacted bentonite (HCB) blocks as a buffer between the used fuel containers and the

host rock. The interface between the host rock and HCB is of greatest microbiological interest.
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Although repository details differ due to unique geological factors (host rock formation,
proximity to underground water sources) and waste parameters (fuel production process, waste
size and form), Wyoming MX-80 bentonite has almost unanimously been chosen as the
candidate buffer. The swell pressure and consequent limitation of water activity upon saturation
of compacted MX-80 prevents microbial growth in the DGR (Masurat et al., 2010; Stroes-
Gascoyne et al., 2010), although interfaces may provide transient microenvironments for
microbial activity (Pederson, 2010; Stroes-Gascoyne et al., 2011A&B; Wolfaardt and Korber,
2012). Potential microbial processes of interest in this DGR bentonite substrate include: (1) the
consumption of oxygen after the closure of the repository, (2) the production of sulphide by
sulphur reducing bacteria (SRB), which could cause microbially influenced corrosion (MIC) if
diffused to the container, and (3) the formation of cracks or preferential pathways in the
bentonite due to gas generation (i.e., by methanogenic bacteria). Groups evaluating MX-80
bentonite barrier performance include the NWMO (Canada: Stroes-Gascoyne and Hamon, 2014),
Nagra (Switzerland: Hofstetter et al., 2014), SKB (Sweden: Borgesson and Hernelind, 2014) and
Posiva (Finland: Muurinen, 2009). Large-scale collaborative efforts on bentonite shaft seals
demonstrate the popularity of the bentonite buffer, and the need to understand this matrix as a
microbial environment (Dixon et al., 2014). This work also facilitates the study of fundamental
microbiology in extreme environments, with broader application in biogeochemical cycling in

subsurface environments.

The interactions between microbes and bentonite are key to understanding microbial DGR

impacts, particularly localization of microbial metabolic activity. Wyoming MX-80 bentonite

imposes a number of challenges to standard microbiological methods and techniques. Clay
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materials have a strong binding capacity due to their inherent ion exchange properties,
fundamental to the buffer’s performance, which potentially interferes with the extraction of
nucleic acids due to charge-based complexing and subsequent interference (Filip, 1973; Paget et
al.,, 1992; Walker et al., 1989). This was the suggested reason for the failure of culture-
independent techniques in the identification of Opalinus clay microbiota, and the popularity of
culture-based approaches in DGR microbiology. Phospholipid fatty acid analysis has thus been
the primary molecular/biochemical method for assessing DGR microbiota (Mauclaire et al.,
2007; Stroes-Gascoyne et al., 2007A). Overall, the typical metagenomic toolbox has proven
largely unsuitable for identifying bentonite microbiota. Similarly, cell adsorption by clay
molecules provides challenges in separating cells from clay, while autofluorescence of bentonite

poses challenges for direct microscopy-based observation.

Tools for localizing zones of microbial activity and consequent environmental transformations
are also necessary. Reduction-oxidation potential (redox), sulphide precipitation and pH are all
indicators of microbial activity, and simple techniques to localize these fluctuations are
necessary. These parameters link microbiology and the integrity of the DGR in a number of
ways: (1) reduced redox potential is indicative of anaerobic conditions, and sulphide stress
cracking of copper is due to hydrogen embrittlement, an anaerobic process (Chen et al., 2011), as
are methanogenesis and methane oxidation (using alternate electron acceptors such as nitrate or
nitrite), key elements of the deep subsurface carbon cycle (Kotelnikova, 2002), (2) a drop in pH
may solubilize metal, leading to metal leaching (Rawlings, 2002), and (3) microbial activity has
been linked to the illitization of smectite clays, rendering the clay less swellable (Mulligan,

2009). Another indicator of microbial activity is sulphide production by SRB. Aqueous sulphide
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is typically measured with the Methylene Blue technique, but sulphide species are notoriously
varied and the quantification of precipitated sulphide would be useful (Meysman, 2005). Tools
for studying microbial activity at bentonite-air interfaces are also necessary, due to the
previously identified gap in DGR microbiology at bentonite-rock interfaces (Stroes-Gascoyne et
al., 2011). This particular niche introduces the added challenge of studying microbial activity in

a desiccated environment.

This study therefore aims to evaluate tools for assessing microbial metabolic activity in saturated

and unsaturated bentonite. Tools evaluated include:

(1) The localization of microbial activity in saturated bentonite with (a) redox, (b) pH, and (c)

precipitated and soluble sulphide measurements,

(2) The measurement of microbial activity at bentonite-air interfaces using CO, Evolution

Measurement Systems (CEMS), and

(3) The influence of pH on the separation of cells and DNA from the bentonite matrix.
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2.3 Materials and Methods

2.3.1 Bentonite Sampling and Microcosms

Uncompacted Wyoming VOLCLAY MX-80 bentonite samples were obtained from American
Colloid Company (Lovell, Wyoming), stored in sealed bags outside the laboratory and handled
aseptically. As-received, non-sterile but aseptically-handled, uncompacted bentonite (5
g/microcosm) was placed in 10 mL luer-lock sealed syringes, and saturated with sterile tap
water. Similar aerobic microcosms were set up in glass vials (height: 58 mm, diameter: 20 mm),
and covered with parafilm, which is permeable to both O, and CO, (150 cc/m*d and 1200
cc/m’d, respectively, at 23 °C). Optimal slurry concentrations were determined by consistency
and ease of handling. During static incubation, microcosms were monitored for the visible
formation of black precipitate, presumed to be the precipitation of iron sulphides such as pyrite,
mackinawite and greigite, due to microbial sulphate reduction (Hunger and Benning, 2007,
Rickard and Morse, 2005). The concept is similar to Winogradsky columns, employed to study
sulphide precipitation in anaerobic regions of environmental sediments (Corner, 1992; Zavarzin,
2006). Visible iron sulphide precipitation was recorded in each microcosm (+++, ++, + or -;
representing heavy, average, barely visible or zero precipitate, respectively), and percentages of
microbial activity per treatment recorded. In microcosms where microbial activity occurred,
black precipitation was visible in 2 — 6 weeks and analysed at 9 weeks. Microbial activity was
confirmed with sulphide, redox and pH measurements in black microcosms, as compared to

twice-autoclaved control microcosms and microcosms without sulphide precipitation.
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2.3.2 Bentonite pH and Redox

Resazurin Sodium Salt solution, modified from Atlas (2004) and Gonzalez-Pinzon et al. (2012),
was used to monitor bentonite redox potential in zones of visible iron sulphide precipitation,
compared to controls without iron sulphide precipitation. Bentonite microcosms (5g/microcosm)
were set up in 10 mL luer-lock syringes and glass vials (height: 58 mm, diameter: 20 mm) as
described above, saturated with resazurin solution (0.06 g/L) instead of tap water. The addition
of 2.5 mL resazurin solution (0.06 g/L) was assessed pre-incubation and post-incubation (Table
1). The indicator was for visual, real-time localization of microbial activity, in relation to gas
production and sulphide precipitation. Thus, resazurin was pre-mixed through the bentonite in
aerobic glass vials or forced through the bentonite using syringe pressure in syringes. Due to
resazurin’s potential influence on sulphide precipitation, resazurin localization was also assessed
post-incubation (a) by using syringe pressure to force resazurin into the microcosms at 9 weeks
and (b) by removing layers of the microcosm from glass vials and adding 0.5 g (wet weight) to a
3 mL cuvette, followed by addition of 1 mL resazurin (0.006 g/L) solution. The optimal pre-
mixed resazurin solution was 10X more concentrated than the optimal post-incubation solution.
Six microcosms were set up per pre-treatment, per dilution, for a total of 36 microcosms (Table
2.1). Post-incubation microcosms (36) were set up as described in the ‘Sampling and
Microcosms’ section above. The precipitation of pyrite (+++, ++, + or -; representing heavy,
average, barely visible or zero precipitate, respectively) and a colour change from blue to pink to
colourless (+ or -) were monitored, and gas bubbles were recorded (+ or -). In all redox studies,

twice-autoclaved controls were included.
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TABLE 2.1 Bentonite redox measurements. Bentonite microcosms were saturated with
dilutions of a 6 g/L resazurin solution pre-incubation by mixing before adding the slurry to the
syringe or saturating the dry bentonite using syringe pressure. Redox was measured in bentonite
microcosms post-incubation (9 weeks) by (a) syringe saturation and (b) removal of 0.5 g layers

and subsequent addition to resazurin in cuvettes.

Resazurin Dilution (6 g/L) Pre-Incubation Resazurin Post-Incubation Resazurin
Treatment Treatment
11]10"
Syringe Syringe
21107 Mixed Cuvettes
Saturated Saturated
31107

Water was compared to CaCl, for the measurement of bentonite pH, adapted from Henderson
and Bui (2002). This buffer is less sensitive to electrolyte changes and is thus commonly used for
monitoring soil pH. Thirty bentonite-tap water microcosms were set up in syringes and glass
vials as described above. After 9 weeks, six microcosms with zones of iron sulphide precipitation
were selected as ‘active’, and six microcosms without visible iron sulphide precipitation were
selected as controls. Twelve microcosms (six each, from two different clay batches received
from American Colloid Company) were mixed on the day of analysis for monitoring the pH of

as-received bentonite. The pH of each microcosm was measured with water or CaCl,.

Henderson and Bui (2002) recommend a 5:1 water:soil ratio, but bentonite swelling necessitated
using an increased ratio of 15:1 water:bentonite (67 g/L). Bentonite was weighed (1 g) and

mixed with 15 mL water or CaCl, in a 50 mL polyethylene tube, and the pH was measured with
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a ROSS Ultra pH/ATC Triode with Refillable Glass Electrode, calibrated before each use with
the 3 buffer (pH values of 4.01, 7.00, 10.01) method. Means and standard deviations of triplicate
samples were calculated in Excel and compared with independent-sample two-tail t-tests. This
statistical analysis was employed for all comparisons of means in this study. Samples from each
microcosm (1 g) were also weighed in duplicate and dried overnight to assess dry weight

variation.

2.3.3 Sulphide Measurements: Methylene Blue and Fluorometry

Soluble sulphide was measured with Methylene Blue (Truper and Schlegel, 1964; Cline, 1969;
Reese et al., 2011). Measurements were made in 3 mL acrylic cuvettes, using a Perkin Elmer
Lambda 20 & 40 UV/Vis Spectrometer (Massachusetts, USA). All chemicals and reagents used
were of analytical grade, ordered from Sigma Aldrich (Oakville, ON, Canada). Sulphide was
trapped by adding 39.5 ul of a sample aliquot to 632 pl zinc acetate (2 % w/v in 0.1 % w/v
glacial acetic acid). Thereafter, 789 ul of pPDA reagent (0.2 % w/v of N,N-dimethyl-p-
phenylenediamine sulphate (Alfa Aesar, MA, USA) in 20 % w/v H,SO4) was added. The
mixture was vortexed (5 s), incubated at room temperature (2 min) and centrifuged (2 min;
13,000 g; room temperature). The supernatant was transferred to a clean microcentrifuge tube. A
39.5 ul aliquot of 10 % FeNH4(SO4),-10 H,0 (in 2 % w/v H,SO4) was added to the supernatant,

the mixture incubated (20 min) and absorbance measured (670 nm).
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Two standard curves (triplicate samples) were prepared using the Methylene Blue method:

(A)  0-5 mM Sulphide (Na,S) in distilled water
(B)  0-5 mM Sulphide in a 100 g/L solution of uncompacted dry bentonite in distilled

water

Standard samples for dilution were anaerobically-prepared under positive nitrogen pressure, after
the dH,O had been sparged with N, gas for an hour, and only exposed to oxygen after trapping
the sulphide in the zinc sulphate solution. Each sample in the standard curve was vortexed, after
mixing bentonite and sulphide for 20 min in a 15 mL polyethylene tube (5 mL per tube), before

the 39.5 ul aliquot was measured according to the protocol above.

Fluorometry was assessed for quantifying precipitated sulphide in bentonite. The measurement
of the inhibition of bentonite autofluorescence by FeS was modified from Skjerdal et al (2004).
Bentonite (1 g) was suspended in 15.0 mL dH,O (50 mL polyethylene tubes) and vortexed (1
min). A sulphide series was set up in triplicate, with 0-0.5 g FeS/g bentonite. After optimising
emission and excitation ranges, the inhibition of the emission peak at 350 nm was measured
upon excitation at 300-400 nm using an LS50B Luminescence Spectrometer, and FL. Winlab
version 4.00.02 software for data analysis. Peak areas (to baseline) were calculated. Arbitrary
fluorescence units were reported as a ratio, normalized to the highest fluorescence value per
experiment. This was repeated with bentonite suspended in saline tap water (200 g/L NaCl).
Long-term bentonite microcosms with visible pyrite precipitation were compared to control
samples without FeS precipitation. For microcosms, 1 g (wet weight) was dried overnight, the
equivalent of 1 g dry weight approximated (1.8 g wet weight) and added to 15 mL water as

above.
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2.3.4 Measuring Microbial Metabolism: Bentonite as a Matrix for CO, Evolution at

Surface-Air Interfaces

Bentonite (50 g/L) was incubated with sterile tap water in 50 mL polyethylene tubes. A sterile
control included 50 g/L radiated (2.5 MRad) bentonite in 50 mL sterile tap water. All
microcosms were vortexed (3 min) and aerobically incubated in covered Falcon tubes under
static conditions (room temperature, 14 days). Microcosms were subsequently vortexed (1 min)
and 15 mL injected from each into separate, clean sections of Tygon tubing (1 m long, 1 cm
inner diameter). Tubes were secured lengthwise with open ends upwards, so that the bentonite
slurry was spread as a film (~1 mm thick) across the bottom (along ~50 cm of the U-shaped
section of the tube). Air was passed through each tube at 16-20 L/min for 16 h until visible
desiccation, indicated by bentonite flaking and lightness of colour. The tubes were subsequently
incubated in chambers controlled at 75 % relative humidity (RH). After 48 h, CO, production by
the desiccated samples was measured by connecting the tubes to a closed-loop Carbon Dioxide
Evolution Monitoring System (CEMS), described by Kroukamp and Wolfaardt (2009) and
Bester et al. (2010). The carrier gas was air, equilibrated to ambient levels of CO; (~450 ppm),
circulated with a peristaltic pump. The accumulation of CO; in the system was measured after 3-
5 h, disconnecting the sample tubes from the CEMS loop and replacing them at controlled RH

between measurements.

RH was maintained using saturated salt solutions in covered 5-L glass chambers (Greenspan,
1997). Slurries of MgCl, and KCIl were made in distilled water at 3 times their solubility limit in
100 mL glass beakers and sealed within the chambers to achieve RH values of 33 % and 85 %,

respectively, at room temperature. RH was monitored using 915 MHz Wireless Temperature
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Stations (La Crosse Technology, Saint-Laurent, QC, Canada). Bentonite altered the chamber RH,
as compared to the results reported by Greenspan (1997), but they stabilized at 23-30 % (further
referred to as 30 %) and 75-79 % (further referred to as 75 %), consistently returning to the

controlled RH within an hour after opening and resealing the chamber.

Saturated and desiccated bentonite was assessed as a carbon sink. For saturated bentonite, a 10
mL solution of a 50 g/L bentonite slurry (pH 9.5 in CaCl,) was mixed in a glass vial (height: 58
mm, diameter: 20 mm) with 2 ports for tubing connections and sealed with an anaerobic stopper.
This vial was connected to the closed-loop CEMS system and the CO, was recorded over time,
measuring fluctuations from ambient CO, (~450 ppm). The CO, absorption capacity of the slurry
was compared to a sodium tetraborate/sodium hydroxide buffer system (10 mL, pH 9.5) in an

identical glass vial.

For the analysis of desiccated bentonite incubated long-term at 30 % RH and 75 % RH, bentonite
was weighed (20 g) into glass vials (height: 58 mm, diameter: 20 mm) and incubated at the
respective RH values for one year. The bentonite (5 g) was transferred into glass vials (height: 58
mm, diameter: 20 mm) with two ports, sealed with an anaerobic stopper, and connected to the

CEMS system for CO, monitoring.

The log transformation of the relationship between CO, and time was correlated, and the means
and standard deviations of gradients of triplicate samples compared with independent-sample t

tests.
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2.3.5 The Influence of pH: DNA Extraction and Isolate Culturability

The influence of bentonite pH on DNA extraction and microbial isolation was explored by

buffering at various stages in the isolate recovery and DNA extraction procedures.
Four DNA extraction methods were tested:

1) ZR Fungal/Bacterial DNA Microprep Kit (Zymo Research, Cedarlane Labs, Burlington,
Canada),

2) PowerSoil DNA Isolation Kit (MO BIO Laboratories, VWR, Mississauga, Canada),

3) PowerMax Soil DNA Isolation Kit (MO BIO Laboratories, VWR, Mississauga,
Canada), and

4) Protocol of Takada-Hoshino and Matsumoto (2004).
Four bentonite slurries were mixed in sterile 50 mL Schott bottles, in duplicate:

1) 5 gbentonite in 15 mL sterile dH»O, shaken (room temperature, 300 rpm) for 10 h,

2) 5 gbentonite in 15 mL sterile buffer (pH 7.0), shaken for 10 h,

3) 5 g bentonite in 15 mL Bacillus simplex and Cryptococcus magnus culture (about 10°
cells/mL dH,0), shaken for 10 h, and

4) 5 g bentonite in 15 mL Bacillus simplex and Cryptococcus magnus culture (about 10°

cells/mL buffer, pH 7.0), shaken for 10 h.

The Bacillus simplex culture (grown overnight in 3 g/L Tryptic Soy Broth) and the Cryptococcus
magnus culture (grown 36 h in Yeast Malt Broth, 3 g/L. Malt Extract, 3 g/L Yeast Extract, 10 g/L

Dextrose, 5 g/L Peptone) were washed 3 times with tap water or buffer and diluted to about 10°
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cells/mL using an absorbance value (600 nm) standard curve. The cultures had been originally
isolated from MX-80 bentonite. The bacterial culture, B. simplex, was chosen for its ubiquity in
the bentonite samples, and its heat resistance (Sikorski and Nevo, 2007). The eukaryotic culture,
C. magnus, was also chosen for its ubiquity in bentonite samples and its resistance to extreme

environments (Butinar et al., 2007).

One bottle of each was set aside for pH measurement immediately prior to DNA extraction, with

a ROSS Ultra pH Electrode calibrated before each use using the 3 buffer method.

Each of the four slurries were subjected to each of the four extraction procedures, with positive
and negative controls for both extractions and PCR amplifications, and the DNA visualized
under UV light (Geneflash Syngene Bioimaging Unit, Cambridge, UK) after electrophoresis in a
8 g/l agarose gel with SYBR Safe DNA gel stain (Invitrogen, Burlington, Canada). A
GeneRuler 1kb DNA molecular weight ladder (Thermo Fisher Scientific, Waltham, USA) was

used to quantify DNA concentration.

For eukaryote-specific PCR, the universal primers ITS1 (5’-TCCGTAGGTGAACCTGCGG-3”)
and ITS4 (5’-TCCTCCGCTTATTGATATGC-3’) were used to amplify the internal transcribed
spacer (ITS) region (200-700 bp) of the 18S ribosomal subunit gene cluster (White et al., 1990).
The 50 pl PCR reaction mixture contained 0.5 ug of gDNA, 6.875 pug Bovine Serum Albumin,
200 uM of each of the four ANTP’s, 25 pmol of each primer oligonucleotide (Centre for Applied
Genomics, SickKids, Toronto, ON, Canada) and 2.5 units of Taqg DNA polymerase in Taq buffer
(10 mM Tris-HCI pH 9.0, 50 mM KCl, 1.5 mM MgCl,) (New England Biolabs, Pickering, ON,
Canada). The amplification was performed in a Bio-Rad S1000 thermal cycler. Thermal cycling

included an initial denaturation at 95 °C for 4 min, 30 cycles of denaturation at 95 °C for 30 s,
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annealing at 57 °C for 40 s and extension at 72 °C for 1 min and a final extension at 72 °C for 4
min. The PCR products were purified with the EZ-10 Spin Column PCR Purification Kit (Bio

Basic Inc., Markham, ON, Canada) and visualized as described above.

For prokaryote-specific PCR, the universal primers U341F (5’- CCTACGGGAGGCAGC AG-
3’) and U758R (5’-CTACCAGGGTATCTAATCC-3") were used (Ronan et al., 2013) to amplify
a 418-bp fragment corresponding to the variable V3 and V4 regions of the 16S rRNA gene
sequence in Escherichia coli. PCR reactions were denatured at 96 °C for 5 min with
thermocycling at 94 °C for 1 min. An initial annealing temperature of 65 °C was lowered by 1 °C
every cycle for a total of 20 cycles, using an elongation time of 3 min at 72 °C. An additional 15
— 20 cycles were performed with a 55 °C annealing temperature and visualized as described

above.

The positive controls for each DNA isolation procedure and PCR reaction were pure cultures of

Bacillus simplex and Cryptococcus magnus.

For the isolation of culturable bentonite microbiota, four similar bentonite slurries were mixed in

50 mL Schott bottles, in triplicate:

1) 1 gas-received, uncompacted bentonite in 15 mL sterile dH,O, shaken (orbital shaking,
room temperature, 300 rpm) for 10 min, 1 h and 10 h,

2) 1 gas-received, uncompacted bentonite in 15 mL buffer (pH 7.0), shaken for 10 min, 1 h
and 10 h,

3) 1 gas-received, uncompacted bentonite in 15 mL Bacillus simplex and Cryptococcus

magnus culture (about 10° cells/mL dH,0), shaken for 10 h, and
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4) 1 g as-received, uncompacted bentonite in 15 mL Bacillus simplex and Cryptococcus

magnus culture (about 10° cells/mL buffer, pH 7.0), shaken for 10 h.

Each slurry was vortexed and 5 mL aliquots transferred to 15 mL Falcon tubes and sonicated for
30 min. Optimization of sonication times for cell removal agreed with the results of Mermillod-
Blondin et al. (2001). A dilution series of the various samples were plated (1 mL/plate) on
Tryptic Soy Agar and R2A for the isolation of bacteria, and YMA and 10% YMA for the
isolation of eukaryotes. Plates were incubated for 2-5 days at room temperature and cell counts
were compared between treatments. Yeast Malt Agar (3 g/l Malt Extract, 3 g/l Yeast Extract,
10 g/ Dextrose, 5 g/L Peptone, 15 g/l Agar), Tryptic Soy Agar (3 g/L and 15 g/l Agar) and
R2A (18.2 g/l R2A and 15 g/L Agar) media were made in distilled water, according to Atlas
(2004), with chemicals purchased from Sigma Aldrich (Oakville, ON, Canada). The potassium
dihydrogen orthophosphate/sodium hydroxide buffer system was used to buffer the bentonite to a

pH of 7.0.

2.4 Results

2.4.1 Localization of microbiological pH and redox fluctuations in bentonite

Methods were assessed for the localized measurement of bentonite pH and redox. Resazurin was
used to monitor site-specific redox fluctuations within bentonite, with the aim of linking it to
sulphide precipitation, gas generation and pH fluctuations in long-term (9 week) microcosms.
Long-term resazurin incubation was effective for visualizing overall microbial activity within

bentonite, since autoclaved controls showed no reduction (Fig 2.2A1); whereas, natural bentonite
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microcosms incubated with resazurin were visibly reduced (Fig 2.2A2-3). Similarly, resazurin
demonstrated bentonite reduction near sites of obvious gas generation, which was often seen to
occur near zones of sulphide precipitation (Fig 2.2B). However, the pre-mixed indicator color
faded over time and with depth in the bentonite (e.g., with distance from the air- water
interfaces) (Fig 2.2A1-3). Notably, sulphide rarely precipitated in long-term microcosms pre-
mixed with resazurin, despite the reduction-oxidation potential being lowered by microbial
activity. In bentonite microcosms incubated with sterile tap water, sulphide precipitate was seen
in 20% of the samples after 9 weeks (Fig 2.2A4), whereas 80% of the samples showed no
sulphide precipitate (Fig 2.2A5). In contrast, in bentonite microcosms incubated with resazurin,
sulphide precipitate was evidenced in only 1% of the samples after 9 weeks. This suggests that
long-term bentonite incubation with resazurin limits SRB activity, influencing community
dynamics. Thus, addition of resazurin post-incubation was assessed for evaluation of localized

microbial activity in bentonite.
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(A) Long-Term Incubation: Mixing (B) Long-Term Incubation: Mixing
4 Gas Generation
’ 1 2

(C) Post-Incubation: Mixing (D) Post-Incubation: Injection

Microcosm 1 2

FIG 2.2 Resazurin for the localization of microbial activity in bentonite microcosms.
Microbial activity, as detected by sulphide precipitation, took 9-12 weeks to develop (A4 and
AS5). Resazurin was explored as a tool for localizing microbial activity in relation to sulphide
precipitate (A2 and A3), as compared to sterile autoclaved controls (A1). Resazurin was mixed
with bentonite prior to incubation (A and B). Post-incubation removal of bentonite layers from
the microcosm, and subsequent addition to resazurin was the most effective tool for localization
of bentonite reduction (C), as opposed to post-incubation addition to microcosms by syringe

pressure (D).

Resazurin was added to the water phase of microcosms incubated for 9 weeks, and forced into

the bentonite using syringe pressure. The colorless state, which had progressed through blue and
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pink, of the injected resazurin (compared to the pink or blue color in other regions) indicated that
a redox potential of lower than <-111 mV had been attained in zones of sulphide precipitate, as
opposed to bentonite microcosms without sulphide precipitate (Fig 2.2D). However, precise
localization was somewhat compromised, as mixing and diffusion occurred due to the syringe
pressure. The final, most successful, attempt at localization involved the removal of consecutive
bentonite layers using a fine spatula, and adding them to separate cuvettes with resazurin (0.006
g/L). This allowed for the relative, localized association of precipitated sulphide and reduction

within bentonite microcosms (Fig 2.2C).

The localization of zones of different pH was similarly performed via the consecutive, layered
removal of bentonite from microcosms followed by addition to water or a buffer. Distilled water
or CaCl, is commonly used for soil pH measurements (Henderson and Bui, 2002). A CaCl,
buffer is often preferred, since soil solution electrolyte concentration influences pH
measurements. The optimal CaCl, concentration has been shown to be 0.01 M. However, the
critical consequence of these studies is that standardization is necessary, and an optimal method
needs to be selected for individual soil types. These two solutions were compared for as-received
bentonite, as well as active (+ sulphide precipitate) and inactive (- sulphide precipitate) long-term
bentonite microcosms (9 weeks, Table 2). The use of a CaCl, solution influences the
measurement of soil pH, and the difference between measurements in dH,O and CacCl, is not
linear (Henderson and Bui, 2002). This work also suggested that the methods were significantly
different, more so in the as-received bentonite at higher pH than in long-term microcosms with
lower pH (Table 2). Lower standard deviation was associated with CaCl,, chosen for further

studies.
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TABLE 2.2 Bentonite pH measurements. Water and a 0.01 M solution of CaCl, were
compared for the measurement of bentonite pH (means and standard deviations of triplicate
samples) in saturated microcosms. ‘Active’ and ‘Inactive Zones’ refer to the respective regions
of long-term (9 week) microcosms with and without iron sulphide precipitate, ‘Control’ refers to
long-term microcosms without any pyrite precipitate, and ‘As-Received’ refers to two different

batches of Wyoming MX-80 bentonite mixed immediately prior to pH measurement.

Active Zone Inactive Zone | Control As-received | As-received
Microcosms Microcosms Microcosms Bentonite Bentonite
(Batch 1) (Batch 2)
dH,O 8.00+£0.10 9.00£0.11 9.01 £0.10 9.90=+0.11 9.94 +0.12
CaCl, 7.82 £0.08 8.92 +0.09 8.80£0.10 9.42+0.10 9.65 +0.09

Thus, for localization studies, consecutive, layered removal of bentonite, with subsequent
measurement of redox and pH, was optimal. Reduction zones were best visualized with post-
incubation addition of bentonite to resazurin (0.006 g/L). A CaCl, buffer was selected as the

method of choice for the localization of pH fluctuations in bentonite (67g/L).

2.4.2 Sulphide Measurements: Methylene Blue and Fluorometry

The Methylene Blue technique quantified soluble sulphides in the phases in which precipitated

sulphide, redox and pH were measured (active and inactive zones of long-term bentonite

microcosms). The addition of bentonite to a sulphide standard curve decreased the slope (m =
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0.0006; m= 0.059, where m is the slope of sulphide absorbance against concentration with and
without bentonite, respectively) within the range of 0-5 mM NaS (Fig 2.3), suggesting that
bentonite adsorbs sulphides. Soluble sulphide measurements in experimental bentonite
microcosms were compared to a standard curve without bentonite, since any soluble sulphide

measured within microcosms would be equilibrated in solution and not bound to bentonite.

1.25F

3 (9.0mM)

0.75F

Absorbance (A)

2 (43 mM)
0.5

0.25
—— - Bentonite
~t-  + Bentonite

0 25 5 75 10 125
Sulphide (Na,S, mM)

FIG 2.3 Methylene Blue for the localization of soluble sulphide in bentonite microcosms:
standard curves and microcosm localization. A standard curve for the colorimetric
measurement of soluble sulphide (NaS) was compared to a standard curve with the addition of
100 g/L bentonite. Points represent the mean of triplicate samples and bars represent the standard
deviation. Samples (1) O precipitate, (2) + precipitate and (3) +++ precipitate, were removed in
layers from an active, long-term (9 week) bentonite microcosm and plotted on the standard curve

for comparison.
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Fluorometry was investigated as a technique for measuring precipitated sulphide in bentonite. It
was shown that FeS diminished the natural autofluorescence of bentonite, with increasing FeS
concentrations leading to decreasing fluorescence emission at 350 nm, when excited at 300-400
nm (Fig 2.4.1). The log transformation of this data showed a strong negative correlation (Fig
242, A: R? = 0.908; B: R? = 0.901). However, the standard deviation was high, more so if the
experiment was repeated on different days (Fig 2.4.2A), as opposed to triplicate samples
conducted on one day (Fig 2.4.2B). This was attributed to the sedimentation tendency of
bentonite. Mixed bentonite settles quickly, with increasing sedimentation occurring at higher FeS
concentrations. Thus, the bias of mixing prior to fluorometric assessment inevitably leads to

measurement bias.

49



41 . 583

J3]
= 50
-]
8 400
c
[<F]
s
() 300 |
—
o
=
- 200
>
bt
IS
=t
E 100
e
<<
764 T T T |
0.0 R0 340 380 P45
42 1 T T T T 1 T T T T
A B

081 b

06 b

06

04f- 1

0.4
021 b

Normalized Arbitrary Fluorescence Units

02

Precipitated Sulphide (g FeS/g Bentonite)

FIG 2.4 Fluorometry for the localization of sulphide precipitation in bentonite microcosms:
standard curves. Bentonite is autofluorescent, and thus emits fluorescence over a wide range of
excitation wavelengths. (2.4.1) The autofluorescent emission peak of bentonite at 350 nm
excitation was compared at (A) 0, (B) 2.5 and (C) 5 g FeS/g bentonite. (2) The log
transformation of this data showed a strong negative correlation (2.4.2, A: R*=0.908; B: R* =
0.901). The standard deviation of the means of measurements taken on different days (2.4.2A)
was compared to the means of measurements taken on the same day (2.4.2B). Points represent

means of triplicate samples, with bars indicating the standard deviation.
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Salinity also influences sedimentation of saturated bentonite (Fig 2.5), and is pivotal as natural
groundwater in some DGR host rock environments is highly saline (Vilks, 2009). If mixing is
consistent and thorough, salinity does not influence the correlation between the log
transformation of autofluorescence emission vs sulphide concentration (R* = 0.9078), but the
slope of the fluorescence units against sulphide concentration is decreased (Saline: m= -0.27;
Non-saline: m= -1.95). Thus, a saline standard curve is necessary for the measurement of
sulphides in saline bentonite environments. Samples from active zones of long-term (9 week)
microcosms were significantly (t statistic=32.706, df=6, p<0.05) lower than samples from

inactive zones of the same microcosms, and inactive microcosms (Fig 2.6).
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FIG 2.5 The influence of salinity on the measurement of FeS inhibition of bentonite
autofluorescence. Although salinity increased the sedimentation of saturated bentonite (insert
A-C: bentonite suspended in saline (200 g/ NaCl) water; insert D-F: bentonite suspended in
non-saline (0 g/L NaCl) water), upon thorough mixing directly prior to absorbance measurement,
it did not influence the correlation between the log transformation of this graph (R* = 0.908).
However, the line describing autofluorescence versus FeS concentration had a larger negative
gradient under non-saline conditions (Saline: m= -0.27; Non-saline: m= -1.95). Points represent

means of triplicate samples, with bars representing the standard deviation.
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FIG 2.6 Fluorometry for the localization of sulphide precipitation in bentonite microcosms.
Fluorometry was used to compare the sulphide concentrations in different zones in long-term (9
week) bentonite microcosms. ‘Active Microcosm’ refers to a microcosm in which visible
sulphide precipitate was evident, confirmed with pH and redox decreases. ‘Inactive Microcosm’
refers to a bentonite microcosm incubated for the same period of time, in which no precipitated
sulphide was visible, confirmed with pH and redox stability. The qualitative, visible amount of
precipitate in the layers of active microcosms is relatively represented by — (0), + and ++.

Columns represent means of triplicate samples and bars represent standard deviation.

Fluorometry was an effective tool for relative measurements of localized precipitated sulphides
within the bentonite matrix. Bias and variation due to sedimentation of bentonite suggests that
the value of this tool lies in relative assessments, rather than absolute sulphide measurements and

necessitates thorough mixing and standard curves designed for each experiment.
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2.4.3 Metabolic Measurements in a Desiccated Bentonite Environment: Bentonite as a

COz Sink

The rate of CO; production by a microbial community is an indicator of metabolic activity, and

may be measured in vitro using CEMS (Kroukamp and Wolfaardt, 2009). By operating CEMS in
a closed-loop design (Bester et al., 2010), CO, accumulation may be measured rather than single-
pass CO; production, significantly lowering the detection limit for CO, and permitting studies of

even slowly-metabolizing microbial communities.

CEMS was assessed for the measurement of microbial activity at bentonite-air interfaces for
discrete conditions of desiccation (i.e., an RH value of 75 %; Fig 2.7.1). Upon desiccation of
active bentonite microcosms, and subsequent 48 h incubation at 75 % RH, slopes of the CO,
accumulation graphs were higher in active microcosms than in sterile controls. The negative
gradient in sterile controls demanded an investigation of bentonite as a CO, sink. Thus, CEMS
was used to evaluate the basic bentonite matrix as a CO, sink, before utilizing the system to

understand microbial CO; generation and complex carbon cycles in this matrix.
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FIG 2.7 CEMS for the measurement of microbial metabolic activity in a saturated and
desiccated bentonite matrix. Bentonite saturated with sterile tap water was incubated for 2
weeks, and desiccated. Metabolic activity after 48 h of desiccation, quantified as CO,
accumulation in a closed-loop system, was compared to sterile controls (7.1). Based on the
negative gradient of the sterile control (a decrease in the atmospheric CO; levels in the system
over time), the CO, adsorption capacity of bentonite was assessed (7.2). The CO; equilibration in
a natural bentonite slurry (pH 9.5) was compared to a commercial buffer solution of pH 9.5

(sodium bicarbonate/sodium hydroxide). Similarly, the CO, equilibration in the CEMS system
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was compared between 20 g of as-received, dry bentonite incubated for 1 year at 30 % RH and

75 % RH, respectively.

Adding a basic buffer (pH 9.5) to a closed-loop CEMS system, pre-equilibrated to atmospheric
CO; levels (440 ppm) caused a drop in CO; levels as the carbon re-equilibrated as COs™ in
solution (Fig 2.7.2A). The same volume of bentonite, with the same natural pH, demonstrated a
similar capacity as a CO; sink; however, equilibrium was reached at a higher CO, concentration
(390 ppm, as opposed to 100 ppm in the commercial buffer). The CO, concentrations were
negatively-correlated with time after log transformation (Buffer: R? = 0.95+0.020; Bentonite: R
= 0.94£0.005) and the buffer slope (log[CO,(ppm)] vs time) mean (m = -0.54+0.03, where m is
the mean of triplicate slopes) was significantly steeper than the bentonite slope (log[CO,(ppm)]
vs time) mean (m= -0.07+0.006, p < 0.05, t statistic = -37,2, df=4), suggesting a greater capacity

as a CO; sink.

Similarly, desiccated bentonite incubated for 1 year at 75 % RH had a greater capacity as a CO,
sink compared with the same volume of bentonite similarly incubated at 30 % RH (Fig 2.7.2B).
Bentonite is hygroscopic, suggesting that ambient gaseous CO, is soluble in the water bound

hygroscopically to the bentonite.

Thus, CEMS is useful for measuring microbial activity in desiccated bentonite; however, the
capacity of bentonite as a CO, sink needs to be taken into account when assessing carbon cycles
in a bentonite environment. Even in desiccated bentonite, relative humidity had an impact on

CO,-COs5 equilibration at bentonite-air interfaces. Therefore, controls are essential to normalize
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for such effects when investigating microbial contributions to CO; cycles in bentonite

environments.

2.4.4 The influence of pH on the separation of cells and DNA from bentonite

Bentonite is a notoriously challenging matrix for molecular studies, as DNA has not been
successfully removed from Wyoming MX80 bentonite (Mauclaire et al., 2007; Stroes-Gascoyne
et al., 2007A). The influence of basic bentonite pH on cell and DNA removal from the matrix

was assessed by comparing natural bentonite (pH 9.5) and bentonite buffered at pH 7.0.

After 1h and 10 h of shaking in tap water and buffer (pH 7.0), the final pH of bentonite
microcosms was significantly different in both natural and inoculated bentonite, with buffered
bentonite remaining stable at around pH 7 and natural bentonite above pH 9. The mean pH of
natural bentonite in tap water was 9.28 + 0.015, whereas the pH of buffered (pH 7.0) natural
bentonite stabilized at 7.12 + 0.025. The mean pH of inoculated bentonite in tap water stabilized

at 9.11 = 0.035 and inoculated bentonite in a buffer (pH 7.0) at pH 7.07 + 0.012.

After 10 min and 1 h of buffering, there was trend of higher cell numbers recovered from natural
bentonite than in tap water, but the differences in means were not statistically significant (Fig
2.8.1). In natural and inoculated microcosms after 10 h of mixing, both the eukaryotic and
prokaryotic cell numbers were significantly lower (up to 75 %) in tap water than in buffer (Fig
2.8.2A). Thus, neutral buffering of the basic bentonite facilitates the isolation of higher cell

numbers from bentonite. It is not clear from this study whether that is due to planktonic growth
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at neutral pH, or clay-cell complexing. However, even with high cell numbers (up to
approximately 10°cells/mL) and neutral pH, no DNA extractions were successful (Fig 2.8.2B).
Single DNA copies can be amplified by PCR; thus, PCR confirmed that no DNA was present
below the visible detection limits of the UV stain. Since all DNA extraction and PCR attempts
were unsuccessful, despite pH changes and cell number changes, only one sample image of a

DNA extraction was included (Fig 2.8.2B).
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FIG 2.8 The influence of pH on cell recovery and DNA extraction from bentonite microbial
populations. Saturated natural bentonite was incubated with sterile tap water and buffer (pH 7.0,
sodium tetraborate/sodium hydroxide) for 10 min and 1 h, and cell concentration compared (8.1).
Columns represent means of triplicate samples, and bars represent standard deviation. Saturated
natural (bentonite) and inoculated (bentonite + approximately 10° CFU/mL) microcosms were
incubated for 10 h in sterile tap water and buffer (pH 7.0, sodium tetraborate/sodium hydroxide).
Prokaryotic and eukaryotic cell numbers were significantly lower after plating bentonite
saturated with tap water than in bentonite buffered at pH 7.0, for both inoculated and natural
microcosms (8.2A). No DNA was successfully isolated from any bentonite microcosms (8.2B).
The gel is representative of some of the DNA extractions performed on bentonite. Lanes include
(1) DNA ladder, (2, 10, 11) positive controls, (4, 9) negative controls, (3, 5-8, 12-18) bentonite

DNA extractions.
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2.5 Discussion

The study of microbial ecology in extreme environments and atypical matrices demands a
toolbox outside the traditional genomics, proteomics and metabolomics that have found
overwhelming popularity in microbiology. Highly-compacted bentonite proposed for use in a
DGR provides a number of such challenges to the study of microbial ecology. Thus, alternative
methods with novel twists were evaluated to expand the range of tools available to measure

potential microbial processes in a DGR.

Repository interfaces were identified as regions of potential microbial activity warranting further
study. The reduction of sulphur by SRB, and consequent production of corrosive species that can
diffuse through the bentonite and cause corrosion of the copper canisters surrounding the
CANDU bundles, is the primary microbiological concern within a DGR. The swelling of
compacted bentonite upon saturation limits water activity and space sufficiently for microbial
suppression within a DGR (Masurat et al., 2010; Stores-Gascoyne et al., 2010). However,
compaction any lower than 1.6 g/cm’ at pore water salinities <50 g/L may lead to an increase in
microbial numbers upon saturation (Stroes-Gascoyne et al., 2010). A nearly-sterile zone is
expected to form at the container-bentonite interface due to high temperature and radiation.
However, the heat of used nuclear fuel emplacement may lead to moisture cycles, with the non-
uniform drying of the bentonite barrier potentially introducing transient microenvironments of
non-uniform pressure at bentonite-rock interfaces, possibly allowing for microbial activity and
growth (Pedersen 2010; Stroes-Gascoyne et al., 2011). Thus, tools are needed to study: (1) the

potential for microbial activity at bentonite-air interfaces during moisture cycles, and (2)
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localization of microbial activity, specifically, the potential for any activity to compromise
bentonite-suppressive parameters such as swell pressure, possibly facilitating a more conducive

environment to microbial growth upon re-swelling.

In this study, techniques to address such questions were proposed and evaluated. These included:
(1) the localization of microbial activity in saturated bentonite with (a) redox, (b) pH, and (c)
sulphide measurements, (2) the measurement of microbial activity at bentonite-air interfaces
using CO;, Evolution Measurement Systems (CEMS), and (3) the influence of pH on the
separation of cells and DNA from the bentonite matrix.

Ideally, minimally invasive methods for the localization of pH and redox potential in bentonite
microenvironments would involve the use of probes, particularly microelectrodes (Babauta et al.,
2012), commercially-available down to tip sizes of 2.5 um (Unisense, Denmark; World Precision
Instruments, Sarasota, FL, USA). However, there are two major obstacles to the use of
microelectrodes for microbial studies in bentonite: the physical fragility and cost of the
instrument. The fragility of costly microelectrodes would likely not withstand the pressures
generated by the swelling of highly compacted bentonite upon saturation (>2 MPa). Thus,
alternative robust and accessible methods were investigated for the localization of microbial

activity within the bentonite matrix.

The layered removal of bentonite and subsequent addition to resazurin was most efficient for
local measurement of redox potentials within microcosms (Fig 2.2C). Color change from blue to
pink indicates the first, irreversible stage of reduction, whilst further development of the pink to

colorless state indicates the second, reversible stage of reduction. The endpoint analysis of this
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color change was selected over the more attractive in situ, real-time use of pre-mixed indicator,
as long-term incubation with resazurin influenced community dynamics within the bentonite.
The precipitation of FeS, a visible indicator of SRB activity, occurred in 20 % of bentonite
microcosms incubated long-term (9 weeks) in tap water (Fig 2.2A4, 5). In contrast, sulphide
precipitation only occurred in 1 % of the bentonite microcosms incubated long-term with
resazurin (Fig 2.2A1-3, 2B). Despite the absence of sulphide precipitate, resazurin reduction did
occur during long-term incubation in bentonite microcosms, often localized around sites of gas
generation (Fig 2.2A2, 2B); whereas, resazurin was not reduced in sterile controls (Fig 2.2A1).
This suggests that resazurin was not inhibitory to bentonite microbial activity, but did cause a
shift in community composition away from SRB. Since communities are driven by energy flow
and thermodynamic competition for available electron donors and acceptors (North et al., 2004),
and the resazurin-resorufin indicator functions on the key property of electron transfer
(Gonzalez-Pinzon et al., 2012), it is not surprising that it influences long-term microbial
community dynamics. Similarly, due to interference in the electron transfer chain, resazurin is
typically avoided in microbial energy transfer studies (Mathis et al., 2008; Bond et al., 2002). In
addition to its influence on the electron transfer chain in a microbial community, resazurin has
been shown to be bactericidal against some pathogens via unknown mechanisms, potentially
including intercalation of DNA similar to acridine (Schmitt et al., 2013). Resazurin end-point
analysis (Fig 2.2A) was performed aerobically, since the aim was to hone techniques that were
simple and accessible. However, upon removal of microcosm layers, the anaerobic clay is
exposed to atmospheric oxygen, which would influence the redox potential. Thus, this technique

would be even more efficient within an anaerobic chamber.
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Similarly, layered bentonite removal and subsequent addition to CaCl, was most efficient for the
localization of pH within the bentonite matrix, using an unusually high 15:1 buffer:soil ratio (67
g/L) due to the clay swell capacity of bentonite. CaCl, buffers are popular for soil pH
measurement, as they reduce the impact of electrolytes (positive and negative ions other than
H'/OH') on the measurement of the pH. This is relevant in soils with a charged surface,

supported here with lower variation in the buffered solution (Schofield and Taylor, 1955).

Methylene Blue is common for sulphide measurement, quantifying aqueous sulphide by
comparing samples to a colorimetric standard curve of Na,S. However, the addition of bentonite
to a standard curve (and subsequent removal by centrifugation prior to the last step) lowers the
gradient of the curve tenfold, below 5 mM (m = 0.0006; m= 0.059, with and without bentonite,
respectively), suggesting that bentonite adsorbs sulphide (Fig 2.3). Experimental microcosm
sulphide was quantified against a standard curve without bentonite, as the sulphide quantified

with this technique is in the aqueous phase, already in equilibrium with the bentonite.

Sulphides are also precipitated as a wide variety of compounds including pyrite, mackinawite
and greigite (Hunger and Benning, 2007; Rickard and Morse, 2005). These species are important
in sulphur cycling, providing useful localization information of phase transformation of clay
minerals in the bentonite matrix. Thus, a tool was evaluated for the quantification of precipitated
sulphide in bentonite. The inhibition of background fluorescence by the production of FeS has
been modelled as a tool for the rapid quantification of SRB in the cold storage of fish. A similar
principle was investigated for the relative quantification of precipitated sulphide species due to

SRB activity in bentonite. The inhibition of bentonite autofluorescence at 350 nm excitation (Fig
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2.4.1) was plotted as a function of FeS in a bentonite solution (Fig 2.4.2). The log transformation
showed a strong negative correlation (A: R* = 0.908; B: R* = 0.901). Bentonite sedimentation in
solution is influenced by sulphide concentrations and salinity, introducing bias and variation in
this technique, as indicated by the high standard deviation (Fig 2.4.2 and 2.5). A fluorometer
equipped with a stirrer may decrease this variation. Salinity had little influence on the negative
correlation of the log of this data (R* = 0.9078), but decreased the fluorescence vs sulphide
concentration slope by almost ten-fold. Thus, a saline standard curve is necessary for the
measurement of sulphides in saline bentonite environments. Samples from active zones of long-
term (9 week) microcosms demonstrated significantly greater precipitated sulphide
concentrations with this technique (t statistic=32.706, df=6, p<0.05), proving the usefulness of
the tool (Fig 2.6). It is recommended that it be employed for relative studies and standard curves
are set up immediately prior to the experiment, tailored for specific experimental normalization

(i.e., salinity, concentration of bentonite and length of microcosm incubation).

In contrast to saturated bentonite, microbial activity at bentonite-air interfaces demands unique
techniques. The measurement of CO, accumulation as an indicator of microbial activity is
effective (Fig 2.7.1) if the capacity of bentonite as a CO; sink is considered, as suggested by the
negative gradient of the sterile control. In solution, high pH causes the speciation of CO, to
carbonates via bicarbonates, shifting the CO, equilibrium in solution and stimulating the transfer
of CO; (air) to CO; (aq) (Fig 2.7.2A; Mulder, 1996). Saturated bentonite (pH 9.5) shows a
similar shift from CO,in the gaseous phase to the aqueous phase, although the equilibrium was
300 ppm lower than a buffer at the same pH (9.5). This suggests that other physico-chemical

parameters influence the CO, sorption capacity of saturated bentonite, such as dilution and
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diffusion. Desiccated bentonite incubated at both 30 % RH and 75 % RH absorbed CO,, with
equilibrium approximately 2 times lower at 75 % RH (Fig 2.7.2B). Thus, CO, is likely
solubilized in the liquid adsorbed to the hygroscopic clay during incubation at higher RH, a
parameter that needs to be considered when measuring microbial activity at bentonite-air

interfaces.

Although the development of metabolic tools is useful, the additional use of genomics in the
bentonite matrix would be desirable for linking community composition and functionality. Thus,
the influence of pH on the complexing of cells and DNA to the Na/Ca-montmorillonite clay
matrix was investigated. DNA is highly-adsorbed to smectite, dependent on the concentration
and valency of the montmorillonite cations (Paget et al., 1992). Similarly, cell walls and cell
envelopes are adsorbed to smectite and kaolinite clays, likely due to multivalent metal cation
bridging (Walker et al., 1989). It was investigated whether buffering the bentonite would
influence such multivalent cation bridging by increasing the positive ionic strength of the
solution. The buffering of bentonite at pH 7.0, as opposed to natural bentonite pH (9.5), showed
an increasing trend in the isolation of natural bentonite microbiota within the first hour of
incubation (Fig 2.8.1), and significantly increased the cell concentration of both prokaryotes and
eukaryotes recovered from the natural bentonite matrix by up to 75 % after 10 h of shaking (Fig
2.8.2A). Similarly, the prokaryotic and eukaryotic populations isolated from inoculated bentonite
were also over 50 % higher if buffered at pH 7.0 for 10 h. It was unclear whether these higher
cell numbers were due to planktonic growth alone, or release of cells from cell-clay complexes.
Although the buffer stabilized the bentonite at pH 7.0 within an hour, potential exchange with

clay-cell complexes may be time-dependent. Nevertheless, neither the physical buffering of
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bentonite at pH 7.0 nor higher cell concentrations resulted in successful isolation of DNA from
the bentonite matrix (Fig 2.8.2B). Thus, there may be elements within the clay matrix that
prevent the successful isolation of intact DNA, such a DNases that degrade isolated DNA, or

more tightly-complexed DNA-clay compounds that negatively affect the extraction protocol.

A number of tools were optimized for the quantification and localization of microbial activity in
the bentonite matrix. Such tools could be applied to analyze bentonite samples from laboratory
experiments that simulate the repository environment and from underground demonstration
experiments. These metabolic tools are useful for relative measurements of redox, pH, sulphide
and CO; metabolism, rather than absolute measurements. It must be considered that microbes
could change the properties of clay (dry weight:wet weight ratio) through the conversion of
smectite to illite (Liu et al., 2012; Mulligan et al., 2009). Thus, careful controls and experimental
design are necessary to employ these techniques. However, these tools are cost-effective and
simple, and should facilitate the exploration of microbial activity within the low-biomass
bentonite environment for applications in nuclear waste management, as well as the broader

fundamental fields of extreme desiccated microbiology and biogeochemical cycling.
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CHAPTER 3

Microbial Metabolism in Bentonite Clay:

Saturation, Desiccation and Relative Humidity

Chapter 3 has been accepted for publication in the Journal of Applied Clay Science as Stone, W.,
Kroukamp, O., McKelvie, J., Korber, D. R., & Wolfaardt, G. M. Microbial metabolism in bentonite clay:

Saturation, desiccation and relative humidity.
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3.1 Abstract

Within a Deep Geological Repository for used nuclear fuel storage, compacted bentonite clays
are the candidate buffer due to their physical and rheological properties, and their ability to
suppress microorganisms. This study focused on the potential for microbial metabolism at
bentonite-air interfaces, the influence of relative humidity (RH) and the consequences of
metabolic activity on bentonite. Microbial activity, determined by monitoring the concentration
of evolved CO,, was sustained at desiccated bentonite-air interfaces at 75% RH (0.6 ppm
CO,/min after 5 days of dessication) but was completely suppressed at 30% RH. Conversely,
microbial survival was promoted in dry bentonite, with culturable cell survival up to 3 times
higher at lower RH (30%) than higher RH (75%). It was also shown that, under water-saturated
conditions, microbial sulphur reduction decreased the clay swell index of uncompacted
bentonite, swelling approximately 2.7 cm/(g dry weight) less than controls. Notably, natural
groundwater salinities were shown adequate to suppress all microbial activity under both
saturated and desiccated conditions, confirming that a combination of high bentonite dry density
and high salinity inhibits microbial activity, even in microenvironments like surface-air
interfaces where swelling pressure limitations may be transiently compromised. Along with the
applied need for this knowledge, this study also provided a fundamental opportunity to explore
microbial activity in desiccated environments, and suggests that lower RH may promote rapid

entry into a dormant cell state and thus more effective long-term adaptation.
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3.2 Introduction

Many countries are actively developing deep geological repositories (DGR) for the long-term
storage of used nuclear fuel. In Canada, the Nuclear Waste Management Organization (NWMO),
mandated by the Nuclear Fuel Waste Act (2002), has implemented a site-selection program to
develop a DGR in a willing, informed host community (NWMO, 2005; NWMO, 2010). As of
2014, Canada had accumulated approximately 2.5 million CANDU fuel bundles (ca. 50,000
tonnes of heavy metal, t-hm) in reactor site storage, projected to increase to more than 3.4
million fuel bundles (ca. 69,000 t-hm) prior to DGR emplacement (Garamszeghy, 2010). DGR
designs rely on engineered and natural barriers to isolate radionuclides. The Canadian engineered
barrier system (Fig. 3.1) consists of copper-coated steel used fuel containers (UFC’s), containing
48 CANDU bundles each, surrounded by highly-compacted bentonite (HCB) clay. The natural
barrier system will be 500 m of overlying low-permeability sedimentary or crystalline host rock.
The UFC is designed to provide containment for at least 100,000 years; whereas, the HCB clay

and host rock will be relied upon for isolation of radionuclides to one million years.

70



Repository Interfaces

4 Used fuel container and bentonite

2 Host rock and bentonite
_ [ ~ Copper-coated steel
3 Bentonite components ) $ugh used fuel container
¢

Low
permeability
host rock

Bentonite pellets
(Gap-fill)

Highly compacted
bentonite

FIG 3.1 The Canadian Engineered Barrier System in a Deep Geological Repository for
used nuclear fuel storage. The current Canadian design employs copper used fuel containers as
a first barrier for the prevention of radionuclide escape from CANDU fuel bundles, and highly-
compacted bentonite (HCB) blocks as a buffer between the used fuel containers and the host

rock. The interface between the host rock and HCB is of greatest microbiological interest.

The primary microbiological concern in the DGR is that metabolic sulphide production could
cause microbiologically influenced corrosion (MIC) of the UFC’s. Highly compacted Wyoming
bentonite (MX-80) was the buffer initially selected and designed to physically and chemically
protect the UFC's. The fact that the HCB can suppress microbial activity was discovered
through research, and the HCB requirements in the NWMO design are now such that the HCB
will suppress microbial activity (Fig 3.1; NWMO, 2005). Water activity (ay) is the key parameter
limiting microbial survival in a DGR environment (Stroes-Gascoyne et al., 2010). The HCB

compaction and resultant swelling pressure, combined with the natural salinity of groundwater,
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are relied upon to limit a,, and prevent MIC (Stroes-Gascoyne et al., 2010; Masurat et al., 2010).
Low bentonite porosity and permeability limit transport of metabolites and microbes from the
host rock (Sherwood Lollar, 2011) through the bentonite buffer by creating a diffusion-
dominated environment (Stroes-Gascoyne et al., 1997; Pedersen, 2010; Hallbeck and Pedersen,

2012).

Saturated, compacted bentonite microbiology has been assessed in terms of aerobic culturable
numbers and migration (Stroes-Gascoyne et al., 2010). Compaction of bentonite to a dry density
of 1.6 g/em’, with a corresponding saturation swelling pressure of >2 MPa and a,, of <0.96,
limited culturable microbial numbers to background levels in as-received, powdered bentonite.
These limiting parameters, combined with used nuclear fuel heat and radiation, are expected to
create a virtually sterile zone in the UFC-HCB buffer interface and its immediate vicinity (Fig.
3.1). However, limiting parameters may not be maintained at HCB buffer-host rock interfaces
due to non-homogenous swelling. This warrants further study to determine if these interfaces
could provide transient microenvironments conducive to microbial activity (Pedersen, 2010;

Stroes-Gascoyne et al., 2011A; Wolfaardt and Korber, 2012).

Although anaerobic Sulphate Reducing Bacteria (SRB) have received the most attention, other
potential microbial DGR impacts include weathering of bentonite and gas production (Mulligan
et al., 2009). Biofilm formation at HCB-host rock interfaces may affect the transport of
radionuclides and metabolites or provide microenvironments that promote microbial survival and
activity. Stroes-Gascoyne et al. (2010, 2011A) postulated the occurrence of DGR moisture
gradients that would influence microbial activity. Heat from radioactive waste would drive water
out of the repository, with subsequent cooling resulting in increased moisture levels. Desiccation

would be expected to limit microbial activity, whereas upon saturation, clay swell pressure
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would additionally limit a,, and microbial metabolism. During the transition between the dry and
wet phase, microbes may have access to water or water vapor without sufficient clay swell
pressures to limit activity. Microbial activity in non-uniform microenvironments could lead to
the production of extracellular polymeric substances (EPS) and metabolites, changing the

properties of the clay matrix.

It is accepted that microbes survive desiccation due to dormancy, a cessation of metabolic
processes. DGR microbiology has thus focused on characterizing microbial survival under
desiccation, and metabolic impacts within saturated HCB. However, biofilms provide alternative
survival strategies during desiccation (Chang et al., 2007) that may sustain metabolism at
repository interfaces. As such, the overall objective of this study was to explore the potential for

microbial activity at bentonite-air interfaces. The three main questions posed are:

(1) Can microbial biofilms at bentonite-air interfaces metabolize during desiccation

under saline and non-saline conditions?

(11) Does relative humidity (RH) have an effect on microbial metabolism at bentonite-air

interfaces?

(111))  Does microbial activity influence the swelling ability of bentonite, a key suppressive

attribute?

These questions evaluate potential impacts of microbial activity in DGR interface
microenvironments, when limiting parameters may not be maintained during the heat-shrinking

and moisture-swelling bentonite gradient.
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33 Materials and Methods

Microbes: Activity and Survival in Desiccated Bentonite

3.3.1 Isolation and Identification of the Aerobic Culturable Bentonite Microbial

Community

Uncompacted Wyoming VOLCLAY MX-80 bentonite powder (American Colloid Company,
Wyoming, USA) and compacted bentonite blocks (14.4% water, 1.61 g/cm?® dry density, 1.88
g/cm?® bulk density, 5x5x5 cm, crushed with a spatula for isolations) were stored in sealed bags
and handled aseptically. Enrichments involved (1) direct scattering of bentonite powder (0.5
g/plate) on agar media and (2) detaching microbiota from bentonite using sonication. For
detachment, 2 g bentonite (100 g/L) was suspended in 20 mL NaCl (8.9 g/L) in 50 mL Falcon
tubes, and the resultant slurry sonicated (Branson B3510 Ultrasonic Bath, Danbury, CT, USA;
335 W, 40 kHz, 45 min) according to Mermillod-Blondin et al. (2001). The undiluted slurry (500
uL) was plated on agar media. Eukaryotes were enriched on full- and 10% strength Yeast Malt
Agar and Y4 strength Cornmeal Agar. Prokaryotes were enriched on Tryptic Soy Agar (3 g/L)
and R2A Agar (18 g/L), all at natural bentonite pH (9.0). Media recipes were according to Atlas
(2010) and chemicals purchased from Sigma-Aldrich (Oakville, ON, Canada). Colonies were
selected for isolation based on distinctive morphology. Eukaryotes were identified with the
universal  primers ITS1  (5-TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-
TCCTCCGCTTATTGATATGC-3’) according to White et al. (1990) and Vreulink et al. (2010).
Prokayotes were identified with the universal primers U341F (5’- CCTACGGGAGGCAGC AG-

3’)and U758R (5’-CTACCAGGGTATCTAATCC-3’) according to Ronan et al. (2013).
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PCR products were sequenced (Centre for Applied Genomics, SickKids, Toronto, ON, Canada)
and the online Basic Local Alignment Search Tool (BLAST) was used to detect homology with
CBS (Centraalbureau voor Schimmelcultures) and ATCC (American Type Strain Culture
Collection) reference and type strains on the NCBI (National Centre for Biotechnology

Information) database (http://www.ncbi.nlm.nih.gov/BLAST/). Bacterial, yeast and fungal

species of particular interest were selected based on morphology and extremotolerance as

described in literature (Table 3.1).

3.3.2 Phylogenetic Identification of Culturable Bentonite Microbiota.

The resulting eukaryotic DNA sequences were manually edited with 4Peaks for Macintosh,
Version 1.7.2 (Nucleobytes, Amsterdam, Holland). Consensus sequences were generated by
alignment in Mega for Macintosh, Version 5.2.2. The online Basic Local Alignment Search Tool
(BLAST) was used to detect homology with species on the NCBI (National Centre for

Biotechnology Information) database (http://www.ncbi.nlm.nih.gov/BLAST/). Isolate sequences

were aligned with CBS (Centraalbureau voor Schimmelcultures) and ATCC (American Type
Strain Culture Collection) reference and type strains obtained from the NCBI database. A
neighbour-joining tree was constructed in Mega 5.2.2 using the Jukes-Cantor distance model.
Branching pattern quality was assessed by bootstrap resampling of the data sets with 1,000
replications. For tree rooting, Drosophila melanogaster was selected as the eukaryote outgroup.
Prokaryotes were listed in a table, as the isolation and identification of prokaryotes was the focus

of another branch of the project.
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3.3.3 Relative humidity and microbial activity in desiccated bentonite

Microbial respiration at bentonite-air interfaces during desiccation was assessed in triplicate

samples of four distinct microcosms, as described below:
1) Inoculated bentonite microcosms

Uncompacted non-sterile bentonite (50 g/L.) microcosms in 50 mL Falcon tubes were inoculated
with a cocktail of bentonite prokaryotic and eukaryotic strains (Table 3.1). Bacterial and yeast
strains were grown to stationary phase in liquid culture (2 and 4 days, respectively) and diluted
to 10° cells/mL. Each culture was washed three times with sterile tap water, and 2.5 mL per
culture was added aseptically to 2.5 g non-sterile bentonite. Fungal spores (2 mL per strain, 10
spores/mL) from the two isolates were added, and the culture topped up to 50 mL with sterile tap

water.

2) Natural bentonite microcosms

Uncompacted non-sterile (uninoculated) bentonite (50 g/L) was added to 50 mL sterile tap water.
3) Inoculated saline bentonite microcosms

As per inoculated microcosms, but re-suspended and topped up with sterile saline (50 g/L. NaCl)

tap water.

4) Sterile bentonite microcosms

Twice-autoclaved bentonite (50 g/L) was suspended in 50 mL sterile tap water.

Inoculated (1) and sterile (4) microcosms were repeated with a total of 10 replicates each, for

stronger statistical analyses. All microcosms were vortexed (3 min) and aerobically incubated in
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capped Falcon tubes under static conditions at room temperature for 10 days. Microcosms were

subsequently vortexed (1 min) and 15 mL of the bentonite slurry injected from each microcosm

into two clean sections of Tygon tubing (80 cm long, 1 cm inner diameter) for incubation at 30%

and 75% RH (15 mL/tube). Tubes were secured lengthwise with open ends upwards, so that the

bentonite slurry was spread as a film (~1 mm thick) across the bottom (along ~40 cm of the U-

shaped section of the tube, Fig. 3.2). Air was passed through each tube at 15-20 L/min for 16

hours until visible desiccation, indicated by bentonite flaking and lightness of colour. The tubes

were subsequently incubated in chambers controlled at 30% and 75% RH, respectively.

TABLE 3.1 Strains selected for microcosm inoculation in this study. One desiccation-

tolerant bacterial indoor air isolate (Ronan et al., 2013) was used. All other prokaryotic and

eukaryotic strains were selected from bentonite isolates. Genbank accession numbers are

included for species isolated in this study.

Indoor Air Bentonite Bacteria Bentonite Yeasts Bentonite Fungi

[solate®

Arthrobacter | Bacillus Arthrobacter | Cryptococcus Cryptococcus Penicillium | Fusarium

spp. simplex globiformis | magnus antarcticus chrysogenum | solani

(desiccation | KX229705 | KX229706 (extremotolerant®) | (extremotolerant®) | (Melanized | (Filamentous

tolerant”) KX229704 KX229704 spore- spreading
former) hyphal mat)
KX229702 KX229703

“Ronan et al. (2012)

PButinar et al. (2007)
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FIG 3.2 Experimental setup for the measurement of microbial metabolism at bentonite-air

interfaces. Microcosms in 50 mL Falcon tubes (natural bentonite + tap water, inoculated
bentonite + tap water, saline and sterile controls) were incubated under static conditions and
inoculated into tubes (1). The samples were desiccated overnight (2) and subsequently incubated
at low (30%) and high (75%) RH (3). Microbial respiration at bentonite-air interfaces was
analyzed at 5 days and 20 days incubation, by connecting the tubes to a CO, analyzer and

measuring CO, accumulation within a closed-loop system (4).
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RH was maintained using MgCl, (33%) and KCl (85%) saturated salt solutions (100
mL/chamber) in covered 5-L glass chambers, according to Greenspan (1977). RH was monitored
with 915 MHz Wireless Temperature Stations (La Crosse Technology, Saint-Laurent, QC,
Canada). Bentonite-altered chamber RH, as compared to those reported by Greenspan (1977),
stabilized at 23-30% (hereafter referred to as 30%) and 75-79% (hereafter referred to as 75%,),

consistently returning to the controlled RH within an hour after opening and resealing.

After 5-7 and 17-20 days, CO, production by the desiccated samples was measured by
connecting the tubes to a closed-loop Carbon Dioxide Evolution Monitoring System (CEMS),
described by Kroukamp and Wolfaardt (2009) and Bester et al. (2010). The carrier gas was air
equilibrated to ambient levels of CO,, circulated with a peristaltic pump. The accumulation of
CO; in the system (3-5 hours) was measured, disconnecting the sample tubes from the CEMS

loop and replacing them at controlled RH between measurements.

The evolution of CO, was plotted over time, and the gradients (ppm CO»/min) at different RH,
under different conditions were compared. Means and standard deviations of gradients of
triplicate samples were calculated in Excel and compared with independent-sample two-tail t-

tests. This statistical analysis was employed for all comparisons of means in this study.

3.3.4 Relative humidity and microbial survival in desiccated bentonite

The survival of bentonite microbiota was assessed after incubation of triplicate samples of 10 g
uncompacted bentonite (1 year) and HCB blocks (2 months) at 30% and 75% RH. Aerobic
colony forming units (CFU’s) were assessed with sonication (2.1.1), on TSA and R2A

(prokaryotes), and full- and 10% strength YMA (eukaryotes). For uncompacted bentonite
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samples, the top 2 g was aseptically removed and discarded, and the next 1 g suspended in
diluent, sonicated for 30 minutes, and appropriate dilutions plated on the respective media. For
compacted bricks, the outer layer (~2 mm) was aseptically removed via scraping and a further 1

cm crumbled and homogenized. From this bentonite, 1 g was used for sonication and plating.

Bentonite as a Microbial Habitat

3.3.5 Desiccated bentonite as a water sink

Uncompacted bentonite-air water exchange capacity was assessed at 30% and 75% RH.
Precisely 20.00 g of uncompacted bentonite was dispensed into pre-weighed glass vials (height:
58 mm, diameter: 20 mm; ten vials per treatment group). The samples were divided into four
treatment groups: autoclaved (121 °C, 100 kPa), irradiated (2.5 MRad), dry heat (120 °C,
overnight), and untreated. Five jars per treatment group were incubated per RH chamber (30%

and 75%) at 30 °C. The bulk mass was monitored over 2 years.

Similarly, three pre-weighed HCB blocks were incubated at 30% and 75% RH (30 °C),
respectively. After two months, the external physical appearance (total thresholded brightness
and dark spots) was compared using ImagelJ Particle Analysis of 700x580 pixel RGB snapshots,
with a brightness maximum threshold of 160 and saturation threshold of 7 (hue un-thresholded).
For standardization, single images of HCB block pairs (30% and 75% RH) were digitally split
for analysis. Bulk mass and a,, (Novasina ms1 Water Activity Meter, linear offset calculated with
distilled water and saturated MgCl, and KCI solutions) of the crushed blocks were compared.

Internal measurements were 1 cm deep.
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3.3.6 Metabolites and biomass: bentonite sedimentation phases

Clay sedimentation is the inverse of clay swelling, and thus indicative of one of the key
suppressive properties of bentonite on microbial activity. Thus, the influence of salinity, FeS,
lactate, and heat-killed biomass on sedimentation zone heights (mm) was assessed in bentonite
slurries. Each 20 mL glass vial (height: 58 mm, diameter: 20 mm) had 10 mL NaCl, FeS, or
lactate, respectively (see concentrations below). Non-sterile bentonite (1 g in 10 mL; 100 g/L)
was added to each solution (FeS remained precipitated and settled with the bentonite), mixed,
and allowed to settle for 36 hours. A heat-killed cell culture range was similarly assessed, but
scaled down to 0.2 g bentonite in 2 mL (4.5 mL cuvettes). Heat-killed cells (5 mL) were
collected from 3 day-old liquid cultures of Cryptococcus magnus (Table 1, YMB, 10° cells/mL)
and Arthrobacter spp (TSB, 10° cells/mL). Cells were centrifuged together in 15 mL Falcon
tubes at 10,000 g, washed twice, and re-suspended in 5 mL sterile tap water. The suspension and
tap water for dilution were boiled (30 minutes) and cooled before dilution ranges were set up and

bentonite (100 g/L) added.

Salinity range: 0, 10, 25, 50, 100, 150 and 200 (g/L)

Sulphide range: 0, 0.025, 0.05, 0.1, 0.2 and 0.4 (% w/w bentonite)
Lactate range: 0, 10, 25, 50, 100, 200 (g/L)

Heat-killed cell culture range: 0, 12.5, 25, 50,100 (% v/v)

The mean phase heights and standard deviations of triplicate samples were plotted against
concentration (salinity, sulphide, lactate or cells). Phases included (a) water, (b) sedimentary

bentonite, and (c) a light, cloudy interphase.
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3.3.7 Microbial activity: clay swell index and water retention capacity

Bentonite clay swell index and water retention capacity were measured in (1) 12-week natural
microcosms with microbial sulphur reduction, compared to non-sterile controls without

microbial sulphur reduction and (2) 3-week inoculated microcosms, compared to sterile controls.

(1) Natural microcosms were set up and the clay swell index and water retention capacity were

analyzed at 12 weeks:

Non-sterile, aseptically-handled uncompacted bentonite (5 g/microcosm) was weighed into 10
mL sealed syringes. Subsequently, 4 mL of treatment solution was added and forced through the
bentonite with the syringe. Treatment solutions included sterile tap water, 20 g/L lactate, NaCl in
sterile tap water (0, 50, 100, 150, 200 g/L), and the same range of saline solutions in 20 g/L
lactate. Microcosms were monitored for visible formation of black precipitate, presumed to be
microbial sulphate reduction to iron sulphides such as pyrite (FeS,), mackinawite [(Fe,N1);S (x
= 0-0.11)], and greigite (FesS4) (Rickard and Morse, 2005; Hunger and Benning, 2007).
Microbial activity was confirmed with soluble sulphide, redox, and pH measurements in black
microcosms, as compared to (1) twice-autoclaved microcosms and (2) non-sterile bentonite

microcosms where visible sulphide precipitation was not evident.

The Methylene Blue method was used to measure soluble sulphide, according to Truper and
Schlegel (1964). Bentonite redox was compared in zones with and without sulphide
precipitation, using a 0.006% (w/v) Resazurin Sodium Salt solution, modified from Gonzalez-
Pinzon et al. (2012). Bentonite pH was compared in zones with and without sulphide
precipitation, using 0.01 M CaCl, according to Henderson and Bui (2002). For more detail, refer

to Stone et al. (2015).
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Visible sulphide precipitation was recorded in each microcosm (+ or -), and percentages of
microbial activity per treatment recorded (percentage of total vials evidencing sulphur reducing
microbial activity). In microcosms where microbial activity occurred, black precipitate was
visible in 2 — 6 weeks and the clay swell index and water retention capacity analyzed at 12

weeks.

(2) Inoculated, natural and sterile microcosms were set up in 50 mL Falcon tubes, as described in
section 2.1.2. The clay swell index and water retention capacity were analyzed at 3 weeks, well

before sulphide precipitate formed.

The clay swell index of bentonite was measured according to ASTM Standard D5890 (ASTM
D5890-11, 2011), scaled down to 1 g dry weight in 50 mL dH,O, measured in a burette for 3-
week inoculated microcosms, and 0.015 g dry weight in 3 mL cuvettes for 12-week natural
microcosms. The water retention capacity of bentonite was measured with the general principle
of ASTM Standard D5891 (ASTM D5890-02, 2009.). The method was scaled down to 5 g wet
weight, and the water loss rate due to pressure was substituted with water loss rate due to heat
(60 °C, dry heat). The method was as described, but instead of squeezing water off the bentonite,
it was incubated at 60 °C and weighed every hour until a consistent dry weight, with samples
cooled (desiccation chambers, 5 min) before weighing. Bulk mass as a percentage of the final
dry weight was plotted over time, the gradients (decrease in weight (g/g dry weight)/hour) were
calculated, and means and standard deviations (4 replicate samples) were compared with

independent t-tests.
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34 Results

Microbes: Activity and survival in desiccated bentonite

3.4.1 High RH extends short-term microbial metabolism at bentonite-air interfaces, but

limits long-term desiccation survival

After 5 days of desiccation under sterile (control) and saline conditions, the rate of CO,
production at bentonite-air interfaces was lower at 75% RH than at 30% RH (sterile: p=0.005, t=
4.23, df= 6; saline: p= 0.061, t= 1.46, df = 6; Fig. 3.3A). The sterile bentonite CO, production
rate of -0.13 ppm/min at 75% RH, in contrast to 0.07 ppm/min at 30% RH, suggests that
bentonite absorbs CO; at high RH, likely due to a high natural pH (9.5; Stone et al., 2015). There
was no significant difference between the mean CO, production rate at 30% and 75% RH in
natural desiccated bentonite at surface-air interfaces (p=0.622, t=0.518, df=6), suggesting low
levels of microbial respiration, or a change in the bentonite CO, absorption capacity. However,
microcosms inoculated with bentonite isolates consistently respired CO, at 75% RH after 5 days
of desiccation (p=0.0045, t=3.242, df=18; Fig. 3.3A and B). Standard deviation was high, since
some inoculated microcosms ceased to metabolize at day 5 at 75% RH, despite the overall trend
of continued metabolism (Fig. 3.3C). However, even inoculated bentonite samples that showed
no activity (zero gradient) at 5 days of desiccation had higher levels of CO, in the equilibrated
system at 75% RH than at 30% RH (Fig. 3.3C). This higher concentration of CO, in the
desiccated tubes at 75% RH, despite a zero gradient, suggests that CO, had accumulated in the
tubes during desiccation at high RH, even in tubes that were no longer metabolizing at day 5.
This further confirmed that metabolism continued longer at 75% RH than 30% RH. By day 20,

the mean inoculated microcosm metabolic rate at 75% RH had only decreased by 10%, from 0.6
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ppm COz/min to 0.52 ppm CO,/min. However, the standard deviation was greater and the

difference between respiration at 30% and 75% RH was less distinct (p=0.26 t=1.31, df=6).
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FIG 3.3 Microbial CO; production on dry bentonite-air interfaces at 30% and 75% RH. Of
all inoculated samples, 30% RH did not show CO, production, whereas 75% RH showed

persistent aerobic respiration (A). CO; accumulation at 75% RH in a single sample, after 5 days
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of desiccation, connected to a closed-loop system is represented in (B) and (C). Some inoculated
samples did not show respiration at 75% RH (A and C). Boxes (A) represent the means of the
CO; accumulation gradients (ppm CO,/min) of a minimum of triplicate samples after 5 days of
desiccation under sterile control, inoculated, natural and saline conditions; and error bars
standard deviation. P values represent the probability the there is a significant difference in mean

pairs, based on an independent t-test.

In contrast, after desiccated incubation for one year, bentonite culturable prokaryotic and
eukaryotic populations (quantified in CFU’s/mL) were 2 to 3 times higher at 30% RH than at
75% RH (prokaryotes: p=0.0032, t=6.35, df=4; eukaryotes: p=0.0056, t=5.44, df=4; Fig. 3.4).
Bentonite compaction suppressed background community levels up to tenfold; however, a lower

survival trend at higher RH was still evident.
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FIG 3.4 Survival of aerobic, culturable bentonite microbiota at 30% and 75% RH. In both
as-received, dry compacted blocks (incubated at 30% and 75% RH for two months) and as-
received, dry loose bentonite (incubated at 30% and 75% RH for one year), survival of aerobic
culturable pro- and eukaryotic communities was greater at 30% RH. Boxes represent means of
triplicate samples, and error bars standard deviation. P values represent the probability that there

is a significant difference in mean pairs due to RH, based on an independent t-test.
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Bentonite as a microbial habitat

3.4.2 Bentonite-air water exchange is influenced by humidity, heat and irradiation, and is

non-homogenous upon compaction

Heat and irradiation increased bentonite’s hygroscopic capacity (Fig. 3.5). Autoclaving (20 min),
dry heat (120 °C), and irradiation (2.5 MRad) all forced water out of the as-received bentonite.
During incubation at 30% RH, the untreated bentonite mass decreased over time, losing water to
the gaseous phase; whereas, bentonite that had lost water due to treatment gained bulk mass until
equilibrium, suggesting a hygroscopic tendency to bind water from the air. This hygroscopic
trend was observed for all bentonite treatments at 75% RH. At both 30% and 75% RH, irradiated
bentonite increased in bulk mass faster and reached a higher equilibrium than bentonite treated

with heat and pressure, suggesting that irradiated bentonite has a greater hygroscopic capacity.
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FIG 3.5 Bentonite-air water exchange in uncompacted bentonite. Initial 20 g (as-received,
wet weight) samples of uncompacted Wyoming MX-80 bentonite powder were divided into 4
categories: untreated (as received), irradiated (2.5 MRad), autoclaved, and heated (dry, 120 °C).
These were treated in jars, exposed to air at (A) 30% RH and (B) 75% RH, and mass increase

was monitored. Error bars represent standard deviation of five replicate samples per time point.

HCB blocks were also hygroscopic, with higher bulk mass and a,, after incubation at higher RH
(Fig. 3.6). Image J analyses of 700x580 pixel RGB images of HCB blocks (saturation threshold
=7, brightness threshold = 160) demonstrated that the color of bentonite bricks incubated at 75%
RH was darker (% total area over 160 threshold) than at 30% RH (p=0.0001, t=6.95), suggesting
that color correlated with bound water. The higher mean particle size (p=0.0221, t=2.83) at high

RH suggests concentrated localization of hygroscopically-bound water.
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FIG 3.6 Bentonite-air water exchange in compacted bentonite. Cross-sections of compacted
Wyoming MX-80 bentonite bricks incubated at 75% RH and 30% RH for 2 months. Qualitative
parameters such as size, weight and hue (which were initially uniform) are noticeably distinct
after 2 months incubation at the respective RH’s. Image analysis quantification of these
qualitative parameters, comparing total darker hue (area) and concentrated localization of water
retention as a dark hue (average particle size), were recorded after 2 months, along with bulk
mass and a,,. Boxes represent means of triplicate samples, and error bars standard deviation. P

values represent the probability the there is a significant difference in means, based on an

independent t-test.
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3.4.3 Salinity, precipitated sulphides, lactate, and heat-killed microbial biomass influence

the sedimentation of saturated bentonite

Microcosms were set up for monitoring SRB activity with tap water, NaCl (200 g/L, simulating
porewater salinities; Vilks, 2009), and lactate (20 g/L, source of electrons and carbon). Similarly,
bentonite was mixed with commercial FeS for evaluating the Methylene Blue protocol. These
compounds influenced the sedimentation of saturated bentonite slurries, suggesting that clay-
water interactions were influenced by salt, precipitated sulphide, and lactic acid. Since a key
bentonite parameter for microbial suppression is its tendency to swell upon saturation (the
inverse of sedimentation), this sedimentation was quantified as an indicator of clay-water
interactions. An increase in concentration of NaCl, FeS, and Na-lactate (Fig. 3.7A-C) all lead to
greater clay sedimentation (i.e., a larger water phase and smaller, more-compacted bentonite
phase). Consequently, a concentration range of heat-killed cells was mixed with bentonite to
assess whether extracellular microbial compounds had a similar influence on bentonite
sedimentation. In contrast to the trends described above, bentonite sedimentation decreased

slightly with an increase in cell-extract concentration (Fig. 3.7D).
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FIG 3.7 Bentonite sedimentation. Sedimentation phases (solid bentonite, interphase and water
phase) were measured after mixing bentonite (10% w/v) with a range of concentrations of (A)

NaCl [0-20% w/v], (B) sulphide [0-0.4 g/g bentonite], (C) Na-lactate [0-20% w/v] and (D) heat-
killed biomass [0-100% v/v] and allowing it to settle. Error bars represent standard deviation of

triplicate samples per concentration point.
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3.4.4 Natural microbial activity in saturated bentonite has an influence on clay-water

interactions

Iron sulphide precipitation was used as a simple visual indicator of microbial metabolism in
saturated bentonite microcosms. Redox and pH always decreased and soluble sulphide increased
concurrently with sulphide precipitation, while remaining constant in all controls, confirming
that the sulphide precipitation was due to microbial activity. A resazurin color change from blue
to pink to colorless, accompanied by a drop in pH from 9.8 = 0.15 to 7.8 + 0.2, likely due to
organic carbon oxidation, only occurred in microcosms where visible sulphide precipitated.
Autoclaved and irradiated controls, and saline microcosms showed no microbial activity over 2

years, indicated by stable redox and pH and zero precipitated and soluble sulphide.

Microbial activity, determined with precipitated and soluble sulphide and pH and redox
decreases, was evident in 20% of microcosms saturated with tap water and 3% of microcosms
saturated with lactate. These precipitates took 1-3 months to develop. The carbon source was

expected to increase the frequency of sulphur reduction, but did not.

Twelve-week natural microcosms with FeS precipitate, hereafter referred to as microbially-
active microcosms, were selected for assessment of bentonite swell index and water retention
capacity, as compared to non-sterile controls in which microbial activity did not occur. Similarly,
the clay swell index and water retention of bentonite in 3-week inoculated, natural, and
autoclaved microcosms were compared. In twelve-week, natural microcosms, clay from
microbially-active microcosms with precipitated sulphide swelled approximately 2.7 cm/(g dry
weight) less than controls (p=0.001, t=4.343, df=10; Fig. 3.8A). The rate of water loss [g.(g dry

weight)".h™") upon incubation at 60 °C] had a higher trend in microbially-active microcosms
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than in controls, although the difference was not significant at p<0.05 (p=0.140, t=1.70, df=6;
Fig. 3.8C). Inoculated short-term microbial activity of aerobic bentonite microbiota had no

influence on bentonite swell index or water retention (Fig. 3.8B and D).
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FIG 3.8 The influence of microbial activity on the clay swell index and water retention
capacity of saturated bentonite. The clay swell index (A and B) and water retention capacity
(C and D) of bentonite was compared in twelve-week microcosms (natural bentonite microbial

activity, indicated by sulphide precipitate, redox and pH decrease; and tap water controls)
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incubated for 3 months (A and C), and in short-term microcosms (inoculated, inoculated saline
and sterile controls) incubated for 3 weeks (B and D), and. Boxes represent means of triplicate
samples, and error bars standard deviation. P values represent the probability that there is a

significant difference in means, based on an independent t-test.

3.5 Discussion

Water limitation is considered the primary microbial suppressive property of the HCB barrier in
a DGR (Stroes-Gascoyne et al., 2010). Desiccation limits a,, when the barrier is unsaturated
whereas upon saturation, high swelling pressures, the natural salinity of bentonite and small pore
size limit ay,. However, microbial culturability has been documented in saturated HCB with dry
densities lower than 1.6 g/cm® (Stroes-Gascoyne et al., 2010; Stroes-Gascoyne et al., 2011A).
This suggests the potential for microbial activity if these suppressive conditions aren’t
consistently imposed. Thus, during transient desiccation in moisture gradients, two parameters
are key: (1) the homogeneity of bentonite swelling and a,, and (2) potential microbial access to
water at surface-air interfaces for continuing metabolism. Most DGR microbiology studies have
explored the kinetics of microbial sulphide generation and diffusion in saturated HCB; whereas
this work explored the potential for microbial activity during desiccation, when swelling pressure
is least likely to be homogenous and these suppressive conditions are least likely to be met.
Micro-pockets of aerobic microbial activity could persist during desiccation and impact the

bentonite physico-chemical properties responsible for SRB limitation during saturation.
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Thus, the central questions were: (i) Does microbial activity occur at bentonite-air interfaces? (i1)
Does RH (e.g., in a DGR) influence microbial activity at bentonite-air interfaces? (ii1) Do

microbes affect the swell index and water retention capacity of Wyoming MX-80 bentonite?

The evolution of CO; in closed-loop systems demonstrated that microbial activity could persist at
desiccated bentonite-air interfaces, and that RH does play a role. After 5 days of desiccation at
30% RH, mean CO, production rates of inoculated bentonite samples were the same as the
control, suggesting that metabolic activity ceases at bentonite-air interfaces at low RH (Fig. 3.3).
However, CO, respiration of inoculated bentonite at 75% RH was significantly higher
(p=0.0045, t=3.242, df=18; Fig. 3.3) than at 30% RH, suggesting that higher RH stimulates
microbial metabolic persistence at bentonite-air interfaces under desiccation. This trend was still
evident by Day 20, but with much greater variation (p=0.26). Organic matter is necessary for
such metabolic persistence, but is largely limited to recalcitrant carbon in bentonite (Marshall
and Simpson, 2014). This is a potential explanation for the lower metabolic rates in natural
bentonite, as opposed to inoculated bentonite. It is likely that the degradation and recycling of
biomass carbon provided most of the organic matter for respiration in this experimental setup. A
pertinent continuation of this work would involve exploring the influence of substrates with
higher carbon content on microbial metabolism at surface-air interfaces, as well as the potential
regulation of metabolic rates in adaptation to lower water and carbon availability at surface-air

interfaces.

In contrast to metabolic persistence, low RH (30%) improved the survival of aerobic culturable
eukaryotes (2.6 times, p=0.0056, t=5.44, df=4) and prokaryotes (2.7 times, p=0.0032, t=6.35,
df=4) in desiccated bentonite (Fig. 3.4). This survival trend was also evident in HCB blocks,

although populations were smaller and variation greater. Thus, persistent metabolism during
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desiccation might not be beneficial to the adaptation and survival of a microbial community over
extended periods, since vegetative cells are more sensitive to stress than dormant cells. Ronan et
al. (2013) demonstrated that high RH suppressed the survival of desiccation-tolerant indoor air
isolates at surface-air interfaces. This is relevant to a DGR, since the aerobic culturable
community of commercial bentonite included a diversity of spore-formers and desiccation-
tolerant species (Table 3.1). Previous studies confirmed the predominance of spore-formers in
analyses of compacted bentonite microbiota (Stroes-Gascoyne et al., 2010; Pedersen et al., 2000)
and an increase in aerobic culturable numbers at bentonite interfaces, as compared to internal
regions of the compacted clay buffer (Stroes-Gascoyne et al., 2007B). This study adds to this
knowledge by demonstrating that desiccation may extend the survival of the aerobic culturable
community at DGR interfaces. Potentially, extended metabolism at surface-air interfaces due to
high relative humidity may suppress desiccation adaptation responses such as spore-formation,

lowering survival capacity.

Although high RH (75%) suppressed survival of the aerobic bentonite microbiota, the
persistence of microbial metabolic activity at surface-air interfaces at high RH may impact the
physical parameters of the Na/Ca-montmorillonite clay matrix. The clay swell index is an
important property responsible for limiting microbial activity in saturated HCB. Previous studies
demonstrated the microbial role in smectite-illite conversion and concurrent decrease in swelling
capacity (Mulligan et al., 2009; Liu et al., 2012). Since swelling pressure limits microbial
activity, non-homogenous swelling may create microenvironments conducive to microbial
growth, although this would occur rarely and transiently. However, if these microenvironments
were exposed to air during desiccation, the potential for continued metabolism would exist,

providing that microbes could access water (a) from the air, (b) from the hygroscopic clay
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surface or (c) during exchange of water between the air and the surface. Higher water vapor in
the air leads to sustained metabolism (Fig. 3.3). However, whether it is accessed from the air, the
clay surface or during exchange with the hygroscopic matrix needs further investigation. The
present study also showed that irradiation increases the capacity of the bentonite surface for
holding water (Fig. 3.5) and thus may influence the potential of microbes to access water on
irradiated bentonite. The distinct influence of gamma irradiation, heat and autoclaving on soil
properties has been explored, with conflicting evidence on the effects of different energy sources
on the aggregation or disaggregation of clay particles (Berns et al., 2008). It was suggested that
irradiation often causes less of a disruption to soil matter than other sterilization techniques.
Greater disruption, for instance the pressure of autoclaving, was posited to cause the collapse of
pores, decreasing the surfaces area, which may have contributed to the decrease in clay
accessibility to water vapor evidenced in this work. Similarly, the mean area of concentrated
spots of dark hue, quantified with Image J analyses, was approximately 10 times greater on HCB
bricks incubated at 75% RH than at 30% RH (p=0.0221, t=2.831, df=8; Fig. 3.6). Thus, if
microbes do access matrix-bound water during desiccation, concentrated hygroscopic
localization of water vapor could cause non-uniform swelling and form compromised

microenvironments conducive to microbial activity.

Microbial communities in clay complexes in any transient microenvironments could modify
solute concentrations (Kempf and Bremer, 1998), deposit carbohydrates (Wolfaardt et al., 1999),
deposit iron sulphide (greigite, mackinawite, and pyrite) and catalyze the illitization of smectite
(Hunger and Benning, 2007; Liu et al., 2012). Since the study of microbiology at surface-air
interfaces presents limitations in terms of reaction rates, the microbial impact on bentonite-water

interactions was further explored in this study in saturated microcosms, although similar
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principles should apply to slower reactions rates at surface-air interfaces. Although salt, FeS, and
lactate all increased bentonite sedimentation (the inverse of swelling), concentrated heat-killed
cells did not (Fig. 3.7). It was shown that 12-week activity of the natural bentonite microbiota,
leading to sulphide precipitation, decreased the mean bentonite swell index by 27% (p=0.001,
t=4.343, df=10; Fig. 3.8A), although the impact on the rate of water loss by 43% was more
variable (p=0.140, t=1.70, df=6; Fig. 3.8C). Short-term (3 week) bentonite microcosms,
inoculated with high cell concentrations of aerobic prokaryotic and eukaryotic bentonite isolates,
showed no decrease in bentonite swell index and water retention (Fig. 3.8B and D). This
suggests that natural bentonite microbial activity, with sulphide precipitation, has an influence on
bentonite-water interactions, but microbial biomass and short-term aerobic microbial activity do
not. The carbon and salts attributed directly to biomass did not influence sedimentation,
bentonite swell index or water retention within this timespan. This reflects classic colloid theory,
which suggests that salt ions compress the diffuse negatively charged montmorillonite double-
layer, influencing the potential of mean force and allowing Van der Waals forces to precipitate
the clay (Tavares et al., 2004). In contrast, complex organic molecules will stabilize the clay
suspension. In 12-week, natural microcosms, the swell index and water retention changes may
be due to sulphide precipitation or illite-smectite conversion, both slow processes. An interesting
investigation would be into the structural changes of the molecular clay sheets and complexes,
using x-ray diffraction or electron diffraction. Conceptual models of interface microbial activity
suggest bentonite corrosion depths of less than 5.3 mm in 100,000 years (Nakano and
Kawamura, 2010). It is also worth noting that laboratory mineral dissolution rates are generally
exaggerated, due to higher clay-surface reactive sites (Maher et al., 2006) and interface:bulk

HCB ratios are very low, thus any interface microbial activity should have small DGR-scale
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impacts. Similar long-term in situ studies would confirm the observations in this study and the
postulations of such conceptual models. In addition to man-made environments like a DGR, this

would also inform studies in microbial geochemical evolution.

Thus, the first two questions, (i) whether microbial activity can persist at bentonite-air interfaces,
and (i1) whether RH influences this metabolism, were both confirmed. The third, (iii) addressing
whether microbial activity has an influence on the bentonite swell index and water retention
capacity, was confirmed in natural, saturated bentonite microcosms with visible precipitated
sulphide. Under saline conditions, all microbial activity was completely suppressed, in both
saturated and desiccated conditions. This supports the conclusions of Stroes-Gascoyne et al.
(2010), that high salinity suppresses microbial activity, even with bentonite dry densities below
1.6 g/em’. The crystalline and sedimentary host rocks being characterized through the Canadian
site selection program have salinities on the order of 50 g/L. and 250 g/L, respectively (Vilks,
2009). These conclusions would be further strengthened by studying the metabolic capacity and

influence of halophiles sourced from groundwater at bentonite-air interfaces.

This study suggests that high RH may prolong the activity of microbes at interfacial regions in
subsurface environments within the engineered barrier system of a DGR, but simultaneously
reduces survival of the aerobic microbiota. Long-term microbial activity and sulphide deposition
may also influence bentonite-water interactions, decreasing the swell index and water retention
capacity. However, even if swelling is compromised in transient microenvironments during
desiccation, microbial activity will likely be limited by groundwater salinity in potential
Canadian host rocks, thereby preventing weathering of the highly compacted bentonite and MIC

of used fuel containers.
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CHAPTER 4

The Interaction of Microbial Metabolism and Survival at Surface-Air

Interfaces:

Relative Humidity and Hygroscopic Surfaces
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4.1 Abstract

The human environment is predominantly not aqueous, and microbes are ubiquitous at the
surface-air interfaces with which we interact. Yet microbial studies at surface-air interfaces are
largely survival-oriented, whilst microbial metabolism is overwhelmingly investigated from the
perspective of liquid saturation. This study explored the interaction between microbial survival
and metabolism under desiccation, particularly the influence of surface hygroscopicity on the
capacity of microbial communities to access water vapor at surface-air interfaces. It was shown
that the combination of a hygroscopic matrix and high relative humidity results in persistent
microbial metabolism during desiccation, in both clay and polyethylene glycol (PEG,
MW4,000). In contrast, neutral interfaces like sand and plastic/glass, and hygroscopic interfaces
at low relative humidity stimulated no measurable CO; production of microbial communities at
surface-air interfaces. ATP was evaluated as a tool for corroborating this metabolic profile, but
was shown to be uncoupled from CO, production during desiccation. Finally, a potential link
between the inhibition of microbial survival at high relative humidity and metabolic persistence
at high relative humidity was explored. The idea of population resilience as a result of metabolic
pacing informed a hypothesis, proposing that an oligotrophic water-saturated biofilm would
recover from desiccation more robustly than a carbon-fed, metabolically active biofilm,
mirroring the dual observation of metabolic persistence and survival inhibition at high relative
humidity. This hypothesis was supported in desiccation-tolerant Arthrobacter biofilms, but not in
desiccation-sensitive Pseudomonas biofilms. The interactive influence of surface hygroscopicity
and relative humidity on microbial metabolism and survival has the potential to inform

industrial, nosocomial and architectural built environments.
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4.2  Introduction

Water is widely considered the determining element of the metabolic network that constitutes
life on earth (Zolensky, 2005). In the microbial context, one of the earlier fundamental reviews
on water activity in soil underscored this by calling single-cellular microbes “[regardless of their
habitat...] aquatic creatures” (Stotzky and Pramer, 1972). Similarly, Brown articulated that,
since prokaryotes predominantly obtain nutrients from solution, even a desiccated environment is
essentially just a “concentrated solution with which the microbial cell must come directly to
thermodynamic terms” in order to persist (Brown, 1976). These observations highlight a bias
towards liquid systems that pervades microbiological research. However, despite the
methodological challenges of studying microbial activity under desiccation, the environments
with which humans interact are primarily not aquatic. Also, microbes are renowned for their
ubiquity in terrestrial niches and flexibility in response to diverse stressors, many of which are
often simultaneously associated with desiccation (Bauermeister et al., 2011; de Goffau et al.,
2011; Chang and Halverson, 2003; Ramirez et al., 2004; Ritchie et al., 2006). Thus, although it is
true that microbial activity and survival at surface-air interfaces must be explored in relation to
the essential element of water, their activity in these inherently slower desiccated conditions is
not anomalous, but rather a truer exploration of how microbes persist and influence many
industrial, agricultural and medical settings relevant to humans. Examples of such “slow”
surface-air microbiome consequences include the weathering of rock (de Goffau et al., 2011;
Gorbushina and Broughton, 2009), structural architecture (Mottershead et al., 2003; Cheng et al.,
2015) and artwork (Garg et al., 1995; Guglielminetti et al., 1994), hospital pathogen persistence
(Kramer et al., 2006), risk-assessment models for the International Space Station (de Goffau,

2011), solid food contamination (Brown, 1976) and agricultural soil ecology (Stotzky and
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Pramer, 1972; Ramirez et al., 2004; Ritchie et al., 2006). Ecologically, microbial diversity has
been demonstrated in dust storms (Katra et al., 2014) and microbes can travel great distances

whilst maintaining metabolic viability (Meola et al., 2015).

Spore-formation, and the accompanying metabolic pause, is arguably the best-studied response
of microbes to desiccation (de Goffau et al., 2011; Feofilova et al., 2012). However, a full
understanding of microbial impact at surface-air interfaces demands creative responses to the
challenge of studying the inherently slow microbial activity in non-saturated environments, in
addition to the more popular field of microbial survival in non-saturated environments. The
observations of Chapter 3 suggest that the combination of high RH and hygroscopic clay
surfaces promotes the metabolic activity of microbial communities at surface-air interfaces.
Reminiscent of Brown’s suggestion that microbes at surface-air interfaces essentially exist in a
concentrated solution (Brown, 1976), the first proposal built in the present study on this
observation is that microbial communities at surface-air interfaces can access water (a) from a
hygroscopic surface, (b) from the air or (c) from water transfer between the air and the
hygroscopic surface. The hypothesis constructed to test this notion essentially broadens the
observation on bentonite clay, and states that if microorganisms can access water bound to
hygroscopic surfaces, then the combination of high relative humidity and hygroscopic surfaces
will increase the metabolic activity of a microbial community at surface-air interfaces, in
comparison to low relative humidity and neutral surfaces. This was tested by assessing microbial
community activity in (a) desiccated clay versus sand at 30% RH and 75% RH and (b) PEG-
4,000 versus plastic at 30% RH and 75 % RH. Clay (Fisher, 1923) and PEG-4,000 (Donatula,

1998) were selected as hygroscopic matrices, with sand (Fisher, 1923) and glass/plastic
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(Donatula, 1998; Harbers, 2007) selected as less hygroscopic surfaces. Within the construct of
this hypothesis, the limits of measurement at surface-air interfaces was addressed and ATP
swabs, typically employed to assess microbial load on dry surfaces, were considered as a tool to
corroborate CO, production as a metabolic indicator in desiccated environments.

In addition, Chapter 3 supported previous claims that high relative humidity limits viable cell
survival at surface-air interfaces (Ronan et al., 2013), extending this observation to a hygroscopic
interface. The observations that (a) metabolic persistence was stimulated short-term at high RH,
and (b) viable cell survival was limited long-term at high RH, led to the second hypothesis, that
higher initial metabolism correlates with lower long-term survival because higher metabolic rates
render the community more sensitive to the stressors accompanying desiccation. Expounding on
this idea of metabolic slowness in relation to resilience, a ground-breaking tool to measure in situ
microbial growth rates at a single-cell level recently demonstrated the vast discrepancy between
the typical laboratory and true in situ growth rates of Staphyloccus aureus, one of the go-to
models of opportunistic microbial biofilms (Kopf, 2015). Similarly, microfluidics has made it
volumetrically feasible to explore the growth of dental pathogens in sputum, as opposed to the
synthetic media that has predominated microbiology for decades (Samarian et al., 2014). This
type of work bodes a shift in focus to include microbiological studies more representative of
natural habitats, despite the slower metabolic rates and the associated experimental challenges.
Such ubiquitous natural “slowness” could suggest that there is physiological, morphological and
adaptive strength in microbial metabolic pacing, and thus merit to studying organisms at more

challenging natural growth conditions, and thus lower growth rates.
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The research hypothesis designed to explore this notion states that a microbial biofilm
continually exposed to an easily accessible carbon source, with an associated increased
metabolic rate, will recover from desiccation at a slower rate than a biofilm growing under
oligotrophic conditions. The experimental design that was used to test these hypotheses focused
on the exploration of microbial metabolic persistence and adaptation under desiccation, and
involved (1) the validation and use of CO;as a metabolic indicator at surface-air interfaces, (2)
searching for further support of the notion that hygroscopic surfaces and high relative humidity
promote microbial communities’ access to water, and (3) probing the notion that persistent
metabolism at surface-air interfaces limits the desiccation resilience of a microbial biofilm in

desiccation-sensitive and desiccation-tolerant species.

4.3 Materials and Methods

4.3.1 Relative Humidity and Pure Culture Cell Viability at Surface-Air Interfaces: Glass

and Clay

Pure culture cell survival at surface-air interfaces of desiccation-tolerant eukaryotes and
prokaryotes was assessed using the large droplet method, according to Jawad et al. (1996) and
Ronan et al. (2013). Arthrobacter sp., an indoor air prokaryote isolated by Ronan et al. (2013),
and Cryptococcus magnus, a bentonite eukaryote isolated in this study, were grown separately
overnight in broth with agitation at room temperature. Bacteria were grown in Tryptic Soy Broth
(3 g/L) and yeasts were grown in Yeast Malt Broth (10g/L dextrose, 5 g/L peptone, 3 g/L. malt
extract, 3 g/L yeast extract). Media was according to Atlas (2010) and chemicals purchased from

Sigma-Aldrich (Oakville, ON, Canada). Both cultures were washed with sterile tap water 3 times
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(7,000 g; 5 min) and diluted in sterile tap water to a cell concentration of 10* cells/mL (yeast)
and 10° cells/mL (bacteria). Clean glass coverslips were placed in sterile petridishes (6 per dish,
I mm x 18 mm x 18 mm, VWR International, Mississauga, ON, Canada), 50 pL inoculated per
coverslip and allowed to dry in a laminar flow hood for 3 hours. For Arthrobacter and
Cryptococcus, respectively, 75 coverslips were inoculated for incubation at 30 % RH, and 75
inoculated for incubation at 75 % RH. This procedure was replicated, but the glass coverslips
were pre-inoculated with a 50 pL droplet of bentonite (100 g/L) solution which was dried in a
laminar flow hood for 3 hours before inoculation with Arthrobacter or Cryptococcus and

subsequent drying and incubation.

Prior to incubation at low and high RH, the cell viability after drying was assessed in triplicate
(Tp). Coverslips, inoculated with Arthrobacter or Cryptococcus on glass or bentonite, were
placed in separate 50 mL Falcon tubes containing 5 mL NaCl (8.9 g/L), vortexed for 1 min and
dilutions plated on Tryptic Soy Agar (3 g/L) or Yeast Malt Agar, respectively, for determination
of viable cell concentrations per coverslip. This was repeated at 3h, 24 h, 48 h and 3, 11, 15, 43,
65 and 234 days. At each time point, triplicate coverslips were assessed for (1) Arthrobacter at
30 % RH and 75 % RH, on glass and bentonite, and (2) Cryptococcus at 30 % RH and 75 % RH,
on glass and bentonite. Viable cell concentrations were represented as a percentage of the cell
concentration at Ty (desiccated inoculum). Means and standard deviations of triplicate coverslips
were calculated in Microsoft Excel and plotted in the Vuesz online plotting package

(http://home.gna.org/veusz/) against time.
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Throughout the study, RH was maintained using MgCl, (33%) and KCI (85%) saturated salt
solutions (100 mL/chamber) in covered 5-L glass chambers, according to Greenspan (1977). RH
was monitored with 915 MHz Wireless Temperature Stations (La Crosse Technology, Saint-
Laurent, QC, Canada). Bentonite-altered chamber RH, as compared to those reported by
Greenspan (1977), stabilized at 23-30% (hereafter referred to as 30%) and 75-79% (hereafter
referred to as 75%), consistently returning to the controlled RH within an hour after opening and

resealing.

4.3.2 Mixed-Culture Community Carbon Dioxide and ATP Measurements during

Desiccation: Relative Humidity and Surface Hygroscopicity

The CO, generation, ATP generation and viable cell concentrations were compared, for a mixed
culture of bentonite origin, desiccated at 30% RH and 75% RH on (1) clay and sand and (2)
polyethylene glycol (PEG-4,000) and plastic/glass. Clay (Fisher, 1923) and PEG (Dontula, 1998)
were chosen as hygroscopic substrates, whereas sand (Fisher, 1923) and glass/plastic were
chosen as less hygroscopic substrates (Harbers et al., 2007). All references to PEG in this work
refer to crystalline PEG, with a molecular weight of 4,000 (Sigma Aldrich, Oakville, ON,

Canada).

Cultures were selected based on Chapter 3 (Table 3.1), including both eukaryotic and
prokaryotic desiccation-tolerant and -sensitive species, of bentonite and air origin. Bacteria were
grown in TSB and yeasts were grown in YMB. Cultures were incubated at 25 °C with agitation
well into stationary phase (2 days, bacteria, 10’ CFU/mL; 4 days, yeast, 10° CFU/mL) and 2.5
mL of each culture combined in four 50 mL conical tubes. Each mixed culture was washed 3

times with sterile tap water (centrifugation, 7500 x g) prior to microcosm setup. Tap water was
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selected as the diluent over physiological saline solution (8.9 g/l NaCl) for more natural
precipitated salt concentration upon desiccation. The final culture was mixed together, diluted
1:3 in tap water and divided between 4 microcosms: (1) 100 g/LL Wyoming VOLCLAY MX-80
bentonite powder (American Colloid Company, Wyoming, USA), (2) 250 g/L sand (VWR, I
think), (3) 100 g/L PEG and (4) pure tap water in 250 mL Schott bottles, and incubated without
agitation at room temperature for 2-3 days. Controls included the same four microcosms,

suspended in sterile tap water without cells.

At day 3, each microcosm was used as an inoculum to assess CO,, ATP and viable cell survival
profiles during desiccation at 30% and 75% RH. Prior to inoculation and desiccation, prokaryotic
and eukaryotic viable cell concentrations were determined by serial dilution (8.9 g/LL NaCl) and
plating of triplicate samples of each inoculum on Tryptic Soy Agar and Yeast Malt Agar

respectively.

4.3.2.1 CO; Generation

Modified from Section 3.3.3, 15 mL of each aged (Day 3) inoculum was injected separately into
6 clean sections of Tygon tubing (30 cm long, 1 cm inner diameter) and air passed through at 15-
20 L/min (Matheson Stainless Steel air rotameter) for 12 h. PEG-4,000 was dried for 18-20 h.
The air was not sterilized, as potential air contaminants were considered (a) representative of
most natural environments, (b) insignificant, in terms of cell numbers, in comparison to the
concentrated mixed-culture inoculum and (c) irrelevant, since the study drew community
conclusions, rather than pure-culture conclusions. Tubes were secured lengthwise with open ends

upwards, so that the bentonite slurry was spread as a film (~1 mm thick) across the bottom
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(along ~20 cm of the U-shaped section of the tube; Fig. 3.2, Section 3.3.3). Visible desiccation of
bentonite and PEG was indicated with the lightness of the substrate and flaking from the surface.
Per inoculum, 3 tubes were incubated at 30% RH, and 3 incubated at 75% RH. Sand settled
quickly upon mixing, and was not easily transferred into the tubes via syringe. Thus, after mixing
of the microcosm, 15 mL of the liquid phase was transferred to each tube, followed by the sterile
transfer of approximately 4 g of sand per tube with a sterile spatula. PEG added to the
microcosms was solubilized and potentially metabolized. Therefore, prior to inoculating the
tubes, an additional 1.5 g PEG crystals were scattered at the base of each tube as an attachment

surface during desiccation.

After 2 days of incubation at the relevant relative humidity, CO, production by the desiccated
samples was measured by connecting the tubes to a closed-loop Carbon Dioxide Evolution
Monitoring System (CEMS, Fig 3.2), described by Kroukamp and Wolfaardt (2009) and Bester
et al. (2010). The carrier gas was air equilibrated to ambient levels of CO,, circulated with a
peristaltic pump. The accumulation of CO, in the system (3-5 hours) was measured,
disconnecting the sample tubes from the CEMS loop and replacing them at controlled RH

between measurements.

The evolution of CO, was plotted over time, and the gradients (ppm CO,/min) were compared.
Means and standard deviations of gradients of a minimum of 5 samples per microcosm were
calculated in Excel and compared with independent-sample Student’s two-tail t-tests. This

statistical analysis was employed for all comparisons of means in this study.
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To strengthen the assumption that CO, gradients were due to microbial metabolism, a number of

controls were included:

(1) One set of inoculated bentonite tubes, incubated for 7 days at 30 % RH and 75 % RH
respectively, were connected to the closed-loop CEMS system directly after wetting with 3 mL

sterile tap water per tube.

(2) One set of inoculated PEG tubes, incubated for 7 days at 30 % RH and 75 % RH
respectively, were connected to the closed-loop CEMS system directly after wetting with 3 mL

sterile tap water per tube.

(3) One set of bentonite tubes, one inoculated and one sterile control incubated at 75 % RH, were
connected to the closed-loop CEMS system directly after rewetting with 3 mL sterile TSB (3g/L)

per tube.

The gradients were compared to those recorded during desiccation, with the expectation that
water would increase the CO, accumulation gradient in inoculated tubes, TSB would increase the

gradient even more markedly, and sterile controls would show zero CO, accumulation.

4.3.2.2 ATP Generation and Cell Counts

From each aged (3 Day) inoculum, 50 pL was also inoculated with the droplet-method (Jawad et
al., 1996; Ronan et al., 2013) onto clean borosilicate glass coverslips (I mm x 18 mm x 18 mm,
VWR International, Mississauga, ON, Canada) after mixing (1 min). Fifty coverslips were

inoculated per microcosm (bentonite, sand, PEG, tap water) and dried in sterile petridishes, 6

112



coverslips per plate. Sand did not remain in suspension and settled prior to inoculation. Thus,
after inoculating the droplets, a sterile spatula was used to transfer approximately 0.2 g (wet
weight) sand from the microcosm into the centre of each droplet as a drying substrate. Similarly,
since PEG was dissolved and potentially metabolized, 0.01 g (dry weight) PEG was deposited
into the centre of each droplet as a drying substrate. The droplets were dried in a laminar flow
ventilation hood for 3 hours at ambient temperature and relative humidity. The petridishes were

then transferred to RH chambers controlled at 30 and 75% relative humidity.

For assessment of viable colony forming units (CFU’s), coverslips were suspended in 50 mL
conical tubes containing 5 mL physiological saline solution (8.9 g NaCl/L), vortexed for 1 min
and dilution series plated on TSA. For bentonite, sand, PEG and glass; CFU’s were assessed with
triplicate coverslips after 3 h of drying (Ty), and after incubation at the respective RH’s (in
triplicate at 30% RH and 75% RH, respectively) for 2 hours (T;), 8 hours (T»), 24 hours (T3), 48

hours (T4) and 3 days (T5s).

For assessment of droplet community ATP levels, coverslips dried on PEG-4,000 and plastic
were swabbed clean with Hygenia (Fischer Scientific, Ottawa, Canada) Ultrasnap ATP surface
swabs and assessed in an Hygenia EnSURE luminometer. This commercial product is typically
employed to assess microbial sanitation levels on dry surfaces, and measures ATP with the
bioluminescence of the luciferin/luciferase system. Coverslips were swabbed gently for 15 s
(until PEG was completely soluble), whilst rotating the swab. After replacement in the bulb, each

swab was shaken 30 times in 15 s before measurement. Standard curves of active cell culture
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droplets suspended in sterile tap water and dried on coverslips with bentonite, sand, PEG and tap
water were used to assess the measurement of ATP on the respective substrates using
bioluminescence (Appendix B). The technique was effective with PEG and tap water, however
bentonite and sand interfered with bioluminescence monitoring. Thus, for PEG and plastic, ATP
was assessed with triplicate coverslips after 3 h of drying (Ty), and after incubation at the
respective RH’s (in triplicate at 30% RH and 75% RH) for 2 hours (T;), 8 hours (T»), 24 hours

(T5), 48 hours (T4) and 3 days (Ts), corresponding to the viable cell concentration curve.

Data (means and standard deviation of triplicate samples) were plotted as ATP
(RLU)/CFU(cells/mL), and hygroscopic and neutral surfaces incubated at high and low RH were

compared.

4.3.3 Biofilm Resilience after Desiccation: Carbon, Metabolic Rates and Biofilm Recovery

Pseudomonas aeruginosa PAO1 (desiccation sensitive; Ronan et al., 2013) and Arthrobacter
(desiccation tolerant; Ronan et al., 2013) biofilms were grown in continuous systems and open-
loop carbon dioxide generation was monitored as an indicator of biofilm activity. Continuous
flow systems were assembled according to Bester et al. (2010). Briefly, two biofilm flow
systems were sterilized with ethanol (1 h) and a commercial 5% Na-hypochloride solution (3 h).
The system was washed (37.5 mL/h) with sterile tap water overnight (10 h), equilibrated with 0.3

g/L TSB in sterile tap water (1 h) and inoculated with cells upon stopping the flow of media (0.5
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mL, ~10° cells/mL, grown in TSB for 14 h). After a 45 min (Pseudomonas) or 6 h (Arthrobacter)
attachment period, medium flow was restarted. At 50 h (well into the stationary phase of the CO,
profile), the medium of one biofilm was changed to sterile tap water. The two identical biofilms
were continuously exposed to (a) tap water [oligotrophic] or (b) 0.3 g/ TSB in tap water
[carbon-rich], respectively, for 24 h and subsequently run dry. Before running dry, 1 mL of
sterile tap water was run through both biofilms at a higher rate (I mL/min) to wash the TSB
biofilm. Both biofilms had sterile air (5 L/min), passed through a filter and a chamber controlled
at 40% RH, blown through for 2 days. The desiccated biofilms were then re-exposed to TSB (0.3
g/L), with a 30 min attachment period, and the recovery lag phase and exponential rate of CO,
production were used as indicators of post-desiccation biofilm resilience. The experiment was

repeated in triplicate, for each pair of Pseudomonas and Arthrobacter biofilms.

This experiment was repeated with Pseudomonas, making a few experimental amendments to
test different extremes: (1) shortening the biofilm establishment phase to 24 h (as opposed to 50
h), (2) increasing the TSB concentration in the carbon-rich biofilm to 3 g/L during the media

switch and (3) increasing the desiccation phase to 3 days (as opposed to 2 days).

4.4 Results
4.4.1 Relative Humidity and Desiccation Viability

After a year of incubation at 30% RH and 75% RH, the natural microbiota of as-received
uncompacted bentonite was consistently significantly less viable at high (75%) RH than at low
(30 %) RH (Fig 3.4). Both eukaryotic and prokaryotic populations isolated on low-carbon and

high-carbon media demonstrated this trend of inhibited viability at high relative humidity.
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Further exploring the influence of relative humidity on the survival of microbes at surface-air
interfaces, the work of Ronan et al. (2013) was repeated with the same desiccation-tolerant
Arthrobacter sp. air isolate and a eukaryotic bentonite isolate, Cryptococcus magnus, on both
glass coverslips and on glass coverslips coated with hygroscopic bentonite clay. Following
inoculation with the large-droplet technique, the survival of both eukaryotes and prokaryotes was
extended at bentonite-air interfaces in comparison to glass-air interfaces at high and low relative
humidity (Fig 4.1). Bentonite both provides a hygroscopic matrix as well as more carbon and
trace elements than clean glass (Karnland et al., 2006). Also, the eukaryotic isolate,
Cryptococcus magnus, demonstrated better viability under desiccation than the prokaryote,
which was an indoor air isolate selected for its reported desiccation-resistance (Ronan et al.,
2013). However, the survival of both the eukaryote and prokaryote was inhibited at 75% RH in
comparison to 30% RH at both glass- and clay-air interfaces. Thus, the conclusions of Ronan et
al. (2013) were confirmed and extended to include a desiccation-tolerant eukaryote and
hygroscopic clay surfaces. This also supported the long-term survival trends of natural

prokaryotic and eukaryotic populations in bentonite (Fig 3.4).
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FIG 4.1 Relative humidity, hygroscopicity and the survival of pure-culture prokaryotes
and eukaryotes at surface-air interfaces. The survival of cells inoculated onto (A) glass
coverslips and (B) glass coverslips pre-inoculated with a coat of desiccated bentonite was
evaluated over a period of months. Survival was expressed as a percentage of the desiccated
inoculum evaluated after a 3 h drying period. A desiccation-tolerant yeast (Cryptococcus
magnus) was compared to a desiccation-tolerant prokaryote (Arthrobacter sp.), and survival was
contrasted at low (30%) RH and high (75%) RH. Plots represent means of triplicate samples and

error bars the standard deviation.

4.4.2 Relative Humidity and Desiccation Metabolism

In contrast to survival inhibition, Figure 2 of Chapter 3 suggests that the hygroscopic clay matrix

stimulates the CO, production of a desiccated microbial community at high (75%) RH, whereas
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microbial metabolic CO; production was below the closed-loop CEMS detection limit at low
(30%) RH. This observation led to the notion that hygroscopic surfaces improve the access of
microbial communities to water vapor at surface-air interfaces. The hypothesis designed to test
this states that if a hygroscopic matrix improves microbial access to water vapor at surface-air
interfaces, then both clay and PEG-4,000 at high (75%) RH will stimulate higher CO, production
in microbial communities at surface-air interfaces than sand and plastic. Of the 8§ combinations
of neutral (sand and plastic) and hygroscopic (clay and PEG) surfaces (Fisher, 1923, Harbers et
al., 2007, Dontula et al., 1998) at high and low RH, the accumulation of CO, in a closed-loop
CEMS was only observable for microbial communities on clay at 75% RH and PEG at 75% RH
(Fig 4.2). For all uninoculated controls, the production of CO, was approximately zero and all
inoculated microcosm tubes incubated at 30% RH were not significantly higher than the controls,
according to the Student’s t-test of independent means (Fig 4.2.2). Any slightly negative CO,
production rates are likely due to the chemical equilibration of CO; in a basic environment,
which has been demonstrated at surface-air interfaces (Stone et al., 2016). On both sand and
plastic surfaces, there was no significant difference between the means of CO, production
(ppm/min) between samples incubated at 30% RH and 75% RH. Microbial communities
desiccated on a bentonite surface and incubated at high (75%) RH exhibited a mean CO,
production rate of 0.45 ppm/min, significantly higher than a sterile control sample (p=0.05,
t=2.729; df=4; p=0.026). The mean CO, production rate of the same microbial community on
PEG was lower than bentonite (0.13 ppm/min), but still significantly higher than the mean sterile
PEG control (t=3.129; df=4; p=0.007). Thus, the hypothesis was supported, and the combination
of hygroscopic surface and high RH was shown to improve the metabolic persistence of a

microbial community at surface-air interfaces.
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FIG 4.2.1 Interface microbial metabolism in hygroscopic matrices. Carbon dioxide
production at (A) bentonite-air interfaces and (B) PEG-air interfaces, measured in a closed-loop
CEMS system. Samples were inoculated with microbial biomass that had been pre-incubated
under static conditions for 2 days on the respective substrate (bentonite and PEG), desiccated
overnight and incubated at low (30%) RH and high (75% RH) for 48 hours before connecting to

the CEMS system for measurement of CO, accumulation.
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FIG 4.2.2 Microbial metabolism at surface-air interfaces: investigating the interaction of
relative humidity and hygroscopicity. Enriched microbial biomass was inoculated in
suspension with the 2 hygroscopic substrates (Clay and PEG) and 2 neutral substrates (Sand and
Plastic/Tap Water), along with sterile controls. The inocula were statically incubated for 2 days,
transferred to tubes, desiccated overnight and incubated at low (30%) RH and high (75%) RH for
2 days. The rate (gradient, Fig 4.2.1) of carbon dioxide accumulation was compared between
samples. Bars represent means of a minimum of 4 samples, and error bars represent the standard
deviation. The difference between the means of inoculated and sterile controls were statistically
calculated with a Student’s independent t-test, and significant differences are indicated*

(p<0.05).
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Due to the relative novelty of the CEMS measurement technique, particularly in the closed-loop
conformation at low metabolic rates, ATP was explored as a second metabolic indicator and thus
a potential tool to confirm the persistence of microbial metabolism at surface-air interfaces at
high RH. The hypothesis was that if microbial cell ATP reservoirs fluctuated in tandem with CO,
production, with higher aerobic respiration rates leading to higher ATP production and higher
CO, generation, then ATP/cell profiles during desiccation would reflect a similar trend to CO,
profiles. Commercial ATP hygiene-monitoring swabs, designed to assess microbial load on
nosocomial and industrial surfaces, were employed to quantify ATP on coverslips inoculated
with desiccated microbial communities, using a photomultiplier to capture bioluminescence
generated with the luciferin-luciferase system. Sand and bentonite inhibited the reaction, but
controls demonstrated that the system is effective in a liquid system, as well as for at least a
relative quantification of organisms dried directly on coverslips using the large-droplet method
(Appendix B). PEG influences the ATP quantification by consistently lowering the Relative
Light Units (RLU) recorded per cell, however it is still useful for studies of relative comparisons
and trends (Appendix B). The ATP trends demonstrated with this system during desiccation did
not reflect the CO; trends evident in Fig 4.2. On both glass and PEG surface-air interfaces, the
ATP levels of the microbial communities were inhibited within hours at high (75%) RH, in
comparison to ATP levels at low (30%) RH, whereas RH did not have a similarly immediate and
dramatic effect on viable cell numbers at high RH (Fig 4.3A-D). Thus, the ATP/CFU levels were
notably reduced within hours on both glass and PEG at high (75%) RH as compared to low
(30%) RH (Fig 4.3E and F), although much more dramatically so on glass than on PEG. Within
hours of incubation at glass-air interfaces, high RH evidenced RLU/CFU levels that were

consistently approximately 10% that of low RH samples. On PEG, the mean ATP/CFU levels at
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high RH were also consistently inhibited, but ranged from 6% to 80% of those at low RH. This
variation could be attributed to the interference of PEG with bioluminescence detection, or due
to PEG stimulating metabolism at high RH. However, in both cases of desiccation, the microbial
CO; trends are not clearly reflected with ATP. Irrespective of the surface properties, ATP/CFU
levels are significantly higher at 30% RH, whereas CO; is significantly higher at 75% RH on
hygroscopic surfaces. Also, PEG narrowed the difference between ATP/CFU at low and high
RH, but the trend was still similar to that on the glass surface, whereas the CO; profiles on

hygroscopic surfaces are significantly different to that of neutral surfaces at high RH.
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FIG 4.3 The interactive influence of relative humidity and surface hygroscopicity on
community ATP levels during desiccation. Mixed microbial communities were inoculated
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