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Abstract

The principle aim of this thesis is to redefine our understanding of the dynamics
of microbial communities in groundwater systems. We focused on elucidating
fundamental biological parameters in aquifers by determining baseline levels of
bacterial and viral abundances and investigating the diversity and metabolic
potential of subsurface microbiota. We show that microbial abundances are highly
variable in the subsurface. Our data clearly indicates that microbes inhabiting
groundwater systems display high levels of small scale heterogeneity. We
attribute this microbial heterogeneity to hydrophysicochemical conditions driving
niche formation and ecosystem dynamics including top-down and bottom-up
processes influencing the composition and dynamics of resident microbial
consortia. Recognising environmental heterogeneity and the role of niche
partitioning is important in understanding how resident bacterial communities
vary as a result of habitat alteration. Our results highlight the importance of
heterogeneity, niche specialisation and microbial succession in subsurface
environments. We suggest that variability in the abundance and diversity of
subsurface microbial communities may be an intrinsic feature of aquifer biology
and should be considered when designing groundwater microbial sampling
methodologies. Recognition of the highly variable nature of subsurface microbial
communities will facilitate a greater understanding of groundwater microbial

ecology.
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Chapter 1—Thesis introduction

Microbes in the subsurface

Prokaryotes and viruses, herein referred to as microbes, dominate the Earth’s
biological systems and form an essential part of ecosystem functioning through
the turnover of energy and matter and by increasing biological activity through
nutrient recycling and supporting foodwebs (Azam et al. 1983; Chapelle 2000;
Glud and Middleboe 2004; Skidmore et al. 2005; Suttle 2005; Goldscheider et al.
2006; Griebler and Lueders 2008; Humphreys 2009). Microbes are the most
abundant organisms on the planet, with total prokaryotic abundance estimated at
> 10% cells (Whitman et al. 1998), and estimates of total viral abundance ranging
from 10% to 10* viruses (Suttle 2005). Microbes are ubiquitous and found in
almost all habitats (Whitman et al. 1998). In comparing the components of the
biosphere, the subsurface is estimated to contain the greatest number of
prokaryote cells and subsurface prokaryotic biomass likely exceeds the biomass of

all life existing on the surface (Gold 1992; Whitman et al. 1998).

Microbiological activity in the subsurface is dependent on a myriad of factors
including biological interactions, hydrochemical and geophysical conditions, and
the availability of nutrients and energy sources (Hackenkamp 1993; Dahm et al.
1998; Hancock et al. 2005; Lozupone and Knight 2007; Jeffries et al. 2011).
Research on the role of subsurface microbes has often focused on the impacts of
anthropogenic activities on aquifers and groundwater systems (Chapelle 1993;
Pedersen 1993; Brockman and Murray 1997; Lundegard et al. 1997; West and

Chilton 1997; Abbaszadegan et al. 2003; Hancock et al. 2005), with less attention



paid to investigating the abundance and diversity of microbes from pristine

aquifers (Griebler and Lueders 2008; Flynn 2008; Zhou et al. 2012).

Subsurface microbial heterogeneity

Aquifers are saturated geological formations, typically of either permeable or
unconsolidated materials, and are capable of yielding significant quantities of
water to wells and springs. In contrast, aquitards store water but are limited in
their ability to transmit or exchange water. Aquifers are inherently complex due to
geological heterogeneity and hydrological anisotropy resulting in spatial and
temporal variation of hydrological, physical and chemical conditions (Hancock
et al. 2005; Goldschieder et al. 2006; Griebler and Lueders 2008). Variable and
fluctuating  hydrophysicochemical  conditions can  drive  contrasting
biogeochemical processes, which influence microbial abundances and distribution
at the meter, millimetre or potentially even at the micrometre-scale (Hendricks

1993; Manga 2001; Goldschieder et al. 2006; Griebler and Lueders 2008).

The heterogeneous distribution of microbes in the subsurface can influence the
rate of biochemical reactions, affect groundwater chemistry and nutrient turnover,
and control the effectiveness of subsurface anthropogenic operations such as
bioremediation and groundwater extraction schemes (West and Chilton 1997,
Bennett et al. 2000; Chapelle 2000; Griebler and Lueders 2008). The presence of
a solid and an aqueous substrate phase in an aquifer can result in the partitioning
of different biochemical processes in each substrate phase and drive the
heterogeneous distribution of microbes between phases (Fontes et al. 1991;

Hancock et al. 2005). For example, groundwater prokaryotic abundances typically



range between 10 to 10° cells mI™* (Ghiorse and Wilson 1998; Griebler and
Lueders 2008) while abundances of prokaryotes attached to the solid substrate of
the aquifer matrix are typically 1-2 orders of magnitude greater than the adjacent
waters (Storey et al. 1999; Lehman et al. 2001). Furthermore, spatially and
structurally complex environments, such as groundwater systems which
experience fluctuating hydrophysicochemical conditions, can lead to the
formation of niches and result in increased species diversity (MacArthur and

Wilson 1967; Bennett et al. 2000; Torsvik et al. 2002).

Subsurface heterogeneity enables the presence and persistence of a multitude of
microbial cells and species (Brockman and Murray 1997; Lozupone and Knight
2007; Griebler and Lueders 2008) which are able to exploit different
hydrophysicochemical conditions until all functional niches are filled (Gofray and
Lawton 2001; Torsvik et al. 2002; Lytle and Poff 2004). The formation of niches
is likely to be enhanced due to naturally occurring processes and fluctuating
heterogeneous conditions that can stimulate the production of specialised niches
for indigenous microbes (Griebler and Lueders 2008). In contrast, anthropogenic
influences such as the over-extraction of groundwater can also lead to niches
which promote microbially mediated environmental problems such as the
production of acid sulphate soils (Fitzpatrick 2003; Fitzpatrick et al. 2009).
Research on the effects of increasing acidity due to the production of acid
sulphate soils on resident microbial populations are limited, indicating a need for
a greater understanding of these systems. Furthermore, subsurface heterogeneity

and niche specialisation provide logistical challenges to the sampling and



characterisation of the microbial dynamics of groundwater systems (Brockman

and Murray 1997) due to the inaccessible nature of the subsurface environments.

Sampling and characterising subsurface microbes

Accessing groundwater is typically conducted using piezometers or bores,
however, water in the casing of a bore can differ chemically in water from the
surrounding aquifer (Humenick et al. 1980; Robin and Gillham 1987). Standard
groundwater physicochemical sampling methodologies typically rely on purging a
bore or piezometer to ensure that samples obtained are representative of the
aquifer and are not artefacts from stagnant water in the bore (Summers and
Brandvold 1967; Garvis and Stuermer 1980; Schuller et al. 1981; Barcelona and
Helfrich 1986; US EPA 1986; Pionke and Urban 1987; Lundegard et al. 1997). At
present, it is unknown whether prokaryotic and viral abundances in unpurged bore
water are the same as purged aquifer water. While two studies have partially
investigated the effect of continuously purging bore water on bacterial abundances
(Kwon et al. 2008; Kozuskanich et al. 2011) there is a lack of information on the
effect of continual purging on viral abundances, which may stem from the

challenges involved in enumerating viruses from groundwater.

Microbial abundances in groundwater are typically enumerated using
epifluorescence microscopy, plate counting or plaque assays (Wilson et al. 1983;
Yates et al. 1985; King and Parker 1988; Goldschieder et al. 2006; Griebler and
Lueders 2008). An alternative technique, flow cytometry (FCM), is an efficient
and established technique used to enumerate the abundances of bacteria and

viruses, termed virus-like particles (VLPSs), in marine and limnotic systems (Marie



et al. 1997, 1999; Noble and Fuhrman 1998; Brussaard et al. 2000; Danovaro et
al. 2000; Seymour et al. 2005; Duhamel and Jacquet 2006). However, the
utilisation of FCM for bacterial and viral enumerations in groundwater studies is
limited (Kieft et al. 2005; Seymour et al. 2007; Anneser et al. 2010; Leys et al.
2010). FCM can also be used to discriminate microbial subpopulations based on
DNA content and cell size (Marie et al. 1999; Seymour et al. 2007) where, for
example, prokaryotic cells showing higher DNA content and a larger cell size are
likely undergoing replication (Gasol and del Giorgio 2000; Lebaron et al. 2001;
Lebaron et al. 2002; Servais et al. 2003). While FCM defined subpopulations can
provide additional insight into the ecology of bacteria and virus-like particle
consortia, FCM does not provide any information on genomic function or

diversity.

To effectively characterise the dynamics of subsurface microbial communities it is
necessary to elucidate the vast spectrum of functional capabilities reflected in the
genomes of subsurface microbial communities. The enormous diversity in the
subsurface encompasses microbes with vastly different functional capabilities
(Torsvik et al. 2002). Metagenomics is a technique that can provide insight into
the entire community genomics, including taxonomic discrimination and
metabolic characterisation of the resident microbial community (Handelsman
2004; Tringe et al. 2005). This technique is a powerful tool in understanding
whole of community composition and capability, and has been used to investigate
microbes in numerous environments previously (Dinsdale et al. 2008; Jeffries et
al. 2011, Lavery et al. 2012; Smith et al. 2012, 2013). Measuring the abundances,

classifying the diversity and characterising the metabolic potential of groundwater



bacteria will aid in elucidating the intrinsic heterogeneous nature of the subsurface
and contribute to understanding the patterns behind niche specialisation and
groundwater ecosystem functioning. A greater understanding of subsurface

microbes is crucial for the optimal preservation of groundwater ecosystems.

1.1 Thesis structure and objectives

This thesis aims to contribute to a greater understanding of subsurface microbial

ecology by:

)] Investigating the effectiveness of groundwater sampling approaches and
the role of subsurface heterogeneity on microbial abundances.

i) Characterising the influence of heterogeneity and niche partitioning on the
abundance, diversity and genomics of subsurface microbial communities.

1) Investigating the effects of changes in physicochemistry and niche
formation on indigenous microbial communities as a result of the over-

extraction of groundwater.

This thesis contains five data chapters (Chapters 2 to 6) that build upon each other

to aid in the elucidation of these aims.

Aim | was addressed in Chapters 2, 3 and 4. Chapter 2 used flow cytometry to
enumerate bacterial and viral concentrations in purged and unpurged aquifer water
in order to investigate specific sampling techniques and employ them to identify
the influence of heterogeneity on the effectiveness of groundwater microbial
sampling techniques. Chapter 3 further explores microbial groundwater sampling

methodologies through the use of flow cytometry to enumerate bacterial and VLP

6



abundances from different aquifers under continually purged conditions. Chapter
4 investigates the role of groundwater heterogeneity by determining the influence
of hydrologically distinct aquifer units and the subsequent effect on flow-
cytometrically defined bacterial and VLP subpopulation structures. Aim Il was
investigated in Chapter 5 through the use of metagenomics to characterise the
indigenous bacterial community’s taxonomic composition and metabolic potential
from the aqueous and solid substrate components of an aquifer. Chapter 5 further
investigates the role of niche partitioning by elucidating the higher ecological
trophic groupings of resident bacteria consortia. Aim Il was investigated in
Chapter 6 by using metagenomics to investigate the taxonomic and metabolic
signatures of the resident bacterial community present in acid sulphate soil that
formed as a consequence of groundwater depletion. Together, these chapters
aimed to contribute to a holistic understanding of subsurface microbial

communities.
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2.1 Abstract

Bacteria and viruses are ubiquitous in subterranean aquatic habitats. Bacterial
abundance is known to vary with depth in aquifers, however, whether viral
abundance varies with depth is less well known. Here we use flow cytometry to
enumerate bacteria and virus-like-particles (VLP) from groundwater depth
profiles. Groundwater samples were obtained from a set of nested piezometers
from depths of 15, 30, 45, 60, 80 and 90 m and bacteria and VLP abundances
were determined in purged aquifer water and unpurged water at each slot depth.
Mean bacterial abundance (cells mL™) was not significantly different in unpurged
water (3.2 x 10°) compared to purged water (1.4 x 10°), however, mean VLP
abundance (particles mL™) was significantly greater in unpurged water (4.4 x 10°)
compared to purged water (2.3 x 10°). Purged water was used to investigate the
aquifer depth profile and bacterial and VLP abundances were observed to vary
significantly between depths. The virus-bacteria ratio was determined and was
observed to steadily increase with depth. Overall, our data indicates the dynamic
nature of bacterial and viral abundances in subsurface environments which should

be considered when designing groundwater microbial sampling methodologies.
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2.2 Introduction

Many aquatic ecosystems such as wetlands, springs and riparian systems
fundamentally depend on groundwater for their long term sustainability.
Groundwater harbours diverse fauna and microbial flora, with estimates placing
up to 95% of the earth’s prokaryotic biomass in the subsurface (Gold 1992;
Whitman et al. 1998). Recognition of the importance of aquatic subsurface
microbial communities has increased in recent times, with groundwater identified
as a unique ecosystem (Danielopol et al. 2003). Bacteria play an important role in
the subsurface by recycling organic matter, transforming nutrients and weathering
minerals (Chapelle 2000; Skidmore et al. 2005). Recently the role of bacteria and
viruses in groundwater has been highlighted by investigations into the spread of
pathogens, contaminant degradation and water purification (Atlas and Bartha
1992; Nishino et al. 1992; Lundegard et al. 1997; Lovley and Lloyd 2000;
Abbaszadegan et al. 2003). To gain a more complete understanding of the
effectiveness of anthropogenic subsurface schemes, biological characteristics of
the subsurface must be adequately elucidated and appropriate sampling

methodologies established.

Determining baseline levels of abundance of bacteria and viruses in the
subsurface is an initial step in characterising the biological diversity of
groundwater systems. Groundwater bacterial abundances typically range between
10? to 10° cells mL™ (Ghiorse and Wilson 1988; Griebler and Lueders 2009).
Subsurface viruses have been less well investigated, but a study of a 450 m
uncased bore found virus concentrations ranging from 10* to 10’ particles mL™

(Kyle et al. 2008; Eydal et al. 2009). Flow cytometry (FCM) is an established,
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fast and efficient technique in enumerating bacteria and viruses, termed virus-like
particles (VLP), from the environment (Marie et al. 1999; Brussaard et al. 2000;
Seymour et al. 2005). However, FCM has yet to be exploited in groundwater
systems, with few studies utilizing FCM to investigate groundwater bacteria
(Kieft et al. 2005; Anneser et al. 2010) and only one study investigating virus-like

particles (Leys et al. 2010).

To investigate the presence, abundance and distribution of groundwater bacteria
and viruses, it is necessary to obtain samples from known depths. A piezometer is
a cased bore with a predetermined slot depth, which allows water to infiltrate into
the bore only at a specific depth. Due to hydraulic pressure, water rises up the
bore and is no longer flushed by the natural flow of the aquifer and becomes
chemically distinct (stagnant) from the aquifer water (Marsh and Lloyd 1980;
Lundegard et al. 1997). Debate exists as to whether the stagnant bore water is
representative of the surrounding aquifer water (Schuller et al. 1981; Barcelona
and Helfrich 1986; Robin and Gillham 1987; Michalski 1989; Gibs and
Imbrigiotta 1990; Martin-Hayden et al. 1991; Powell and Puls 1993; Varljen
1997). It is currently unknown if bacteria and VLP abundances sampled from the
(unpurged) slot depth of a bore are representative of the surrounding aquifer water
(purged). The aim of this study was to firstly assess any differences in the
abundance of bacteria and VLP from unpurged and purged groundwater
throughout an aquifer’s depth profile before characterising the abundance of

bacteria and viruses in six depths of an aquifer at Ashbourne, South Australia.

22



2.3 Materials and Methods

The Ashbourne site is located in the Finniss River catchment in South Australia
(35°31°S, 138°77°E). With an average annual rainfall of 674 mm (Zulfic et al.
2003), land use in the surrounding area includes conservation areas, horticulture
and livestock grazing. The Ashbourne site houses a 250 mm drilled hole in which
six individual piezometers were installed as a nest (Figure 2.1). The slot depths of
each piezometer are 13-19, 29-34, 42-47, 58-63, 79-84 and 87-92 m from the
surface, and sample depths will be referred throughout this paper as 15, 30, 45,

60, 80 and 90 m deep.

To investigate how groundwater from the slot depth of a piezometer, referred to as
unpurged water, varies from the surrounding aquifer water, bacterial abundance,
VLP abundance and nutrients were sampled directly at the slot depth of each
piezometer using a 40 mm diameter bailer. Water representative of the aquifer,
referred to as purged water, was obtained by purging each bore, using a 12-volt
Supertwister® submersible pump, for at least three bore volumes and until
environmental parameters had stabilized to ensure any stagnant water was

removed and representative aquifer water was obtained.

At each depth groundwater environmental parameters of dissolved oxygen DO
(mg L), pH, EC (mS cm™) and temperature (°C) were measured using a
calibrated Hach Hydrolab® MS5 water quality sonde. Triplicate samples for
nutrients were placed on ice and analysed within 24 hours by standard colometric
methods using a LF 2400 photometer (Aquaspex®). Nutrients concentrations

analysed include NH," (determined using indophenol blue), NO3 (by naphtyl
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ethylene diamine after zinc reduction), NO, (by naphtyl ethylene diamine) and

PO4> (by ascorbic acid reduction).

FCM sample preparation and analysis methodologies followed those described by
Brussaard (2004). Triplicate 1 mL samples for VLP and bacterial analysis were
fixed in 1% gluteraldehyde in the dark at 4°C for 15 minutes, snap frozen in liquid
nitrogen and stored at -80°C. Prior to flow cytometry analysis, samples were
diluted (1:10) in 0.02 pum filtered TE buffer (10 mM Tris, 1 mM EDTA, pH 8),
stained with the fluorescent nucleic acid dye SYBR Green 1® (Molecular Probes,
1:20000 dilution) and vortexed for 30 seconds. Samples were analysed on a
FACS-Canto flow cytometer (Becton-Dickinson) equipped with an air-cooled
argon laser (15 mWw, 488 nm) and phosphate buffered saline solution employed as
a sheath fluid. FCM Samples were analysed under a high flow rate (< 1000 events
per second) with approximately 100 000 events recorded for each sample. The
threshold was set at 300 mV to minimise background noise. For each sample
Forward Scatter (FSC; 285 mV), Side Scatter (SSC; 580 mV), green (SYBR-I)
fluorescence, red fluorescence and orange fluorescence were acquired and
collected as logarithmic signals. Fluorescent yellow, 1 pm diameter, beads
(Molecular Probes) were added to each sample to normalise flow cytometry
parameters and were enumerated using red fluorescence and orange fluorescence
with bead concentrations determined by epifluorescence microscopy (Gasol and
Del Giorgio 2000). Bacteria and VLP abundances were enumerated using Win
Midi 2.8 software (° Joseph Trotter) with bacteria and VLP identified according to
green fluorescence and light SSC (Figure 2.2) (Marie et al. 1997; Brussaard

2004).
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To determine any difference in bacterial and VLP abundances between purged
aquifer water and unpurged water from the slot depth of each piezometer a Mann-
Whitney U test was conducted. Purged water was used when investigating
bacterial and VLP abundances through the depth profile. To determine any
differences in bacterial abundance, VLP abundance and the VBR (virus-bacteria
ratio) in purged water over depth, a Kruskal-Wallis test was conducted and a
Bonferroni correction applied giving a corrected p value of p = 0.016. Non-
parametric analyses were conducted because data did not conform to the
requirements of a parametric analysis. All statistical analyses were conducted on

PASW® Statistics version 18 statistical software (° SPSS Inc.).

2.4 Results

Throughout the depth profile temperature increased from 16 to 18°C in purged
and unpurged water (Figure 2.3A). Dissolved oxygen (DO) was markedly lower
in unpurged water (ranging 0.04 — 0.16 mg L™) than purged water (0.14 — 0.36
mg L™) (Figure 2.3B). The pH ranged from 6.6 to 8.95 except at the 30 m depth
where the pH was 11.26 in unpurged water and 10.85 in purged water
(Figure 2.3C). Conductivity ranged from 1.7 to 3.7 mS c¢cm™ for purged and
unpurged water with a peak (> 12 mS cm™) also observed at the 30 m depth
(Figure 2.3D). Phosphate levels throughout the depth profile showed similar
trends in unpurged and purged water, with a noticeable peak at the 30 m depth
(Figure 2.4A). Ammonia levels in purged water were highly comparable to levels
observed in unpurged water except for the 30 and 80 m depth, with the 30 m
depth recording the highest level of ammonia in unpurged water at 1.29 mg L™
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(Figure 2.4B). Nitrate was observed to be similar throughout the depth profile for
unpurged and purged water (Figure 2.4C). Nitrite levels were extremely low for
purged and unpurged water and at all depths the mean concentration was less than

or equal to 0.01 mg L™ (Figure 2.4D).

Mean bacterial abundance (cells mL™) was not significantly different (p = 0.071)
between unpurged water (¥ = 3.2 x 10°) and purged water (¥ = 1.4 x 10°)
(Figure 2.5A). Mean VLP abundance (particles mL™) was significantly greater
(p = 0.007) in unpurged water (¥ = 4.4 x 10°) than purged water (¥ = 2.3 x 10°)
(Figure 2.5B). The VBR was not significantly different between purged and
unpurged samples (p = 0.571) and ranged from 0.6 to 5.9 in unpurged water and

from 0.4 to 6.1 in purged water (Figure 2.6).

Bacterial abundance (cells mL™) in purged water was significantly different
between depths (p = 0.006) (Figure 2.5A), with mean bacterial abundance ranging
from 6.4 x 10° (90 m depth) to 3.0 x 10° cells mL™ (60 m depth). VVLP abundance
in purged water varied significantly with depth (p = 0.009) (Figure 2.5B). VLP
abundance in purged groundwater ranged between 4.8 x 10* (90 m depth) to
8.8 x 10° particles mL™ (60 m depth). The virus to bacteria ratio (VBR) in purged
water varied over the depth profile (p = 0.007), with a general trend of an

increasing VBR with depth (Figure 2.6).

2.5 Discussion

Environmental parameters recorded at Ashbourne were within typical

groundwater ranges except for the 30 m depth where the pH and the salinity were
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unusually high in purged and unpurged groundwater samples from this specific
bore. Salinity levels this high have been recorded from bores in the surrounding
area (county) (Banks et al. 2007). However, previous investigations (Banks et al.
2007) and personal observations, (B. Roudnew, unpublished data) of the 30 m
deep Ashbourne piezometer did not record such high pH or salinity levels from
this depth. The exact cause of the high pH observed from the 30 m depth in this
study is yet to be determined. While rare, high alkaline values have been
explained by contamination from waste products (Roadcap et al. 2006), and the
high levels of ammonia and phosphorus observed at this depth support the idea of

contamination.

Variability observed in VLP abundances from purged and unpurged groundwater
provides initial microbiological evidence that water obtained from the slot depth
of a bore is different to water in the surrounding aquifer (Figure 2.5B), supporting
previous hydrochemical investigations (Schuller et al. 1981; Barcelona and
Helfrich 1986; Martin-Hayden et al. 1991). Changes in substrate conditions, from
the solid aquifer matrix to the water column in the piezometer, can influence rates
of VLP infection (Filippini et al. 2006) and may be a factor in the differences in

mean VLP abundances.

Conversely, bacterial abundance was not observed to differ significantly between
water sampled from the slot depth and water obtained after purging. Bacterial
abundance and diversity is influenced by the input of organic matter and nutrients
(Judd et al. 2006; Pronk et al. 2006). No relationship between either bacteria or

VLP abundance and inorganic nutrients was observed, however openings, holes or
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cracks in the casing of a bore near the surface may allow the input of organic
matter into the bore water column. Varying levels of organic nutrients in a bore
may influence bacterial diversity so that, while bacterial composition differs
between purged and unpurged water, the overall bacterial abundance remains the
same. Differences in bacterial composition may also account for the lower DO
levels observed in unpurged water (Figure 2.3B), as different species
compositions would result in different rates of respiration. Alternatively, bacterial
species present in the bore may be more prone to viral infection, which may drive

the significant increase observed in VLP abundance in unpurged water.

Bacteria and VLP abundances, from purged water, varied significantly throughout
the depth profile (Figure 2.5). Bacterial abundance was found to be in the range of
the literature for groundwater studies using either epifluorescence (Griebler and
Lueders 2009) or FCM (Judd et al. 2006), however, VLP abundances in purged
water was approximately half an order of magnitude lower than the range reported
using epifluorescence (Kyle et al. 2008). No general trend was observed with
depth, but bacteria and VLP abundances were both generally lower at 15 and
90 m depths with bacterial abundance peaking at 30 m. Variability in bacterial
abundance with depth has been reported in other aquifer studies (Smith et al.
1991; Murakami et al. 2002). The results presented in this study provide initial
evidence that groundwater VLP abundances vary with depth through the
subsurface. Bacteria experience small and large scale heterogeneity in
groundwater systems (Brockman and Murray 1997; Goldscheider et al. 2006) due
to the geological composition and hydrological conditions, such as the recharge

rate and hydraulic conductivity, of the system. While such hydrogeological
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conditions may also be driving the observed levels of VLP heterogeneity, it is
likely that complex biological interactions between bacteria and viruses may also

influence the dispersion of organisms throughout the aquifer.

To investigate any relationship between bacteria and viruses the VBR (virus-
bacteria ratio) was investigated. The VBR significantly increased with depth in
purged water, from approximately 1 to 6 throughout the depth profile (Figure 2.6).
This steady increase suggests that deeper areas of aquifers may be acting as virus
reservoirs. In marine systems, it has been recognised that a higher VBR indicates
more productive areas while a low VBR indicates low bacterial diversity
(Thingstad and Lignell 1997; Wommack and Colwell 2000). If this trend also
holds true for groundwater systems, then the shallower depths would be expected
to show lower bacterial diversity, or lower productivity. We speculate that the
bacterial community closer to the surface may be less productive or less diverse as
a result of different turnover times or a consequence of varying levels of protist
predation and grazing, but this remains to be elucidated. Overall we have
highlighted the diverse and dynamic nature of subsurface bacteria and VLP
populations and by doing so provide an initial characterisation of aquifer

subsurface microbial biota.
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Figure 2.1 Schematic of the 6 individual (50 mm diameter) piezometers

installed as a nest at Ashbourne, South Australia. The water table is found
approximately 8 m from the surface. The slot depth for each individual

piezometer covers approximately 5 m.
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Figure 2.2 Flow cytometry analysis used in discriminating bacteria and VLP

(virus-like particles) populations. A characteristic cytogram (dot plot) sampled
from purged water at the 30 m depth, where individual dots represent a single cell
or particle. Bacteria and VLP are discriminated based on by B-530/30 (SYBR
Green fluorescence) representing DNA content and SSC-H (side scatter)
representing cell size. Un-gated dots represent noise/detritus present in the

sample.
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Figure 2.3 Depth distribution of environmental parameters from the Ashbourne

nested piezometer set for unpurged stagnant bore water (solid circles) and purged
aquifer water (clear circles). Temperature (°C) (A), dissolved oxygen (DO,
mg L™) (B), pH (C) and electrical conductivity (EC, mS cm™) (D).
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Figure 2.4 Mean (triplicate) nutrient concentrations (mg L™) of phosphate (A),
ammonia (B), nitrate (C) and nitrite (D) for unpurged (solid circles) and purged

(clear circles) groundwater. Error bars represent + 1 standard deviation.
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Figure 2.5 Variation in groundwater bacteria abundances (cells mL™) (A) and
VLP (virus-like particle) abundances (particles mL™) (B). Bacteria and VLP
samples were taken in triplicate from the unpurged bore water (solid circles) and

purged bore water (clear circles). Error bars represent £ 1 standard deviation.

42



Virus:Bacteria ratio

—e— Unpurged

=
a1
1

- -o- - Purged

Depth (m)
AW
a1 o

o
o
1

.
ol
1

©
o
1

—

o

ol
L
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six individual piezometers from unpurged (solid circles) and purged (clear circles)

groundwater throughout the depth profile.
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3.1 Abstract

Standard methodologies for sampling the physicochemical conditions of
groundwater recommend purging a bore for 3 bore volumes to avoid sampling the
stagnant water within a bore and instead gain samples representative of the
aquifer. However, there are currently no methodological standards addressing the
amount of purging required to gain representative biological samples to assess
groundwater bacterial and viral abundances. The objective of this study was to
examine how bacterial and viral abundances change during the purging of bore
volumes. Six bores infiltrating into unconfined aquifers were pumped for 5 or 6
bore volumes each and bacteria and virus-like particles (VLP) were enumerated
from each bore volume using flow cytometry. In examination of the individual
bores trends in bacterial abundances were observed to increase, decrease or
remain constant with each purged bore volume. Furthermore, triplicates taken at
each bore volume indicated substantial variations in VLP and bacterial
abundances that are often larger than the differences between bore volumes. This
indicates a high level of small scale heterogeneity in microbial community
abundance in groundwater samples, and we suggest that this may be an intrinsic
feature of bore biology. The heterogeneity observed may be driven by bottom-up
processes (variability in the distribution of organic and inorganic nutrients), top-
down processes (grazing, viral lysis), physical heterogeneities in the bore, or
technical artefacts associated with the purging process. We suggest that a more
detailed understanding of the ecology underpinning this variability is required to
adequately describe the microbiological characteristics of groundwater

ecosystems.

45



3.2 Introduction

Bores are an essential tool for obtaining samples to assess groundwater hydrology
and subsurface microbial ecology, but there are fundamental challenges when
using bores for groundwater investigations. It is well documented that water in a
bore can become physically and chemically distinct from water in the surrounding
aquifer (Scalf et al. 1981; Fetter 1983). Initial purging of a bore to remove this
stagnant water prior to the collection of groundwater samples was first proposed
in the 1960’s (Rainwater and Thatcher 1960; Summers and Brandvold 1967) and
is now considered standard practice (US EPA 1986), however, the amount of
purging needed to ensure samples are representative of the surrounding aquifer is
debated (Garvis and Stuermer 1980; Gibb et al. 1981; Schuller et al. 1981; US
EPA 1986; Pionke and Urban 1987; Lundegard et al. 1997; Novak and Watts
1998). Garvis and Stuermer (1980) recommended purging for one bore volume
and then monitoring physicochemical parameters such as temperature, pH and
electrical conductivity until they stabilize to determine when to sample.
Physicochemical parameters and contaminant concentrations typically stabilize
within one to two bore volumes (Pionke and Urban 1987; Novak and Watts 1998),
however, purging times may increase depending upon the aquifer under
investigation (Gibb et al. 1981). Purging between three to six bore volumes is
generally recommended, although significant variability in physicochemical
parameters, nutrients, pesticides and metals have been observed between bores
volumes (Schuller et al. 1981; US EPA 1986; Pionke and Urban 1987; Novak and
Watts 1998) and at least one study concluded that purging bores is not required to
obtain representative aquifer samples (Lundegard et al. 1997). Despite standard

practices, it is clear that no single purging rule is appropriate for all aquifer types.
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There is an increasing awareness of the importance of microbes in the functioning
of groundwater ecosystems and a growing interest in measuring biological
parameters in groundwater. Enumerating bacterial and viral abundances from
aquifers is important for groundwater studies investigating pathogen
contamination (Amann et al. 1998; Abbaszadegan et al. 2003; Johnson et al.
2011), aquifer hydrogeochemistry (Chapelle 2000; Humphreys 2009),
contaminant breakdown and bioremediation (West and Chilton 1997) and the
ecology of deep subsurface ecosystems (Pedersen 1993; Smith et al. 2012).
However, there is a lack of knowledge regarding the amount of purging required
to ensure the collection of biological samples from a bore is representative of the

surrounding aquifer.

A study examining the need for purging or not purging a bore to obtain
microbiological samples (Roudnew et al. 2012) observed a significant decrease in
VLP abundance in purged water compared to unpurged bore water sampled at the
slot depth of a piezometer. However, this study did not investigate changes over
purging consecutive bore volumes. We are aware of only two studies investigating
the effects of purging or pumping on groundwater bacterial abundances (Kwon et
al. 2008; Kozuskanich et al. 2011) and no studies have described the impact of
purging consecutive bore volumes on viruses, necessitating the need for

appropriate sampling methodologies to be established.

Kwon et al. (2008) pumped a well for greater than 120 hours and observed that

bacterial concentrations stabilized over the first 50 hours (230 well bore volumes)
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but increased for the next 70 hours despite environmental parameters stabilizing
within 1 hour. More recently, Kozuskanich et al. (2011) observed high levels of
fecal coliforms within the first three bore volumes, after which concentrations
quickly dropped and stabilised. The authors attribute the high initial readings to
the potential dislodgment of substrate attached bacteria during purging.
Consequently, it is still unresolved as to whether the initial readings were in fact
representative of the surrounding aquifer water or whether they are an artefact of
the pumping process. Furthermore, by using plate count methodologies to
enumerate fecal coliforms, this study only provided information on a small sub-set

of the bacterial community.

Flow cytometry has been used to accurately enumerate bacteria and viruses
(termed virus-like particles, VLPs) from marine, lake and groundwater systems
(Goddard et al. 2005; Seymour et al. 2005; Seymour et al. 2007; Roudnew et al.
2012). Flow cytometry is highly sensitive and allows for detection of bacterial
cells too small to be distinguished using fluorescence microscopy counting
(Monfort and Baleux 1992). In addition to enumerating bacteria, flow cytometry
can effectively discriminate VLPs (Marie et al. 1999), enabling the relationship
between bacteria and VVLPs (the virus-bacteria ratio) to be investigated. The virus-
bacteria ratio can provide insights into the biological dynamics of the system,
whereby a high virus-bacteria ratio is thought to indicate a more productive
environment (Wommack and Colwell 2000) or higher levels of bacterial diversity
(Bratbak and Heldal 1995; Tuomi et al. 1995). In this study we used flow
cytometry to investigate purging effects on bacterial abundances, VLP

abundances and the virus-bacteria ratio from six unconfined aquifers, across
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South Australia, in an effort to develop efficient groundwater microbiological
sampling methodologies by determining the extent of purging that is required to

obtain microbial samples that are representative of unconfined aquifer systems.

3.3 Methods

Study Site and sample collection

Six bores infiltrating into unconfined aquifers were investigated from different
areas in South Australia including; Streaky Bay (unit identification number,
FOR023), Mt Gambier (MTG454), Port Lincoln (SLEO52), Naracoorte
(MARO002), Nene Valley (MTMO060) and Renmark (RMK344). The Department
of Primary Industries and Resources of South Australia bore identification
number, the location and bore characteristics including: depth to water; the
slot/uncased depth; and the calculated bore volume are listed in Table 3.1. These
bores were chosen as they represent aquifers in dissimilar geographical areas, but
are in relatively pristine environments, such that there are no industry or waste

treatment plants within the vicinity of any of the bores.

Bore FOR023 was installed in the 1970s and infiltrates into the Robinsons lens
aquifer in the Bridgewater formation. SLEQ052 also infiltrates into the Bridgewater
formation, but into the Lincoln Basin A lens aquifer, and is located < 1 km form a
lake/inlet which has direct connection with the Southern Ocean. SLE052 was
redrilled in 2008 and the lithological drill logs indicate a surface clay layer
followed by limestone and medium grain sized sand near the bottom of the well.
Hydrogeological information on MTG454, MAR002 and MTMOG60 is limited as
these wells were installed in the 1970s. MTG454 is an irrigation bore installed in
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the 1970’s and is located in an old farming region in Mt Gambier < 1 km from the
coast. RMK344 was installed in 2006 and infiltrates into the River Alluvium
Aquifer in the Monoman formation with the drill logs indicating green-grey to
yellow-brown clay layers in the shallower region with poorly sorted coarse sand at
the bottom of the bore. RMK344 is located approximately < 0.5 km from the
River Murray in an area where high groundwater salinity readings (at marine

levels) have been reported.

In this study one bore volume represents the total volume of water in the bore,
from the standing water level to the bottom of the bore including the uncased and
screen/slot area (Garvis and Stuermer 1980). Bores were purged for 5 to 6 bore
volumes (as per recommended methods; US EPA 1986), using a 12-volt
Supertwister® submersible pump (EnviroEquip, Sydney, Australia). The pump
was lowered to approximately 1 — 2 m from the bottom of each well and water
purged at a pumping rate of approximately 5 L min™. At each bore volume water
was sampled directly from the outflow of the pump into three sterile glass bottles
for bacterial and VLP analysis, prior to collection for environmental parameters.
Environmental parameters including temperature (°C), electrical conductivity
(EC, mS cm™) pH and dissolved oxygen (DO, mg L™) were measured using a
calibrated Hach Hydrolab® MS5 water quality sonde (Aqualab Scientific,
Sydney, Australia). For bacterial and VLP analysis, 1 mL aliquots from each of
the three glass bottles were dispensed into cryovials, representing three replicates
at each bore volume. Each 1 mL sample was fixed in 1% gluteraldehyde in the
dark and on ice for 15 minutes and snap frozen in liquid nitrogen in the field prior

to being stored at -80°C (Marie et al. 1999).
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Bacterial and VLP enumeration

Bacterial and VLP samples were quick thawed in warm water and diluted (1:10)
in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.5), stained with SYBR Green 1®
(1:20000 dilution; Molecular Probes, Eugene) and incubated in the dark for
15 min (Marie et al. 1999). FCM samples were analysed under a high flow rate
(< 1000 events sec™) with approximately 100,000 events recorded for each
sample. The threshold was set at 300 mV to minimize background noise.
Fluorescent beads (1 pum diameter, Molecular Probes, Eugene) were added at a
final concentration of approximately 10° beads mL™ immediately prior to analysis
to normalize flow cytometric parameters (Gasol and del Giorgio 2000). A FACS-
Canto flow cytometer (Becton-Dickson), equipped with an air-cooled argon laser
(15 mW, 488 nm) and phosphate buffered saline solution employed as a sheath
fluid, was used to analyse samples. Bacterial and VLP were identified based on
DNA fluorescence and side scatter and abundances were enumerated using Win
Midi 2.8 flow cytometry analysis software (° Joseph Trotter, Scripps Institute,

CA).

3.4 Results

Variability in physicochemical parameters was observed between the six bores
examined. Temperature ranged from a low of 15.4 to 20.8°C (Figure 3.1A) and
pH ranged from 6.93 to 7.63 (Figure 3.1B). Electrical conductivity (EC) ranged
between 0.9 to 5.9 mS cm™, except at Renmark (RMK344) where a maximum EC
value of 442 mS cm® was observed (Figure 3.1C). Dissolved oxygen

(DO, mg L™ ranged from 0.32 to 2.23, however, due to technical problems with
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the dissolved oxygen probe DO measurement for SLEO052 were not recorded
(Figure 3.1D). The mean bacterial abundance ranged from 2.85 x 10 to
1.92 x 10° cells mL™ and mean VLP abundance ranged from 2.85 x 10* to

5.77 x 10° particles mL™ (Figure 3.2).

Within all 6 individual bores temperature, EC and pH were constant during
purging. Temperature was stable with < 1% change (Figure 3.1A). The pH levels
showed slight fluctuations when purging between one to three bore volumes,
however, the greatest variability observed in a single bore was always < 3%
(Figure 3.1B). EC was stable throughout purging (< 3% change) in the different
bores, except at Renmark (RMK344) where an 18% increase was observed
between the first and second bore volume prior to stabilizing (Figure 3.1C). DO
was observed to fluctuate with purging with DO levels in bores MTMO060 and
MAROQO2 increasing, in bore FOR023 remaining constant and in MTG454 and

RMK344 DO levels were variable between each bore volume (Figure 3.1D).

The change in bacterial and VLP abundances in response to purging was highly
variable between the different bores and mean bacterial and VLP abundances in
the individual bores were observed to either increase (MTMO060), decrease
(MTG454, FOR023 and MARO002) or remain constant (SLE052 and RMK344)
throughout different stages of the purging process (Figure 3.2A — F). Comparing
bore volumes within individual bores, bacterial abundances varied on average by
28%. However, in four out of six bores (Figure 3.2A, C, D, and E) the ranges in
bacterial abundances were greater within triplicates than between bore volumes

for an individual bore. Average VLP abundances varied by 20% across bore
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volumes and one bore was observed to have triplicate ranges with greater
variability when compared to the abundances between bore volumes of the

individual bore (Figure 3.2C).

The virus-bacteria ratio in individual bores showed high levels of variability,
ranging from 0.08 to 7.28 with no general pattern observed. Bores MTG454,
SLE052, MAR002 and MTMO060 were observed to have virus-bacteria ratios
greater than 1, while FOR023 and RMK344 had virus-bacteria ratios of less than
1 for all purged bore volumes. The average virus-bacteria ratio ranged from 2 to 3

and was relatively consistent with pumping (Figure 3.3).

3.5 Discussion

Here we examined the variation in bacterial and VLP abundances between bore
volumes in unconfined aquifers in South Australia to determine the extent to
which purging is required to gain samples representative of indigenous microbes
in groundwater. We found high levels of variability within individual bore
volumes that often substantially exceeded the variability between consecutive
bore volumes (Figure 3.2). In keeping with previous investigations, purging three
bore volumes was adequate to stabilize physicochemical parameters (Garvis and
Stuermer 1980; Schuller et al. 1981; Pionke and Urban 1987) (Figure 3.1). While
bacterial and VLP concentrations throughout the pumping process were within
groundwater ranges reported in the literature (Kyle et al. 2008; Eydal et al. 2009;
Griebler and Lueders 2009), the data presented here provides novel information
on bacterial and VLP abundances in consecutively pumped bore volumes. High
levels of variability were observed in bacterial and VLP abundances between the
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different bores and in triplicate samples taken from the same bore volume
(Figure 3.2). The high levels of variability within triplicates indicate the microbial

community is highly heterogeneous at small scales within a single bore volume.

Overall, VLP abundances exhibited the same trends as bacterial abundances,
which is expected considering that VVLP rely on bacteria for reproduction. VLP
concentrations were generally higher than bacteria except in bores FOR023 and
RMK344 the VLP concentrations were less than the corresponding bacterial
abundance at each bore volume. In examining the bacterial concentrations at each
bore volume trends were observed to decrease (MTG454, FOR023 and MARQ02)
remain constant (SLE052 and RMK?344) or increase (MTMO060) depending on the

individual bore sampled.

The decreasing trend observed in bores MTG454, FOR023 and MARO002 may be
due to purging artefacts influencing the bacterial concentrations. For example,
bacterial cells attached to the aquifer matrix may be detached initially due to an
increased flow rate induced by the pumping and this would lead to artificially
higher groundwater concentrations prior to abundances gradually stabilizing. It
remains to be determined if bacterial abundances would cease to decrease with
further purging, and results by Kwon (et al. 2011) indicate that even after periods
of prolonged purging (> 200 well bore volumes) bacterial cell concentrations can

still fluctuate.

SLE052 and RMK344 are both located within proximity (< 1 km) of surface

water bodies including a lake/inlet and the river Murray and this may influence
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the steady trend in bacterial abundances observed when purging. The availability
of surface water to recharge the aquifer may create a more homogenous
environment due to a more stabilized hydrological regime and result in more
constant bacterial concentrations. RMK344 was characterised by EC levels almost
an order of magnitude higher than the other bores, which is characteristic of this
region, but the higher salinity levels did not seem to have any discernable
influence on either bacterial or VLP concentrations when compared to the other

bores sampled.

The trend in increasing bacterial concentrations with increasing purged bore
volumes was observed in bore MTMO60, which indicates bacterial concentrations
are higher in the surrounding aquifer than the bore. DO levels were also observed
to increase with purging which would likely be due to the shallow depth of the
bore and the water tables being in close proximity to the surface. The available
DO in this shallow aquifer may promote greater levels biological activity and an

increase in bacterial abundances.

The variability in microbial abundances observed when purging bores suggest that
aquifers are made up of a melange of discrete microbial niches, rather than a
homogenous suspension of cells. This microbial heterogeneity may be driven by
bottom-up processes, such as patchiness of organic matter and nutrients in the
system, which may cause an uneven distribution of microbial growth rates.
Alternatively, top-down processes, such as protistan and stygofaunal grazing and
viral lysis could occur at uneven levels within different areas of the aquifer,

leading to shifts in bacterial abundance at different locations. Interactions between
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bacteria and viruses drive variability in microbial abundances and dynamics
(Tuomi et al. 1995; Fuhrman 1999; Wommack and Colwell 2000), and our
evidence of shifts in the virus-bacteria ratio may support this scenario

(Figure 3.3).

Variation in hydro-physical groundwater conditions may also drive spatial and
temporal heterogeneity in microbial parameters. Considering the high degree of
hydrological anisotropy and geological heterogeneity within aquifer samples
caused by varying levels of hydraulic conductivity, permeability and aquifer
connectivity (Russell et al. 1994; Alfreider et al. 1997; Murphy et al. 1997;
Lehman et al. 2001a, 2001b; Goldscheider et al. 2006), it may be unreasonable to
expect homogeneity of microbial concentrations. Bacterial and viral abundances
show small and large scale spatial variability in other aquatic environments, such
as marine systems (Seymour et al. 2000; Seymour et al. 2005). The heterogeneous
nature of an aquifer can promote the formation of specific microbial niches
(Brockman and Murray 1997; Goldscheider et al. 2006), meaning that microbial
variability may be an intrinsic feature of groundwater systems. Future studies
investigating microbial concentrations as a function of hydrogeological variability

may further elucidate the dynamics of microbial concentrations.

The limit of detection for flow cytometry has been reported at 100 — 1000
cells mL™ (Vives-Rego et al. 2000) and this is more than an order of magnitude
smaller than the bacterial and VLP abundances measured in this study indicating
that the variability observed in microbial abundances is not likely to be due to the

flow cytometry enumeration method. It is possible that the high levels of
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microbial heterogeneity could instead be an artefact of bore purging (for a fuller
discussion see Keith et al. 1983). For example, over pumping can cause excessive
silt or clay fines to be drawn into the immediate vicinity of the well leading to
colmation of sediment interstices, potentially altering the hydraulic conductivity
and transportation of microbes through the aquifer. Purging in unconfined
aquifers, such as the bores investigated here, can also create drawdown leading to
new preferential flow paths being created in the system and different areas of the
aquifer being sampled. It is also possible that the rate of pumping may influence
microbial abundances as increased flow rates can cause greater shear on otherwise
stable biofilms on the walls of the bore and in the aquifer (Picioreanu et al. 2001).
The breakup of these biofilms will re-suspend sessile bacteria leading to

variability in cell counts.

Obtaining representative subsurface microbial parameters may not be a realistic,
or achievable, goal of well purging if heterogeneous distributions are indeed the
true structure of microbial abundances in groundwater. To further understand a
specific system, data on the geochemical characteristics, such as nutrients and
dissolved inorganics should be presented in future investigations in order to
provide information on the ecosystem complexity. It is often mentioned that there
are different requirements for purging different sites (Pionke and Urban 1987;
Gibs and Imbrigiotta 1990; Novak and Watts 1998), and providing information on
the variability of each individual bore may allow groundwater systems to be more
accurately compared. More intensive methods may be able to distinguish areas of
variability, for example, the use of intensive small scale sampling methods

(Seymour et al. 2000) may elucidate microbial heterogeneity of aquifers and
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provide new insights into the ecology of groundwater systems. Additionally,
higher resolution sampling may provide a better methodology to quantitatively

describe the variability in microbial abundances.

Our results indicate that purging of bores does not necessarily result in stable
bacterial and VLP abundances that are representative of the surrounding aquifer
system and depending on the individual bore sampled purging may lead to
increases, decreases or variable bacterial concentrations. Obtaining stabilized
microbiological parameters may not be a realistic goal due to the inherent
heterogeneity of aquifer ecosystems. Furthermore it is possible that there are
changes in diversity, the metabolic potential or metabolic function of the

microbial community which are not reflected in the abundance counts given.

Determining bacterial and VLP abundances provides information on the dynamics
of subsurface microbes. The results presented here indicate the highly
heterogeneous nature of bacteria and VLP in unconfined aquifers, which could be
driven by various bottom-up, top-down and hydro-physicochemical processes.
These results suggest groundwater systems are highly dynamic and need to be
studied and sampled in detail in order to accurately elucidate the microbial
characteristics of an aquifer system. While the challenge remains of establishing
purging regimes appropriate for microbiological sampling for all aquifer types,
presentation of the heterogeneity of microbial abundances within aquifers is
important to allow for greater understanding of how microbial population

dynamics contribute to groundwater ecosystem functioning.
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Table

Table 3.1 Bore unit and PIRSA identification number (Department of Primary Industries and Resources South Australia), latitude

and longitude, casing material, bore diameter (mm), bore depth (m), casing depth (m), depth to water (m) and volume of water

representing one bore volume (L).

UnitID# PIRSA# Latitude Longitud Casing Bore Bore Casing Depth to Bore
e material diameter depth depth water volume
MTG454 38°05’ 140°76' Steel 150 7 1.9 93.7
FOR023  5732-00233  32°51’ 134°16’ PVC 60 9.5 5.3 4.62 13.8
SLEO052 6028-00428  34°48’ 135°45' PVC 80 15 3 3.77 56.4
MAR002 6924-01680  36°36’ 140°23’ Steel 152 6 4.2 3.45 49.9
MTMO060 6922-01899  37°34’ 140°19’ Steel 127 4 2 1.71 30.2
RMK344  7029-02273  34°12’ 140°74' PVC 80 9 7 6.5 12.6
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Figure 3.1 Physical parameters of temperature (°C) (A), pH (B), electrical

conductivity (EC, mS cm™) (C) and DO (mg L™) (D) measured for each purged

bore volume for six individual bores.
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4.1 Abstract

Hydrological and geological heterogeneity in the subsurface can isolate
groundwater bodies in an aquifer system and create hydrologically distinct
aquifers overlying each other with varying amounts of water exchange and
unknown amounts of biological exchange. The heterogeneous nature of these
subsurface waters likely drives changes in groundwater microbiological
parameters. Here we use flow cytometry to examine the abundance and
cytometrically defined subpopulation structure of bacteria and virus-like particles
(VLPs) in three distinct, vertically stratified aquifer layers consisting of an
unconfined aquifer, a confining layer and a confined aquifer. Despite total
microbial abundances remaining constant, the composition of bacterial and VLP
communities varied among the aquifer layers. Cytometrically-defined
subpopulations were defined by nucleic acid content and size and ranged from one
bacterial and VLP subpopulation in the unconfined aquifer to four bacterial and
three VLP subpopulations in the confined aquifer. This variability in the
subpopulation assemblages is likely driven by a combination of hydrological
heterogeneity and biological interactions. The results presented here indicate
complexity in microbial communities in discrete aquifer layers that may be
overlooked when reporting general abundances. Groundwater bacteria and VLPs
appear to be a sensitive indicator of the biological dynamics of aquifer systems
and may be used to identify heterogeneous water bodies and help distinguish

individual aquifer layers in an aquifer system.
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4.2 Introduction

Microbes are found in almost all habitats on the planet, and form an essential part
of ecosystem functioning as significant components of food webs and nutrient
cycles (Azam et al. 1983; Goldscheider et al. 2006; Griebler and Lueders 2008).
Specifically, bacteria recycle nutrients through the biochemical degradation and
transformation of dissolved organic matter and particulate organic matter (Azam
et al. 1983). Viruses transform particulate organic matter into dissolved organic
matter through the lysis of infected bacterial cells, which can indirectly affect
bacterial species diversity and distribution (Fuhrman 1999). The role of bacteria
and viruses in the functioning of ecosystems is increasingly being recognised
(Goldscheider et al. 2006), however, the complex nature of groundwater
environments, which consists of solid and water substrate components, mean a

complete understanding of groundwater microbial interactions is lacking.

Microbes experience temporal and spatial heterogeneity in groundwater systems,
which may be attributed to numerous factors including the physicochemical,
geological and hydrological aspects of the aquifer system (Hancock et al. 2005).
The temporal and spatial heterogeneity of groundwater habitats likely creates
niches that allow some of the microbial consortia to outcompete rival species
resulting in a non-homogeneous distribution of microbial diversity in
groundwater. The heterogeneous subsurface environment poses a challenge for
ecologists interested in describing the bacterial and viral dynamics of groundwater
ecosystems (Brockman and Murray 1997). For example, complex and tortuous
groundwater flow paths can influence microbial transport and the spread of

pathogens in the subsurface (Fontes et al. 1991) and non-uniform distributions of

74



bacteria in groundwater systems may influence rates of indigenous biodegradation
or bioremediation activities (Brockman and Murray 1997). Heterogeneity also
provides challenges for the collection of samples that are representative of the

aquifer under investigation.

The separation of an aquifer system into discrete aquifer layers is an example of
geological heterogeneity and hydrological anisotropy isolating subsurface water
bodies. For example, a confined aquifer may be vertically isolated from an
unconfined aquifer and the water table due to the presence of a confining layer.
As such, a single aquifer system may encompass distinct aquifer layers that,
although they are in vertical spatial proximity, are hydrostratigraphically
independent systems. Individual aquifer layers are often distinguished based on
hydrogeological aspects, such as the geological composition, hydraulic
conductivity, permeability and recharge, or based on physicochemical aspects
such as the age or origin of the water (Cherry et al. 2004; Banks et al. 2007). The
use of cased bores, such as piezometers, allows for repeated sampling of different
aquifer layers by allowing water to be directly sampled from predetermined

depths.

A nested piezometer consisting of six individual piezometers installed at
Ashbourne, South Australia, allows for sampling from three distinct aquifer
layers; a local shallow system (unconfined aquifer), a deeper fractured rock
system (confined aquifer) and a less permeable confining layer that separates
these two aquifers (Figure 4.1). The lithological drill-logs of the Ashbourne site

are reported in Harrington et al. (2004). Confirmation of the presence of the
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confining layer separating the confined and unconfined aquifer at the Ashbourne
site was convincingly established by Banks et al. (2007) through the utilization of
14C and CFC-12 measurements. Water age in the shallow system was found to be
25 — 40 years, while the maximum age of water in the deeper system was up to
1400 years. Groundwater appeared to be younger at the 45 m depth than at 25 m,
which indicates distinct flow systems with separate sources of recharge. Based on
chloride mass balance and TDS concentrations the water shallower than 30 m is
chemically distinct from deeper groundwater, which, along with the CFC-12 data
helped to confirm the presence of a confining layer between 25 — 40 m (Banks et
al. 2007). The identification of the confining layer separating the unconfined and
confined aquifer at Ashbourne allows for the investigation hydrostratigraphically
separated microbial consortia. However, the predicted low concentration of cells

within this environment requires a sensitive and fast method of analysis.

Flow cytometry (FCM) has been effectively used to enumerate bacterial and viral
abundances from groundwater samples (Anneser et al. 2010; Leys et al. 2010;
Roudnew et al. 2012; Roudnew et al. 2013; Smith et al. 2012). Viruses
enumerated using FCM have not been specifically identified morphologically or
molecularly as viruses and by convention are termed virus-like particles (VLPs)
based on their relatively small size and lower nucleic acid content compared to
bacteria (Marie et al. 1997; Marie et al. 1999; Brussaard et al. 2000). Alongside
FCM being a fast and efficient technique for enumerating bacteria and VLPs,
FCM also carries the advantage of being able to discriminate discrete
subpopulations of bacteria and VLP based on cell/particle size and nucleic acid

content (Marie et al. 1997; Marie et al. 1999; Brussaard et al. 2000). Bacterial
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subpopulations with higher nucleic acid content and, in some cases, a larger cell
size indicate active bacterial cells most likely undergoing replication (Gasol and

del Giorgio 2000; Lebaron et al. 2001).

The fluorescent nucleic acid dye, SYBR Green I, has been developed to stain both
DNA and RNA (Lebaron et al. 1998) and has been previously used to identify
multiple VLP subpopulations in environmental samples (Patten et al. 2006;
Seymour et al. 2007). Seymour (et al. 2007), observed a significant correlation
between bacteria and VLPs from a groundwater sinkhole, and it is likely that the
majority of VLPs observed in the subsurface are bacteriophage (i.e. bacteria
specific). Although the functional importance of VLP subpopulations remains to
be determined, VLPs present in the system would likely influence bacterial
turnover and nutrient cycling (Azam et al. 1983; Fuhrman 1999). Elucidating the
presence of bacterial and VLP subpopulations in aquifers may contribute to an
understanding of the heterogeneity of aquatic subsurface bacterial and VLP
distributions, however, investigations of cytometrically defined bacterial and VLP

subpopulations in aquifers are currently lacking.

A previous study at Ashbourne utilized FCM to compare bacterial and VLP
abundances in purged aquifer water to unpurged water sampled from the slot
depth of each piezometer (Roudnew et al. 2013). No significant difference was
observed for bacteria, but VLP abundances were observed to significantly
decrease in purged water. Bacteria and VLP concentrations were also found to

vary with depth throughout the aquifer depth profile. In the present study we
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investigate the role of the individual aquifer layers on bacterial and VLP

abundances and cytometrically defined subpopulation structures.

4.3 Materials and Methods

Sampling

The Ashbourne site houses a 250 mm diameter hole, drilled into the Kanmantoo
Group sediments in which six, 50 mm diameter, piezometers were installed as a
nest. The water table is approximately 8 m below the surface and slot depths are
13-19, 29-34, 42-47, 58-63, 79-84 and 87-92 m from the soil surface. The
individual piezometers are open into an unconfined aquifer at 15 m depth, into a
confined aquifer at 45, 60, 80 and 90 m depths and into a confining layer at 30 m
depth that separates the unconfined and confined aquifers (Figure 4.1). Each
piezometer was purged using a 12-volt Supertwister® submersible pump
(EnviroEquip, Sydney, Australia) for at least three bore volumes and until
environmental parameters stabilised, prior to sampling nutrients, bacteria and
VLPs. Environmental parameters of dissolved oxygen (DO, mg L™), pH, EC
(mScm?) and temperature (°C) were measured using a calibrated Hach

Hydrolab® MS5 (Aqualab Scientific, Sydney, Australia) water quality sonde.

Nutrient analysis

Dissolved inorganic nutrients (25 mL, in triplicate) were 0.45 um filtered
(Whatman GF/C), placed on ice and analysed within 24 hours. Analyses were
performed using a LF 2400 photometer (Aquaspex®) according to standard
colorimetric methods: Ammonium (NH;") determined using the indophenol

method, nitrate (NO3") by diazotation/azocoupling using naphtyl-ethylenediamine
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after zinc reduction, nitrite (NO2) by diazotation/azocoupling using naphtyl-
ethylenediamine) and phosphate (PO,*) by ascorbic acid reduction using

molybdenum blue.

Preservation and preparation of bacteria and viruses

Bacterial and VLP samples were preserved and prepared for FCM analysis
following the protocols of Seymour (et al. 2005 — adapted from Marie et al.
1999). Triplicate, 1 mL bacteria and VLP samples were immediately fixed in 1%
gluteraldehyde, stored in the dark at 4°C for 15 minutes, snap frozen in liquid
nitrogen in the field and stored at -80°C. Prior to FCM analysis samples were
quick thawed in warm water and suspended at a 1:10 dilution in 0.02 pm filtered
TE buffer (10 mM Tris, 1 mM EDTA, pH 8). Samples were stained with the
fluorescent nucleic acid dye SYBR Green I® (Molecular probes) at a 1:20000
dilution and vortexed for 30 seconds. After the addition of SYBR Green all

samples were kept in the dark until analysis.

Flow cytometry analysis

Samples were analysed on a FACS-Canto flow cytometer (Becton-Dickson) with
the following settings: Threshold (530/30; 300), forward angle light scatter (FSC;
285 nm), side angle scatter (SSC; 580 nm), green fluorescence (530 nm) orange
fluorescence (585 nm) and red fluorescence (670 nm), with approximately
100 000 events recorded for each sample. Phosphate-buffered-saline solution was
employed as a sheath fluid. Triplicate, 0.02 um filtered, water samples were also
prepared according to the above protocol so noise levels in the flow cytometer

could be determined and subsequently subtracted from each sample. Fluorescent
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yellow, 1 um diameter, beads (Molecular Probes, Invitrogen) were added to each
sample at approximately 10° beads mL™ and vortexed briefly immediately prior to
analysis to normalise FCM parameters (Gasol and del Giorgio 2000). Bead
concentrations were determined by epifluorescence microscopy. Data was

analysed using Win Midi 2.8 FCM analysis software (° Joseph Trotter).

Classification of subpopulations and statistical analysis

Clustering of cells observed in each cytogram (Figure 4.2) were gated and
classified as distinct subpopulations based on SYBR Green fluorescence as an
indicator of nucleic acid content, and side scatter as a proxy for cell size (Marie et
al. 1997, 1999). The SYBR Green fluorescence on the y-axis and side scatter on
the x-axis were plotted on 4 decade log scales to enable the plotting of bacteria
and VLPs on the same cytogram with the size and fluorescence of the recorded
events relative to each other. The 1 um fluorescent beads added to each sample to
normalise FCM parameters were used as a standard for cell size and fluorescence,
with all bacteria enumerated < 1 um and VLPs distinguished from bacteria based
on their relatively small cell size and lower nucleic acid content according to
previous work (Marie et al. 1997, 1999; Brussaard et al. 2000). Using cytogram
dot plots (Figure 4.2) along with density plots, contour plots and histograms of
SYBR Green fluorescence individual VLP and bacterial subpopulations were
gated when distinct clustering of cells/particles was observed. Figure 4.3 was
constructed to encompass the observed discrete bacterial and VLP subpopulations
and enable subpopulations to be compared between depths in the aquifer system.
If the observed bacterial or VLP community on a cytogram recorded too few

events for discrete subpopulations to be assigned, the entire bacterial or VLP
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population was categorised as bacterial subpopulation B3 and VLP subpopulation
V1. Bacterial and VLP abundances among the aquifer layers were compared with
a Kruskal-Wallis test. All statistical analyses were conducted on PASW®

Statistics version 18 statistical software (° SPSS Inc.).

4.4 Results and Discussion

Microbiology of the aquifer system

Bacterial abundances ranged from 6.3 x 10° to 3.0 x 10° cells mL™ and were
within the ranges reported in the literature (Griebler and Lueders 2008; Anneser et
al. 2010) (Figure 4.4 and supplementary information Table 4.S1). VLP
abundances ranged from 4.8 x 10" to 8.8 x 10° particles mL™, with the lower
range being slightly less than groundwater viral concentrations reported in the
literature (Kyle et al. 2008) (Figure 4.4 and Table 4.S1). No significant
differences in total bacterial abundances (p = 0.146) and total VLP abundances
(p = 0.453) were observed between aquifer layers (Figure 4.4). However, changes
in the distributions of cytometrically defined subpopulations were observed
among the aquifer layers. Throughout the aquifer system, 4 discrete bacterial
subpopulations, termed B1-B4, and 3 VLP subpopulations, termed V1-3, based

on size and nucleic acid content were observed (Figure 4.2 and 4.5).

The observed changes in subpopulation dynamics may be due to biological
processes, hydrogeochemical factors, or a combination of both. Biological
processes such as bacterial-bacterial competition or bacterial-viral interactions
may create favourable conditions allowing certain subpopulations to thrive and

out-compete other subpopulations. Alternatively, variations in flow rate and
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groundwater composition may allow for the creation of discrete niches, which

could favour the survival of some microbial subpopulations.

Homogenous conditions

The potentiometric head of an unconfined aquifer is the water table, and water
recharges the aquifer by percolating in from the vertically adjacent surface. Thus,
water contained in the unconfined aquifer at 15 m depth can be considered as
having a single origin, the overlying surface. Only the B3 bacterial population and
the V1 VLP population were present in the unconfined aquifer (Figure 4.5A and
B). The only other area of the aquifer system that displays a single bacterial and
VLP population is in the deeper portion of the confined aquifer at 80 and 90 m.
Water in the deeper portion of the confined aquifer can also be characterised by
water of single origin, specifically as the age of water in this portion of the aquifer
is greater than 1000 years (Banks et al. 2007), it is likely that the water
composition is relatively homogeneous. The characteristic nature of homogenous
water would discourage the formation of niches (Cardinale 2011) and encourage
less bacterial and VLP community complexity. Conditions within the unconfined
aquifer and the deeper portion of the confined aquifer, where the source of water,
the age of the water, the level of nutrients and the hydrological conditions are
relatively homogeneous may encourage the domination of a single bacterial and a

single VLP community population.

Heterogeneous conditions
Confining layers impede groundwater flow between aquifers (Ponzini et al. 1989)

allowing for the concentration of contaminants and nutrients due to limited
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leaching into deeper groundwater systems. Table 4.1 displays evidence of salinity
contamination and nutrients concentrating within the confining layer at
Ashbourne. This trapping of contaminants and nutrients suggests that the
confining layer may have a high level of physicochemical heterogeneity, whereby
distinct niches can be formed and heterogeneous populations of microbes may be
supported. Indeed, two separate bacterial subpopulations were observed, with the
second, B4, bacterial subpopulation composing greater than 10% of the total
bacterial abundance (Figure 4.5A). Subpopulation B4 consists of cells with high
nucleic acid content, based on SYBR green fluorescence. Previously,
subpopulations showing relatively high nucleic acid content have been classified
as active bacterial cells (Gasol and del Giorgio 2000; Pattern et al. 2005; Seymour
et al. 2007). The high level of inorganic nutrients represented by 1.40 mg L™ of
phosphate and 0.30 mg L™ of nitrate that were observed in the confining layer are
indicative of external nutrient inputs or internal cycling processes that perhaps

sustain this active B4 bacterial population.

Bacterial and VLP concentrations were an order of magnitude greater at 45 and
60 m depths of the confined aquifer compared to the 80 and 90 m depths of the
confined aquifer (Table 4.S1). Unlike the single subpopulations observed in the
deeper, homogenous, portions of the confined aquifer, numerous bacterial and
VLP subpopulations were observed throughout the shallower depths of the
confined aquifer (Figure 4.5A and B). Bacteria at the 45 m depth was composed
of three bacterial subpopulations, with the additional subpopulations of Bl
making up 21% and B2 making up 12% of the total bacterial abundance. At the

60 m depth B1 and B2 made up 19% and 21% of the total bacterial abundance

83



respectively. Additionally, subpopulation B4 was observed at 60 m and
contributed 12% of the total bacterial abundance. Multiple VLP subpopulations
were also observed in the shallow portion of the confined aquifer including V2
contributing to 13% of total VLP abundance and V3 contributing 3% at the 45 m
depth, while at 60 m subpopulation V3 was not observed and V2 contributed to

only 1% of the total VLP abundance.

It is possible that the physiochemical heterogeneity in the confining layer and the
shallower portions of the confined aquifer may be providing the niche conditions
necessary to supports greater complexity in the bacterial community, which would
lead to more potential host populations for VLPs and, in turn, greater complexity
in the VLP community. Alternatively, VLPs may be driving community diversity.
Viruses are known to selectively maintain diversity by infecting and lysing the
dominant bacterial cells, termed “kill the winner” (Thingstad and Lignell 1997),
and provide the opportunity for other bacterial cells to thrive and potentially
promote a more diverse assemblage of bacterial subpopulations. VLPs are known
to enhance nutrient cycling through viral lysis by infecting bacteria and releasing
particulate organic carbon into dissolved organic carbon which can then be taken
up by other bacterial cells (Azam et al. 1983). With additional nutrients recycled
into the system, bacteria are able to reproduce and the number of active bacterial
cells (i.e. bacterial subpopulation B4) would be expected to increase. Furthermore,
lysing of bacterial cells would also create nutrient patchiness which would lead to
the heterogeneous conditions necessary to encourage the proliferation of diverse

assemblages of microbial consortia.
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FCM is effective for investigating the abundance and subpopulation dynamics of
bacteria and viruses in aquifer systems and enables the investigation of
community wide microbial interactions. Bacterial communities with greater
nucleic acid content are likely the dynamic members of the community who
actively respond to changes in predator pressure and nutrient availability (Kinner
et al. 1998; Gasol at el. 1999). Size selective predation has been observed in the
marine environment (Gasol et al. 1999) and in studies of contaminated
groundwater (Kinner et al. 1998) and such selective predation pressure may
influence community dynamics and rates of bacterial driven contaminant
degradation (Kinner et al. 1998). Here we show that changes in aquifer
hydrostratigraphy are associated with variations in bacterial and VLP

subpopulation structures.

Hydrological heterogeneity in aquifer systems likely contributes to heterogeneity
of bacterial and VLP subpopulations. Bacteria and VLPs appear to be a sensitive
indicator of the biological dynamics of aquifer systems and potentially may be
used to identify heterogeneous or homogeneous groundwater conditions and help
distinguish hydrologically isolated or mixed aquifer layers and preferential flow
paths in the subsurface. Larger bacterial cell sizes were observed in the
hydrologically heterogeneous conditions of the confining layer and the shallow
areas of the confined aquifer. These hydrologically heterogeneous areas may
experience different levels of predation, bacterial turnover and nutrient cycling,
compared to the hydrologically homogenous regions as a result of the larger
bacterial cell sizes observed. Future studies should consider the use of FCM in

investigating subterranean microbial heterogeneity and efforts be made to explore
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groundwater ecology based on a thorough understanding of the

hydrogeomorphology of the system.
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Table

Table 4.1 Temperature, electrical conductivity, pH, dissolved oxygen,

ammonium (NH,"), nitrate (NO5), nitrite (NO,) and phosphate (PO4>) measured

at one depth in the unconfined aquifer (n = 3), one depth in the confining layer

(n = 3) and four depths in the confined aquifer (n = 12). Numbers in parentheses

represent + 1 standard deviation.

Units Unconfined Confined
aquifer Confining layer aquifer

Temperature °C 16.56 16.68 17.39 (0.59)
Electrical g oyt 3.42 13.75 2,01 (0.23)
conductivity
pH 6.66 10.85 7.19 (0.60)
Dissolved ) 0.24 0.36 0.21 (0.10)
oxygen
Ammonium mg L™ 0.12 (0.05) 0.42 (0.02) 0.19 (0.26)
Nitrate mg L™ 0.20 (0.10) 0.30 (0.26) 0.20 (0.10)
Nitrite mg L™ 0.01 (0.00) 0.01 (0.00) 0.01 (0.01)
Phosphate mg L™ 0.37 (0.06) 1.40 (0.75) 0.30 (0.25)
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Figure 4.1 Schematic representation of the Ashbourne nested piezometer

consisting of six, 50 mm diameter, individual P\VC piezometers installed as a nest.
The water table is approximately 8 m beneath the soil surface. Each piezometer
had a slot/screen length of approximately 5 m, at the following depths: 13-19 m

(the unconfined aquifer), 29-34 m (the confining layer) and 42-47, 58-63, 79-84,

87-92 m (the confined aquifer).
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Figure 4.2 Cytograms of groundwater samples from the unconfined aquifer (A), the confining layer (B) and the confined aquifer (C, D, E and F). SYBR

GF (nucleic acid content) measures the amount of fluorescence given off when each particle/cell is excited by the laser and represents the nucleic acid content

of each event (particle/cell). Side scatter (cell size) measures the reflection of the laser and is a proxy for cell/particle size.
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Figure 4.3 To create uniformity between comparisons of the aquifer layers a

schematic representing the gated subpopulations observed throughout the depth
profile was constructed. SYBR GF (nucleic acid content) measures the amount of
fluorescence given off when each particle/cell is excited by the laser and
represents the nucleic acid content of each event (particle/cell). Side scatter (cell
size) measures the reflection of the laser and is a proxy for cell/particle size.
Individual subpopulations were gated based on the discrete clustering of
individual cells/particles. V1-3 gate discrete virus-like particle subpopulations,
B1-4 gate discrete bacterial subpopulations. Detritus represents noise e.g. pieces

of cells or free nucleic acid in the system.
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Figure 4.4 Mean abundance (x10°) of bacteria (cells mL™) (hatched bars) and

virus-like particles (particles mL™) (clear bars), from the unconfined aquifer
(n = 3), confining layer (n = 3) and confined aquifer (n = 12). Error bars represent

+ 1 standard deviation.
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Figure 4.5 Relative abundance (%) of bacterial (A) and VLP (B) concentrations

of cytometrically defined subpopulations (n = 3), from the unconfined aquifer

(15 m depth), confining layer (30 m) and confined aquifer (45, 60, 80 and 90 m).
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Supplementary information

Table 4.S1 Mean bacterial (cells mL™) and VLP (particles mL™) abundances

(n= 3), taken from the six piezometer depths (m) at Ashbourne. Numbers in

parentheses represents + 1 standard deviation.

Depth

Bacteria

VLP

15
30
45
60
80
90

9.05 x 10" (1.03 x 107
2.24 x 10° (4.81 x 10°)
1.96 x 10° (3.99 x 10°)
3.01 x 10 (7.69 x 107
1.71 x 10" (5.06 x 10°)
6.35 x 10° (3.23 x 10°)

7.17 x 10" (1.92 x 10%)
9.00 x 10" (2.04 x 10%
2.23 x 10° (2.80 x 10%)
8.83 x 10° (1.39 x 10°)
9.30 x 10" (2.22 x 10°)
4.82 x 10" (9.45 x 10°)
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5.1 Abstract

Aquifers are complex ecosystems characterised by the presence of agqueous and
sediment substrates. Substrate partitioning creates niches that drive bacterial
community composition, diversity and abundance. To investigate the role of
substrate partitioning in groundwater systems we investigated the bacterial
metagenomic profiles from the sediment and porewater substrates of an
unconfined aquifer. We observed distinct metabolic characteristics attributed to
the specific trophic strategies of oligotrophy and copiotrophy. Bacteria attached to
the sediment were over-represented in genes associated with slow growth
strategies and broad specificity of uptake systems, suggesting an oligotrophic life
strategy. Bacteria in the aqueous phase were over-represented in genes associated
with the uptake of dissolved monomers, effective cellular reproduction, and
defence mechanisms, suggesting that free living planktonic bacteria in the water
phase are more suited to a copiotrophic life strategy. The attribution of trophic
status in this groundwater system provides novel insight into the importance and
functional role of the substrate partitioned bacteria whilst providing further insight
into the heterogeneity of groundwater systems and a greater understanding of

subterranean ecology.
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5.2 Introduction

Total prokaryotic abundance in the subsurface exceeds that found in other
components of the biosphere (Whitman et al. 1998) and subsurface bacteria play a
pivotal role in nutrient and biogeochemical cycling (Griebler and Lueders 2008).
The subsurface is a complex environment with heterogeneous hydrological,
physical and chemical niches that drive the distribution and activity of subsurface
biota (Harvey et al. 1993; Brockman and Murray 1997; Lozupone and Knight
2007; Griebler and Lueders 2008; Roudnew et al. 2013a, b). Subsurface
microbiota can be influenced by a myriad of hydrophysicochemical influences
including the dichotomy between the aqueous and sediment substrates (Alfreider

et al. 1997; Griebler and Lueders 2008; Jeffries et al. 2011).

Partitioning between the sediment and aqueous phases is recognised as a
particularly important driver of microbial community composition (Lozupone and
Knight 2007; Jeffries et al. 2011), whereby free living planktonic bacteria in the
aqueous phase and sessile bacteria attached to the solid substrate often differ in
terms of abundance and species diversity (Alfreider et al. 1997). There are
specific evolutionary advantages associated with inhabiting either the sediment or
aqueous phases. The majority of bacteria in groundwater systems are found
predominately in the sediment phase, where the high specific surface area of
sediments favour attachment of bacteria into biofilms (Bouwer and McCarty
1984; Alfreider et al. 1997). A developing biofilm community creates new niches
for growing bacteria, and the biofilm itself can be an ideal environment for the
survival and persistence of bacteria (Marshall 1988; Jackson 2003). The creation

of these sediment-bound niches support greater levels of bacterial diversity

102



(Cardinale 2011). Biofilms also enhance nutrient capture for attached cells and
provide protection from biophysicochemical stressors (Costerton et al. 1985,

1987; Ghiorse and Wilson 1988).

Free living planktonic cells are not afforded the protection of a biofilm, however,
the water phase confers advantages to planktonic bacteria by potentially
transporting non-attached bacteria to novel areas which may be rich in nutrients
(Hirsh and Rades-Rohkohl 1990). Porewater associated bacteria experience
resource fluctuations because they are ultimately dependent on the quality of
water percolating in from the soil above, making porewater a more dynamic

habitat compared to the solid substrate (Bengtsson 1989).

The disparate selective pressures that play upon the microbiota living in either
substrate phase are likely to influence the genomic capabilities of the sessile
versus the free living bacterial populations. In the marine environment, free living
bacteria are generally oligotrophic and display low constant growth rates and
constant growth strategies whereas marine copiotrophs are often attached to
particles, such as marine snow, and display a feast and famine strategy with rapid
rates of growth in time of nutrient richness and abundance (Lauro et al. 2009).
Genomic sequencing and metagenomics has revealed the metabolic and functional
adaptations of bacteria with oligotrophic or copiotrophic life strategies (Lauro et
al. 2009; Yooseph et al. 2010). These adaptations are often so strong that genomic
signatures can be used as a proxy for determining the ecological characteristics of

trophic life strategies from bacterial genome sequences (Lauro et al. 2009).
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Here, we use metagenomic sampling of a groundwater ecosystem to provide an
insight into the genetic underpinnings of subsurface bacterial adaptation to phase
partitioning by comparing the sediment and porewater metagenomic profiles from
an unconfined aquifer at Ashbourne, South Australia. Furthermore, we classify
the metabolic profiles from each substrate phase into either oligotrophic or
copiotrophic categories based on the prevalence of specific metabolic
assemblages. This enables discrimination of the ecological characteristics
important in driving subsurface microbial distributions and contributes to an

understanding of microbial diversity in subsurface ecosystem functioning.

5.3 Materials and Methods

Site Selection and sediment and porewater sampling

Sampling was conducted in an unconfined aquifer at Ashbourne, South Australia
(35°31°S, 138°77°E), which is located in the Finniss River catchment. The
porewater sample was extracted from a piezometer with a slot depth over 13 to
19m and a water depth of 8 m with the sampling methodologies discussed
previously in Smith (et al. 2012). Sediment was sampled approximately 20 m
from the piezometer using an auger at a depth of 1.5 m, whereby the water table
was 0.5 m from the surface which ensured the sediment sampled was fully in the
unconfined aquifer. Environmental parameters including temperature, pH and EC
were measured using a Hach Hydrolab® MS5 water quality sonde (Aqualab

Scientific, Sydney, Australia).

Bacterial and VLP extraction and enumeration
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Bacterial and virus-like particle (VLP) abundances were enumerated from
porewater using flow cytometry (Roudnew et al. 2012; 2013a). Triplicate, 1 mL
samples were fixed with gluteraldehyde at 2% final concentration and snap frozen

in liquid nitrogen in the field before being stored at -80°C.

To determine bacterial and VLP abundances attached to the sediment, one gram
of sediment, in triplicate, was collected using 5 mL syringes with the end cut-off,
where it was assumed that 1 mL of sediment equals 1 g of sediment. Measured
sediment was then placed in 15 mL sterile tubes containing 4.5 mL of 0.02 um
filtered site water to help break up the sediment and 1% final concentration
gluteraldehyde added to fix the sample. After fixing, samples were stored in the
dark, at 4°C, for a maximum of 24 hours. VLP and bacteria were detached from
the sediment through the addition of sodium pyrophosphate (10 mM final
concentration) and samples incubated at 4°C for fifteen minutes. Sediment
samples were then sonicated on ice, using a sonication probe (10 W) for 3 x 20
seconds, with 20 seconds manual shaking between each cycle to mix the sediment
evenly (Danovaro et al. 2000). Sonicated samples were then centrifuged at 1750
rpm for 5 min and the clear supernatant collected. The remaining sediment was
washed twice with 2.5 mL of VLP-free site-specific water making a total final
volume of 10 mL. Collected supernatants were then vortexed for 10 sec and 1 mL
sub-samples taken, frozen in liquid nitrogen and stored at -80°C until flow

cytometry (FCM) analysis.

Prior to FCM analysis samples were diluted 1:10 in 0.02 um filtered TE buffer

(10 mM Tris, 1 mM EDTA, pH 8) and stained with the fluorescent nucleic acid
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dye SYBR Green |1® (Molecular probes) at a 1:20000 dilution (Marie et al. 1999;
Seymour et al. 2005). Bacterial and VLP samples were analysed on a Becton
Dickinson FACScanto flow cytometer, with phosphate-buffered-saline solution
employed as a sheath fluid, and approximately 100,000 events recorded for each
sample. Forward scatter, side scatter and green fluorescence were acquired
(Seymour et al. 2005). Fluorescent yellow, 1um diameter, beads (Molecular
Probes, Invitrogen) were added to each sample at approximately 10> beads mL™
and vortexed briefly immediately prior to analysis to normalise FCM parameters
(Gasol and del Giorgio 2000). Bead concentrations were determined by
epifluorescence microscopy. Data was analysed using Win Midi 2.8 FCM analysis
software (° Joseph Trotter) to distinguish and enumerate bacteria and virus-like
particles according to variations in side scatter, as a proxy for cell size, and SYBR

Green fluorescence representing nucleic acid content (Marie et al. 1997, 1999).

Microbial community DNA extraction and sequencing

DNA extraction from the porewater sample obtained from the unconfined aquifer
has been discussed previously (Smith et al. 2012). Sediment was extracted
using a2 cm diameter sterile syringe with the end cut off, stored on ice and
frozen at -20°C prior to DNA extraction. Microbial community DNA was
extracted from 10 g of homogenized sediment using a bead beating and chemical
lysis extraction kit (PowerSoil; MoBio Laboratories, Solano Beach, CA).
Extracted DNA quality was determined by 1.8% TBE agarose gel electrophoresis
and quantified on a Nanodrop spectrophotometer (Thermo Scientific), with
samples further concentrated using ethanol precipitation to ensure > 5 pg of high

molecular weight DNA was sequenced. Sequencing occurred at the Ramaciotti
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Centre for Gene Function Analysis (Sydney, Australia) on a 454 GS-FLX
pyrosequencing platform using Titanium series reagents (Roche). Metagenomic
sequencing for the porewater and sediment samples were both conducted at the

same time, on the same plate.

Unassembled sequences were annotated using the MetaGenomics Rapid
Annotation using Subsystem Technology (MG-RAST) pipeline version 3.2
(http://metagenomics.anl.gov) (Meyer et al. 2008). Taxonomic profiles from the
water and sediment of the unconfined aquifer were generated within MG-RAST
using the normalized abundance of sequence matches to the SEED database
(Overbeek et al. 2005) with a BLASTX e-value cut-off of 1 x 10 and a minimum
alignment length of 50 bp (Dinsdale et al. 2008; Edwards et al. 2010; Jeffries et
al. 2011, 2012; Smith et al. 2012; Lavery et al. 2012; Seymour et al. 2012).
Similarly, using MG-RAST and a BLASTX e-value cut-off of 10>, the
normalized abundance of sequence matches to a given subsystem was used to
assign metabolic subsystem pathways to generate metabolic profiles. The
annotations of metagenomic sequence reads against the SEED non-redundant
database are grouped into specific metabolic processes (termed subsystems) at

three distinct hierarchical levels.

Statistical analyses between sediment and porewater

Sediment and porewater bacterial metagenomic data was analysed using STAMP
(STatistical Analysis of Metagenomic Profiles) (Parks and Beiko 2010), which
uses data normalized to sample size, to statistically test for significant differences

in the relative abundances of taxonomic grouping and metabolic potential between
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the sediment and porewater. Statistical tests were conducted using a two sided
Fishers Exact test with a Newcombe-Wilson Confidence Interval at 95% and a
Storey FDR multiple test correction approach applied (Newcombe 1998; Storey
and Tibshirani 2003). Comparisons between the water and sediment metagenomes
focused on an overview of the level 1 subsystem hierarchy (Figure 5.4) prior to a
more detailed analysis comparing the water and sediment metagenomes profiles at
the level 3 subsystem hierarchy (Figure 5.5). Taxonomic differences and
metabolic differences at the level 1 subsystem were identified where there was a
> 1% difference in the relative proportion between the water and sediment. In
comparing the water and sediment metagenomes at the level 3 subsystem
hierarchy we used a q value (corrected p value) cut-off of 10® to focus on the

most significant differences between the water and sediment substrates.

5.4 Results

Sediment and porewater metagenomes

Sequencing of the sediment and porewater samples yielded 21 and 19 Mbp
consisting of approximately 52 000 and 64 000 sequences respectively, with an
average read length of approximately 400 bps for each sample (Table 5.1). Using
SEED, a total of 51% and 31% of sequences could be matched to known
phylogenies in the sediment and porewater metagenomic profiles respectively.
The matches to the SEED database were dominated by bacteria, with 96% of
sequences in the sediment metagenome and 87% of sequences in the water
metagenome matching bacteria. Unassigned sequences made up 4% and 8% while

sequences matching Achaea made up < 1% and 5% of the sediment and water

108



metagenomes respectively. Eukaryota, viruses and “other sequences” made up

< 1% for both the sediment and water metagenomic profiles.

Bacterial phylogeny in sediment and water

Using matches to the SEED database, the majority of sequences from the
sediment sample were Proteobacteria (49%) and Actinobacteria (40%) with > 2%
of sequences also matching Firmicutes and Acidobacteria (Figure 5.1). The
majority of taxonomic matches for the porewater sample were for Proteobacteria
(56%), with several other phyla, including Firmicutes and Actinobacteria, also
highly represented in the metagenomic profile (Figure 5.1). Comparison of the
sediment and water metagenomes revealed an over-representation of
Actinobacteria (q < 10™), Acidobacteria (q < 10™) and Proteobacteria
(q=3.7x10%) in the sediment sample, while the water sample was over-
represented (q < 10™) by Firmicutes, Chlorobi, Chloroflexi, Bacteriodetes,

Thaumarchaeota, Euryachaeota and Cyanobacteria (Figure 5.2).

Dominant bacterial metabolic functions in sediment and water

The metabolic potential classified at the level 1 subsystem hierarchy for the
sediment and water metagenomes were both dominated by clustering based
subsystems and core housekeeping genes involved in the production and
utilization of essential building blocks and components required for cellular
function including: carbohydrate, amino acid and protein metabolism; and
cofactors, vitamins, prosthetic groups, pigments (Figure 5.3). The sediment
metagenome, in comparison to the water metagenome, was over-

represented (q < 10™°) in: metabolism of aromatic compounds; fatty acids, lipids
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and derivatives; amino acids and derivatives; and clustering based subsystems
(Figure 5.4). In contrast to the sediment sample, the water sample was over-
represented (q < 10™) in: phages, prophages, transposable elements, plasmids;
cell division and cell cycle; virulence, disease and defence; protein metabolism;

and genes associated with cell wall and capsule generation (Figure 5.4).

The potential metabolic functions of sediment and water metagenomes were
compared at the level 3 subsystem, which is the finest functional hierarchy on the
MG-RAST database (Meyer et al. 2008). The comparison between the water and
sediment metagenomes at this level revealed 284 significant differences between
samples out of 882 possible comparisons, and revealed genes that were over-
represented in both the water and sediment phase. We restrict our discussion to
focus on the major differences and the strongest p values between the water and
sediment metagenome by using a q value cut-off of 10 (Figure 5.5). Using this g
value vyielded 7 subsystems that were over-represented in the sediment
metagenome and 18 subsystems over-represented in the water metagenome
(Figure 5.5) and included categories involving energy uptake and metabolism,

replication, cell structural integrity, and defence and protection mechanisms.

5.5 Discussion

Taxonomic diversity of sediment and water

To investigate the dichotomy of microbial communities inhabiting the solid and
aqueous substrates in an aquifer, we compared the porewater and sediment
metagenomic profiles from an unconfined aquifer situated at Ashbourne, South
Australia. At the phylum level, Actinobacteria were significantly more abundant

110



in the sediment metagenome compared to the water metagenome (Figure 5.2).
Actinobacteria are widely distributed in terrestrial and aquatic ecosystems, while
Proteobacteria, Acidobacteria and Actinobacteria often constitute the dominant
phyla in soil (Janssen 2006; Spain et al. 2009), indicating that the taxa in the
sediment of the unconfined aquifer are similar to, and may originate from, the

soil.

Metabolic diversity of sediment and water

The majority of bacteria in this ecosystem are attached to the substrate
(Table 5.1). The differences observed in the level 1 subsystem categories
observed here reveal that sediment bacterial metagenomes are over-represented in
metabolic functions including the metabolism of aromatic compounds, fatty acid
and amino acid production and clustering based subsystems, which suggest slow
maintenance growth strategies (Figure 5.4). In contrast, the water metagenome is
over-represented in metabolic functions involving cell cycle and division and
protein metabolism, which suggest a more active and dividing community,
supporting rapid growth potential. Given that metabolic potential can be used as
an indicator of trophic strategy (Lauro et al. 2009) it is reasonable to assume the
slow maintenance growth strategies of sediment bacteria indicate an oligotrophic
life strategy whereas the more active rapid growth potential of free-living bacteria

indicate a copiotrophic life strategy.

Although oligotrophs are typically free living in the marine environment, we
suggest that in this unconfined aquifer oligotroph-favouring conditions are more

likely to be found in sediment than in the aqueous porewater phase. Oligotrophs
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are the first to colonize nutrient poor substrates, such as mineral surfaces (Fierer
et al. 2007), with slow rates of population turnover, long generation times, and the
ability to compete and survive when populations are near carrying capacity and
resources are limited (Akagi and Taga 1980; Fierer et al. 2007; Lauro et al. 2009).
Furthermore, bacteria attached to the solid substrate would likely exist in biofilm
communities, which would enhance the persistence of oligotrophs remaining

attached to the sediment phase.

Sediment attached bacteria are equipped for breaking down organic matter

Due to a lack of light and low levels of autotrophy, groundwater ecosystems are
largely dependent on imported organic matter for their energy. Sugars and detritus
may come from organic matter deposited with the formation of the sediments, or
alternatively may be advected in from the surface during times of recharge
(Humphreys 2009). In the sediment phase, hydrophobic molecules and
macromolecules including sugars and humic substances are important nutrient
sources and they will strongly absorb to negatively charged soil and sediment
particles (Marshall 1988; Huang et al. 1995). The bacterial consortia attached to
the solid substrate has evolved to utilise this decaying organic matter and detritus
in the sediment phase compared to the water phase (Figure 5.5), as indicated by an
over-representation of genes involved in the CO dehydrogenase and the CBSS
314269.3 subsystem that also functions as a CO dehydrogenase. Specifically, the
long, medium and short chain carbon monoxide dehydrogenase that dominated at
the functional level of the sediment metagenome employ an iron-sulphur/nickel
CO dehydrogenase for the degradation of organic matter enabling the

incorporation of CO into cell carbon (Ferry, 1995). Over-representation of the
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CO dehydrogenase metabolic function suggests that sediment bound bacteria are
adept at complex metabolism, including the putrefaction of decaying organisms

and particulate organic matter.

The over-representation of genes associated with maltose and maltodextrin
utilization in the sediment metagenome (Figure 5.5) indicates that sediment bound
bacteria are adapt at breaking down and utilizing sugar polymers that would likely
originate from the decaying organic matter in the sediments (Boos and Shuman
1998). At the functional level the main enzyme involved in maltose and
maltodextrin utilization dominating the sediment metagenome was the a-amylase
which hydrolyses polysaccharides (Boos and Shuman 1998; MacGregor et al.
2001; Schonert et al. 2006). Functional mechanisms with regard to maltose and
maltodextrin utilization were dominated by the transcriptional activator,
transporters and permeases, as well as transport ATP-binding protein MalK which
is important for substrate recognition (Boos and Shuman 1998). As MalK and
other proteins can inactivate the central gene activator through repressive
regulation of the protein dependent transport system, the maltose system may be
geared for scavenging the low levels of maltose and maltodextrins (Boos and
Shuman 1998) that would result from limited amounts of decaying organic matter

in sediments.

Further evidence suggesting that sediment microbiota are evolved to play a role in
organic matter and detritus breakdown is found in the over-representation of
genes associated with pyruvate metabolism II: acetyl-CoA, acetogenesis from

pyruvate and fatty acid degradation regulons (Figure 5.5). Pyruvate
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dehydrogenase breaks down pyruvate into acetyl CoA which then enters the
Krebs cycle. Fatty acids are also important energy sources and can be deposited
from the breakdown of other bacteria or from plant debris which is broken down
into organic matter before being transported in the subsurface (Matsumoto et al.
2001; Fujita et al. 2007; Kazakov et al. 2009). The enzymes over-represented in
the fatty acid degradation regulon subsystem form several operons that have been
reported to be induced under glucose starvation (Koburger et al. 2005) so that in
times of glucose starvation, which may occur in microniches in the sediment, the
microbial consortia are equipped to regulate their energy production pathways.
Gene families related to the degradation of fatty acids have been consistently
represented in oligotrophic genomes previously (Lauro et al. 2009), supporting
the assertion that sediment attached bacteria in this groundwater system are suited

to an oligotrophic lifestyle.

Sediment attached bacteria have the potential to utilize different energy
pathways

The ability of sediment associated bacteria to respond to different energy sources
is supported by the over-representation of the creatine and creatinine degradation
subsystem in the sediment metagenome (Figure 5.5). Creatinine is found in the
faeces of different animals, such as earthworms, and can be used by some bacteria
as a carbon or nitrogen source (Wyss and Kaddurah-Daouk 2000; Bendt et al.
2004). Two pathways for creatine and creatinine degradation were identified in
the sediment metagenome: creatinine degradation to 1-methylhydantoinn and
ammonia; and the metabolism of creatine to urea and sarcosine. The cyclization of

creatine to creatinine is reversible and is pH and temperature dependent (Wyss
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and Kaddurah-Daouk 2000), and the presence of these two pathways suggests the
sediment bound bacteria are able to respond to fluctuations in nitrogen or carbon
and adapt their metabolism to changes in nitrogen supply and nitrogen sources
under varying environmental conditions (Shimizu et al. 1986; Wyss and

Kaddurah-Daouk 2000; Bendt et al. 2004).

The ability of sediment bacteria to respond to environmental fluctuations and to
utilize different substrates for growth is further evidenced by the respiratory
dehydrogenase subsystem that was observed to be over-represented in the
sediment metagenome compared to the porewater metagenome (Figure 5.5). At
the functional level the respiratory dehydrogenase subsystem is dominated by
NADH dehydrogenase, which is central to energy production, and proline
dehydrogenase which drives the oxidation of proline to glutamate (Dancey et al.
1976; Wood 1987). The utilisation of proline has been reported to be dependent
on supply and while under anaerobic conditions NADH can replace proline as a
promoter of proline dehydrogenase-membrane association (Wood 1987)
indicating different energy pathways may be utilised depending on the substrate
availability. The different energy utilization subsystems over-represented in the
sediment indicate that sediment associated bacteria use broad-specificity
multifunctional high-affinity uptake systems, which is characteristic of
oligotrophic gene sets (Akagi and Taga 1980; Lauro et al. 2009) and further
supports the concept that attached bacteria are suited to an oligotrophic life

strategy.
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Non-attached planktonic bacteria are metabolically suited to a copiotrophic
life strategy

The aqueous porewater environment is one where passive transport in the water
phase can lead to the displacement of microorganisms into areas with variable
energy sources. To successfully remain and compete in the agueous phase,
porewater bacteria must have efficient uptake systems enabling the exploitation of
nutrients and protection mechanisms from temporally intermittent exposure to
environmental stressors. The aqueous phase of groundwater systems receives
nutrients via transportation into the system from recharge and downward
percolation through the overlying unsaturated sediment, or by nutrients exuded
into the aqueous phase from roots and microorganisms present in the subsurface
(Stevenson 1994; Huang et al. 1995; Kogel-Knabner 2002; Humphreys 2009).
Energy sources entering the water phase during times of recharge likely consist of
dissolved monomers including sugars and amino acids, which as a result of their
low molecular weight would be rapidly metabolized by bacteria in the aqueous

phase (Marshall 1988).

When comparing the water metagenome to the sediment metagenome we
observed an over-representation of genes coding for functions including the
efficient uptake of dissolved monomers as well as a variety of defence
mechanisms. Bacteria in the water phase are likely to use a feast and famine
strategy, as evidenced by the over-representation of genes associated with
utilising dissolved energy sources, colonising novel ecosystems, protecting
against external stressors and replicating for the colonisation of suitable novel

niches. This copiotrophic life strategy enables bacteria to persist in the water
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phase and exploit changing environmental conditions, while providing survival

strategies not conferred through a biofilm.

Bacteria in the water phase have the potential to utilise dissolved energy
sources

Successful adaptation of bacteria to highly variable porewater ecosystems requires
the bacteria to make the most efficient use of the available carbon resources
within the environment (Gorke and Stilke 2008). Genes involved in lactose
utilisation, lactose and galactose uptake and utilisation including the CBSS-
296591.1 subsystem were over-represented in the water metagenome compared to
the sediment metagenome (Figure 5.5) and there was a specific over-
representation in B-galactosidase and the transcriptional repressor of the lac
operon. The lactose utilisation system controls transcription through catabolite
repression, and allows bacteria to preferentially use the substrate, i.e. carbon
source, which allows for fastest growth (Gorke and Stiilke 2008). The alternative
activation of catabolite pathways after high energy yielding compounds have been
exhausted has been reported in marine copiotrophs (Lauro et al. 2009). The
expression of the lac operon can impose a significant cost in times of limited
lactose input and bacterial populations have generally evolved to regulate the lac
operon expression through the transcriptional regulator in order to function
optimally (Ozbudak et al. 2004; Dekel and Alon 2005; Stoebel et al. 2008). This
suggests that the dynamic nature of the water phase in porewater systems is suited
to a copiotrophic life strategy by providing a competitive advantage through the
conservation of cellular metabolic machinery while still being equipped for rapid

growth under certain conditions.
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Bacterial growth in the water phase may also be enhanced through the CO
induced hydrogenase, which was observed to be over-represented in the water
metagenome (Figure 5.5). The CO-induced hydrogenase enzyme system is
capable of evolving hydrogen which may be coupled to the generation of a proton
motive force and the synthesis of ATP (Ensign and Ludden 1991). Furthermore,
the CO-induced hydrogenase complex might provide the ability to conserve
energy perhaps through translocation mechanisms (Fox et al. 1996), and this may
enhance the persistence of water phase copiotrophs during times of nutrient

scarcity

Bacteria in the water phase are equipped to colonise novel areas

Planktonic bacteria transported by the natural groundwater flow require the ability
to effectively replicate and colonize novel areas to persist in the water phase. The
ability to efficiently partition during replication is one mechanism that would
support the rapid growth of bacteria in exploiting novel areas. Partitioning
systems over-represented in the water metagenome compared to the sediment
metagenome included the plasmid replication and the RNA modification and
chromosome partitioning cluster (Figure 5.5). At the functional level these
subsystems were driven by chromosome (plasmid) partitioning protein ParA and
ParB, which function as a pair to direct partitioning and ensure proper
predivisional partitioning and distribution of plasmids in the bacterial cell (Bignell
and Thomas 2001; Funnel 2005). The short mean generation times and fast rates
of population turnover of copiotrophic bacteria (Fierer et al. 2007) would be

supported by effective partitioning regulation, and enhance the ability of
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porewater associated bacteria to rapidly exploit nutrient abundances and to

colonise novel areas.

Genes associated with the bacterial cytoskeleton over-represented in the water
metagenome (Figure 5.5) were also dominated at the functional level by ParA,
with the sporulation initiation inhibitor protein Soj also observed. Prevention of
the expression of the spore form being activated during times of chromosome
partitioning (Ireton et al. 1994) supports the potential for rapidly growing cells to
exploit nutrient patches, without accidently going into the dormant spore phase,
and may enhance survival in times of nutrient scarcity. Spore formation is
common in copiotrophs enabling them to respond to environmental stresses that
may occur in suboptimal conditions (Fierer et al. 2007), for example, during times
of limited groundwater recharge and organic matter input that would be expected

to occur periodically in unconfined aquifers.

Bacteria in the water phase have genes associated with protection from
external stressors

Living outside of the protective environment of a biofilm confers a selective
disadvantage for planktonic bacteria compared to sediment attached bacteria. For
example, cells in biofilms are better able to withstand the effects of environmental
stressors, such as antibiotics (Costerton et al. 1987; Jefferson 2004). Cells in the
planktonic form therefore require other mechanisms for protection and defence.
Planktonic cells having genes associated with the protection against other bacteria
was supported in the over-representation of the P-lactamase, BlaR1 family

regulatory sensor-transducer disambiguation and Tn552 subsystems (Figure 5.5).
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These genes are involved in providing the capability of recognising and breaking
down B-lactam antibiotics in the environment and potentially transferring these
abilities to other bacteria using transposable elements (Bush 1989; Sidhu 2002;
Thumanu et al. 2006). Antibiotic resistance mechanisms potentially enhancing
long term survival of bacteria (Harvey et al. 1984; Harvey and George 1987) and
the resistance against antibiotics provides advantages for copiotrophs during
allelopathic interactions in crowded and dense, growth competitive environments
(Luaro et al. 2009). Although it may be expected for antibiotic resistance to be
more important in the densely crowded sediment environment, penetration
barriers and the numerous charged binding sites on the biofilm matrix can aid in
providing antibiotic resistance to bacteria in biofilms (Costerton et al. 1987).
Resistance to antibiotics would therefore become a valuable trait in free living
planktonic bacteria especially during times of nutrient abundance where a
copiotrophic feast and famine strategy could lead to increased population densities

in the water phase.

Genes associated with defence mechanisms against other biological influences
including bacteriophage were also over-represented in the water metagenome
compared to the sediment metagenome, including the rlt-like streptococcal
phages and phage replication subsystems (Figure 5.5). The rlt-like streptococcal
phages subsystem include prophages with lysogenic lifecycles that do not
typically cause disruption to the bacterial cell and can instead exert an
evolutionary advantage to the host cell by enhancing the fitness of the bacterial
cell and promoting immunity advantages against other phage attack (Hendrix

2003). Larger numbers of prophages have been reported in copiotrophic genomes
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(Lauro et al. 2009) which support the concept that copiotrophs in this

groundwater system are adapted to the aqueous phase.

Additional phage resistance mechanisms including CRISPRs (clustered regularly
interspaced short palindromic repeats) in combination with Cas gene proteins, and
a restriction modification system were also observed to be over-represented in the
water metagenome (Figure 5.5). These mechanisms, which provide acquired
inherited immunity to bacteria and function as phage resistance mechanisms by
targeting viral and plasmid nucleic acid, are widespread in the genomes of
bacteria and achaea and have been reported at higher abundances in copiotrophic
bacteria compared to oligotrophic bacteria (Kobayashi 2001; Lauro et al. 2008;
Sorek et al. 2008; Horvath and Barrangou 2010). The restriction modification
system over-represented in the water phase suggests enhanced defence against
viral inserts and invading DNA which is achieved through the use of a restriction
enzyme and a methylase modifying enzyme (Kobayashi 2001). These types of
defence mechanisms would be more important for bacteria in the water phase
compared to the sediment, as sediment attached bacteria have the protection of

biofilms which can increase phage resistance.

Genes associated with promoting the structural integrity of the cell wall were
over-represented in the water metagenome including: peptidoglycan biosynthesis;
dTDP-rhamnose synthesis and rhamnose containing glycans subsystems; UDP-N-
acetylmuramate pathway; and the UDP-N-acetylmuramate from fructose-6-
phosphate biosynthesis (Figure 5.5). The bacterial cell wall provides strength and

rigidity to counteract internal osmotic pressure and protection from the
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environment from varying physicochemical influences (Giraud et al. 2000;
Barreteau et al. 2008), and the over-representation of these genes further supports
the concept that porewater associated bacteria are likely copiotrophic bacteria that

are able to resist external environmental stressors.

It should be noted that although sediment and porewater were sampled from the
same aquifer, the distance between the samples could potentially influence the
results due to potential heterogeneity in the aquifer. For example, bacteria in
aquatic systems have been observed to show nanoscale patchiness (Krembs et al.
1998), despite other studies showing that bacterial communities have significant
differences in community composition at the >100m scale, but not at the 10m
scale (Yannarell and Triplett 2004). Future investigations from different depths, at
multiple sites, and using other methods including molecular characterisation and
activity measurements could test our results more vigorously to determine the

spatiotemporal consistency of observed patterns.

This study provides insight into how the dichotomy of sediment and porewater
substrates influences the metabolic functioning of resident bacterial flora. We
observed that in an unconfined aquifer oligotrophic life strategies were favoured
by sediment attached bacteria whereas copiotrophic life strategies were favoured
by planktonic free living bacteria. Oligotrophs dominate the marine environment
(Lauro et al. 2009; Yooseph et al. 2010), and this also seems to be the case in this
groundwater system except that oligotrophs are better suited to the life attached to
the solid substrate rather than free living. Bacteria in the water and sediment

phases of groundwater systems have an important role to play in regards to
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transport, persistence and colonization of subterranean environments. For
example, copiotrophs may play a role in the genomic adaptation of bacterial
communities by being an important vector for carrying new or relatively unused
genes into sediment communities, which may then be assimilated by other
bacteria through horizontal gene transfer. This study highlights the importance of
investigating both the water and sediment substrate microbiota in order to gain a
comprehensive understanding of the bacterial dynamics in groundwater systems.
Using metagenomic profiles as an indicator of trophic strategies in groundwater
bacteria progresses our understanding of groundwater ecosystems by providing
insight into how microbes in each substrate phase adapt, respond and thrive in

subterranean ecosystems.
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Table

Table 5.1 Metadata of the sediment and groundwater from the unconfined

aquifer. Bacterial and VLP concentrations were taken in triplicate and numbers in

parentheses represent + 1 standard deviation. Dashed ( - ) values indicate

measurements below the limit of detection.

Units Sediment Porewater
pH 6.84 7.56
Temp °C 11.6 16.5
EC us cm® 1379 2578
Bacteria and VLP cells mL™ 1.50 x 10° (+ 0.143)
Bacteria sediment cells mL™ 8.13 x 10°(4.25 x 10°)
VLP sediment particles mL™  6.01 x 10’ (8.84 x 10°)
Total sequence size bp (post QC) 20576 551 19 066 746
Number of sequences (post QC) 52 424 64 506
Av. sequence length bp (post QC) 392 386
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Figure 5.1 Relative proportion of bacterial sequences matching the SEED
database at the phylum level, as determined by the MG-RAST pipeline. Solid bars

represent sediment and clear bars represent porewater samples.
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Figure 5.2 Differences of > 1%, between proportions of taxonomic grouping
between the sediment (solid bars/circles) and porewater (clear bars/circles)
samples at the phylum level. Groups over-represented in sediment correspond to
negative differences between proportions and groups over-represented in

porewater correspond to positive difference between proportions.
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Figure 5.3 Relative percentage of sequences annotated to metabolic functions at

the level 1 subsystems hierarchy using the MG-RAST pipeline. Solid bars

represent the sediment sample, clear bars represent the porewater sample.
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MGRAST database. Groups over-represented in sediment (solid bars/circles)
correspond to negative differences between proportions and groups over-
represented in porewater (clear bars/circles) correspond to positive difference

between proportions.
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142

g-value (corrected)



Metagenomic characterisation of an acid sulphate soil

bacterial community

Running title: Metagenomics from acid sulphate soils

Ben Roudnew"”, Trish J. Lavery', Justin R. Seymour™ 2, Thomas C. Jeffries" 2,

James G. Mitchell*

'School of Biological Sciences, Flinders University, Adelaide, SA, 5001,

Australia.

?Plant Functional Biology and Climate Change Cluster (C3), University of

Technology Sydney, Broadway, NSW, 2007, Australia.

*Author for correspondence:
ben.roudnew@flinders.edu.au
Tel (+61) 8 8201 5234

Fax (+61) 8 8201 3015

Submitted to: Marine and Freshwater Research

143



6.1 Abstract

Acid sulphate soil formation is mediated by sulphate reducing bacteria; however,
there is a lack of information on the specific species and the whole bacterial
community present in acid sulphate soils. It is currently unknown if acid sulphate
soils are dominated by species driving the acidic conditions or, alternatively, by
species adapted to living in acidic conditions. To characterise the resident
bacterial community within acid sulphate soil environments, we compared the
bacterial metagenomic profiles within an acidic site with a pH of 2.8, to a site
undergoing mild acidification with a pH of 4.3 and a control site with a pH of 7.6.
The strongly acidic site was characterised by an over-representation of acidophilic
bacteria including Acidiphilium and Acidithiobacillus, however, a range of other
genera were also observed including Granulibacter, Xanthomonas,
Gluconobacter and Frankia. Metabolic functions over-represented within the
most acidic site included genes associated with DNA transfer and repair, electron
accepting reactions and phospholipid and fatty acid biosynthesis, urea
decomposition, and beta-lactamse. This study provides insight into the diversity
and metabolic potential of an acid sulphate soil microbial community that will
help to transform our understanding of the importance of niche specialisation and

microbial community dynamics in subterranean environments.
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6.2 Introduction

Environmental variations in pH can be caused by geochemical processes or as a
result of anthropogenic activities, but often the occurrence of acidic conditions are
the consequence of microbial metabolism (Gross 2000; Gonzélez-Toril et al.
2003; Baker-Austin 2007). For example, in volcanic areas elemental sulphur
reduced to sulphuric acid by sulphur reducing bacteria has resulted in ecosystems
with pH values below 1 (Gross 2000). Similarly, anthropogenically driven
contamination events, such as acid mine drainage can lead to rivers with pH
values well below 2.0, and the prevalence of specific acidophilic bacteria
(Nordstrom et al. 2000; Lopez-Archilla et al. 2001; Gonzalez-Toril et al. 2003).
Acid sulphate soils are another example of a biogeochemical process, facilitated
by microbes, which result in a decrease in pH and subsequent acidification of the
surrounding environment. Acid sulphate soils form when sulphide ores, typically
pyrite (FeS;), and sulphate reducing bacteria are exposed to oxic conditions,
which is often caused by a drop in the water table either through a naturally
occurring event such as drought or anthropogenic activities such as land
management practices or development measures (Fitzpatrick 2003; Fitzpatrick et
al. 2009). The exposure of the sulphidic sediments to oxic conditions results in the
dissolution of pyrite and the production of ferric iron and sulphuric acid

(Bloomfield 1972; Nordstrom and Southam 1997).

Acid sulphate soils release sulphuric acid into adjacent soil, surface water or
groundwater, which results in spreading acidification, with concomitant habitat
degradation and changes to the surrounding faunal and floral communities (Cook

et al. 2000). This results in part because low pH mobilizes iron, arsenic,
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aluminium and other heavy metals (Astrom and Bjorklund 1993; Powell and
Martens 2005; Pikuta et al. 2007; Ziegler et al. 2013). Low pH can also limit the
establishment of diverse colonization and complex food webs by restricting the

presence of higher trophic level organisms (Wollmann et al. 2000).

The pH level is an important determinant of microbial community structure and
composition in the subsurface (Lauber et al. 2009; Pietri and Brookes 2009).
Bacterial diversity peaks at neutral pH, while low pH results in decreased
diversity (Fierer and Jackson 2006; Lauber et al. 2009). Decreases in diversity are
likely driven by the physiological pressures applied on cells by low pH
conditions, where protons enter the cell and the subsequent reduction of
cytoplasmic pH causes disruption of biological processes or cellular damage
(Richard and Foster 2004). However, some bacteria have developed mechanisms
to survive low pH conditions through the use of enzymes involved in the
consumption of cytoplasmic protons, decarboxylase systems, transporters and
antiporters to export protons from the cell, or through changes in membrane pore
size, proton permeability and cell surfaces charges (Tucker et al. 2002; Cotter and
Hill 2003; Foster 2004; Baker-Austin and Dopson 2007; Rampelotto 2010;
Krulwich et al. 2011; Karatzas et al. 2012). It may, therefore, be expected that
acid sulphate soils will consist of specific bacterial consortia that may possess a

suite of metabolic capabilities for functioning in these types of environments.

Bacteria have been identified as major catalysts in the reactions of acid sulphate
soils and the process of acid sulphate soil formation is greatly accelerated by the

microbial activity of acidophilic and iron-oxidising bacteria (Singer and Stumm
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1970). However, there is limited understanding of the bacterial communities that
subsequently reside in acid sulphate systems. Specific bacteria are typically found
in acidic conditions, for example, iron and sulphur oxidising/reducing bacteria
such as Acidithiobacillus, Acidiphilium and Leptospirillum are often observed in
acid mine drainage areas with a pH < 3 (Gonzélez-Toril et al. 2003; Hallberg and
Johnson 2003; Baker-Austin and Dopson 2007; Pikuta et al. 2007; Ziegler et al.

2013).

To investigate whether the resident microbial assemblage of acid sulphate soils is
dominated by bacteria driving the acidic conditions or by bacteria that have
adapted to acidic conditions we generated bacterial metagenomic profiles from
samples acquired from three sites at Lake Alexandrina, South Australia, near the
mouth of the Murray River. The sites investigated consist of a site that has
undergone a pronounced increase in acidity, a site experiencing a mild increase in

acidity and a comparison site that has not undergone acid sulphate soil formation.

6.3 Materials and Methods

Site characteristics and sampling

The Murray River Basin system covers a catchment area approximately one
seventh the size of Australia and is an important irrigation region. Near the mouth
of the Murray River is Lake Alexandrina, which is part of the Coorong and is an
ecologically and culturally significant area in South Australia (Raymond et al.
2009). However, in recent years this region has undergone substantial
environmental degradation due to seasonal variability in the quantity of riverine

water flow, anthropogenic over-extraction of water from the system, and a period

147



of extended drought reducing the water level in and around Lake Alexandrina by
several meters. The soils around Lake Alexandrina are rich in iron sulphides, and
the exposure of these sulphidic sediments and sulphur reducing bacteria to aerobic
conditions has resulted in the generation of acid sulphate soils with a significant
reduction in pH and subsequent negative effects on the surrounding environment

(Fitzpatrick et al. 2009).

Sampling was conducted, in June 2010, in and around Lake Alexandrina in areas
of varying pH and included an inlet of Lake Alexandrina, Boggy Lake which is a
partial lake in Lake Alexandrina, and a site upriver from the mouth of Lake
Alexandrina along the River Murray at Wellington. Sediment samples for
microbial variables and inorganic chemistry profiles were collected from each
site, using a shovel to dig approximately 0.5 m deep and 60 mL sterile syringes

with the end cut off to extract the sediment samples.

Environmental parameters and inorganic chemistry

Environmental parameters (including temperature, pH and electrical conductivity)
were measured using a Hach Hydrolab® MS5 sonde (Aqualab Scientific, Sydney,
Australia). For chemical analysis, triplicate 250 g sediment samples were
collected and stored on ice. Samples were subsequently analysed for total solids,
iron, sulphate, sulphide, lead, zinc, cadmium, phosphorus and total N (nitrate and
nitrite) at the Australian Water Quality Centre (Adelaide). Analytical methods
involved Automated Flow Colorimetry for determining phosphorus and nitrate,
nitrite, sulphide and ICP-mass spectrometry by ICP2 for sulphate and metal

analyses. The limits of detection in mg kg™ were as follows: cadmium 0.5; iron
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0.5; lead 1; sulphate 1500; zinc 0.5; nitrate + nitrite 3; phosphorus 5; and

sulphide 100.

Flow cytometry

Bacteria and virus-like particle abundances were enumerated from sediment using
flow cytometry, where triplicate 1 g samples of sediment were collected using
5 mL syringes with the ends cut-off. Sediment samples were placed in 15 mL
sterile tubes containing 4.5 mL of 0.02 um filtered site water to help break up the
sediment. Gluteraldehyde (1% final concentration) was added to fix the sample
before storing in the dark at 4°C for a maximum of 24 hours. Bacteria and VLP
were detached from the sediment through the addition of 10 mM, final
concentration, sodium pyrophosphate and samples were incubated at 4°C for 15
min, before being sonicated on ice using a 10 W sonication probe for 3 x 20 sec,
with 20 sec of manual shaking between each cycle to mix the sediment evenly
(Danovaro et al. 2000). Samples were centrifuged at 1750 rpm for 5 min before
the clear supernatant was collected. The remaining sediment was washed twice
with 2.5 mL of VLP-free site-specific water to make a total final volume of 10
mL. Collected supernatants were vortexed for 10 sec and 1 mL sub-samples taken,
frozen in liquid nitrogen and stored at -80°C until flow cytometry analysis.
Bacterial and VLP abundances were determined using a Becton Dickinson
FACScanto flow cytometer, by applying previously described protocols

(Roudnew et al. 2012; 20133, b).

Microbial community DNA extraction and sequencing
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Sediment for metagenomic analyses was stored on ice and frozen at -20°C prior to
DNA extraction. Microbial community DNA was extracted from 10 g of
homogenized sediment using a bead beating and chemical lysis extraction kit
(PowerSoil; MoBio Laboratories, Solano Beach, C.A.). Extracted DNA quality
was determined by 1.8% Tris-borate-EDTA agarose gel electrophoresis and
quantified on a Nanodrop spectrophotometer (Thermo Scientific). Samples were
further concentrated using ethanol precipitation to ensure > 5 pg of high
molecular weight DNA was sequenced. Sequencing was conducted with a 454
GS-FLX pyrosequencing platform using Titanium series reagents at the
Ramaciotti Centre for Gene Function Analysis (University of New South Wales,

Sydney, Australia).

Statistical analysis

Unassembled sequences were annotated using the MetaGenomics Rapid
Annotation using Subsytem Technology (MG-RAST) pipeline version 3.2
(http://metagenomics.anl.gov) (Meyer et al. 2008). Taxonomic profiles were
generated within MG-RAST using the normalized abundance of sequence
matches to the SEED database (Overbeek et al. 2005) with a BLASTX e-value
cut-off of 1 x 10 and a minimum alignment length of 50 bp (Dinsdale et al.
2008; Edwards et al. 2010; Jeffries et al. 2011; Smith et al. 2012; Lavery et al.
2012; Seymour et al. 2012). Similarly, using MG-RAST and a BLASTX e-value
cut-off of 10®°, the normalized abundance of sequence matches to a given
subsystem was used to generate metabolic subsystem profiles. Statistical
comparisons of taxonomy and metabolic potential were conducted between the

Low-pH and Mid-pH, and the Low-pH and the Neutral-pH site using the
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STatistical Analysis of Metagenomic Profiles (STAMP) software package (Parks
and Beiko 2010). Statistical tests were conducted using a two sided Fishers Exact
test with a Newcombe-Wilson Confidence Interval at 95% and a Storey FDR
(False Discovery Rate) multiple test correction approach applied (Newcombe
1998; Storey and Tibshirani 2003). A g value, which uses false discovery rates to
measure significance (Storey and Tibshirani 2003), cut-off of 10® has been
previously determined as representing distributions that varied significantly
(Delmont et al. 2012) and utilising that cut-off value we focused on the ten most

significant differences for discussion.

6.4 Results

Environmental variables, metals, inorganic nutrients

The inlet of Lake Alexandrina and Boggy Lake had pHs of 2.8 and 4.3
respectively while the Murray River sample was near neutral at 7.6 (Table 6.1).
Herein these sites are referred to as Low-pH, Mid-pH and the Neutral-pH site
respectively. The three sites all recorded high levels of iron ranging from
approximately 2 to 7 g kg™. The Low-pH site had the lowest concentrations of
zinc, phosphorus and lead. Sulphate was detected in the Low-pH site, but was
below the limit of detection in the Mid-pH and the Neutral-pH site. Cadmium,
nitrate and nitrite and sulphide were below the limit of detection at all three sites.
There were 1.8 to 3.6 x 10° bacteria mL™, and 4.2 to 18.7 x 10° virus-like

particles mL™ (Table 6.1).

Metagenomic data
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The metagenomes comprised between 22 and 55 Mbp, with the number of
sequences ranging between 52,381 to 120,503 bp and an average read length of
between 430 and 460 bps (Table 6.1). Matches to the SEED database (Overbeek
et al. 2005) for all three metagenomic libraries were dominated by bacteria, with
bacteria representing 95% of sequences at the Low-pH site, 91% of sequences at
the Mid-pH site and 95% of sequences in the Neutral-pH site. Sequences
matching Archaea represented 1% of sequences at the Low-pH, 4 % at Mid-pH
and 2 % at the Neutral-pH sites. Eukaryote and viral sequences accounted for
< 1% at each site, and between 3 to 4% of sequences could not be assigned to

known organism sequences in the SEED database at the three sites.

Taxonomic comparison of sites

At the phylum level Proteobacteria represented the highest percentage of
sequences at all three sites, comprising 64% of all bacterial sequences at the Low-
pH site, 63% at the Mid-pH, and 64% at the Neutral-pH site (Figure 6.1).
Actinobacteria were also highly represented with almost twice as many sequences
observed at the Low-pH site (20%) compared to Mid-pH (10%) and the Neutral-
pH sites (12%). Other dominant phyla observed at the three sites included
Firmicutes,  Acidobacteria, = Cyanobacteria,  Chloroflexi,  Bacteroidetes,

Deinococcus-Thermus, Chlorobi, Verrucomicrobia and Planctomycetes.

At the genus level, numerous genera were responsible for driving the dissimilarity
in taxonomy between the Low-pH and Mid-pH sites where, from a total of 408
comparisons, 33 genera were over-represented in the Low-pH site and 70 genera

over-represented in the Mid-pH site. Limiting the analysis to the ten most
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significant differences we observed a total of nine genera that were over-
represented in the Low-pH site, with only one genus over-represented in the Mid-
pH site (Figure 6.2A). The major genera over-represented in the Low-pH site
included groups from the Alphaproteobacteria and Gammaproteobacteria
including  Acidiphilium,  Gluconobacter, = Xanthomonas,  Granulibacter,
Acidithiobacillus, Xylella and Stenotrophomonas, along with genera from the
Actinobacteria and Acidobacteria classes including Candidatus Koribacter and
Frankia. At the Mid-pH site the genus Geobacter from the Deltaproteobacteria

class was observed to be over-represented.

Genera from the Low-pH site were also compared to the Neutral-pH site whereby
408 comparisons resulted in 18 genera over-represented in the Low-pH site and
33 genera over-represented in the Neutral-pH site. Six of the ten most significant
differences were observed to be over-represented in the Low-pH site
(Figure 6.2B). Genera over-represented from the Low-pH site were from
Alphaproteobacteria and Gammaproteobacteria  including  Acidiphilium,
Granulibacter, Xanthomonas, Gluconobacter and Acidithiobacillus, along with
the genus Frankia from the Actinobacteria class. In contrast, genera observed to
be over-represented in the Neutral-pH were from the Deltaproteobacteria class
and included Sorangium, Haliangium, Anaeromyxobacter and Myxococcus. Six
genera were observed to be consistently over-represented in the Low-pH site
compared to the Mid-pH and Neutral-pH sites and included Acidiphilium,
Granulibacter, Xanthomonas, Gluconobacter, Frankia and Acidithiobacillus

(Figure 6.2A and B).
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Differences in metabolic potential

At the broad metabolic category, there was little difference (< 1%) in the
metabolic potential of the three sites (Figure 6.3). Dominant metabolic functions
observed included standard house-keeping gene categories: clustering based
subsystems; carbohydrates; amino acids and derivatives; protein metabolism; and

cofactors, vitamins, prosthetic groups, pigments.

At the higher metabolic hierarchical level, from comparing 982 metabolic
functions we observed 12 metabolic functions over-represented in the Low-pH
site compared to 21 metabolic functions over-represented at the Mid-pH.
Focusing on the ten most significant differences, metabolic functions over-
represented in the Low-pH site included conjugative transfer, phospholipid and
fatty acid biosynthesis related cluster, terminal cytochrome oxidases, DNA

repair—bacteria RecBCD pathway, and urea decomposition (Figure 6.4A).

At the higher hierarchical level, from 982 comparisons between the Low-pH site
and the Neutral-pH site we found 8 metabolic functions over-represented in the
Low-pH site and 12 metabolic functions over-represented in the Neutral-pH site.
Focusing on the ten most significant differences revealed an over-representation
of genes related to zinc resistance, terminal cytochrome oxidases, and beta-

lactamase at the Low-pH site (Figure 6.4B).

Comparison of phylogeny and metabolism to metagenomes from other

environments
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To determine how the taxonomic and metabolic profiles observed in our samples
compare to similar environments, and to identify characteristic genomic features
of acid sulphate soil microbial communities, we utilised a principal coordinate
analysis to compare our 3 sites with 15 other metagenomes from varying aquatic
environments publically available in the MG-RAST database including: aquifer
sediment; aquifer water; marine water; moderate to highly saline marine sediment;
biofilms from waste water sludge; and biofilms from acid mine drainage (Figure
6.5). The principal coordinate analyses were performed on MG-RAST using
sequence classifications based on the SEED non-redundant database and
metabolic subsystems using an E-value of 10™. For taxonomy, our three sediment
samples clustered together, with the Low-pH closely clustering with the Neutral-
pH site. The metabolic profile also showed the three sediment sites clustering
together, but with different clustering patterns, where the Low-pH site clustered
most closely to the Neutral-pH site for taxonomy, but clustered more closely with

the Mid-pH site for metabolic function.

6.5 Discussion

Taxonomic comparisons

Specific bacterial groups play an important role in the formation of acid sulphate
soils (Arkesteyn 1980; Pronk et al. 1990; Nordstrom and Southam 1997).
However, there is a lack of information on the subsequent structure and function
of bacterial communities that exist in established acid sulphate soil environments.
It is unknown whether acid sulphate soils are dominated by the species that made
them acidic, or are they dominated by species that are adapted to living in these

acidic conditions. We investigated the taxonomy and metabolic potential of acid
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sulphate soil associated bacteria by comparing the metagenomic profiles from a
Low-pH, Mid-pH and Neutral-pH site. All sites were dominated by Proteobacteria
but also comprised significant fractions of Firmicutes, Acidobacteria,
Cyanobacteria, Chloroflexi and Bacteroidetes. All of these groups are known to
inhabit soils (Janssen 2006; Spain et al. 2009). The Low-pH site, however, was
also dominated by Actinobacteria relative to the Mid-pH and Neutral-pH sites.
This is notable because there is evidence from other acidic environments that
Actinobacteria are an important part of bacterial communities when pH is low,
which may be due to these gram positive organisms being able to produce spores
and resist the adverse conditions of these extreme environments (Baker and

Banfield 2003; Petrie et al. 2003; Schmidt et al. 2005).

The over-representation of the genus Acidiphilium in the Low-pH sample was
completely driven by sequences that most closely matched Acidiphilium cryptum,
and was the main cause of genera level differences between the Low-pH site and
other sites. A. cryptum has been suggested to have a wide range of pH tolerances,
and highly acidic environments with pH < 3 are known to contain obligatory
acidophilic heterotrophic bacteria such as A. cryptum (Harrison et al. 1981;
Johnson and McGinness 1991; Bilgin et al. 2004). Acidiphilium also has the
capacity to utilize a variety of substrates, such as reducing Fe(lll) in the presence
and the absence of oxygen, indicating that A. cryptum might be ecologically
important in acidic sediments with respect to metal transformations (Johnson and

McGinnes 1991; Kusel et al. 1999; Bilgin et al. 2004).
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Acidithiobacillus was also highly over-represented in the Low-pH site. Similar to
Acidiphilium, Acidithiobacillus is an iron reducing bacteria that can catalyse the
oxidation of inorganic sulphur compounds at pH 1 — 3 (Rohwerdert and Sand
2003; Sanchez-Andrea et al. 2012). Greater than 98% of Acidithiobacillus
sequences  matched  Acidithiobacillus  ferrooxidans,  which is a
chemolithoautotrophic acidophile that grows best at pH < 3 (Pronk et al. 1990;
Baker-Austin and Dopson 2007) and has been reported to be partially responsible
for the production of acid sulphate soils (Arkesteyn 1980; Pronk et al. 1990).
Acidithiobacillus and Acidiphilium have been observed in areas suffering from
acid mine drainage degradation (Gonzélez-Toril et al. 2003; Hallberg and Johnson
2003; Baker-Austin and Dopson 2007), and our results indicate that these
organisms also dominate this acid sulphate soil community. The presence of
Acidithiobacillus in the Low-pH site supports the concept that the resident
bacterial community at this acid sulphate soil site may be dominated by species
that, in addition to persisting at low pH, may actually be contributing to the

acidification process.

The genera Frankia and Xanthomonas were also over-represented in the Low-pH
site compared to the Mid-pH and the Neutral-pH sites. Frankia are nitrogen
fixing, typically soil dwelling microbes that often form symbiotic root nodule
associations with plants but have also been shown to inhabit acidic habitats
including peat soils where the pH is < 3 (Smolander et al. 1988). Xanthomonas
comprise multiple, sometimes pathogenic, variants and are characterised by an
ability to produce the exopolysaccharide slime, xanthan. Xanthan is acid stable,

and may play an important role in cell survival by forming biofilms to aid in the
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protection of the cell against desiccation (Sutherland 1998). This phenotype is
beneficial in times of drought or water level decline, which is a common feature
of the environments studied here. An extracellular slime layer can also enhance
protection against toxic metal ions, and can restrict the diffusion of oxygen
towards the cell and this may be important for nitrogen-fixing bacteria, such as
Frankia, due to the oxygen-sensitivity of the nitrogenase enzyme (Gallon 1981;
Sutherland 2001). We expect that the presence of these two organisms in this
acidic environment may be indicative of the biofilms often present in the

subsurface.

Two acetic acid bacteria Gluconobacter and Granulibacter were also observed to
be over-represented in the Low-pH site compared to the Mid-pH and the Neutral-
pH sites. These bacteria are able to oxidise a range of carbohydrates, alcohols and
related compounds (Deppenmeier et al. 2002; Prust et al. 2005; Gerth et al. 2003).
Members of the Gluconobacter genus include obligatory aerobic acidophilic
organism able to grow at a range of pH values, including below pH 3.7
(Deppenmeier et al. 2002). Certain Gluconobacter species are suited to acidic
environments and are able to survive in mixed microbial populations by utilizing
enzymes to rapidly form sugars or sugar acids which are difficult for most
microorganisms to assimilate (Gerth et al. 2003). Furthermore, the formation of
these sugar acids can lead to a decrease in pH and prevent the propagation of
other microorganisms (Gerth et al. 2003). Granulibacter is commonly found in
soils and associated with plants (Greenberg et al. 2006), and species from this
genus are able to convert urea to ammonia and carbon dioxide, enabling it to alter

the pH of the immediate environment which, in conjunction with the presence of a
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protective capsule that has been shown to cover Granulibacter species, will
enhance survival in Low-pH environments (Greenberg et al. 2007). The
prevalence of Frankia, Xanthomonas, Gluconobacter and Granulibacter supports
the concept that as well as supporting obligate acidophiles, acidic soils also
consist of non-acidophilic bacteria able to persist in acidic conditions. The
principal coordinate analysis (Figure 6.5) shows that although our samples may
group together taxonomically, a different pattern can emerge when investigating
the metabolic functions, and that metabolic capabilities also play a role in defining

the bacterial community structure in acid sulphate soils.

Metabolic comparisons

Bacteria adapted to life in extreme pH are equipped to cope with sudden shifts in
pH with the aid of specific methods for acid tolerance and resistance, including
the maintenance of intracellular pH homeostasis (Krulwich et al. 2011). However,
some proteins expressed by bacteria adapted to extreme pH conditions may
function sub-optimally at neutral pH and the expression of these proteins will
impose an energetic cost and potentially negatively impact growth at neutral pH
(Krulwich et al. 2011). These underlying physiological constraints are likely to

shape the metabolic capacity of bacteria inhabiting acid sulphate soils.

Investigating the higher metabolic subsystem hierarchy yielded two categories,
conjugative transfer, and terminal cytochrome oxidases, over-represented in the
Low-pH site compared to both the Mid-pH and the Neutral-pH sites, indicating
these may be important metabolic functions in acid sulphate soils. Conjugative

transfer of genetic information is the most efficient mechanism of horizontal gene
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transfer, which can often be beneficial to the recipient, for example, in terms of
antibiotic resistance, xenobiotic and heavy metal tolerance, or in the ability to use
new metabolites (Ochman et al. 2000; Grohmann et al. 2003). Sediment bacteria
often form biofilms which are ideally suited for the exchange of genetic material
through horizontal gene transfer (Khalil and Gealt 1987; Ghigo 2001) and the
over-representation of genes associated with conjugative transfer mechanisms in
the Low-pH compared to both the Mid-pH and the Neutral-pH sites further
suggests that genetic exchange and horizontal gene transfer may be important
characteristics in acidic environments. These characteristics could be in the form
of acid stress resistance improving growth at low pH, acid stress survival allowing
survival under extreme acidic conditions, or through heavy metal tolerance

(Martinez et al. 2006; Trip et al. 2012).

Cytochrome oxidases act as the terminal enzymes of respiratory chains and can
vary with substrate type and substrate affinity. Different respiratory oxidases
allow the cells to customize their respiratory systems according to a variety of
environmental growth conditions (Rumbley et al. 1994). The over-representation
of terminal oxidases at the Low-pH site suggests that a suite of respiratory
mechanisms may be present or used in the acidic environment. Terminal
cytochrome oxidases sequences at the functional level included ubiquinol
cytochrome oxidase, cytochrome bd2 and the transport ATP-binding protein
CydCD, and these oxidases have been reported to play a role in the proton motive
force and maintaining intracellular pH homeostasis (Cotter 1990; Pittman et al.

2005), which enable the cell to function in acidic conditions.
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Subsystems classifications over-represented in the Low-pH relative to the Mid-pH
site included phospholipid and fatty acid biosynthesis related clusters, DNA repair
and the bacterial RecBCD pathway, and urea decomposition. Phospholipid and
fatty acid biosynthesis subsystem is one of the most conserved components of
bacterial biosynthetic machinery and is essential for cell growth and survival
(Campbell and Cronan 2001). In bacteria the alteration of cytoplasmic membrane
fatty acids, likely occurring through a combination of fatty acid biosynthesis and
lipid membrane modification, has been reported as a response to acid stress
(Broadbent et al. 2010). Furthermore, in algae the incorporation of saturated fatty
acids can decrease the permeability of membranes (Benz and Cros 1978), and this
may act in maintaining cellular pH by reducing the number of protons entering the
cell. Heavy metal ions that are mobilized in acidic environments can cause nucleic
acid damage by the production of double-stranded lesions in the DNA (Lehninger
et al. 1993; Hoeijmakers 2001). Specifically, protective proteins can be induced
upon acid stress, including DNA repair enzymes and the bacterial RecBCD
pathway that is involved in the homologous recombination and repair of DNA
double stranded breaks (Thompson and Blaser 1995), accounting for the
prevalence of this function in the Low-pH site. Urea is an important nutrient
source found in soils, and urease activity has been reported to be up-regulated in
acid conditions and down-regulated at more neutral pH levels (Satoh et al. 2007;
Krulwich et al. 2011). Urea decomposition can act as an acid resistance
mechanism by enabling the cell to employ ammonia produced in a buffering
capacity to raise the pH of the cytoplasm, periplasm or the surrounding
environment (Ferrero et al. 1992; Booth et al. 2002; Wen et al. 2003; Greenberg

et al. 2007; Guazzaroni et al. 2013).
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Beta-lactamase was over-represented in the Low-pH site compared to the Neutral-
pH site. Genes involved in beta-lactamase are associated with recognising and
breaking down B-lactam antibiotics which can potentially enhance the long term
survival of bacteria (Bush 1989; Sidhu 2002; Thumanu et al. 2006). Antibiotics
present in subsystem likely come from the surface (Smith et al. 2012), although
antibiotic resistance mechanisms have been observed in the deep subsurface and
been reported to be relatively common among subsurface bacteria (Brown and
Balkwill 2009). Antibiotics can sorb to soils and sediment, however, changes in
pH may lead to the dissolution of antibiotics from soil particles (Baquero et al.
2008), and this may enhance the importance of antibiotic resistance mechanisms
in acidic conditions. Furthermore, the ability to degrade antibiotics would confer a
selective advantage over other bacteria that are likely equipped to handle the
extreme physicochemical conditions and are competing for the same resources but
lack antibiotic resistance mechanisms. As previously mentioned, the over-
representation of conjugative transfer may not only provide direct benefits for
survival in acidic conditions (Holmes and Jobling 1996; Grohmann et al. 2003),
but also confers metabolic functions which can provide an advantage against other

resident bacteria through antibiotic resistance mechanisms.

This study provides a novel appreciation of the prevalent genera and metabolic
capabilities that dominate acid sulphate soils that will help us to transform our
understanding of bacterial resilience and microbial community dynamics. Our
results indicate that acid sulphate soil communities are dominated both by species

that have likely caused or contributed to the low pH conditions, and acidophilic
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organisms that are adapted to living in low pH conditions. This suggests that acid
sulphate soil communities may possess a community signature that is
characterised by not just a single indicator species, but by indicator groups, as has
been observed previously in other acidic environments (Wenderoth and Abraham
2005). Furthermore, the presence of diverse bacteria within acid sulphate soils
will contribute to a heterogeneous microenvironment where the activity of these
organisms can lead to the formation of ecological niches, and coexistence of
diverse bacterial consortia (Ziegler et al. 2013). This study indicates that certain
bacteria are well equipped to respond to fluctuating heterogeneous
hydrophysicochemical conditions and that bacterial communities in acid sulphate
soils comprise bacteria sufficiently equipped to adapt and take advantage of niche
opportunities that come about due to the ecosystem changes that occur during

groundwater over-extraction.
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Table

Table 6.1 Metadata of the Low-pH, Mid-pH, and Neutral-pH sites under investigation including; location; environmental parameters;

inorganic nutrients, heavy metals; bacteria and virus-like particles abundances; and sequencing statistics. Inorganic nutrients, heavy metals and

bacterial and VLP concentrations were taken in triplicate (+ 1 std. dev). Dashed ( - ) values were below detection limit.

Units Site 1 Site 2 Site 3

Location Inlet, off Lake Boggy lake, off Lake River Murray,
Alexandrina Alexandrina Wellington

Latitude 35° 22" 55" 35°19' 05" 35° 19’ 05"
Longitude 139°21' 52" 139° 13’ 56" 139° 22" 40"
pH 2.83 4.31 7.66
Temp °C 12.03 11.14 13.39
EC uS cm™ 8447 793 12773
Total solids % 79.47 (£ 1.91) 84.80 (+ 2.11) 72.67 (£ 3.71)
Cadmium mg kg™ - - .
Iron mg kg™ 2306.67 (+ 214.55) 2776.67 (+ 105.99) 6933.33 (+ 1422.05)
Lead mg kg™ 1 (x0.0) 4.67 (= 3.06) 2 (£ 0.0)
Sulphate mg kg™ 2303.33 (+ 241.73) - -
Zinc mg kg™ 2.87 (£ 0.35) 5.33 (+ 1.59) 7.97 (+ 1.60)
(N) Nitrate + Nitrite mg kg™ - - -
Phosphorus mg kg™ 17.33 (x 1.15) 38.00 (£ 7.94) 49.67 (£ 7.02)
Sulphide mg kg™ - - -
Total bacteria x 10° cells mL™ 1.76 (+ 0.84) 2.66 (+ 0.53) 3.62 (£ 1.61)
Total VLP x 10° particles mL™ 4.2 (+ 2.50) 9.1 (+2.51) 18.68 (= 1.27)
MG-RAST identification 4453066.3 4453068.3 4453069.3
Total sequence size bp 40,276,690 54,495,658 22,778,449
Number of sequences 88,031 120,503 52,381
Average sequence length bp 457 (£78) 452 (£ 81) 434 (£ 110)
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Figure 6.1 Frequency distribution of the number of sequences (relative %) of
bacterial phyla matched using the SEED database from the Low-pH site (solid

bars), Mid-pH site (grey bars) and the Neutral-pH site (clear bars).
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Low-pH site and the Neutral-pH site (clear bars/circles) (B).
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Figure 6.3 Frequency distribution of the number of sequences (relative %)

matching the subsystems metabolic potential at the level 1 hierarchy, from the

Low-pH site (solid bars), Mid-pH site (grey bars) and the Neutral-pH site (clear

bars).
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Figure 6.4 Sequences matching metabolic functions at the higher subsystem

hierarchy in the Low-pH site (solid bars/circles) compared to the Mid-pH site
(grey bars/circles) (A), and the Low-pH site compared to the Neutral-pH site

(solid bars/circles) (B). Only the ten most significant differences are shown.
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Chapter 7—Thesis discussion

The data presented in this thesis has revealed variability in the abundance and
diversity of subsurface microbial communities in a range of groundwater habitats.
In Chapter 2, variability in VLPs was demonstrated, with a significant decrease in
mean VLP abundances in purged water compared to unpurged water. Although
mean bacterial abundances did not differ significantly between purged water and
unpurged water in this groundwater system, we observed large variability in
abundances in purged water between depths, with bacterial concentrations ranging
by two orders of magnitude. These observations are significant because purging is
a standard methodology that has been developed for sampling physicochemical
variables of groundwater systems (Barcelona and Helfrich 1986; Robin and
Gillham 1987; Powell and Puls 1993), but the suitability of this method for
sampling subsurface microbes had not previously been investigated. Our study
used flow cytometry to enumerate bacterial and viral abundances and results
suggest that sampling unpurged bore water may provide a snapshot of bacterial
abundances representative of the aquifer but is not suitable for determining VLP
abundances as these are not representative of the aquifer. This may be due to the
faster reproductive time of viruses. This difference opens up the possibility of
using the difference between microbial communities in purged and unpurged
bores in the future to help determine water exchange rates, or, if known, the viral

growth rates.

In Chapter 3, variability in bacterial and VLP abundances was further observed
when we investigated the effects of continually purging bores for a minimum of

five bore volumes. Standard methodologies for sampling the physicochemical
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conditions of groundwater recommend purging a bore for three bore volumes to
gain samples representative of the aquifer (Schuller et al. 1981; US EPA 1986;
Pionke and Urban 1987; Novak and Watts 1998), although this is sometimes not
the case for bacterial abundances (Kwon et al. 2008; Kozuskanich et al. 2011).
We observed bacterial and VLP abundances to increase, decrease or remain
constant with each purged bore volume depending upon the individual aquifer
sampled, with bacterial abundances ranging between 3 x 10* to 2 x 10° cells mL™
and VLP abundances ranging between 3 x 10* to 6 x 10° particles mL™. Although
our results identified variability in bacterial and VLP abundances in different
aquifers, triplicates taken at each bore volume also indicated substantial variations
in bacterial and VLP concentrations that were often larger than the differences
between bore volumes. We attribute these contrasting results to the heterogeneous
nature of the subsurface environment, which is likely driven by varying bottom-up
processes such as variability in the distribution of organic and inorganic nutrients
and top-down processes including grazing rates and viral lysis (Hennes et al.
1995; Dahm et al. 1998; Danielopol et al. 2003; Glud and Middelboe 2004;
Hancock et al. 2005). The large variability observed in samples and within
triplicates supports the role of heterogeneity in structuring microbial communities

in groundwater systems.

Within the subsurface environment, variability was observed not only in terms of
microbial abundances within different aquifers, but also in terms of microbial
subpopulation structure. When investigating microbial abundances and
cytometrically defined subpopulations in Chapter 4 we observed that the structure

of cytometrically defined subpopulations of bacteria and VLP communities varied
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as a function of the aquifer unit sampled even when total microbial abundances
remained constant. Numbers of cytometrically defined bacterial subpopulations
ranged from 1 to 4 and VLP subpopulations ranged from 1 to 3 depending on the
depth sampled. Microbial cytometric subpopulations provided a snapshot of
microbial diversity with regard to cell size and DNA content, which can be used
to determine the potential activity of bacteria (Marie et al. 1999; Gasol and del

Giorgio 2000; Lebaron et al. 2001, 2002; Seymour et al. 2007).

Nested piezometers at Ashbourne were used to investigate the role of hydrology
in influencing heterogeneity and niche partitioning as the nested piezometers
infiltrate, discretely, into three separate hydrological units consisting of an
unconfined aquifer, a confining layer and a confined aquifer (Banks et al. 2007).
The hydrological heterogeneity present in this groundwater system was
hypothesized to lead to the formation of discrete ecological niches that support
different bacterial consortia. We attribute the changes in subpopulation structures
to the effects of the hydrological characteristics of the aquifer sampled, including
whether the aquifer has direct contact with the surface with varying levels of
aquifer recharge, and whether the hydrological properties of the aquifer restrict

exchange with adjacent water bodies.

Niche partitioning was further investigated in Chapter 5 by using metagenomics
to characterise the phylogenetic and metabolic potential of subsurface microbes
(Handelsman 2004; Tringe et al. 2005). Chapter 5, to the best of our knowledge,
represents the first study using metagenomics to investigate the role of niche

partitioning according to substrate type (solid or aqueous) within an unconfined

188



aquifer. We observed that the water and solid substrate phases influenced bacterial
community composition, diversity and abundance, which is likely a product of
niche specialisation to the specific substrate. Substrate is a major driver of
microbial community composition (Bengtsson 1989; Hirsh and Rades-Rohkohl
1990; Alfreider et al. 1997; Lozupone and Knight 2007; Jeffries et al. 2011). We
observed distinct phylogenies of bacteria and a suite of genes prevalent to each
substrate. Sediment attached bacteria were over-represented in genes associated
with slow growth strategies and broad specificity of uptake systems, while the
aqueous phase was over-represented in genes associated with the uptake of

dissolved monomers, effective cellular reproduction, and defence mechanisms.

The results from Chapter 5 suggest that free living planktonic bacteria in the water
phase are more suited to a copiotrophic life strategy, while sediment partitioned
bacteria are more suited to an oligotrophic life strategy. Determining trophic
strategies provides insight into the importance of the functional role of the
substrate partitioned bacteria (Lauro et al. 2009). Variations in microbial
abundance and activity are characteristic of environments dominated by
copiotrophs, while more stable environments are typically composed of
oligotrophs that will smooth out periods of excess or depleted resources (Lauro et
al. 2009; Yooseph et al. 2010). Using metagenomic profiles to attribute trophic
life strategies to microbes partitioned to either the solid or aqueous substrate
phases have recently been applied to marine systems (Lauro et al. 2009; Yooseph
et al. 2010), and our study is the first to classify microbes according to these
groups in a groundwater environment and highlights the role of niche partitioning

in the subsurface. These observations have wide reaching implications for
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understanding the distribution and biogeography of subsurface microbes and the
effectiveness of anthropogenic groundwater activities including bioremediation

and groundwater storage and recovery operations.

Bacterial genomic variability as a function of hydrophysicochemistry was further
investigated in Chapter 6 where we examined microbial communities in a site
characterised by acid sulphate soils. Acid sulphate soil formation is one example
of the consequence of groundwater over-extraction, whereby a drop in the water
table can expose sulphidic sediments to oxic conditions which can lead to the
production of sulphuric acid and a decrease in pH (Bloomfield 1972; Nordstrom
and Southam 1997; Fitzpatrick 2003; Fitzpatrick et al. 2009). Currently there is a
lack of information of acid sulphate soil bacterial communities and this thesis
applied flow cytometry and metagenomics to enumerate bacterial and viral
abundances and to characterise the taxonomic and metabolic potential of a
resident acid sulphate community. We observed that microbes in an area suffering
from acid sulphate degradation displayed an over-representation of genes
associated with DNA stability, storage molecule biosynthesis, nutrient
degradation and antibiotic resistance mechanisms compared to a mildly acidic and

a neutrophilic bacterial community.

Bacterial genera present in the acid sulphate conditions, included Acidiphilium
and Acidithiobacillus, which are organisms that are responsible for catalysing
sulphate oxidation in acid sulphate environments. In addition, other key bacterial
genera were also observed in the acid sulphate site including Granulibacter,

Xanthomonas, Gluconobacter and Frankia. The presence of these organisms
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supports the hypothesis that acidic conditions may promote the prevalence of
specific bacterial groups (Gonzélez-Toril et al. 2003; Hallberg and Johnson 2003;
Baker-Austin and Dopson 2007). These results also suggest that diverse bacterial
consortia are able to persist in extreme conditions at pH < 3, and highlights the
resilience of subsurface microbial communities in times of hydrophysicochemical
stress. In conjunction with the aforementioned metabolic traits observed in the
acid sulphate soil community we also attribute the persistence of bacteria in
extreme conditions to biofilm protection which is likely prevalent in the
subsurface and supports higher levels of diversity (Bouwer and McCarty 1984;
Marshall 1988; Alfreider et al. 1997; Jackson 2003; Cardinale 2011). These
findings highlight the importance of niche specialisation in environments
undergoing physicochemical change, and provides novel insight into the long
term indirect effects of groundwater over-extraction on habitat alteration and

microbial succession.

Future research directions

The heterogeneous nature of the subsurface promotes the formation of ecological
niches which support dynamic and complex microbial communities. Niches are
able to be exploited by a range of microbes even in times of adverse
physicochemical change, where microbial consortia are able to persist likely in the
form of biofilm communities. This thesis contributes to the understanding of
subterranean microbial ecology and indicates that variability in microbial
abundances may be an intrinsic feature of the subsurface. High levels of microbial
variability represent a fundamental challenge in obtaining a thorough

understanding of groundwater microbial ecology. Future research should attempt
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to take into account the heterogeneous nature of subsurface microbes, for
example, by microscale sampling (Seymour et al. 2005). A more detailed
understanding of the ecological drivers, such as top-down and bottom-up
processes, and trophic dynamics, combined with temporal studies and bacterial
turn over times for individual cells and entire communities will further elucidate
microbial succession, trophic characterisation and foodweb dynamics. Ultimately,
a greater understanding of the heterogeneous nature of microbes in aquifer
systems will allow a more holistic understanding of the subsurface and contribute

to the effective management of groundwater ecosystems.
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