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INTRODUCTION

Microbes are found in almost all habitats on the
planet, and form an essential part of ecosystem func-
tioning as significant components of food webs and
nutrient cycles (Azam et al. 1983, Goldscheider et al.
2006, Griebler & Lueders 2009). Specifically, bacteria
recycle nutrients through the biochemical degrada-
tion and transformation of dissolved organic matter
and particulate organic matter (Azam et al. 1983).
Viruses transform particulate organic matter into dis-
solved 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 recognised (Goldscheider
et al. 2006); however, understanding of groundwater
microbial interactions is still limited, due the complex
nature of groundwater environments, which consist
of solid and water substrate components.

Microbes experience temporal and spatial hetero-
geneity in groundwater systems, which may be
attributed to numerous factors, including the physic-
ochemical, geological and hydrological aspects of the
aquifer system (Hancock et al. 2005). The temporal
and spatial heterogeneity of groundwater habitats
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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 envi-
ronment poses a challenge for ecologists interested
in describing the bacterial and viral dynamics of
groundwater ecosystems (Brockman & 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 bacteria in
groundwater systems may influence rates of indige-
nous biodegradation or bioremediation activities
(Brockman & Murray 1997). Heterogeneity also pro-
vides 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 hetero-
geneity and hydrological anisotropy isolating subsur-
face 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 confin-
ing layer. As such, a single aquifer system may
encompass distinct aquifer layers that, although they
are in vertical spatial proximity, are hydrostrati-
graphically independent systems. Individual aquifer
layers are often distinguished based on hydrogeolog-
ical 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,
enables repeated sampling of different aquifer layers
by allowing water to be directly sampled from pre -
determined depths.

A nested piezometer consisting of 6 individual
piezometers installed at Ashbourne, South Australia,
allowed for sampling from 3 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 2
aquifers (Fig. 1). The lithological drill-logs of the Ash-
bourne site are reported in Harrington et al. (2004).
Confirmation of the presence of the 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
chlorofluorocarbon (CFC-12) measurements. Water
age in the shallow system was found to be 25 to 40 yr,
while the maximum age of water in the deeper sys-
tem was up to 1400 yr. Groundwater appeared to be
younger at the 45 m depth than at 25 m, which indi-
cates distinct flow systems with separate sources of

recharge. Based on chloride mass balance and total
dissolved solids (TDS) concentrations, the water shal-
lower 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 and 40 m (Banks et al. 2007). The identi-
fication of the confining layer separating the uncon-
fined and confined aquifer at Ashbourne allows for
the investigation of hydrostratigraphically separated
microbial consortia. However, measurement of the
predicted low concentration of cells within this envi-
ronment requires a sensitive and rapid 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, 2013, Smith et al. 2012).
Viruses enumerated using FCM have not been
specifically identified, morphologically or molecu-
larly, as viruses and by convention are termed virus-
like particles (VLPs) based on their relatively small
size and lower nucleic acid content compared to bac-
teria (Marie et al. 1997, 1999, Brussaard et al. 2000).
In addition to 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 VLPs based on
cell/particle size and nucleic acid content (Marie et
al. 1997, 1999, Brussaard et al. 2000). Bacterial sub-
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populations with higher nucleic acid content and, in
some cases, a larger cell size indicate active bacterial
cells most likely undergoing replication (Gasol & 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 environmen-
tal samples (Patten et al. 2006, Seymour et al. 2007).
Seymour et al. (2007) observed a significant correla-
tion between bacteria and VLPs from a groundwater
sinkhole, and it is likely that the majority of VLPs
observed in the subsurface are bacteriophages (i.e.
bacteria specific). Although the functional impor-
tance of VLP subpopulations remains to be deter-
mined, VLPs present in the system would likely influ-
ence 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 distribu-
tions; 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. 2012).
No significant difference was observed for bacteria,
but VLP abundances were observed to significantly
decrease in purged water. Bacteria and VLP concen-
trations were also found to vary with depth through-
out the aquifer depth profile. In the present study we
investigate the role of the individual aquifer layers on
bacterial and VLP abundances and cytometrically
defined subpopulation structures.

MATERIALS AND METHODS

Sampling

The Ashbourne site (35° 18’ S, 138° 46’ E), South
Australia, 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 con-

fined aquifers (Fig. 1). Each piezometer was purged
using a 12 V Supertwister® submersible pump (Envi-
roEquip) for at least 3 bore volumes and until envi-
ronmental parameters stabilised, prior to sampling
nutrients, bacteria and VLPs. Environmental param-
eters of dissolved oxygen (DO, mg l−1), pH, electrical
conductivity (EC, mS cm−1) and temperature (°C)
were measured using a calibrated Hach Hydrolab®

MS5 (Aqualab Scientific) water quality sonde.

Nutrient analysis

Dissolved inorganic nutrients (25 ml, in triplicate)
were 0.45 µm filtered (Whatman GF/C), placed on
ice and analysed within 24 h. Analyses were per-
formed using a LF 2400 photometer (Aquaspex®)
according to standard colorimetric methods: ammo-
nium (NH4

+) determined using the indophenol
method, nitrate (NO3

−) by diazotation/azo coupling
using naphtyl-ethylenediamine after zinc reduction,
nitrite (NO2

−) by diazotation/azo coupling using
naphtyl-ethylenediamine and phosphate (PO4

3−) 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% glutaraldehyde,
stored in the dark at 4°C for 15 min, 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 µm 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 1:20 000 dilution and vortexed for 30 s. 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 set-
tings: threshold (530/30; 300 V), forward angle light
scatter (285 nm), side angle scatter (580 nm), green
fluorescence (530 nm) orange fluorescence (585 nm)
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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 µm filtered water samples were
also prepared according to the above protocol so
noise levels in the flow cytometer could be deter-
mined and subsequently subtracted from each
 sample. Fluorescent yellow, 1 µm diameter beads
(Molecular Probes) were added to each sample at ap -
proximately 105 beads ml−1 and vortexed briefly
immediately prior to analysis to normalise FCM
parameters (Gasol & del Giorgio 2000). Bead concen-
trations were determined by epifluorescence micro -
scopy. Data were analysed using Win Midi 2.8 FCM
analysis software (© Joseph Trotter).

Classification of subpopulations 
and statistical analysis

Clustering of cells observed in each cytogram
(Fig. 2) were gated and classified as distinct subpop-
ulations 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 µm flu-
orescent beads added to each sample to normalise
FCM parameters were used as a standard for cell size
and fluorescence. All bacteria <1 µm were enumer-
ated, while VLPs were 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 (Fig. 2) along with density plots,
contour plots and histograms of SYBR Green fluores-
cence individual VLP and bacterial subpopulations
were gated when distinct clustering of cells/particles
was observed. Fig. 3 was constructed to encompass
the observed discrete bacterial and VLP subpopula-
tions and enable subpopulations to be compared
between depths in the aquifer system. Using Fig. 3,
VLP subpopulations were classified as V1 to V3 and
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Fig. 2. Groundwater samples from aquifers at Ashbourne, South Australia: (A) the unconfined aquifer, (B) the confining layer
and (C−F) the confined aquifer. SYBR Green fluorescence measures the amount of fluorescence given off when each
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bacterial subpopulations were classified as B1 to B4.
If the ob served bacterial or VLP community on a
cytogram recorded too few events for discrete sub-
populations to be assigned, the entire bacterial or
VLP population was categorised as bacterial subpop-
ulation B3 or VLP subpopulation V1, i.e. the subpop-
ulations found at all levels in the aquifer system (see
‘Results and discussion’). Bacterial and VLP abun-
dances among the aquifer layers were compared
using a Kruskal-Wallis test. All statistical analyses
were conducted on PASW® Statistics version 18 sta-
tistical software (© SPSS).

RESULTS AND DISCUSSION

Microbiology of the aquifer system

Bacterial abundances ranged from 6.3 × 103 to 3.0 ×
105 cells ml−1 and were within the ranges reported in
the literature (Griebler & Lueders 2009, Anneser et
al. 2010) (Fig. 4, Table 1). VLP abundances ranged
from 4.8 × 104 to 8.8 × 105, with the lower range being
slightly less than groundwater viral concentrations
reported in the literature (Kyle et al. 2008) (Fig. 4,
Table 1). No significant differences in total bacterial
abundances (p = 0.146) and total VLP abundances
(p = 0.453) were observed between aquifer layers
(Fig. 4). However, changes in the distributions of
cyto metrically defined subpopulations were ob -
served among the aquifer layers. Throughout the
aquifer system, 4 discrete bacterial subpopulations,

termed B1 to B4, and 3 VLP subpopulations, termed
V1 to V3, based on size and nucleic acid content
were identified (Figs. 2 & 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, varia-
tions in flow rate and groundwater composition may
allow for the creation of discrete niches, which could
favour the survival of some microbial subpopulations.

Homogeneous 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 ori-
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Fig. 4. Mean abundance of bacteria (cells ml−1) and virus-
like particles (VLPs; particles ml−1), from the unconfined
aquifer (n = 3), confining layer (n = 3) and confined aquifer 

(n = 12). Error bars represent ±1 SD

Depth Bacteria VLP
(m) (cells ml−1) (particles ml−1)

15 9.05 × 104 (1.03 × 104) 7.17 × 104 (1.92 × 104)
30 2.24 × 105 (4.81 × 103) 9.00 × 104 (2.04 × 104)
45 1.96 × 105 (3.99 × 103) 2.23 × 105 (2.80 × 104)
60 3.01 × 105 (7.69 × 104) 8.83 × 105 (1.39 × 105)
80 1.71 × 104 (5.06 × 103) 9.30 × 104 (2.22 × 103)
90 6.35 × 103 (3.23 × 103) 4.82 × 104 (9.45 × 103)

Table 1. Mean bacterial and virus-like particle (VLP) abun-
dances, taken from the 6 piezometer depths (n = 3 at each
depth) at Ashbourne, South Australia. Numbers in paren-

theses represent ±1 SD
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gin, the overlying surface. Only the B3 bacterial pop-
ulation and the V1 VLP population were present in
the unconfined aquifer (Fig. 5). The only other area of
the aquifer system that displays a single bacterial
and VLP population is the deeper portion of the con-
fined aquifer at 80 to 90 m. Water in the deeper por-
tion of the confined aquifer can also be characterised
as water of single origin; as the age of water in this
portion of the aquifer is >1000 yr (Banks et al. 2007),
it is likely that the water composition
is relatively homogeneous. The char-
acteristic nature of homogeneous
water would discourage the forma-
tion 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 condi-
tions are relatively homogeneous
may encourage the domination of a
single bacterial and a single VLP
community population.

Heterogeneous conditions

Confining layers impede groundwater flow be -
tween aquifers (Ponzini et al. 1989) allowing for the
concentration of contaminants and nutrients due to
limited leaching into deeper groundwater systems.
Table 2 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 hetero -
geneous populations of microbes may be supported.
Indeed, 2 separate bacterial subpopulations were
observed, with the second bacterial subpopulation
(B4) contributing >10% of the total bacterial abun-
dance (Fig. 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 classi-
fied as active bacterial cells (Gasol & del Giorgio
2000, Seymour et al. 2005, 2007, Patten et al. 2006).
The high levels of inorganic nutrients represented by
1.40 mg l−1 of phosphate and 0.30 mg l−1 of nitrate
that were observed in the confining layer are indica-
tive of external nutrient inputs or internal cycling
processes that perhaps sustain this active B4 bacter-
ial population.

Bacterial and VLP concentrations were an order of
magnitude greater at 45 and 60 m depths of the con-
fined aquifer compared to the 80 and 90 m depths of
the confined aquifer (Table 1). Unlike the single sub-
populations observed in the deeper, homogeneous,
portions of the confined aquifer, numerous bacterial
and VLP subpopulations were observed throughout
the shallower depths of the confined aquifer (Fig. 5).
Bacteria at the 45 m depth was composed of 3 bacte-
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Parameter Unit Unconfined Confining Confined 
aquifer layer aquifer

Temperature °C 16.56 16.68 17.39 (0.59)
Electrical conductivity mS cm−1 3.42 13.75 2.01 (0.23)
pH 6.66 10.85 7.19 (0.60)
Dissolved oxygen mg l−1 0.24 0.36 0.21 (0.10)
Ammonium mg l−1 0.12 (0.05) 0.42 (0.02) 0.19 (0.26)
Nitrate mg l−1 0.20 (0.10) 0.30 (0.26) 0.20 (0.10)
Nitrite mg l−1 0.01 (0.00) 0.01 (0.00) 0.01 (0.01)
Phosphate mg l−1 0.37 (0.06) 1.40 (0.75) 0.30 (0.25)

Table 2. Environmental parameters of aquifers at Ashbourne, South Australia,
measured at 1 depth in the unconfined aquifer (n = 3), 1 depth in the confining
layer (n = 3) and 4 depths in the confined aquifer (n = 12). Numbers in paren-

theses represent ±1 SD
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rial subpopulations, with the additional subpopula-
tions B1 and B2 making up 21 and 12%, respectively,
of the total bacterial abundance. At the 60 m depth
B1 and B2 made up 19 and 21% of the total bacterial
abundance, respectively. Additionally, subpopula-
tion B4 was observed at 60 m and contributed 12% of
the total bacterial abundance. Multiple VLP subpop-
ulations were also observed in the shallow portion of
the confined aquifer, with 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 provide the niche conditions
necessary to support greater complexity in the bacte-
rial community, which would sustain more potential
host populations for VLPs and, in turn, greater com-
plexity 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, a phenome-
non termed ‘kill the winner’ (Thingstad & Lignell
1997), thereby providing the opportunity for other
bacterial cells to thrive and potentially promoting a
more diverse assemblage of bacterial subpopula-
tions. 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 bacter-
ial cells (Azam et al. 1983). With additional nutrients
recycled into the system, bacteria are able to repro-
duce 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 for the
 proliferation of diverse assemblages of microbial
consortia.

Implications and conclusions

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,
which actively respond to changes in predator pres-
sure 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). The present study shows 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 iden-
tify heterogeneous or homogeneous groundwater
conditions and help distinguish hydrologically iso-
lated 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 lev-
els of predation, bacterial turnover and nutrient
cycling, compared to the hydrologically homoge-
neous 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 should be made to explore
groundwater ecology based on a thorough under-
standing of the hydrogeomorphology of the system.
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