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Microscale distributions of freshwater
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ABSTRACT: Microscale microbial distributions are patchy, with abundance hotspots and coldspots that provide important microenvironments for microbial interactions. However, studies are
often restricted to abundance estimates alone. At the riverbed of the Murray River, we used
taxonomy to complement quantitative analysis to show that abundance hotspots, coldspots and
background levels are taxonomically distinct at all taxonomic levels. Abundance hotspots varied
115- and 5.9-fold above background over 0.9 cm for viruses and bacteria, respectively. For bacteria, hotspots represent increases in particular taxa rather than in all bacteria. Genera with
increased abundances — Pseudomonas, Parasporobacterium, Lachnospiraceae incertae sedis and
Bacteroides — were indicative of human and animal inputs, and represented up to 14.7% of the
community. Distinct dominant genera led to high taxonomic dissimilarity among hotspots. Genera
exclusivity was still higher in the background and coldspots, with 54 and 48 exclusive genera
compared to 7 and 4 genera in hotspots, suggesting hotspots from persistent genera, rather than
introduced genera. Hotspots were more similar to coldspots than background, suggesting
coldspots may represent dying hotspots. Sample category predicted taxonomic similarity better
than proximity, further indicating these heterogeneities are distinct from the background at the
sub-centimetre scale. Hotspots and coldspots represent distinct spatial taxonomic distributions,
rather than changes of the overall community. This suggests 0.3 ml volumes are cohesive long
enough for particular operational taxonomic units (OTUs) to increase and create taxonomically
distinct microscale communities within the Kolmogorov and Batchelor scales.
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Bacteria are important for ecosystem function,
playing a crucial role in the cycling of carbon, phosphorus and nitrogen (Azam 1998, Long & Azam
2001). It is at the microscale that these nutrient exchanges occur (Azam & Malfatti 2007, Stocker et al.
2008). Previously, microbial distributions were considered homogeneous or thought to follow patterns
of random aggregation, leading to bulk phase sampling being considered representative of microbial
microscale processes (Long & Azam 2001, Seymour

et al. 2009, Dann et al. 2014). However within
aquatic environments, it is now well accepted that
microbial abundance and activity differ by orders of
magnitude over µm to cm scales (Mitchell &
Fuhrman 1989, Duarte & Vaqué 1992, Long & Azam
2001), with a previous study showing 45- and 2584fold cm−1 variation in prokaryotic and viral abundance (Dann et al. 2014). In addition, recent work
has shown that this patchiness also exists in freshwater systems, with river prokaryotic populations
exhibiting up to an 80-fold change in abundance
per 0.9 cm (Dann et al. 2016a).

*Corresponding author: lisa.dann@flinders.edu.au

© Inter-Research 2016 · www.int-res.com

INTRODUCTION

Aquat Microb Ecol 77: 65–77, 2016

66

Patchiness in microscale microbial distributions is
typically characterised by abundance hotspots or
coldspots. Hotspots are regions of elevated bacterial
abundance resulting from microbial accumulation
around high-nutrient areas via chemotaxis, particle
aggregation or disintegration, small scale water mixing or grazing events in proximate areas. These high
bacterial abundance regions have been suggested to
result in increased viral production via lysis due to
increased host density (Blackburn et al. 1998, Barbara & Mitchell 2003, Seymour et al. 2006). Coldspots
are areas of lowered microbial abundance, believed
to result from removal mechanisms such as lysis or
grazing events in the case of lowered bacterial abundance, and attachment or grazing in regards to lowered viral abundance (Weinbauer & Höfle 1998, Wilhelm et al. 1998, Šimek et al. 2001). However, as
previous studies of microscale prokaryotic distributions in freshwater systems have been limited to
abundance estimates alone, whether hotspots and
coldspots represent distinct spatial taxonomic distributions, and hence whether heterogeneous species
richness and composition exists in freshwater, have
remained unknown.
Within marine systems, Long & Azam (2001) analysed 16s rRNA gene diversity and richness using µl
samples of seawater to test for small-scale patchiness
in bacterial species. Their results indicated microscale variation in the bacterial community richness of
the ocean down to the Kolmogorov and Batchelor
scales, yet no similar investigation exists for freshwater. Therefore, the aim of this study was to determine whether microscale variation in species richness and composition occurs in freshwater systems,
and confirm whether microscale patches represent
distinct communities. We hypothesised that hotspots,
coldspots and background represent distinct spatial
taxonomic distributions, where hotspots are representative of distinct abundance increases of individual taxa. We tested this hypothesis by analysing the
taxonomic composition of multiple hotspots, coldspots and background samples. From this, potential
taxonomic patterns within these microenvironments
were determined.

MATERIALS AND METHODS
Sample collection
Samples were collected from the Murray River at
Murray Bridge, South Australia (35° 07’ 07’’ S, 139° 16’
56’’ E) on 2 July 2014. At the time of sampling, the

water temperature was 13.6°C, pH was 7.8, total dissolved solids was 445 mg l−1 and electrical conductivity was 445 μS cm−1. Daily summary data showed a
water depth of 0.66 m (Long Island Site ID:
A4261162) (DEWNR 2014). All environmental
parameters were measured using a HydroLab DataSonde probe.
A 2-dimensional sampling device (Dann et al.
2014) was employed enabling the collection of 8 vertical profiles with 0.9 cm separation and containing
12 sample points from 1.4 to 11.3 cm from the sediment−water interface of the river bed. This 96-well
microplate collected approximately 300 µl per sample well.
For taxonomic analysis, 100 µl samples were collected from each microplate well, aliquoted into cryovials, immediately snap-frozen in liquid nitrogen and
stored at −80°C until further analyses. For flow cytometric enumeration of prokaryotic and viral abundances, 200 µl samples were collected from each
microplate well, immediately fixed with glutaraldehyde (0.5% final concentration) and stored at 4°C in
the dark for 15 min. Samples were snap-frozen in
liquid nitrogen and stored at −80°C until required for
further analyses. Samples were processed within
1 wk of storage to avoid potential deterioration (Brussaard 2004).

Flow cytometry bacterial and viral abundance
sample preparation, processing and analysis
Triplicate flow cytometry samples were prepared
as described previously. Briefly, thawed samples
were diluted 1:100 in Tris-EDTA buffer (0.2 µm filtered, pH 8.0, 10 mM Tris, 1 mM EDTA) and stained
with SYBR Green I nucleic acid dye (1:20 000 final
dilution; Molecular Probes). To optimise viral counts,
samples were incubated at 80°C in the dark for 10 min
(Brussaard 2004). Each sample was run in triplicate
to check method precision. Reference beads of 1 µm
diameter (Molecular Probes) were added to act as an
internal size and concentration standard with a final
concentration of approximately 105 beads ml−1 sample−1. Bead fluorescence and concentration were used
to calibrate sample volume and target size (Brussaard 2004).
A FACSCanto II cytometer equipped with blue
laser (488 nm, 20 mW, air-cooled) and a sheath fluid
of phosphate-buffered saline (PBS) solution was used
for sample analysis. Samples were run for 2 min at a
low flow rate to obtain less than 1000 events s−1.
Green fluorescence (SYBR I), right-angle light scatter
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(SSC) and forward-angle light scatter (FSC) were
acquired for each sample. Triplicate blank control
samples containing filtered Tris-EDTA buffer (0.2 µl
filtered) stained with SYBR Green I were prepared
following the aforementioned sample preparation
and run during each flow cytometry session to eliminate potential background noise created via flow
cytometer artefacts or sample preparation (Brussaard
2004).
Flow cytometric histograms and cytograms were
exported as FCS 3.0 files and analysed via FlowJo
(Tree Star) to enumerate the prokaryotic and viral
populations present (Smith et al. 2015, Dann et al.
2016a). Viral and prokaryotic populations were
determined via their position in biparametric
cytograms of SYBR Green fluorescence and side
scatter (SSC) and the presence of discrete peaks in
monoparametric histograms of SYBR Green fluorescence. SSC and SYBR Green fluorescence were used
as indicators of cell size and nucleic acid content
(Brussaard 2004).

Flow cytometry data analysis and representation
Rank abundance graphs were used to determine
hotspot, coldspot and background values (Dann et al.
2014, 2016a). Background values were determined
according to Wiebe (1970) where the median (rather
than the mean) within the dataset was used as the
background since the data were not normally distributed. Background values exhibited a linear trend and
hence were indistinguishable from a random distribution, whilst the hotspots were identified as the
sample points that exceeded this linear fit (see Fig. S1
in the Supplement at www.int-res.com/articles/suppl/
a077p065_supp.pdf). Lastly, the coldspot values were
identified as sample points that fit a linear trend but
exhibited gentler slopes than were observed in the
background values due to small differences between
adjacent sample points (Fig. S1). From this, 3 of the
highest abundance hotspots (H1, H2 and H3), lowest
abundance coldspots (C1, C2 and C3) and median
background samples (B1, B2 and B3) were selected
for taxonomic analysis. For the spatial relationship of
these hotspot, coldspot and background samples, see
Fig. 1C. Subpopulation correlations were determined
via Pearson’s coefficient with the a of 0.05 reduced by
sequential Bonferroni correction (Holm 1979). All
possible subpopulation correlations were analysed to
identify potential relationships between the prokaryotic and viral subpopulations. Two-dimensional contour plots were constructed using Surfer 10 (Golden
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Software). When constructing these plots, a minimum contour interval value ≥1000 events ml−1 was
chosen as this was higher than the maximum flow
cytometric error, i.e. the background noise within
triplicate blank control samples. This value is conservative due to the maximum flow cytometric error
being < 24 events ml−1.

Quantitative PCR
The use of appropriate PCR reagents and sample
volumes were trialled. To ensure sufficient prokaryotic amplification, different DNA sample volumes
(1, 2, 3, 5, 10 and 23 µl) were analysed via quantitative PCR (qPCR). Briefly, 16s region-specific forward
27F (5’-AGR GTT TGA TCM TGG CTC AG-3’) and
reverse 519R (5’-GTN TTA CNG CGG CKG CTG-3’)
primers were added to 1 µl DNA samples stained
with Universal KAPA SYBR Fast qPCR Master Mix
2x (KAPA Biosystems) and run through 42 qPCR
cycles on a Rotor-Gene. SYBR quantitation reports
using Rotor-Gene Real-Time Analysis Software
(v.6.0.27) showed amplification in the 1 µl DNA samples whilst the 2, 3, 5, 10 and 23 µl samples were
inhibited, perhaps due to the high level of tannins in
the water samples (Kontanis & Reed 2006). To ensure
1 µl samples were representative, ten 1 µl samples
were taken for the highest hotspot, lowest coldspot
and mean background, whilst five 1 µl samples were
taken for the remaining 2 hotpots, coldspots and
background samples; taxonomic analysis was performed on each sample.

Direct PCR amplification of bacterial communities
Direct PCR amplification was performed on 1 µl
samples in 25 µl PCR reactions that consisted of
KAPA Taq Ready Mix 2x (KAPA Biosystems), and
forward (27F) and reverse (519R) primers specific to
the 16s sequence region. Samples were run on a Veriti 96 well Thermal Cycler (Applied Biosystems) for
42 cycles consisting of 3 stages. Of the resulting PCR
products, 5 µl was run on an electrophoresis agarose
gel to ensure adequate DNA amplification and 20 µl
was used for 16s rRNA sequencing. Negative controls were run with sterile filtered water in place of
template. For sequencing, the variable 16s rRNA
gene region PCR primers with forward primer barcodes were used in a 5 cycle PCR using HotStarTaq
Plus Master Mix Kit (Qiagen) with the following conditions: 94°C for 3 min, followed by 28 cycles at 94°C
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for 30 s, 53°C for 40 s, 72°C for 1 min and a final elongation step at 72°C for 5 min. PCR products were run
on a 2% agarose gel to determine amplification success and relative band intensity. Barcoded samples
were pooled together in equal proportions based on
molecular weight and DNA concentrations and then
purified via calibrated Ampure XP beads. Sequencing was performed at Molecular Research (Shallowater) on an Illumina MiSeq following the manufacturer’s guidelines.

Taxonomic analysis
Sequenced bacterial DNA was quality-filtered
and length-truncated with reads < 250 bp or containing > 0.5% expected errors for all bases discarded. Sequences lacking a recognisable barcode
or forward PCR primer were also discarded. The
USEARCH pipeline was employed for full length
de-replication and abundance sorting using a minimum size of 2 to ensure singleton removal (Edgar
2010). Removal of singletons ensured that spurious
operational taxonomic units (OTUs) resulting from
PCR errors and/or sequencing artefacts were discarded (Edgar 2013, Liu et al. 2015). OTU clustering
at 97% identity was performed via the ‘cluster_otus’
command using UPARSE in USEARCH v.8 (Edgar
2013). Reference-based chimeric filtering was carried out using the gold database via UCHIME
(Edgar et al. 2011, Pylro et al. 2014). Reads were
then globally mapped to the OTUs using 97% identity threshold, and taxonomic assignment was performed using RDP Classifier via the ‘utax’ command
in USEARCH v.8 (Wang et al. 2007, Edgar 2013).
OTU tables were constructed using python scripts,
and the resulting OTU tabbed text file was used to
determine average OTU abundances.
OTU tables were analysed in PRIMER (version 7)
where square root overall transformed data was used
for similarity percentage (SIMPER) analysis (Clarke
& Gorley 2006). SIMPER was used to determine what
is driving Bray-Curtis dissimilarity within and between
sample values. Bray-Curtis resemblance was performed to construct dissimilarity matrices for PERMdisp, which was used to determine the level of dispersion between samples (Clarke 1993). Bray-Curtis
resemblance of presence vs. absence was used to
determine sample exclusivity of bacterial sequences.
Metric multidimensional scaling (MDS) using bootstrap average analysis was performed to determine
the level of spread between samples and produce
smoothed 95% bootstrap regions for each sample

type. Metric MDS ordination employed 500 bootstrap
averages of the centroid of each sample to show
where 95% of the centroid averages lay within
multivariate space.

RESULTS
Prokaryotic and viral enumeration
and 2-dimensional distributions
Flow cytometric analysis revealed 2 viral (V1 and
V2) and 2 prokaryotic (low DNA [LDNA] and high
DNA [HDNA]) subpopulations via dense regions in
biparametric cytograms of SYBR Green fluorescence
and side-scatter (see Fig. S2 in the Supplement at
www.int-res.com/articles/suppl/a077p065_supp.pdf).
Viral abundances ranged from 2.5 × 105 to 2.4 × 107
particles ml−1 (mean = 2.9 × 106, SD = 3.2 × 106, n =
95) for the V1 subpopulation, from 4.5 × 104 to 8.6 ×
106 particles ml−1 (mean = 1.0 × 106, SD = 1.1 × 106,
n = 95) for the V2 subpopulation and from 2.9 × 105 to
3.3 × 107 particles ml−1 (mean = 4.0 × 106, SD = 4.2 ×
106, n = 95) for total viruses. Prokaryotic abundances
ranged from 5.6 × 106 to 3.6 × 107 cells ml−1 (mean =
1.7 × 107, SD = 8.7 × 106, n = 95) for the LDNA subpopulation, from 3.4 × 106 to 1.4 × 107 cells ml−1
(mean = 7.4 × 106, SD = 2.8 × 106, n = 95) for the
HDNA subpopulation and from 9.2 × 106 to 4.6 × 107
cells ml−1 (mean = 2.5 × 107, SD = 1.1 × 107, n = 95) for
total prokayotes. One sample well was empty after
water collection, providing a total of 95 samples from
the 96-well microplate.
The 2-dimensional distributions of prokaryotes and
viruses were characterised by hotspots and coldspots
in abundance (Figs. 1 & S2). V1 had a maximum
hotspot of 2.4 × 107 particles ml−1 and a minimum
coldspot of 2.5 × 105 particles ml−1, resulting in an
overall 97.5-fold change in abundance over the sampling area. V2 had a maximum hotspot of 8.8 × 106
particles ml−1 and a minimum coldspot of 4.5 × 104
particles ml−1 resulting in an overall 195.4-fold
change in abundance over the sampling area. LDNA
had a maximum hotspot of 3.6 × 107 cells ml−1 and a
minimum coldspot of 3.7 × 106 cells ml−1 resulting in
a 9.7-fold change in abundance over the sampling
area. HDNA had a maximum hotspot of 1.4 × 107 cells
ml−1 and a minimum coldspot of 2.7 × 106 cells ml−1
resulting in a 5.2-fold change in abundance over the
sampling area. From one sampling well to the next,
the largest change in abundance for V1 was 84.2fold, V2 was 115-fold, LDNA was 5.9-fold, HDNA
was 3.7-fold, total viruses was 90.6-fold and total
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Fig. 1. Two-dimensional contour plots showing the presence of hotspots (H1–H3), coldspots (C1–C3) and background (B1–B3)
in (A) low DNA (LDNA), (B) high DNA (HDNA), (C) total prokaryotes, (D) virus-1 (V1), (E) virus-2 (V2) and (F) total viruses.
Faint gridlines indicate sampling interval; vertical profiles are separated by 0.9 cm. Colour intensity scale in cells or
viruses ml−1. Circles in (C) indicate sample location and corresponding label

prokaryotes was 4.5-fold per 0.9 cm. In addition, vertical gradients were present within the prokaryotic
subpopulations with low abundance values in one of
the bordering vertical profiles within the LDNA,
HDNA and total prokaryotes, resulting in an up to 6fold change in abundance over the 6.8 cm horizontal
sampling distance (Fig. 1).

p ≤ 0.009). The remaining prokaryotic and viral single vertical profiles were not significantly correlated
(Table S1 in the Supplement).

Taxonomic profiles
Hotspots

Correlations
Of the 56 total subpopulation vertical profile correlations, the single vertical profiles of V1 and V2 were
positively correlated to one another in all 8 vertical
profiles (r2 ≥ 0.94, n = 12, p < 0.0001), whereas 4 out
of the 8 possible single vertical profiles of LDNA and
HDNA were positively correlated (r2 ≥ 0.72, n = 12,

At the genus level, averaged hotspots contained an
abundance of Geothrix (12.7%), Nocardioides (9.1%),
Flexibacter (7.8%), Chryseoglobus (5.6%), Thiobacillus (4.9%), Bacteroides (4.8%), Pseudomonas (4.3%)
and Planctomyces (4.1%) (Fig. 2A; Table S2 in the
Supplement). SIMPER analysis of the hotspots at the
genus level revealed a similarity of 55.4, with Geothrix, Nocardioides and Chryseoglobus being the
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main contributors, contributing to > 5%
similarity. PERMdisp analysis showed
an average dispersion of 30.3 (SE =
2.7).
Phylogenetic average abundance
analysis of the averaged hotspots
showed a high occurrence of Proteobacteria
(28.9%),
Actinobacteria
(21.9%), Bacteroidetes (20.0%) and
Acidobacteria (10.1%), with phyla
dominance less obvious in the hotspots, as Proteobacteria had an average abundance of 7.0 and 8.9%
above the second and third most
abundant phyla, Actinobacteria and
Bacteroidetes (Fig. S3A, Table S2 in
the Supplement).
Genera profiles of individual hotspots showed a higher average abundance of Pseudomonas (9.4%) in H2,
Parasporobacterium (10.2%) and Lachnospiraceae incertae sedis (9.4%) in
H1 and Bacteroides (14.2%) in H3
(Fig. 2B; Table S3 in the Supplement).
At the phyla level, there was a higher
occurrence of Proteobacteria (33.0%)
in H2, Firmicutes (20.2%) in H1 and
Bacteroidetes (29.2%) in H3 (Fig. S3B).
At the genus level, SIMPER analysis
of the individual samples revealed
similarities of 61.2 for H3, 53.3 for H2
and 57.5 for H1. Between sample
positions there was lower dissimilarity
between H1 and H3 than H3 and H2
and H1 and H2 (Table S4 in the
Supplement). The main contributor to
dissimilarity between the hotspot
samples were Bacteroides and Parasporobacterium, which contributed to
> 3% dissimilarity. SIMPER analysis of
presence vs. absence revealed an
average similarity of 56.5. Between
H1 and H3, H3 and H2 and H1 and
H2, the number of exclusive genera
were 35, 15 and 24, respectively
(Tables S4 & S5).

Coldspots
Fig. 2. Average abundance taxonomic profiles at the genus level of (A) averaged hotspot (n = 3), coldspot (n = 3) and background (n = 3) samples, and (B)
individual hotspot (H1, H2 and H3), coldspot (C1, C2 and C3) and background
(B1, B2 and B3) samples. For clarity, genera representing < 2 and < 6% total
average abundance were omitted. *: incertae sedis

At the genus level, averaged coldspots contained an abundance of Geothrix (15.7%), Nocardioides (14.7%),
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Chryseoglobus (8.3%), Flexibacter (7.0%), Austwickia (6.7%), Kaistia (6.3%) and Parasporobacterium (5.1%) (Fig. 2A, Table S2). SIMPER analysis at
the genus level revealed a similarity of 69.8, with the
main contributors Nocardioides and Geothrix contributing to > 5% similarity. PERMdisp analysis
showed an average dispersion of 20.7 (SE = 1.1). Phylogenetic profiles of the averaged coldspots showed
an abundance of Actinobacteria (37.0%), Proteobacteria (19.3%), Acidobacteria (13.8%) and Bacteroidetes (13.8%), with the most dominant phyla in the
coldspots, Actinobacteria, representing 17.7% more
than the second most abundant phyla (Fig. S3A,
Table S2).
At the genus level, SIMPER analysis of the individual samples revealed similarities of 70.3, 71.6 and
66.0 for C2, C1 and C3, with a lower dissimilarity
between C1 and C2 than C1 and C3 and C2 and C3
(Table S4). Parasporobacterium was the main contributor to dissimilarity between coldspot samples,
accounting for ≥1.6% dissimilarity. SIMPER analysis
of presence vs. absence revealed an average similarity of 75.2.

Background
At the genus level, averaged background samples
had an abundance of Kaistia (19.9%), Geothrix
(13.2%), Nocardioides (8.7%), Parasporobacterium
(6.4%), Lachnospiraceae incertae sedis (5.4%), Chryseoglobus (4.9%) and Flexibacter (4.1%) (Fig. 2A,
Table S2). SIMPER analysis at the genus level revealed a similarity of 74.3, with Kaistia and Geothrix
(the main contributors to similarity) accounting for
6.2 and 5.3% similarity. PERMdisp analysis at the
genus level revealed an average dispersion of 17.7
(SE = 0.4). Phylogenetic profiles of the averaged background values showed an abundance of Proteobacteria (37.2%), Actinobacteria (22.6%), Firmicutes
(13.3%) and Acidobacteria (12.2%), with the most
abundant phyla, Proteobacteria, represented 14.6%
more than the next abundant phyla (Fig. S3A,
Table S1).
At the genus level, SIMPER analysis of the individual samples revealed similarities of 76.2, 74.6 and
74.1 for B1, B2 and B3, with a lower dissimilarity
between B1 and B3 than B2 and B3 and B2 and B1
(Table S4). Lachnospiraceae incertae sedis was the
main contributor to dissimilarity between the background samples, accounting for ≥ 3.7% dissimilarity.
SIMPER analysis of presence vs. absence revealed an
average similarity of 77.3. In all instances — hotspots,
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coldspots and background — the most abundant Proteobacteria was Alpha- followed by Betaproteobacteria (Fig. S4 in the Supplement). No archaea were
identified in the taxonomic profiles. Sequence quality filtering, chimera detection, read lengths and
OTU classification results are provided in the Supplement.

Sample type comparisons
SIMPER analysis at the genus level revealed the
highest level of dissimilarity (51.0) and genera exclusivity between the averaged hotspots and background, with Kaistia, Thiobacter and Thiobacillus
contributing to > 2.2% of this dissimilarity (Tables S4
& S6). The dissimilarity (47.2) and genera exclusivity
between the averaged hotspots and coldspots was
the second highest, with Parasporobacterium and
Opitutus contributing to >1.7% of the dissimilarity
(Tables S4 & S6). The averaged coldspots and background had the lowest level of dissimilarity (39.6)
and genera exclusivity, with Kaistia, Thiobacillus and
Thiobacter contributing to > 2.5% of this dissimilarity
(Tables S4 & S6).
Metric MDS analysis showed a difference between
sample types with higher spread between hotspots
rather than coldspots and background (Fig. 3).

Fig. 3. Metric multidimensional scaling (MDS) analysis of
sample type, hotspot (red triangles), coldspot (blue diamonds) or background (green circles). Metric MDS ordination employed 500 bootstrap averages of the centroid of
each sample to show where 95% of the centroid averages lie
within multivariate space
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Proximate samples
Proximate samples were compared to determine
whether a spatial component was present within the
taxonomic profiles. At the genus level, SIMPER analysis of proximate coldspots and hotspots revealed an
average dissimilarity of 29.2 between samples C2 and
C1, 47.2 between samples C2 and H1 and 46.1 between samples C1 and H1. Parasporobacterium contributed to > 2.5% dissimilarity between the coldspot
samples, while Parasporobacterium, Lachnospiraceae
incertae sedis and Nocardioides contributed to >1.9%
dissimilarity between coldspot and hotspot samples.
SIMPER analysis of presence vs. absence data
showed a higher dissimilarity and exclusivity between
proximate hotspots and coldspots, rather than proximate coldspots, with 94 and 103 genera exclusive between C1 and H1 and C2 and H1, and only 17 genera
exclusive between C1 and C2 (Tables S4 & S5).
At the genus level, SIMPER analysis of the proximate background and hotspot samples showed a
higher dissimilarity between hotspots and background, rather than background samples (Table S4).
Lachnospiraceae incertae sedis and Kaistia accounted
for ≥ 3.6% dissimilarity between the background
samples, while Kaistia and Bacteroides contributed
to ≥ 3.4% dissimilarity between background and hotspot samples.
SIMPER analysis of presence vs. absence data also
showed a higher dissimilarity and exclusivity between hotspots and background rather than background samples (Tables S4 & S6), with 81 and 115
genera exclusive between hotspot and background
samples compared to 18 genera between the background samples (Tables S4 & S6).

DISCUSSION
Microscale viral and prokaryotic distributions —
hotspots, coldspots and surface gradients
Hotspots and coldspots were present in prokaryotic
and viral microscale distributions near to the sediment−water interface of the river bed (Fig. 1). These
patchy distributions in prokaryotic and viral abundance appear ubiquitous, having previously been
found in a number of studies (Seymour et al. 2007,
Stocker et al. 2008, Dann et al. 2014). In addition to
hotspots and coldspots, surface abundance gradients
were present within the prokaryotic subpopulations
(Fig. 1). Surface abundance gradients relate to organic matter sinking and its incorporation into the

benthos allowing its degradation and transformation
by bacteria, therefore resulting in high nutrient concentrations at the sediment−water interface and
hence high microbial abundance (Seymour et al.
2007). Unlike previous observations, the gradients
observed here were vertical to the sediment−water
interface and characterised by decreased rather than
increased abundance (Seymour et al. 2007, Dann et
al. 2014). Here, the decrease was 6-fold over 6.8 cm,
whereas previously the increases were 2- to 15-fold
over 15 and 11.3 cm sampling distances (Seymour et
al. 2007, Dann et al. 2014). The lower abundance in
these observed gradients implies a gradient of a different mechanism, perhaps extensive lysis via phage,
or non-selective grazing via protists, with the latter
being favoured due to a lack of correlation between
viral and prokaryotic abundances within this gradient (Weinbauer & Höfle 1998).
A maximum abundance variation of 115-fold above
background over 0.9 cm was observed in V2, which is
similar to the maxima of 107-fold above background
over 0.9 cm observed recently in the same river environment (Dann et al. 2016a), suggesting there is viral
spatial heterogeneity within this river system. A maximum 5.9-fold change per 0.9 cm in abundance observed in prokaryotic subpopulations is much lower
than the previous reported maxima of 80.5-fold per
0.9 cm (Dann et al. 2016a), perhaps due to the surface
gradients within the prokaryotic microscale distributions, as these would lead to a more gradual change in
abundance over the sampling area. Vertical profiles of
the viral subpopulations were positively correlated
with one another in all instances, and half of the prokaryotic subpopulations profiles were positively correlated to each other. In contrast, the vertical profiles
of prokaryotic and viral subpopulations showed no
correlations. Prokaryotic subpopulation correlations
could relate to stimuli responses, such as to particulate
organic matter, nutrient gradients or hydrological
conditions, leading to the formation of high abundance areas (Stocker et al. 2008), whilst positive correlations between V1 and V2 could indicate minimal
ecological separation between the 2 subpopulations
(Seymour et al. 2006). The lack of strong negative and
positive correlations between viral and prokaryotic
subpopulations may be due to temporal mismatch of
the populations. However, it also suggests that
grazers may be the dominant source of prokaryotic
mortality, therefore releasing energy to higher trophic
levels, and hence being the prevailing removal process for coldspot formation (Weinbauer & Höfle 1998,
Tsai et al. 2013). In addition, observed viral subpopulations may have eukaryotic hosts, as has been found
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in previous work by Parvathi et al. (2012), with the
possible presence of algal viruses in the V1 region
that do not respond to prokaryote population fluctuations. The lack of correlations might also indicate the
ephemerality of heterogeneity where the diffusivity of
viral progeny is low in comparison to potential bacterial motility rates, leading to high viral abundances in
areas of past nutrient patches and prokaryotic hotspots (Seymour et al. 2006).
The viral and prokaryotic subpopulations were similar to those observed previously within the same environment from samples collected in 2012 (Dann et al.
2016a). However, mean viral concentrations were 20fold lower for V1 and 19-fold lower for V2, despite
both studies sampling during winter (Dann et al.
2016a). This difference in abundance may be due to
the delivery of environmental water via flows and releases from locations upstream during 2013 and 2014,
which resulted in higher flows to the South Australian
portion of the Murray River sampled here (Burrell et
al. 2014, DEWNR 2014). Despite this study and Dann
et al. (2016a) sampling one spatial point, these results
could potentially indicate that within this highly regulated river, viral abundance may be more dependent
on annual river flow dynamics rather than seasonal
variations typically observed in other freshwater studies (Walker & Thoms 1993, Maheshwari et al. 1995).

Hotspots and coldspots as distinct spatial
taxonomic distributions
From early studies showing patchiness within
plankton distributions (Birge 1897, Bainbridge 1957,
Malone & McQueen 1983) to recent microscale work
confirming patchiness in bacterial, viral and phytoplankton communities (Waters et al. 2003, Seymour
et al. 2006, Dann et al. 2014) — whether this patchiness represented temporary abundance increases or
distinct communities remained unknown. Here, we
confirm that microscale microbial hotspots, coldspots
and background regions represent distinct spatial
taxonomic distributions (Fig. 3). Hotspots were characterised by distinct genera abundance increases,
specifically Parasporobacterium, Lachnospiraceae incertae sedis, Pseudomonas and Bacteroides (Fig. 2B).
Genera abundance increases differed between hotspot samples, leading to high dissimilarity with coldspots and background as well as other hotspot samples. Increases in specific genus abundance indicates
exploitation of favourable environmental conditions,
for instance fast moving motile bacteria taking advantage of ephemeral nutrient patches which other bac-
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terial species may not have the speed to encounter in
time (Seymour et al. 2006, Stocker et al. 2008). Success in competition could be coupled with the decline
in other species, which would likely be due to selective grazing by protists or lysis by the phage of these
non-successive species. Stocker et al. (2008) showed
that some species of bacteria are capable of better
exploiting ephemeral nutrient patches due to their
motility rates, referred to as ‘opportunitrophs’. This
exploitation is possible for Pseudomonas, as well as
some species of Bacteroides, as they are capable of
motility (Shrout et al. 2006, McBride & Zhu 2013).
In addition, specific genus abundance increases may
represent microbial associations with suspended particulate matter. For instance, within riverine systems,
organic and inorganic suspended particles produced
via auto- and allochthonous sources can harbour a
range of microbial communities (Kernegger et al.
2009). Specifically, Bacteroidetes have been shown to
colonise and dominate large particles due to their ability to grow whilst attached to particles (FernándezGómez et al. 2013). These particle-associated microbial
communities contribute to a high proportion of activity
and production (Iriberri et al. 1987, Griffith et al. 1990,
Grossart & Simon 1993, 1998). Abundance increases of
Pseudomonas may suggest microenvironments where
this genus is able to out-compete other genera for a
nutrient source, hence leading to its increased abundance. In addition, pseudomonads have the capacity
to live anaerobically in biofilms (Hassett et al. 2002).
Therefore, the abundance increases of Pseudomonas
could indicate either biofilm aggregates or the exploitation of nutrient patches due to its motility.
Bacteroides are anaerobic and constitute the majority of mammalian gastrointestinal flora, playing an
important role in the intestines. For this reason, Bacteroides have been used as faecal indicators in river
systems, indicating the presence of mammalian faecal-associated particulate matter (Okabe et al. 2007).
As the Murray River is impacted by human activity,
the presence of mammalian faecal bacteria is
expected.
The specific genera abundance increases in the
hotspots, Parasporobacterium and Lachnospiraceae
incertae sedis, are members of the Firmicutes, within
the class Clostridia. Parasporobacterium are anaerobic bacteria typically found in freshwater sediments,
and certain species, such as P. paucivorans are responsible for methanethiol and dimethyl sulphide
formation via sulphide methylation (Lomans et al.
2001). Therefore, this increase in Parasporobacterium
abundance could indicate sediment biofilm aggregates that had been resuspended into the water col-
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umn. Lachnospiraceae incertae sedis are also anaerobic and are involved in biohydrogenation in rumens,
indicating the presence of faecal particles from ruminant animals such as sheep and cattle, and therefore
the potential impact of ruminant animals on the
microbial river biota (Huws et al. 2011).
Hotspots and coldspots had higher similarity and
lower exclusivity than hotspots and background, suggesting that coldspots are the result of dying hotspots,
or that hotspots are the prolific growth of coldspots.
For instance, coldspots may indicate the promotion of
specific genera leading to the distinct genus abundance increases observed within the hotspots. Specific genus abundance increases and overall abundance increases may also occur where Kaistia has a
lowered abundance. This genus was found in high
abundances within background, but lowered abundance in coldspots and hotspots (Fig. 2). Therefore,
hotspots and coldspots could indicate a reduction in
the persistent and most abundant genera within
background environments.
Here, we identified 52, 61 and 74 bacterial genera
exclusive between hotspots and coldspots, hotspots
and background and background and coldspots,
respectively (Tables S4 & S6 in the Supplement at
www.int-res.com/articles/suppl/a077p065_supp.pdf).
Coldspots and background contained more exclusive
genera than hotspots, indicating hotspots allow specific genera enrichment at the expense of genera
diversity. As the genera exclusive to the hotspots were
not the genera with increases in abundance causing
the high dissimilarity between hotspots, coldspots
and background, this indicates that hotspots are not
exclusive representations of genera appearance, and
further supports the notion that hotspots represent
the enrichment of persistent genera. Therefore, it is
the dominance or whether genera succeed within
each microenvironment, rather than appearance or
loss, which leads to the main differences between
hotspots, coldspots and background.
By looking at adjacent samples, potential proximate
relationships were determined. Lower similarity between proximate samples suggests sample proximity
is not indicative of taxonomic and abundance similarity. Two coldspots proximate to a hotspot showed the
highest similarity due to sample type, with higher
similarity between the coldspots. The main drivers
for dissimilarity between the coldspots and hotspot
were Parasporobacterium and Lachnospiraceae incertae sedis, which had heightened abundance within
hotspots, and Nocardioides, which was more abundant in coldspots. Higher dissimilarity between coldspots and hotspots were indicated by higher exclu-

sivity in the coldspots, suggesting coldspots are high
diversity yet low abundance microenvironments,
whereas hotspots contain heightened abundance of
bacteria that are common to coldspot samples.
Proximate background and hotspot samples also
showed a higher similarity between samples of the
same type rather than proximate samples of different
type. A greater dissimilarity between sample types
was due to Kaistia and Bacteroides, with the former
more abundant within the background and the latter
showing heightened abundance in hotspots. In addition to the heightened Bacteroides abundance was its
low abundance in the background, which indicated
the background does not provide an environment
allowing Bacteroides enrichment. This could perhaps
be due to competing bacterial genera, for instance
Kaistia, as this genus had heightened abundance
within the background but a lowered abundance in
the hotspot. These proximate relationships indicate
that sample types are a better indicator of taxonomic
relatedness than sample proximity, hence showing
that background, hotspots and coldspots contain distinct taxonomic profiles (Fig. 3).

Common background within microbial
taxonomic profiles
Phylogenetic analysis of the hotspots, coldspots
and background revealed a dominance of Proteobacteria, Actinobacteria, Acidobacteria, Bacteroidetes and
Firmicutes (Fig. S3). Previous studies have shown Proteobacteria, Actinobacteria and Cytophaga-Flavobacterium-Bacteroides (CFB) are common freshwater
microbial phylotypes (Zwart et al. 2002, Newton et al.
2006, Wu et al. 2007, Andersson et al. 2008, Ballesté
& Blanch 2010). Dann et al. (2016) also found Actinobacteria, Proteobacteria and Bacteroidetes (filamentous bacteria associated with the human gut
microbiota) to be abundant within the same river environment. Acidobacteria are less common in freshwater systems, yet Dann et al. (2016) identified an
abundance of Acidobacteria during winter sampling
of the Murray River (Zwart et al. 2002). At the genus
level, hotspot, coldspot and background samples
contained an increased presence of Geothrix and Nocardioides, as well as Kaistia within the background
samples (Fig. 2). Geothrix, Nocardioides and Kaistia
are typical freshwater sediment bacteria, suggesting
their reincorporation/resuspension into the water
column from the benthos (Coates et al. 1999, Topp et
al. 2000, Jin et al. 2012). In addition, Geothrix species
are associated with the breakdown of organic mate-
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rial and Fe(III)-reduction and can assist in the oxidation of organic contaminants, and can therefore influence water quality, as has been observed in aquifers
(Nevin & Lovley 2002). Species of the Nocardioides
degrade numerous toxic organic pollutants, such as
insecticides used in agricultural farming, thus implying a potential anthropogenic effect that persists at
background levels (Topp et al. 2000).
Long & Azam (2001) hypothesised that using 1 µl
samples in heterogeneous environments would enable
better detection of rare phylotypes that would otherwise be missed if bulk phase sampling was used.
Here, we show support for this hypothesis by obtaining >1244 OTUs by using 1 µl sample volumes, compared to a previous study within the same environment that obtained 613 OTUs using 5 l sample
volumes (Dann et al. 2016). This indicates that taxonomic studies within heterogeneous environments,
particularly those concerned with the rare biosphere,
require small-scale sampling to achieve adequate
sensitivity in taxonomic profiling. Furthermore, the
size of the samples and the taxonomic differentiation
within them indicates that microbial variation persists
and is coherent down to and within the Kolmogorov
and Batchelor scales (Duarte & Vaqué 1992, Seymour
et al. 2004, 2005). The implication is that taxonomically and numerically stable microscale patches exist
in at least some aquatic environments.
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