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Abstract
Viral communities are important for ecosystem function as they are involved in critical 
biogeochemical cycles and controlling host abundance. This study investigates river-
ine viral communities around a small rural town that influences local water inputs. 
Myoviridae, Siphoviridae, Phycodnaviridae, Mimiviridae, Herpesviridae, and Podoviri-
dae were the most abundant families. Viral species upstream and downstream of the 
town were similar, with Synechoccocus phage, salinus, Prochlorococcus phage, Mimivirus 
A, and Human herpes 6A virus most abundant, contributing to 4.9–38.2% of average 
abundance within the metagenomic profiles, with Synechococcus and Prochlorococcus 
present in metagenomes as the expected hosts for the phage. Overall, the majority of 
abundant viral species were or were most similar to those of marine origin. At over 
60 km to the river mouth, the presence of marine communities provides some support 
for the Baas- Becking hypothesis “everything is everywhere, but, the environment selects.” 
We conclude marine microbial species may occur more frequently in freshwater sys-
tems than previously assumed, and hence may play important roles in some freshwa-
ter ecosystems within tens to a hundred kilometers from the sea.
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1  | INTRODUCTION

Aquatic viral communities are important for ecosystem function 
as viral- mediated lysis of hosts accentuates nutrient and dissolved 
organic matter release, modifies key processes such as primary pro-
duction, facilitates genetic exchange between microorganisms and 
controls bacterial community composition and abundance (Fuhrman, 
1999; Newton, Jones, Eiler, McMahon, & Bertilsson, 2011; Suttle, 

2005; Wilhelm & Matteson, 2008; Wommack & Colwell, 2000). 
Previously, transitions of species between marine and freshwater 
environments was considered rare, with studies showing genetic dis-
tinctness of viruses between freshwater and other aquatic environ-
ments, indicating specificity in freshwater viromes at the community 
scale (Roux et al. 2012). Transitions between marine and freshwater 
environments are considered rare due to a lack of close relatedness 
between macro-  and micro- organisms in marine and freshwater envi-
ronments (Logares et al., 2009). However, there is evidence for viral 
propagation in different biomes. For instance, Sano, Carlson, Wegley, 
and Rohwer (2004) showed phage communities from lake water could 
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replicate when incubated with marine microbes, suggesting either 
broad host ranges allow phage to move between biomes or their 
microbial hosts are able to move and grow within different biomes. 
In addition, Wilhelm et al. (2006) found that marine Synechococcus 
cyanophage were abundant in a Laurentian great lake and suggest-
ed these marine phage may be important to freshwater systems. 
Wilhelm et al. (2006) suggested two mechanisms for the transport of 
the marine phage species, either via boat ballast water, or through the 
presence of a natural host.

Alternatively, the occurrence of marine viruses in freshwater sys-
tems could relate to the historical conditions of the environment, with 
the microbial community serving as a biomarker of past conditions. 
The Murray Basin and its rivers formed during the Cainozoic era, after 
the separation of Antarctica and the southern border of Australia 
(Kingham, 1998). During the Oligocene to mid- Miocene, a substan-
tial marine transgression occurred which led to the seas flooding the 
eastern coast of South Australia (Brown, Campbell, & Crook, 1968; 
Kingham, 1998). Following this, several marine transgressions and 
regressions occurred during the upper Miocene to Pliocene (Brown 
et al., 1968; Kingham, 1998). From these historical events, fossil 
records of marine organisms exist within the sediments and limestone 
underlying the Murray River in this region, and large concentrations of 
salt remain within the sediments and soil (Kingham, 1998; Zhisheng, 
Bowler, Opdyke, Macumber, & Firman, 1986). These regions contain 
a large number of active and inactive fossil salt- lake systems (Bowler 
& Magee, 1978; Zhisheng et al., 1986). The high concentration of salt 
underlying the Murray River has led to salinity problems due to dis-
charge of saline ground waters (Brown & Stephenson, 1991). These 
highly saline groundwaters may host species typically observed in 
saline environments and therefore introduce these microbes into the 
freshwater river system.

Viruses are highly dispersed but local environmental conditions 
will enrich specific viral species via selective pressures (Angly et al., 
2006). Viral species that are adapted to managing a range of selective 
pressures will be able to persist throughout the system. Persistence 
of bacterial genotypes was identified previously within the same river 
system and was suggestive of generalists that can adapt to system 
fluctuations (Dann, Smith, Jeffries, et al., 2016). To our knowledge, 
no such study looking at the temperate viral communities in a flu-
vial system exists. Therefore, this study works to bridge this gap by 
investigating the whole viral community and the potential shifts in this 
community profile in the Murray River upstream and downstream of 
the small rural town of Murray Bridge in South Australia. The aims of 
this study are to describe the viral community within a fluvial system 
and assess its functional characteristics, determine whether the viral 
community is stable over a river reach of several kilometers despite 
changing conditions, and lastly, determine what viral types were intro-
duced by a township and whether this greatly influenced the viral 
community. We hypothesize a higher abundance of human-  and/or 
animal- associated viruses downstream due to the potential anthro-
pogenic impact of water runoff. To test this hypothesis, viral metag-
enomics was performed to identify the diversity of freshwater viral 
communities upstream and downstream.

2  | EXPERIMENTAL PROCEDURES

2.1 | Sample sites

Samples were collected 3.3 km upstream from Murray Bridge at 
Mobilong (−35.099, 139.289), and 3.3 km downstream from Murray 
Bridge at Long Island reserve, South Australia (−35.131, 139.299) on 
February 11th, 2014. Murray Bridge is located approximately 60 km 
upstream from the river mouth. Triplicate samples were collected 
at each site for silica, nitrate, nitrite, ammonium, phosphate, and iron 
concentration measurements. Nutrient concentrations were measured 
using a LF 2400 photometer and Aquaspex water testing products. 
To test whether nutrient concentrations were significantly different 
between sample sites, a two- tailed student t- test with assumed unequal 
variance was performed. The downstream site had an island separating 
the river, whereas the upstream site was an open water site with mini-
mal vegetation. According to monitoring station data, the water level 
was 0.55 m AHD, water temperature was 24.1°C, electrical conductiv-
ity was 305 μs/cm and water flow rate was 0.09 m/s at the time of sam-
pling (DEWNR, 2014a,b). The sampling sites were characterized by slow 
water flow rates and hence were highly turbulent (Dann et al. 2016a).

2.2 | Virus-like particle (VLP) and prokaryote 
enumeration

Six triplicate samples were collected mid- water column and from the 
river bank at each sampling site for VLP and prokaryote enumeration 
via flow cytometry. Samples were collected according to Dann et al. 
(2014). Briefly, 1 ml sample aliquots were placed into 2 ml cryovials 
containing 20 μl of glutaraldehyde (0.5% final concentration) and 
stored at 4°C for 15 min in the dark before being snap frozen in liquid 
nitrogen and stored at −80°C (Brussaard, 2004; Dann et al., 2014). 
Flow cytometry was performed within 3 weeks to avoid sample dete-
rioration (Brussaard, 2004).

This study adopts the same flow cytometry protocol as previ-
ous studies (Dann et al., 2014; Dann, Paterson, Newton, Oliverand, 
& Mitchell, 2016; Dann, Smith, Jeffries, et al., 2016; Roudnew et al., 
2012; Seymour, Seuront, Doubell, & Mitchell, 2008; Smith, Paterson, 
Sibley, Hutson, & Mitchell, 2015). Briefly, thawed samples were diluted 
1:100 with Tris- EDTA buffer (pH 7.4, 0.2 μm filtered, 10 mmol L−1 Tris, 
1 mmol L−1 EDTA) and stained with SYBR Green I (1:20,000 final dilu-
tion; Molecular Probes). Samples were incubated at 80°C for 10 min in 
the dark to optimize VLP counts (Brussaard, 2004; Brussaard, Marie, & 
Bratbak, 2000; Dann et al., 2014; Dann, Peterson, et al., 2016; Dann, 
Smith, et al. 2016; Marie, Brussaard, Thyrhaug, Bratbak, & Vauolt, 
1999; Marie, Partensky, Jacquet, & Vaulot, 1997; Schapira et al., 2009; 
Seymour, Seuront, & Mitchell, 2007). Fluorescent beads of 1 μm diam-
eter (final concentration of approximately 105 beads ml−1, Molecular 
Probes) were added to each sample and served as an internal concen-
tration and size standard. Measured flow cytometry parameters were 
normalized to fluorescence and bead concentration (Brussaard, 2004; 
Brussaard et al., 2000; Dann et al., 2014; Gasol & Del Giorgio, 2000; 
Marie et al., 1997, 1999; Schapira et al., 2009).
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A FACSCanto II flow cytometer (BD) equipped with red (633 nm, 
17 mW), blue (488 nm, 20 mW, air- cooled), and violet (405 nm, 
30 mW) lasers and utilizing a phosphate- buffered saline (PBS) sheath 
fluid was employed. Green fluorescence (SYBR I), forward- angle light 
scatter (FSC), and right- angle side scattered light (SSC) were acquired 
for each sample. Samples were run for 2 min on a low flow rate setting 
to record <1000 events per second. Triplicate negative control samples 
containing Tris- EDTA buffer (0.2 μl filtered) stained with SYBR Green I 
were analyzed during each session to eliminate potential background 
noise from flow cytometer artifacts or sample preparation (Dann et al., 
2014). Resulting cytograms and histograms were exported as FSC 3.0 
files and used for VLP subpopulation enumeration via FlowJo (Tree 
Star, Inc.) (Smith et al., 2015). VLP populations were discriminated by 
side- scatter and SYBR Green fluorescence (Brussaard, 2004; Dann 
et al., 2014; Dann, Peterson, et al., 2016; Dann, Smith, et al. 2016; 
Marie et al., 1997, 1999).

2.3 | DNA concentration, 
purification, and sequencing

For metagenomic analysis, a total of 30 L of water was collected mid- 
water column from the river bank at each sampling site using sterile 
carboys. While sampling, care was taken not to disrupt the river bed as 
water column samples were desired. Samples were processed immedi-
ately, firstly by prefiltering through 5 μm filters (Whatman) to remove 
large suspended particulate matter using a series of vacuum pumps and 
Nalgene filtering units. FeCl3 precipitation was employed for viral con-
centration following the methods by John et al. (2011), Hurwitz, Deng, 
Poulos, and Sullivan (2013a), and Hurwitz, Hallam, and Sullivan (2013b) 
with adjustments to freshwater systems. Namely, the concentration of 
FeCl3 added to the filtrate was amended to 10 mg of Fe per liter of 
river water, as used in previous freshwater systems (Chang, Stevenson, 
Bryant, Woodward, & Kabler, 1958; Zhu, Clifford, & Chellam, 2005), 
to enable proper precipitation of freshwater viruses. Also, additional 
filtering steps were employed due to the presence of fine suspended 
particles. Briefly, 30 L pre- filtered samples were filtered through a 
series of filters, Whatman GF/A glass microfiber filters (1.6 μm reten-
tion; 150 mm diameter), Whatman GF/F glass microfiber filters (0.7 μm 
retention; 150 mm diameter), and Millipore express filters (0.22 μm 
retention; 142 mm diameter). FeCl3 was added to the viral filtrate at a 
concentration of 10 mg of Fe per liter of river water. Viral particles were 
left to precipitate at room temperature for 1 hr with constant mixing. 
The viral precipitate solution was filtered through polycarbonate mem-
brane filters (1.0 μm retention; 142 mm diameter) on top of Pall Supor 
filters (0.8 μm retention; 142 mm diameter) to collect the viral precipi-
tate. All viral filtering steps were carried out using 142 mm acrylic in- 
line filtering towers (ENVCO). Viral concentrations were determined via 
flow cytometry at each step of the filtering process to ensure sufficient 
concentration. A negative control of sterile autoclaved MilliQ water 
was run through the filtering process and analyzed via flow cytometry 
to ensure method sterility. The filters containing the viral precipitate 
were then treated with magnesium- EDTA- ascorbate buffer (0.1 mol L−1 
Mg2EDTA, 0.2 mol L−1 ascorbic acid, pH 6.0) to resuspend the viral 

particles and purified using DNase I (100 U ml−1) in reaction buffer 
(10 m mol L−1 Tris- HCl pH 7.6, 2.5 m mol L−1 MgCl2, 0.5 m mol L−1 
CaCl2) and left on a tube rotator for 2 hr at room temperature until 
extraction. Extraction was carried out using a QIAamp MinElute virus 
spin kit (Qiagen Pty. Ltd.) as per the manufacturer’s instructions (Fig. S7).

To acquire adequate genomic material for sequencing GenomiPhi 
was used for DNA amplification (GE Healthcare) which created non-
specific amplification via polymerase phi29 (Robin et al., 2012). As we 
were interested in the differences between sampling sites rather than 
absolute taxonomic abundances, the potential biases introduced from 
this method were not considered problematic as they would be pres-
ent in all the samples. Genomic DNA was sequenced using Illumina 
MiSeq 2 x 250 bp sequencing (Molecular Research). Briefly, genomic 
DNA was isolated, purified, fragmented, and ligated to sequencing 
adapters. Once amplification and denaturation was performed, librar-
ies were prepared via Nextera DNA Sample Preparation Kit (Illumina) 
to produce individual barcode indices. Each library was prepared 
using 50 ng of DNA per sample. The libraries were then pooled and 
sequenced and an Experion Automated Electrophoresis Station (Bio- 
Rad) was then used to determine the insert sizes for each library. Insert 
sizes ranged from 300 to 850 bp, with an average size of 500 bp. 
Pooled 12 pM libraries were then loaded to a 500 Cycles v3 Reagent 
cartridge (Illumina) and sequenced using Illumina MiSeq.

2.4 | Taxonomic analyses

Sequenced viral DNA in FASTQ format were quality filtered, trimmed 
and adapters, unknown terminal bases, poly- A tails, and low- quality 
3′ read regions were removed via FqTrim (Pertea, 2015). Paired- ends 
were joined and RiboPicker was used to remove 16s, 18s, 28s, and 
5.8s ribosomal RNA to increase the quality of sequences and rel-
evance of the results (Schmieder, Lim, & Edwards, 2012). Bowtie 2 
was used to remove human sequences using the H. sapiens UCSC 
hg18 Bowtie 2 index (Deng et al., 2015; Langmead & Salzberg, 2012). 
Sequences were dereplicated for 100% sequence similarity using 
USEARCH (Edgar, 2010). Dereplicated sequences were assembled 
using Velvet, with a k- mer length of 49 (Zerbino & Birney 2008). 
These contigs were then analyzed via tBLASTx with the NCBI viral 
RefSeq database using an e- value of 10−7 (Deng et al., 2015). Viral 
taxonomic representation was determined via Galaxy (Blankenberg 
et al., 2010; Giardine et al., 2005; Goecks, Nekrutenko, & Taylor, 
2010). Velvet was employed for assembling due to its success with 
previous Illumina viral metagenomics datasets showing highly reli-
able contig construction using short read sequencing, as well as its 
compatibility with the file formats obtained from postprocessing 
(Vázquez- Castellanos, García- López, Pérez- Brocal, Pignatelli, & Moya, 
2014). VelvetOptimiser was employed to determine optimum assem-
bly parameters. Hash values from 20 to 399 were explored with a 
k- mer length of 49 chosen to allow a balance between specificity and 
sensitivity. The short paired fasta file option was used with a mini-
mum contig length of 100 and a coverage cut- off value of 15×. Velvet 
was selected over MetaVelvet as no significant difference was found 
between them (Vázquez- Castellanos et al., 2014).
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For bacterial sequence annotation, each metagenome was upload-
ed to the MetaGenome Rapid Annotation with Subsystem Technology 
(MG- RAST) online server v3.6 (http://metagenomics.nmpdr.org/) and 
compared to the SEED nonredundant database via BLASTX with a 
minimum alignment length cutoff of 50 bp and minimum sequence 
identity cutoff of 65% (Meyer et al., 2008). Only sequence hits with an 
E- value of <10−5 were considered to be significant for further analyses. 
The number of sequences classified were normalized to the metage-
nome sequence size to allow comparison between the upstream and 
downstream metagenome. For functional annotation, MG- RAST was 
used to categorize gene sequences into general metabolic systems 
and SEED subsystems using the aforementioned parameters. These 
sequence data have been submitted to the GenBank database under 
accession number SAMN04631800.

2.5 | Data analysis

Taxonomic and metabolic profiles were exported to the Statistical 
Analysis of Metagenomic Profiles (STAMP) software package v2.1.3 
to compare differences in taxonomy and metabolism between the 
upstream and downstream metagenomes (Parks & Beiko, 2010). 
Statistically significant differences were calculated using Fisher’s 
exact test with Benjamini–Hochberg false- discovery- rate (FDR) mul-
tiple test correction. The FDR method was used to calculate false 
positive percentage, reported in extended error bar plots as q values. 
The q value threshold was >.05 and the p- value threshold was.05. 
The 95% confidence intervals were calculated using the Newcombe–
Wilson method.

Rank abundance graphs were constructed of the lowest classifica-
tion sequence reads to assess whether viral diversity displays power 
law behavior (Edwards & Rohwer, 2005). For rigor, maximum likelihood 
estimation was used to fit a power law and test significance (Clauset, 
Shalizi, & Newman, 2009). Specifically, an optimal power law (y = Ax−α) 
was found for n species, counting from the most to least abundant, 
for each site (Clauset et al., 2009). The single most abundant genus 
was removed as an outlier, and the model fitted to genera of equal 
or higher abundance than xmin. The resulting model was tested for 
significance via a Kolmogorov–Smirnov (KS) goodness of fit test. If the 
data and model fit the same distribution, the KS test statistic Dn is less 
than the KS critical value (95% confidence).

3  | RESULTS

3.1 | VLP and prokaryote abundance

Flow cytometric analysis revealed two VLP subpopulations, VLP 1 
and VLP 2, and two prokaryotic subpopulations, low DNA (LDNA) and 
high DNA (HDNA), via monoparametric histograms of SYBR Green 
I fluorescence and biparametric cytograms of side- scatter (SSC) and 
SYBR Green I fluorescence (Fig. S1). Table 1 shows the average abun-
dance of VLP and prokaryote subpopulations. Two- sample t- testing 
showed no significant difference between the upstream and down-
stream mean prokaryotic or VLP abundances (p ≥ .13).

3.2 | Nutrient concentrations

Table 2 shows the nutrient concentrations upstream and downstream. 
Nitrate and phosphate concentrations were significantly higher at the 
upstream site (p < .009, p < .045) via a two- tailed Student’s t- test with 
assumed unequal variance.

3.3 | Taxonomic profiling of riverine viral 
metagenomes

Raw unjoined FASTQ files contained 2,504,235 and 2,078,210 
sequences for the upstream site and 2,626,578 and 2,228,065 
sequences for the downstream site. Quality filtering via FqTrim 
removed 19% and 37% of the upstream sequences and 26% and 
32% of the downstream sequences, whereas Ribopicker removed 
942 sequences from the upstream sample and 285 sequences for the 
downstream sample. Bowtie 2 revealed 0.02% human contamination 
in both sample site metagenomes, with 174 sequences removed for 
the upstream sample and 269 sequences removed for the down-
stream sample. Dereplication via USEARCH led to the removal of <32 
sequences for the upstream and downstream samples.

3.3.1 | Upstream

At the upstream site 262 viral species were identified. At the family 
level, the average abundance of Myoviridae was 30.3%, Siphoviridae 
was 23.3%, Mimiviridae was 15.1%, Phycodnaviridae was 12.1%, 

TABLE  1 Average abundance of VLP and prokaryotic 
subpopulations as determined via flow cytometric enumeration

Subpopulation

Average abundance particles/cells ml−1 (95% CI, n)

Upstream Downstream

VLP 1 1.5 x 106 (1.7 x 106, 3) 4.2 x 105 (2 x 105, 3)

VLP 2 7.2 x 105 (6.3 x 105, 3) 4.9 x 104 (6.6 x 104, 3)

Total VLP 2.2 x 106 (2.3 x 106,6) 4.6 x 105 (2.4 x 105, 6)

LDNA 3.3 x 107 (1.2 x 107, 3) 2.3 x 107 (5.8 x 106, 3)

HDNA 1.6 x 107 (6.2 x 105, 3) 1.1 x 107 (4.7 x 106, 3)

Total prokaryotes 5.0 x 107 (1.2 x 107, 3) 3.4 x 107 (2.9 x 107, 3)

TABLE  2 Mean nutrient concentrations upstream and 
downstream

Nutrient

Concentration (mg L−1) (95% CI, n)

Upstream Downstream

Phosphate 0.83 (0.24, 3) 0.33 (0.24, 3)

Silica 0.97 (0.07, 3) 0.87 (0.26, 3)

Nitrite 0.02 (0.01, 3) 0.01 (0, 3)

Nitrate 0.93 (0.13, 3) 0.37 (0.17, 3)

Iron 0.20 (0.11, 3) 0.27 mgL−1 (0.17, 3)

Ammonium 
(total NH3/total NH4+)

0.04 (0, 3) 0.07 (0.04, 3)

http://metagenomics.nmpdr.org/
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Herpesviridae was 8.8%, Podoviridae was 7.2%, and Microviridae was 
1.3%, respectively (Fig. S2).

At the genus level, the average abundance of T4- like virus was 
26.4%, Mimivirus was 19.4%, Roseolovirus was 16.6%, Chlorovirus 
was 8.0%, Prasinovirus was 6.0%, Coccolithovirus was 5.4%, 
Prymnesiovirus and Microvirus were 2.9%, and Varicellovirus was 
2.3%, respectively (Fig. S3).

At the species level, the average abundance of Synechoccocus 
phage was 29.4%, Pandoravirus salinus was 12.9%, Mimivirus A was 
12.7%, Human herpes 6A virus and Prochlorococcus phage were 6.4%, 
Pelagibacter phage was 3.7%, Cafeteria roenbergensis virus was 3.4%, 
and Paramecium bursaria chlorella virus was 2.4%, respectively (Fig. 1).

3.3.2 | Downstream

At the downstream site 274 viral species were identified. At the family 
level, the average abundance of Myoviridae was 33.5%, Siphoviridae 
was 31.7%, Phycodnaviridae was 10.4%, Mimiviridae was 8.6%, 
Podoviridae was 7.1%, Herpesviridae was 6.4%, and Coccolithovirus 
was 3.6% (Fig. S2).

At the genus level, the average abundance of T4likevirus was 37.9%, 
Roseolovirus was 16.7%, Chlorovirus was 7.6%, Prasinovirus was 6.6%, 
Prymnesiovirus was 6.4%, and Mimivirus was 5.6%, respectively (Fig. S3).

At the species level, the average abundance of Synechoccocus 
phage was 38.2%, Pandoravirus salinus was 15.2%, Prochlorococcus 
phage was 7.5%, Mimivirus A was 6.8%, Human herpes 6A virus was 
4.9%, Pelagibacter phage was 3.6%, and Cyanophage was 2.7%, respec-
tively (Fig. 1). The most abundant Synechoccocus phage strains were 
S-SKS1, S-PM2. S-CBS4, S-SM2, and S-SSM7. The most abundant 
Prochlorococcus phage type strains were P-SSM2, Syn1, and P-SSM7.

3.4 | Rank abundance

Rank abundance graphs of the viral genotypes upstream and down-
stream revealed a generalized Pareto distribution with no significant 
difference in function and slope between the sampling sites (Fig. 2). 
The slope was −1.71 upstream and −1.66 downstream (Fig. 2 and 
Table S1).

3.5 | Bacterial metagenomic profile

The best hit classification revealed 363 known hits out of 57,695 
sequences upstream, and 357 known hits out of 41,609 sequences 
downstream. The bacterial profile revealed the most abundant bacte-
rial phyla were Chloroflexi, Proteobacteria, and Actinobacteria, which 
contributed to 51.8%, 20.1%, and 20.6% average abundance upstream 

F IGURE  1 Average abundance of viral 
species upstream and downstream. For 
clarity, only genera representing ≥0.5% 
average abundance are shown. Viral 
species determined via 49- kmer contigs 
blasted against the NCBI nucleotide 
database using tBLASTx

F IGURE  2 Rank abundance graphs 
of viral genotypes (A) upstream and (B) 
downstream. Genotypes determined using 
49 k- mer contigs against the NCBI viral 
nucleotide database using tBLASTx
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and 51.8%, 23.1%, and 15.4% average abundance downstream (Fig. 
S4). Bacteroidetes, Firmicutes, and Cyanobacteria were also present, 
contributing to 3.2%, 1.7%, and 1.2% average abundance upstream 
and 2.8%, 2.8%, and 2.0% average abundance downstream (Fig. S4).

At the family level, Chloroflexaceae, Herpetosiphonaceae, and 
Burkholderiaceae were the most abundant, accounting for 47.1%, 
23.5%, and 7.6% of the average abundance upstream and 44.4%, 
25.2%, and 11.2% of the average abundance downstream (Fig. 
S5). Streptomycetaceae and Nocardiodaceae were also abundant 
upstream, contributing to 3.8% and 2.9% average abundance, where-
as Propionibacteriaceae and Myxococcaceae were abundant down-
stream, contributing to 2.5% and 2.2% average abundance (Fig. S5).

At the genus level, Chloroflexus, Herpetosiphon, and Polynucleobacter 
were abundant, contributing to 43.3%, 21.6%, and 5.5% average 
abundance upstream and 43.7%, 24.9%, and 7.3% average abundance 
downstream (Fig. S6). Streptomyces was also abundant upstream, 
accounting for 3.5% average abundance, whereas Propionibacterium 
was abundant downstream, accounting for 2.5% average abundance 
(Fig. S6).

At the species level, Chloroflexus aggregans, Herpetosiphon auran-
tiacus, and Polynucleobacter necessarius were the most abundant spe-
cies and accounted for 46.8%, 24.0%, and 5.5% average abundance 
upstream and 44.3%, 26.4%, and 8.5% average abundance down-
stream (Fig. 3). Propionibacterium acnes, Chloroflexus aurantiacus, and 
Anaeromyxobacter were also abundant downstream, accounting for 
2.6%, 2.1%, and 2.0% average abundance, respectively (Fig. 3).

Bacterial species present at lower average abundances upstream 
were Acidothermus cellulolyticus (1.8%), Kribbella flavida (1.6%), 
Streptomyces avermitilis (1.6%), Streptomyces coelicolor (1.4%), 
Nocardioides sp. JS614 (1.4%), Candidatus pelagibacter ubique (1.4%), 
Thermobifida fusca (1.3%), and Thermobispora bispora (1.2%) (Fig. 3). 
Other bacterial species present, but at lower average abundances 
downstream, were Burkholderia pseudomallei (1.3%), Acidothermus 

cellulolyticus (1.3%), Candidatus pelagibacter ubique (1.1%), Thermobifida 
fusca (1.0%), Catenulispora acidiphila (1.1%), and Chitinophaga pinensis 
(1.2%) (Table S2).

The marine bacterial species present upstream were 
Synechococcus CC9605 (0.9%) and CC9311 (1.3%), Marinobacter 
hydrocarbonoclasticus (0.4%), marine Actinobacterium PHSC20C1 
(0.2%), Bacteriovorax marinus (0.2%), Idiomarina baltica (0.1%), 
and Idiomarina loihiensis (0.1%) (Table S2). Marine bacterial spe-
cies present downstream were Prochlorococcus marinus (0.11%), 
Synechococcus CC9605 (0.6%) and CC9311 (1.0%), Bacteriovorax 
marinus (0.3%), marine Actinobacterium PHSC20C1 (0.4%) and 
Marinobacter hydrocarbonoclasticus (0.3%), Idiomarina baltica (0.1%), 
and Idiomarina loihiensis (0.1%) (Table S2).

3.6 | Functional analyses

Functional subsystem analysis revealed 2,751 subsystems were char-
acterized upstream, whereas 2,637 subsystems were characterized 
downstream. The most abundant function at level 1 classification 
was related to phage, prophage, transposable elements, and plasmids, 
which accounted for 16.8% of the sequences upstream and 23.5% 
of the sequences downstream (Fig. 4). Membrane transport, carbo-
hydrates, amino acids, and derivatives and protein metabolism were 
also abundant, contributing to 12.2%, 7.6%, 5.3%, and 5.2% of the 
sequences upstream and 11.6%, 6.1%, 4.0%, and 4.1% of the sequenc-
es downstream (Fig. 4). There was a significantly higher proportion of 
sequences attributed to phage, prophage, transposable elements, and 
plasmids found downstream (Fig. 4).

At the functional level, the most abundant functions were phage- 
related, such as VgrG protein, which contributed to 17.7% of the 
sequences upstream and 16.6% of the sequences downstream (Fig. 5). 
In addition, phage protein, phage capsid and scaffold and phage major 
capsid protein contributed to 5.8%, 8.4%, and 7.0% of the sequences 

F IGURE  3 Average abundance 
of bacterial species upstream and 
downstream. For clarity, only species 
representing ≥1.0% total average 
abundance are shown. Bacterial species 
determined via the MG- RAST server using 
the SEED nonredundant database
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upstream and 11.6%, 9.6%, and 8.5% of the sequences downstream 
(Fig. 5). Flagellar hook- length control protein FliK, copper translocat-
ing P- type ATPase, type cbb3 cytochrome oxidase biogenesis protein 
Ccol, and ribonucleotide reductase of class Ia (aerobic) alpha subunit 
were also abundant, contributing to 0.9%, 1.1%, 1.0%, and 0.6% of the 
sequences upstream and 1.4%, 1.4%, 1.3%, and 1.1% of the sequenc-
es downstream (Fig. 5). Phage protein was significantly higher down-
stream (Fig. 5).

4  | DISCUSSION

4.1 | Viral abundance

Typically, viral abundances are higher than prokaryotic abundance, 
however, the opposite results were found in this study (Table 1). 
Viral abundances ranged from 4.9 × 104 to 2.2 × 106 particles ml−1, 
which is low compared to previous reports of viral abundance ranging 

F IGURE  4 Extended error bar plot 
comparing the functional classification 
into SEED subsystems at level 1 for 
upstream and downstream metagenome 
sequences. Subsystems were determined 
via the MG- RAST server using the SEED 
nonredundant database

F IGURE  5 Extended error bar plot 
comparing the functional classification 
into SEED subsystems at the functional 
level for upstream and downstream 
metagenome sequences. Subsystems were 
determined via the MG- RAST server using 
the SEED nonredundant database. For 
clarity only functions with ≥80 sequences 
assigned to them are shown
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from 4.1 × 107 to 2.5 × 108 particles ml−1 within freshwater systems 
(Maranger & Bird, 1995). Viral abundances in this study were also 
low compared to Dann, Peterson, et al. (2016), where the same river 
system was sampled and showed viral abundances ranging from 1.7 
to 6.7 × 107 particles ml−1 (Dann, Peterson, et al. (2016)). While VLP 
abundance studies within the Murray River system by Dann, Smith, 
Tobe, et al. (2016) found viral abundances ranging from 2.5 × 105 to 
2.4 × 107 particles ml−1, which were more similar to the abundances 
observed in this study. Dann, Peterson, et al. (2016) and Dann, Smith, 
Tobe, et al. (2016) sampled during winter, whereas this study sampled 
during summer, when higher viral abundances are expected (Bettarel, 
Sime- Ngando, Amblard, Carrias, & Portelli, 2003; Ma, Sun, Mao, Yu, 
& Wang, 2013). A potential explanation could be solar radiation lev-
els causing lower viral abundance during summer due to higher viral 
decay and degradation (Ma et al., 2013).

The similar viral abundance ranges in this study and Dann, Smith, 
Tobe, et al. (2016), which sampled during the same year, may be due to 
the delivery of environmental water during 2013 and 2014, via flows 
and releases from locations upstream, resulting in higher flows to the 
South Australian portion of the Murray River sampled here (DEWNR, 
2014a,b; Department of Primary Industries (DPI), 2014).This poten-
tially indicates that due to the highly regulated water flows in this river, 
the similar abundances may be due to annual flow changes through-
out this fluvial system impacting VLP population input and removal. 
Therefore, VLP abundance may be more dependent on annual river 
flow dynamics rather than typical seasonal variations.

4.2 | Viral diversity upstream and downstream

Comparisons of the viral species upstream and downstream revealed 
lower diversity upstream, indicating the potential input of viral spe-
cies with transport downstream. However, despite this, diversity 
comparisons showed an overall similarity in species upstream and 
downstream with the primary difference between sites being species 
abundance (Fig. 1). For instance, Human herpes 6A and Mimivirus A 
were more abundant upstream, whereas Synechocococcus phage and 
Pandoravirus salinus were more abundant downstream (Fig. 1).

Human herpes 6A infects the majority of the human population and 
exhibits latency within its host with epidemics of Human herpes 6 often 
occurring during summer months, which was when sampling occurred 
in this study (Arbuckle & Medveczky, 2011; Freitas, Monteiro, & 
Linhares, 2000). The abundance of Human herpes 6A in this river sys-
tem is potentially due to the dense human population in contact with 
this location of the Murray River. The higher abundance of Human her-
pes 6A upstream may be due to the presence of houseboats or caravan 
parks near the upstream site.

Mimivirus A was more abundant upstream (Fig. 1), which may be 
attributed to a higher abundance of Acanthamoeba hosts (Moliner, 
Fournier, & Raoult, 2010). Synechococcus phage was more abundant 
downstream (Fig. 1), and was associated with a higher abundance 
of Synechococcus RS9917 downstream (Table S1). Pandoravirus sali-
nus was more abundant downstream (Fig. 1). As this giant virus also 
infects Acanthamoeba but is marine in origin (Philippe et al., 2013), 

its higher abundance downstream may be related to an abundance of 
Acanthamoeba in addition to higher salinity levels.

4.3 | Bacterial diversity upstream and downstream

Comparisons of the bacterial species upstream and downstream 
also revealed a similarity in species (Fig. 3). Chloroflexus aggregans, 
Herpetosiphon aurantiacus, and Polynucleobacter necessarius were 
abundant at both sampling sites (Fig. 3). As C. aggregans is a thermo-
philic, phototrophic species capable of gliding motility that is able to 
form dense cell aggregates rapidly, its persistence in the system may 
be due to its ability to form biofilms on the river bed, which may have 
been resupplied from these benthic sources into the planktonic por-
tion (Hanada, Shimada, & Matsuura, 2002). C. aggregans is thermophil-
ic and hence is often found in natural hot springs (Hanada, Hiraishi, 
Shimada, & Matsuura, 1995a,b; Hanada et al., 2002; Jørgensen & 
Nelson, 1988; Pierson & Castenholz, 1995). H. aurantiacus has the 
ability to perform facultative “wolfpack” predation by excreting 
hydrolytic enzymes that degrade their prey, therefore its persis-
tence may be due to its unique predation method (Kiss et al., 2011).  
P. necessarius is ubiquitous in freshwater lakes and has strains that are 
symbiotic as well as free- living. The free- living strain is found in abun-
dance in freshwater systems globally and has a reduced genome and 
limited metabolic flexibility, whereas the symbiotic strains inhabit the 
ciliate Euplotes (Boscaro et al., 2013; Hahn, 2003). P. necessarius cells 
are small, which are believed to provide predation protection (Hahn, 
2003; Hahn, Moore, & Höfle, 1999; Simek et al., 1997;). P. necessarius 
was more abundant downstream (Fig. 3), perhaps indicating a source 
of this species between the two sites.

Propionibacterium acnes was more abundant downstream (Fig. 3). 
An abundance of P. acnes has been identified downstream of Murray 
Bridge previously in this same river system (Dann, Smith, Jeffries, et al., 
2016) and was suggested to indicate anthropogenic effects from the 
compact human population within Murray Bridge where waste may 
have entered into the river via land run- off, hence supporting our 
hypothesis.

4.4 | Marine species abundance in freshwater  
systems

Despite a clear freshwater community presence and an indication of 
human input, neither of these could mask a dominant marine com-
munity presence. Unicellular photosynthetic Synechococcus and 
Prochlorococcus are abundant within the ocean and contribute to a 
substantial proportion of primary productivity (Sullivan, Waterbury, 
& Chisholm, 2003; Sullivan, Coleman, Weigele, Rohwer, & Chisholm, 
2005; Millard, Clokie, Shub, & Mann, 2004; Mann et al., 2005; Hurwitz, 
Deng, et al. 2013; Hurwitz, Hallam, et al. 2013). Here, we report 
Synechococcus and Prochlorococcus phage were the most abundant 
viral species in this freshwater river system (Fig. 1). The most abun-
dant type strains of Synechococcus phage were S-SK1, S-PM2, S-CBS4, 
S-SM2, and S-SSM7. These specific Synechococcus phage have been 
identified in marine datasets, such as the Pacific Ocean Virome (POV) 
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dataset (Hurwitz, Deng, et al. 2013; Hurwitz, Hallam, et al. 2013), the 
Global Ocean Survey (GOS) metagenomes (Frank et al., 2013). The 
Synechococcus phage S-PM2 is a lytic cyanomyovirus capable of infect-
ing multiple marine Synechococcus host strains (Mann et al., 2005). 
The most abundant Prochlorococcus phage type strain was P-SSM2. 
This type strain is marine and has been isolated from oceanic regions 
and it is capable of infecting three low- light adapted cyanobacteria 
host strains (Sullivan et al., 2003, 2005).

Some Synechococcus and Prochlorococcus phage contain full- 
length, conserved photosynthesis genes that originate from cya-
nobacteria, which are believed to have been acquired via horizontal 
gene transfer (Sullivan et al., 2003, 2005; Millard et al., 2004; Lindell 
et al. 2004). Possession of such genes provides an advantage, such as 
adaption to light intensity variations and continued repair mechanisms 
after host cell protein synthesis has shut down, therefore allowing con-
tinued photosynthetic activity and oxygen evolution, while providing 
energy to allow extended viral replication (Havaux, Guedeney, Heand, 
& Grossman, 2003; Millard et al., 2004; Hurwitz, Deng, et al. 2013; 
Hurwitz, Hallam et al. 2013). Phage infection can therefore have a 
significant effect on phototroph physiology, the evolutionary path of 
host- encoded alleles and hence overall biogeochemical cycling (Mann 
et al. 2003; Millard et al., 2004;. Hurwitz, Deng, et al. 2013; Hurwitz, 
Hallam et al. 2013) found that these cyanobacterial photosynthesis 
genes from phage hosts cause metabolic reprogramming, which goes 
on to influence microbial- driven carbon metabolism in the euphotic 
to aphotic ocean. Therefore, if the effects of these phage are simi-
lar to their roles in marine environments, their abundance will affect 
microbial metabolic carbon fluxes (Hurwitz, Deng et al. 2013 Hurwitz, 
Hallam et al. 2013).

Wilhelm et al. (2006) also found an abundance of marine 
Synechococcus cyanophage in a freshwater system, a Great Laurentian 
Lake. Their presence was suggested to be due to introduction 
mechanisms, such as from boat ballast, or from the presence of 
their natural hosts. The latter agrees with our findings as we found 
Synechococcus and Prochlorococcus in the bacterial metagenomic pro-
files, hence indicating these may be the hosts for the Synechococcus 
and Prochlorococcus phage identified (Fig. S6). The presence of these 
microbial hosts provides evidence for viral propagation in different 
biomes due to host movement and growth in different environments, 
as suggested by Sano et al. (2004). Wang et al. (2015) found viruses 
similar to those that infect marine Synechococcus species within a 
freshwater lake, East Lake in China, using a set of viral family primers. 
They suggested the high similarity to marine viruses was due to lim-
ited genome reporting of freshwater cyanophage, but also suggested 
the existence of common ancestors between marine and freshwater 
environments (Wang et al., 2015). Therefore, cyanophage, as was 
suggested by Wilhelm et al. (2006), specifically Synechococcus and 
Prochlorococcus phage, as well as their potential Synechococcus and 
Prochlorococcus hosts, may be as important in freshwater systems as 
they have been proven to be in marine environments. Our results pro-
vide strong support for this hypothesis.

In addition to Synechococcus and Prochlorococcus, other marine 
species were identified in the bacterial metagenomic profiles but 

at low abundances: Marinobacter hydrocarbonoclasticus, marine 
Actinobacterium PHSC20C1, Bacteriovorax marinus, Idiomarina balti-
ca, and Idiomarina loihiensis (Table S2). M. hydrocarbonoclasticus is a 
halotolerant marine bacterium that is capable of degrading a range of 
aromatic or aliphatic hydrocarbons (Gauthier et al., 1992). I. loihien-
sis is a halophilic bacterium that inhabits hydrothermal vents and 
relies primarily on amino acid catabolism (Donachie, Hou, Gregory, 
Malahoffand, & Alam, 2003; Hou et al., 2004; Wagner, 2005). It was 
suggested this bacterium accesses amino acids via proteinaceous 
particles occurring in deep sea hydrothermal vent waters (Hou et al., 
2004). The presence of these vent bacteria in fresh surface water sup-
ports the principle of “everything is everywhere, but, the environment 
selects” by Baas- Becking (1934) arguing microbial species are distrib-
uted globally, however, specific environmental conditions will allow 
specific species to thrive (Beijerinck, 1913; De Wit & Bouvier, 2006). 
Marine actinobacteria, such as Marine actinobacterium PHSC20C1, are 
closely related to nonmarine actinobacteria and have been suggest-
ed to have been recently independently introduced to marine envi-
ronments (Penn & Jensen, 2012). B. marinus is a halophilic bacterium 
that inhabits high salinity environments (Crossman et al., 2013). This 
bacterium preys on gram- positive bacteria and lives in two phases: 
a highly motile phase where they search for their prey and a growth 
phase after they gain entry inside the interperiplasmic space of their 
prey (Baer, Ravel, Piñeiro, Guether- Borg, & Williams, 2004; Crossman 
et al., 2013).

What determines the dispersal patterns of microbial communities 
remains unknown, however, it has been hypothesized that microbial 
distributions are random, “everything is everywhere” and the envi-
ronment selects, historical events alone or historical events in com-
bination with current environmental conditions determine microbial 
spatial variation (Martiny et al., 2006). Here, we provide explanations 
for why microbial species that had the highest similarity to marine spe-
cies were present in high abundance in this freshwater system.

First, the presence of marine species could be a result of marine- 
freshwater transitions. Previously, such transitions were considered 
infrequent due to a lack of close relatedness between marine and 
freshwater microbial phylogenies (Logares et al., 2009). However, 
microbes have high reproductive rates, large population sizes and the 
ability to widely disperse, which could support such environmental 
transitions (Logares et al., 2009). If this is indeed the case, this sug-
gests transitions between marine and freshwater environments may 
be more frequent than previously assumed.

Alternatively, in regards to historical events, the presence of marine 
species may be an indication of marine microbial relict communities. 
Marine transgressions occurring during the Oligocene to Pliocene led 
to seas flooding the eastern coast of South Australia and subsequently 
creating marine organism relicts and high concentrations of salt with-
in the sediments and limestone of the river bed (Brown et al., 1968; 
Kingham, 1998; Zhisheng et al., 1986). Therefore, the abundance of 
marine species observed may be due to the saline history of this river 
system.

The effects of increasing salinity from drought or groundwater 
influences and/or the introduction of marine species via upstream 
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saline regions from increased water flows and releases to the South 
Australian regions of the Murray River in previous years (DEWNR, 
2014a,b), may have led to the selection of microbial species that are 
saline- tolerant. This is in line with “everything is everywhere, but, the 
environment selects” (Baas- Becking, 1934; Beijerinck, 1913; De Wit 
& Bouvier, 2006) and is supported via a previous study on the River 
Murray that isolated bacterial lineages, specifically LD12 and ACK- M1, 
which are believed to have the ability to adapt to varying salinity levels 
(Zwart, Crump, Agterveld, Hagen, & Han, 2002; Brown et al., 2012; 
Dann, Smith, Jeffries, et al., 2016). Increasing salinity levels in this reg-
ulated river system from saline groundwater influences are an ongoing 
concern in the Murray River (Cook, Jollyand, & Leaney, 2001; Goss, 
2003; Van Dijk, Hairsine, Arancibia, & Dowling, 2007).

As previously mentioned by Wang et al. (2015), the viral and bac-
terial species identified here show the highest similarity to marine 
strains. However, as freshwater metagenomics studies lag behind 
their marine counterpart, the high similarity to species from marine 
environments may be because more closely related species within 
freshwater environments are yet to be sequenced (Wang et al., 2015). 
Specifically, as only three unique strains of Pandoravirus have currently 
been isolated and these isolates rely on Acanthamoeba sp. hosts, which 
are found in marine and freshwater environments, the abundance of 
Pandoravirus salinus may not be definitive evidence for the presence 
of viruses from marine origin (Antwerpen et al., 2015; Scheid, 2016).

4.4.1 | Giant viruses in freshwater systems

Giant viruses, specifically Pandoravirus salinus, Mimivirus A, Cafeteria 
roenbergensis virus BV-PW1, Pithovirus sibericum, and Pandoravirus dul-
cis, were identified in this freshwater river system (Fig. 1). Although, 
giant virus species have been isolated from river systems previously, 
these river species were not abundant in this system (Thomas et al. 
2011; Colson et al., 2012; Yoosuf et al., 2013; Campos et al., 2014).

The second most abundant giant virus, Mimivirus A, also termed 
“microbe mimicking virus”, was the first giant virus to be discovered 
and was isolated from an Acanthamoeba in a water tower in Bradford, 
United Kingdom (Fischer, Allen, Wilson, & Suttle, 2010; La Scola et al., 
2008; Tsai, 2011; Wodarz, 2013). Ghedin and Claverie (2005) showed 
the closest homologs for 43% of the core genes in Mimivirus were pres-
ent in the Sargasso Sea (Claverie et al., 2009), whereas Monier et al. 
(2008) found relatives of the Mimivirus were the second most abun-
dant group of marine viruses within the Sargasso Sea (Claverie et al., 
2009). Here, we suggest Mimivirus may also be an abundant member 
of freshwater systems. The exact ecological role of these giant viruses 
remains unknown, however, the results provide more support for the 
prevalence of giant viruses in freshwater river systems globally.

4.4.2 | Persistence of bacterial and viral species

The similarity in bacterial and viral species upstream and downstream 
indicates persistence. Previously, persistence of bacterial genotypes 
has been suggested to be due to the continuum of fluvial systems pre-
venting the restriction of microbes to particular locations (McArthur 

& Tuckfield, 1997). Studies by Wise, Shimkets, and McArthur (1995) 
and McArthur, Leff, and Smith (1992) showed the adaptation of 
Burkholderia (Pseudomonas) cepacia and Pseudomonas pickettii, to 
patchy microenvironments over 5 km and 3.5 km distances. Dann, 
Smith, Jeffries, et al. (2016) identified bacterial genotype persistence 
upstream and downstream of this same environment over a simi-
lar scale, suggesting these persistent genotypes were the dominant 
archetypal taxa, which would therefore impact system function.

The presence of a persistent freshwater community, human input 
indicators and dominant marine community, indicate an environment 
where species addition leads to higher diversity rather than increased 
selection or exclusion. This river community is therefore cosmopoli-
tan, as was suggested by Beijerinck (1913), or adoptive, rather than 
endemic, where limited diversity is locally generated, such as what 
is observed in the Amazon or Great Barrier Reef (Bellwood, Hughes, 
Folke, & Nyström, 2004; Brooks et al., 2002). This supports Baas- 
Becking (1934), where there is environmental selection of cosmopol-
itan rare taxa, and highlights whether there are other locations that 
accumulate species from multiple different environments.

4.4.3 | Functional profile

This environment was dominated by phage- related processes, with 
phage, prophage, transposable elements and plasmids more abun-
dant downstream, and phage protein significantly higher downstream 
at the function level (Fig. 5). As phage are known to dominate the 
viral community, this would explain the high abundance of phage- 
associated processes (Breitbart et al., 2002; Hendrix, 2002).

In addition, sequences associated with membrane transport, car-
bohydrates, amino acids, and protein metabolism were also abundant 
(Fig. 4). Previously, Dinsdale et al. (2008) found a high percentage of 
sequences associated with carbohydrate metabolism within microbial 
and viral metagenomes from a range of environments. However, it was 
suggested that there are discriminatory metabolic pathways across 
environments, with these pathways indicating the processes that are 
important for the growth and survival of microbial communities with-
in the specific environment studied (Dinsdale et al., 2008). Therefore, 
carbohydrate, amino acid, and protein metabolism may be the most 
important core functions within this freshwater river system.

4.4.4 | Rank abundance of freshwater viral 
populations

Rank abundance graphs of the viral genotypes were used to illus-
trate contrasting levels of species richness, and to determine the 
mathematical function that best described the community structure 
of the viruses upstream and downstream (Edwards & Rohwer, 2005; 
Magurran, 2004). In this study, the upstream and downstream com-
munity had a generalized Pareto distribution with no significant differ-
ence in function and slope (Fig. 2). Generalized Pareto distributions 
are power law distributions, which have been found previously in viral 
genotype communities, specifically phage (Angly et al., 2005; Edwards 
& Rohwer, 2005; Hoffmann et al., 2007). Power law distributions 
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within viral genotypes are suggestive of two different ecological 
mechanisms. The first mechanism involves different viral genotypes 
competing for the same microbial host, followed by stochastic viral 
behavior that leads to one viral genotype infecting additional hosts. 
Infection of additional hosts then leads to increased abundance of this 
viral genotype via each lytic cycle, therefore resulting in increased fit-
ness for infection and replication while the other limited- host geno-
types remain rare (Edwards & Rohwer, 2005). The second mechanism 
involves a viral genotype that infects a single microbial species. The 
microbial hosts compete for the same energy source and randomly 
one host obtains more food and hence divides faster, hence leading 
to a power law distribution of the microbial hosts. Once viruses begin 
infecting these microbial hosts, this results in a subsequent power 
law distribution for the viruses (Edwards & Rohwer, 2005). In both 
instances, this leads to the power law distribution of viral commu-
nities due to a combination of connected, exponential mechanisms 
and are examples of the “rich- get- richer” idiom (Edwards & Rohwer, 
2005). “Rich- get- richer” mechanisms include predator- prey models, 
where phage diversity is strongly linked to the diversity and structure 
of the coexisting microbial community (Angly et al., 2005). Therefore, 
the same mathematical function between the viral metagenomes may 
reflect similarities in the microbial community at each site, which was 
observed in the bacterial metagenomics profiles.

5  | CONCLUSIONS

Here, we report an abundance of marine Synechococcus and 
Prochlorococcus phage, as well as the marine giant virus Pandoravirus 
salinus in a freshwater river system. The abundance of marine species 
may be attributed to marine- freshwater transitions, marine microbial 
relicts from the marine history of this river system, or a result of envi-
ronmental selection from the effects of increasing salinity from drought 
or groundwater influences and/or the introduction of marine species 
via upstream saline regions from increased water flows and releases.

As microbial composition affects heterotrophic and autotrophic 
production, carbon dioxide respiration and decomposition, and the 
cycling of critical nutrients, the abundance of marine viruses in this 
freshwater river suggests marine microbial species may be as import-
ant in the function of this particular freshwater ecosystem as they are 
for marine.

Giant viruses, namely Pandoravirus salinus, Mimivirus A, Cafeteria 
roenbergensis virus BV-PW1, Pithovirus sibericum, and Pandoravirus dul-
cis were present, with Pandoravirus salinus and Mimivirus A having high 
abundance upstream and downstream, therefore suggesting giant 
viruses may be important role players in the function of this fresh-
water ecosystem. The abundance of Human herpes 6A was attributed 
to anthropogenic effects on this river system and suggests this could 
serve as another traceable indicator for human impact within freshwa-
ter river systems.

An abundance of Chloroflexus aggregans, Herpetosiphon aurantia-
cus, and Polynucleobacter necessarius revealed a bacterial community 
that is thermophilic, capable of “wolfpack” predation or capable of two 

life strategies: free- living or symbiotic. This suggests this river system 
hosts a range of diverse and potentially hardy microbial species that 
are perhaps able to persist regardless of the water flow and salinity 
fluctuations observed in this river system.

ACKNOWLEDGMENTS

We thank Dr C. MacArdle and S. Bailey of the Flow Cytometry Unit of 
the Flinders Medical Centre, South Australia. This research was sup-
ported by a CSIRO Land and Water Top- Up PhD Scholarship (LD), a 
CSIRO consumables grant (LD), an APA to LD and Australian Research 
Council grants, www.arc.gov.au, LP- 130100508 and DP- 150103018 
to JGM.

FUNDING INFORMATION

This research was supported by a CSIRO Land and Water Top- Up 
PhD Scholarship (LD), a CSIRO consumables grant (LD), an APA to 
LD, Centre for Excellence for Environmental decisions, and Australian 
Research Council grants, www.arc.gov.au, LP- 130100508 and  
DP- 150103018 to JGM.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

Angly, F. E., Felts, B., Breitbart, M., Salamon, P., Edwards, R. A., Carlson, C., 
et al. (2006). The marine viromes of four oceanic regions. PLoS Biology, 
4(11), e368. 

Angly, F. E., Rodriguez-Brito, B., Bangor, D., McNairnie, P., Breitbart, M., Sal-
amon, P., Felts, B., Nulton, J., Mahaffy, J. & Rohwer, F. (2005). PHACCS, 
an online tool for estimating the structure and diversity of uncultured 
viral communities using metagenomic information. BMC Bioinformatics, 
6(41), 1–9.

Antwerpen, M. H., Georgi, E., Zoeller, L., Woelfel, R., Stoecker, K., & Scheid, 
P. (2015). Whole- genome sequencing of a Pandoravirus isolated from 
Keratitis- inducing Acanthamoeba. Genome announcements, 3, e00136–15.

Arbuckle, J. H., & Medveczky, P. G. (2011). The molecular biology of human 
herpesvirus- 6 latency and telomere integration. Microbes and Infection, 
13, 731–741.

Baas-Becking, L. G. M. (1934). Geobiologie of inleiding tot de milieukunde. 
The Hague, Netherlands: W. P. van Stockum and Zoon N.V.

Baer, M. L., Ravel, J., Piñeiro, S. A., Guether-Borg, D., & Williams, H. N. 
(2004). Reclassification of salt- water Bdellovibrio sp. as Bacteriovorax 
marinus sp. nov. and Bacteriovorax litoralis sp. nov. International Journal 
of Systematic and Evolutionary Microbiology, 54, 1011–1016.

Beijerinck, M. W. (1913). De infusies en de ontdekking der bakterien. Jaar-
boek van de Koninklijke Akademie van Wetenschappen 1–28.

Bellwood, D. R., Hughes, T. P., Folke, C., & Nyström, M. (2004). Confronting 
the coral reef crisis. Nature, 429, 827–833.

Bettarel, Y., Sime-Ngando, T., Amblard, C., Carrias, J. F., & Portelli, C. (2003). 
Virioplankton and microbial communities in aquatic systems: a seasonal 
study in two lakes of differing trophy. Freshwater Biology, 48, 810–822.

Blankenberg, D., Von Kuster, G., Coraor, N., Ananda, G., Lazarus, R., Man-
gan, M., Nekrutenko, A., & Taylor, J. (2010). Galaxy: a web- based ge-
nome analysis tool for experimentalists. Current Protocols in Molecular 
Biology, 19(10), 1–21.

http://www.arc.gov.au
http://www.arc.gov.au


1082  |  
  

 Dann et al.

Boscaro, V., Felletti, M., Vannini, C., Ackerman, M. S., Chain, P. S. G., Mal-
fatti, S., et al. (2013). Polynucleobacter necessarius, a model for genome 
reduction in both free- living and symbiotic bacteria. Proceeding of 
the National Academy of Science of the United States of America, 110, 
18590–18595.

Bowler, J. M., & Magee, J. W. (1978). Geomorphology of the Mallee region 
in semi- arid Victoria and western New South Wales. Proceedings of the 
Royal Society of London, 90, 5–26.

Breitbart, M., Salamon, P., Andresen, B., Mahaffy, J. M., Segall, A. M., Mead, 
D., et al. (2002). Genomic analysis of uncultured marine viral communi-
ties. Proceedings of the National Academy of Sciences of the United States 
of America, 99, 14250–14255.

Brooks, T. M., Mittermeier, R. A., Mittermeier, C. G., Da Fonseca, G. A. B., 
Rylands, A. B., Konstant, W. R., et al. (2002). Habitat loss and extinction 
in the hotspots of biodiversity. Conservation Biology, 16, 909–923.

Brown, D. A., Campbell, K. S. W., & Crook, K. A. W. (1968). The geologi-
cal evolution of Australia and New Zealand. Oxford, London: Pergamon 
Press.

Brown, M. V., Lauro, F. M., DeMaere, M. Z., Muir, L., Wilkins, D., Thomas, T., 
et al. (2012). Global biogeography of SAR11 marine bacteria. Molecular 
Systems Biology, 8, 1–13.

Brown, C. M. & Stephenson, A. E. (1991). B235 Geology of the Murray Basin, 
Southeastern Australia. Scale 1:500000. Bulletin 235. Canberra: Bureau 
of Mineral Resources, Geology and Geophysics.

Brussaard, C. (2004). Optimisation of procedures for counting viruses by 
flow cytometry. Applied and Environmental Microbiology, 70, 1506–
1513.

Brussaard, C., Marie, D., & Bratbak, G. (2000). Flow cytometric detection of 
viruses. Journal of Virological Methods, 85(1–2), 175–182.

Campos, R. K., Boratto, P. V., Assis, F. L., Aguiar, E. R. G. R., Silva, L. C. F., 
Albarnaz, J. D., et al. (2014). Samba virus: a novel mimivirus from a giant 
rain forest, the Brazilian Amazon. Virology, 11, 95.

Chang, S. L., Stevenson, R. E., Bryant, A. R., Woodward, R. L., & Kabler, P. W. 
(1958). Removal of coxsackie and bacterial viruses in water by floccula-
tion. American Journal of Public Health, 48, 159–169.

Clauset, A., Shalizi, C. R., & Newman, M. E. J. (2009). Power- law distribu-
tions in empirical data. SIAM Review, 51, 661–703.

Claverie, J. M., Grzela, R., Lartigue, A., Bernadac, A., Nitsche, S., Vacelet, J., 
et al. (2009). Mimivirus and Mimiviridae: giant viruses with an increas-
ing number of potential hosts, including corals and sponges. Journal of 
Invertebrate Pathology, 101, 172–180.

Colson, P., Pagnier, I., Yoosuf, N., Fournous, G., La Scolaand, B., & Raoult, D. 
(2012). “Marseilleviridae”, a new family of giant viruses infecting amoe-
bae. Archives of Virology, 158, 915–920.

Cook, P. G., Jollyand, I. D., & Leaney, F.W. J. (2001). Groundwater recharge 
in the Mallee region, and salinity implications for the Murray River: a 
review. CSIRO Land and Water, 45(01), 1–133.

Crossman, L. C., Chen, H., Cerdeño-Tárraga, A. M., Brooks, K., Quail, M. A., 
Piniero, S. A., et al. (2013). A small predatory core genome in the di-
vergent marine Bacteriovorax marinus SJ and the terrestrial Bdellovibrio 
bacteriovorus. ISME Journal, 7, 148–160.

Dann, L. M., Mitchell, J. G., Speck, P. G., Newton, K., Jeffries, T., & Paterson, 
J. (2014). Virio-  and bacterioplankton distributions at the sediment- 
water interface. PLoS ONE, 9, 1–14.

Dann, L. M., Paterson, J. S., Newton, K., Oliverand, R., & Mitchell, J. G. 
(2016a). Distributions of virus- like particles and prokaryotes within 
microenvironments. PLoS ONE, 11(1), e0146984. doi:10.1371/journal.
pone.0146984

Dann, L. M., Smith, R., Jeffries, T., McKerral, J., Fairweather, P., Oliver, R., 
& Mitchell, J. (2016b). Persistence, loss and appearance of bacteria 
upstream and downstream. Marine and Freshwater Research, 67, 1–12.

Dann, L. M., Smith, R. J., Tobe, S. S., Paterson, J. S., Oliver, R. L., & Mitchell,  
J. G. (2016c). Microscale distributions of planktonic viruses and pro-
karyotes reflected by patchiness of their densities and bacteria taxo-
nomic composition. Aquatic Microbial Ecology, doi: 10.3354/ame01788.

De Wit, R., & Bouvier, T. (2006). ‘Everything is everywhere, but, the environ-
ment selects’; what did Baas Becking and Beijerinck really say? Environ-
mental Microbiology, 8, 755–758.

Deng, X., Naccache, S. N., Ng, T., Federman, S., Li, L., & Chiuand, C. Y.Delwart 
E. L. (2015). An ensemble strategy that significantly improves de novo 
assembly of microbial genomes from metagenomic next- generation 
sequencing data. Nucleic Acids Research, 43(7), 1–11, doi:10.1093/nar/
gkv002

Department of Primary Industries (DPI) (2014). General purpose water 
accounting report 2012–2013 – NSW Murray catchment. New South 
Wales: New South Wales Government, Office of Water.

DEWNR (2014a). Department of Environment, Water and Natural Resourc-
es (DEWNR), River Murray Flow Report Public I2 A2, Government of 
South Australia pp. 1-4

DEWNR (2014b). Department of Environment, Water and Natural  
Resources (DEWNR) Government of South Australia (2014) River Mur-
ray act annual report 2013-2014 and triennial review 2014, Adelaide.

Dinsdale, E. A., Edwards, R. A., Hall, D., Angly, F., Breitbart, M., Brulc, J. M., 
et al. (2008). Functional metagenomic profiling of nine biomes. Nature 
Letters, 452, 629–632.

Donachie, S. P., Hou, S., Gregory, T. S., Malahoffand, A., & Alam, M. (2003). 
Idiomarina loihiensis sp. nov., a halophilic γ-Proteobacterium from the 
Lōʻihi submarine volcano Hawaiʻi. International Journal of Systematic and 
Evolutionary Microbiology, 53, 1873–1879.

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than 
BLAST. Bioinformatics, 26, 2460–2461. doi:10.1093/bioinformatics/
btq461

Edwards, R. A., & Rohwer, F. (2005). Viral metagenomics. Nature, 3, 504–
510.

Fischer, M. G., Allen, M. J., Wilson, W. H., & Suttle, C. A. (2010). Giant virus 
with a remarkable complement of genes infects marine zooplankton. 
Proceedings of the National Academy of Sciences of the United States of 
America, 107, 19508–19513.

Frank, J. A., Lorimer, D., Youle, M., Witte, P., Craig, T., Abendroth, J., et al. 
(2013). Structure and function of a cyanophage- encoded peptide de-
formylase. ISME Journal, 7, 1150–1160.

Freitas, R. B., Monteiro, T. A. F., & Linhares, A. C. (2000). Outbreaks of 
human herpes virus (HHV- 6) infection in day- care centres in Belém, 
Pará, Brazil. Revista do Instituto de Medicina Tropical de Sao Paulo, 42, 
305–311.

Fuhrman, J. A. (1999). Marine viruses and their biogeochemical and ecolog-
ical effects. Nature, 399, 541–548.

Gasol, J. M., & Del Giorgio, P. A. (2000). Using flow cytometry for counting 
natural planktonic bacteria and understanding the structure of plank-
tonic bacterial communities. Scientia Marina, 64, 197–224.

Gauthier, M. J., Lafay, B., Christen, R., Fernandez, L., Acquaviva, M., Bonnin, 
P., et al. (1992). Marinobacteria halocarbonoclasticus gen. nov., sp. nov., 
a new, extremely halotolerant, hydrocarbon- degrading marine bacteri-
um. International Journal of Systmatic Bacteriology, 42, 568–576.

Ghedin, E., & Claverie, J. M. (2005). Mimivirus relatives in the Sargasso Sea. 
Virology, 2, 62.

Giardine, B., Riemer, C., Hardison, R. C., Burhans, R., Elnitski, L., Shah, P., 
et al. (2005). Galaxy: a platform for interactive large- scale genome anal-
ysis. Genome Research, 15, 1451–1455.

Goecks, J., Nekrutenko, A., & Taylor, J.: The Galaxy Team (2010). Galaxy: a 
comprehensive approach for supporting accessible, reproducible, and 
transparent computational research in the life sciences. Genome Biolo-
gy, 11(8), R86.

Goss, K. F. (2003). Environmental flows, river salinity and biodiversity con-
servation: managing trade- offs in the Murray- Darling basin. Australian 
Journal of Botany, 51, 619–625.

Hahn, M. W. (2003). Isolation of strains belonging to the cosmopolitan 
Polynucleobacter necessarius cluster from freshwater habitats locat-
ed in three climatic zones. Applied and Environment Microbiology, 69, 
5248–5254.

https://doi.org/10.1371/journal.pone.0146984
https://doi.org/10.1371/journal.pone.0146984
https://doi.org/10.1093/nar
https://doi.org/10.1093/nar
https://doi.org/10.1093/bioinformatics
https://doi.org/10.1093/bioinformatics


Dann et al. 

  

  |  1083

Hahn, M. W., Moore, E. R. B., & Höfle, M. G. (1999). Bacterial filament 
formation, a defense mechanism against flagellate grazing, is growth 
rate controlled in bacteria of different phyla. Applied and Environment 
Microbiology, 65, 25–35.

Hanada, S., Hiraishi, A., Shimada, K., & Matsuura, K. (1995a). Isolation of 
Chloroflexus aurantiacus and related thermophilic phototrophic bacteria 
from Japanese hot springs using an improved isolation procedure. Jour-
nal of General and Applied Microbiology, 41, 119–130.

Hanada, S., Hiraishi, A., Shimada, K., & Matsuura, K. (1995b). Chloroflexus 
aggregans sp. nov., a filamentous phototrophic bacterium which forms 
dense cell aggregates by active gliding movement. International Journal 
of Systmatic Bacteriology, 45, 676–681.

Hanada, S., Shimada, K., & Matsuura, K. (2002). Active and energy- 
dependent rapid formation of cell aggregates in the thermophilic 
photosynthetic bacterium Chloroflexus aggregans. FEMS Microbiology  
Letters, 208(2), 275–279. 

Havaux, M., Guedeney, G., Heand, Q., & Grossman, A. R. (2003). Elimina-
tion of high- light inducible polypeptides related to eukaryotic chloro-
phyll a/b- binding proteins results in aberrant photoacclimation in Syn-
echocystis PCC6803. Biochimica et Biophysica Acta, 1557(1–2), 21–33.

Hendrix, R. W. (2002). Bacteriophages: evolution of the majority. Theoreti-
cal Population Biology, 61, 471–480.

Hoffmann, K. H., Rodriguez-Brito, B., Brietbart, M., Bangor, D., Angly, F., 
Felts, B., et al. (2007). Power law rank- abundance models for marine 
phage communities. FEMS Microbiology Letters, 273, 224–228.

Hou, S., Saw, J. H., Lee, K. S., Freitas, T. A., Belisle, C., Kawarabayasi, Y., et al. 
(2004). Genome sequence of the deep- sea γ- proteobacterium Idiom-
arina loihiensis reveals amino acid fermentation as a source of carbon 
and energy. Proceeding of the National Academy of Science of the United 
States of America, 101, 18036–18041.

Hurwitz, B. L., Deng, L., Poulos, B. T., & Sullivan, M. B. (2013a). Evalua-
tion of methods to concentrate and purify ocean virus communities 
through comparative, replicated metagenomics. Environmental Micro-
biology, 15, 1428–1440.

Hurwitz, B. L., Hallam, S. J., & Sullivan, M. B. (2013b). Metabolic reprogram-
ming by viruses in the sunlight and dark ocean. Genome Biology, 14, R123.

John, S. G., Mendez, C. B., Deng, L., Poulos, B., Kauffman, A. K. M., Kern, S., 
et al. (2011). A simple and efficient method for concentration of ocean 
viruses by chemical flocculation. Environmental Microbiology Reports, 3, 
195–202.

Jørgensen, B. B., & Nelson, D. C. (1988). Bacterial zonation, photosynthe-
sis, and spectral light distribution in hot spring microbial mats of Ice-
land. Microbial Ecology, 16, 133–146.

Kingham, R. (1998). Geology of the Murray-Darling Basin – Simplified 
lithostratigraphic groupings. Australian Geological Survey Organisation 
– Department of Primary Industries & Energy.

Kiss, H., Nett, M., Domin, N., Martin, K., Maresca, J. A., & Copeland, A., 
et al. (2011). Complete genome sequence of the filamentous gliding 
predatory bacterium Herpetosiphon aurantiacus type strain (114- 95T). 
Standards in Genomic Sciences, 5, 356–370.

La Scola, B., Desnues, C., Pagnier, I., Robert, C., Barrassi, L., Fournous, G., 
et al. (2008). The virophage as a unique parasite of the giant mimivirus. 
Nature, 455, 100–105.

Langmead, B., & Salzberg, S. (2012). Fast gapped- read alignment with Bow-
tie 2. Nature Methods, 9, 357–359.

Lindell, D., Sullivan, M. B., Johnson, Z. I., Tolonen, A. C., Rohwer, F., 
Chisholm, S. W.,  (2004). Transfer of photosynthesis genes to and from 
Prochlorococcus viruses. Proceedings of the National Academy of Science 
of the United States of America, 101(30), 11013–11018.

Logares, R., Bråte, J., Bertilsson, S., Clasen, J. L., Shalchian-Tabrizi, K., & 
Rengefors, K. (2009). Infrequent marine- freshwater transitions in the 
microbial world. Trends in Microbiology, 17(9), 414. –422

Ma, L., Sun, R., Mao, G., Yu, H., & Wang, Y. (2013). Seasonal and spatial 
variability of virioplanktonic abundance in Haihe River, China. BioMed 
Research International, 13, 1–10.

Magurran, A. E., (2004). Measuring biological diversity. (pp. 1-71) Oxford, 
United Kingdom, Blackwell Science Ltd.

Mann, N. H., Cook, A., Millard, A., Bailey, S., & Clokie, M. (2003). Marine 
ecosystems: Bacterial photosynthesis genes in a virus. Nature, 424, 741 
doi:10.1038/424741a.

Mann, N. H., Clokie, M. R. J., Millard, A., Cook, A., Wilson, W. H., Wheatley, 
P. J., et al. (2005). The genome of S- PM2, a “photosynthetic” T4- type 
bacteriophage that infects marine Synechococcus strains. Journal of 
Bacteriology, 187, 3188–3200.

Maranger, R., & Bird, D. F. (1995). Viral abundance in aquatic systems: a 
comparison between marine and fresh waters. Marine Ecology Progress 
Series, 121, 217–226.

Marie, D., Brussaard, C., Thyrhaug, R., Bratbak, G., & Vauolt, D. (1999). 
Enumeration of marine viruses in culture and natural samples by flow 
cytometry. Applied and Environment Microbiology, 65, 45–52.

Marie, D., Partensky, F., Jacquet, S., & Vaulot, D. (1997). Enumeration and 
cell cycle analysis of natural populations of marine picoplankton by 
flow cytometry using the nucleic acid stain SYBR Green I. Applied and 
Environment Microbiology, 63, 186–193.

Martiny, J. B. H., Bohannan, B. J. M., Brown, J. H., Colwell, R. K., Fuhrman, 
J. A., Green, J. L., et al. (2006). Microbial biogeography: putting micro-
organisms on the map. Nature Reviews. Microbiology, 4(2), 102–112. 
doi:10.1038/nrmicro1341

McArthur, J. V., Leff, L. G., & Smith, M. H. (1992). Genetic diversity of bac-
teria along a stream continuum. Journal of the North American Bentho-
logical Society, 11, 269–277.

McArthur, J. V., & Tuckfield, R. C. (1997). Information length: spatial and 
temporal parameters among stream bacterial assemblages. Journal of 
the North American Benthological Society, 16, 347–357.

Meyer, F., Paarmann, D., D’Souza, M., Olson, R., Glass, E. M., Kubal, M., 
et al. (2008). The metagenomics RAST server – a public resource for 
the automatic phylogenetic and functional analysis of metagenomes. 
BMC Bioinformatics, 9, 386.

Millard, A., Clokie, M. R. J., Shub, D. A., & Mann, N. H. (2004). Genetic or-
ganisation of the psbaD region in phages infecting marine Synechococ-
cus strains. Proceeding of the National Academy of Science of the United 
States of America, 101, 11007–11012.

Moliner, C., Fournier, P. E., & Raoult, D. (2010). Genome analysis of micro-
organisms living in amoebae reveals a melting pot of evolution. FEMS 
Microbiology Reviews, 34, 281–294.

Monier, A., Larsen, J. B., Sandaa, R. A., Bratbak, G., Claverie, G. J. M., & 
Ogata, H. (2008). Marine mimivirus relatives are probably large algal 
viruses. Virology, 5, 12.

Newton, R. J., Jones, S. E., Eiler, A., McMahon, K. D., & Bertilsson, S. (2011). 
A guide to natural history of freshwater lake bacteria. Microbiology and 
Molecular Biology Reviews, 75(1), 14–49.

Parks, D. H., & Beiko, R. G. (2010). Identifying biologically relevant differenc-
es between metagenomics communities. Bioinformatics, 26, 715–721.

Penn, K., & Jensen, P. R. (2012). Comparative genomics reveals evidence of 
marine adaptation in Salinispora species. BMC Genomics, 13, 86.

Pertea, G. (2015). Fqtrim: v0.9.4 release. Zenodo. 10.5281/zenodo.20552 
Retrieved from http://dx.doi.org/10.5281/zenodo.20552

Philippe, N., Legendre, M., Doutre, G., Coute, Y., Poirot, O., Lescot, M., et al. 
(2013). Pandoraviruses: amoeba viruses with genomes up to 2.5 Mb 
reaching that of parasitic eukaryotes. Science, 341, 281–286.

Pierson, B. K., & Castenholz, R. W. (1995). Taxonomy and physiology of fila-
mentous anoxygenic phototrophs. In R. E. Blankenship, M. T. Madigan, 
& C. E. Bauer (Eds.), Anoxygenic photosynthetic bacteria (pp. 32–47). 
Dordrecht: Kluwer.

Robin, A., Ravet, V., Personnic, S., Theil, S., Colombet, J., & Sime-Ngando, 
T. (2012). Assessing the diversity and specificity of two freshwater viral 
communities through metagenomics. PLoS ONE, 7(3), e33641.

Roudnew, B., Jeffries, T. C., Lavery, T. J., Smith, R. S., & Mitchell, J. G. (2012). 
Bacterial and virus- like particle abundances in purged and unpurged 
groundwater depth profiles. Ground Water Monitoring, 32(4), 72–77.

https://doi.org/10.1038/nrmicro1341
http://dx.doi.org/10.5281/zenodo.20552


1084  |  
  

 Dann et al.

Sano, E., Carlson, S., Wegley, L., & Rohwer, F. (2004). Movement of virus-
es between biomes. Applied and Environment Microbiology, 70, 5842–
5846.

Schapira, M., Buscot, M. J., Leterme, S. C., Pollet, T., Chapperon, C., et al. 
(2009). Distribution of heterotrophic bacteria and virus- like particles 
along a salinity gradient in a hypersaline coastal lagoon. Aquatic Micro-
bial Ecology, 54, 171–183.

Scheid, P. (2016). A strange endocytobiont revealed as largest virus. Current 
Opinion in Microbiology, 31, 58–62.

Schmieder, R., Lim, Y. W., & Edwards, R. (2012). Identification and removal 
of ribosomal RNA sequences from metatranscriptomes. Bioinformatics, 
2012, 433–435. [PMID: 22155869]

Seymour, J. R., Seuront, L., Doubell, M., & Mitchell, J. G. (2008). Mesoscale 
and microscale spatial variability of bacteria and viruses during a Phae-
ocystisglobosa bloom in the Eastern English Channel. Estuarine, Coastal 
and Shelf Science, 80, 589–597.

Seymour, J. R., Seuront, L., & Mitchell, J. G. (2007). Microscale gradi-
ents of planktonic microbial communities above the sediment sur-
face in a mangrove estuary. Estuarine, Coastal and Shelf Science, 73, 
651–666.

Simek, K., Vrba, J., Pernthaler, J., Posch, T., Hartman, P., Nedoma, J., et al. 
(1997). Morphological and compositional shifts in an experimental 
bacterial community influenced by protists with contrasting feeding 
modes. Applied and Environment Microbiology, 63, 587–595.

Smith, R. J., Paterson, J. S., Sibley, C. A., Hutson, J. L., & Mitchell, J. G. 
(2015). Putative effect of aquifer recharge on the abundance and tax-
onomic composition of endemic microbial communities. PLoS ONE, 
10(6), e0129004.

Sullivan, M. B., Coleman, M. L., Weigele, P., Rohwer, F., & Chisholm, S. W. 
(2005). Three Prochlorococcus cyanophage genomes: signature features 
and ecological interpretations. PLoS Biology, 3(5), e144. 

Sullivan, M. B., Waterbury, J. B., & Chisholm, S. W. (2003). Cyanophages 
infecting the oceanic cyanobacterium Prochlorococcus. Nature, 424, 
1047–1051.

Suttle, C. A. (2005). Viruses in the sea. Nature, 437, 356–361.
Thomas, V., Bertelli, C., Collyn, F., Casson, N., Telenti, A., Goesmann, A., 

Croxatto, A., & Greub, G., (2011). Lausannevirus, a giant amoebal 
virus encoding histone doublets. Environmental Microbiology, 13, 
1454–1466.

Tsai, I. J. (2011). Honey, I shrunk the mimiviral genome. Nature Reviews. 
Microbiology, 9, 563.

Van Dijk, A. I. J. M., Hairsine, P. B., Arancibia, J. P., & Dowling, T. I. (2007). 
Reforestation, water availability and stream salinity: a multi- scale anal-
ysis in the Murray- Darling Basin, Australia. Forest Ecology and Manage-
ment, 251, 94–109.

Vázquez-Castellanos, J. F., García-López, R., Pérez-Brocal, V., Pignatelli, M., 
& Moya, A. (2014). Comparison of different assembly and annotation 
tools on analysis of simulated viral metagenomic communities in the 
gut. BMC Genomics, 15, 1–20.

Wagner, A. (2005). Periodic extinctions of transposable elements in bac-
terial lineages: evidence from intragenomic variation in multiple  
genomes. Molecular Biology and Evolution, 23, 723–733.

Wang, M. N., Ge, X. Y., Wu, Y. Q., Yang, X. L., Tan, B., Zhang, Y. J., et al. 
(2015). Genetic diversity and temporal dynamics of phytoplankton 
viruses in East Lake. China: Virol Sin. doi:10.1007/s12250- 015- 
3603- 6

Wilhelm, S. W., Carberry, M. J., Eldridge, M. L., Poorvin, L., Saxton, M. 
A., & Doblin, M. A. (2006). Marine and freshwater cyanophages in a 
Laurentian Great Lake: Evidence from infectivity assays and molecu-
lar analyses of g20 genes. Applied and Environment Microbiology, 72, 
4957–4963.

Wilhelm, S. W., & Matteson, A. R. (2008). Freshwater and marine virio-
plankton: a brief overview of commonalities and differences. Freshwa-
ter Biology, 53, 1076–1089.

Wise, M. G., Shimkets, L. J., & McArthur, J. V. (1995). Genetic structure of 
a lotic population of Burkholderia (Pseudomonas) cepacia. Applied and 
Environment Microbiology, 61, 1791–1798.

Wodarz, D. (2013). Evolutionary dynamics of giant viruses and their vi-
rophages. Ecology and Evolution, 3, 2103–2115.

Wommack, K. E., & Colwell, R. R. (2000). Virioplankton: viruses in aquatic 
ecosystems. Microbiology and Molecular Biology Reviews, 64, 69–114.

Yoosuf, N., Pagnier, I., Fournous, G., Robert, C., La Scola, B., Raoult, D., et al. 
(2013). Complete genome sequence of Courdo11 virus, a member of 
the family Mimiviridae. Virus Genes, 48, 218–223.

Zerbino, D. R., & Birney, E. (2008). Velvet: algorithms for de novo short 
read assembly using de Bruijn graphs. Genome Research, 18, 821–829.

Zhisheng, A., Bowler, J. M., Opdyke, N. D., Macumber, P. G., & Fir-
man, J. B. (1986). Palaeomagnetic stratigraphy of Lake Bungunnia:  
plio-pleistocene precursor of aridity in the Murray Basin, Southeast-
ern Australia. Paleogeography, Palaeoclimatology, Palaeoecology, 54, 
219–239.

Zhu, B., Clifford, D. A., & Chellam, S. (2005). Comparison of electroco-
agulation and chemical coagulation pretreatment for enhanced virus 
removal using microfiltration membranes. Water Research, 39, 3098–
3108.

Zwart, G., Crump, B. C., Agterveld, M. P. K., Hagen, F., & Han, S. K. (2002). 
Typical freshwater bacteria: an analysis of available 16S rRNA gene se-
quences from plankton of lakes and rivers. Aquatic Microbial Ecology, 
28, 141–155.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the support-
ing information tab for this article. 

How to cite this article: Dann L. M., Rosales S., McKerral J., Paterson 
J. S., Smith R. J. , Jeffries T. C., Oliver R. L.  and Mitchell J. G. (2016), 
Marine and giant viruses as indicators of a marine microbial 
community in a riverine system. MicrobiologyOpen, 5: 
1071–1084. doi: 10.1002/mbo3.392

https://doi.org/10.1007/s12250-015-3603-6
https://doi.org/10.1007/s12250-015-3603-6
https://doi.org/10.1002/mbo3.392

