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Vibrio are a genus of marine bacteria that have substantial environmental and human
health importance, and there is evidence that their impact may be increasing as a
consequence of changing environmental conditions. We investigated the abundance
and composition of the Vibrio community within the Sydney Harbour estuary, one of the
most densely populated coastal areas in Australia, and a region currently experiencing
rapidly changing environmental conditions. Using quantitative PCR (qPCR) and Vibrio-
specific 16S rRNA amplicon sequencing approaches we observed significant spatial
and seasonal variation in the abundance and composition of the Vibrio community.
Total Vibrio spp. abundance, derived from qPCR analysis, was higher during the late
summer than winter and within locations with mid-range salinity (5–26 ppt). In addition
we targeted three clinically important pathogens: Vibrio cholerae, V. Vulnificus, and
V. parahaemolyticus. While toxigenic strains of V. cholerae were not detected in any
samples, non-toxigenic strains were detected in 71% of samples, spanning a salinity
range of 0–37 ppt and were observed during both late summer and winter. In contrast,
pathogenic V. vulnificus was only detected in 14% of samples, with its occurrence
restricted to the late summer and a salinity range of 5–26 ppt. V. parahaemolyticus
was not observed at any site or time point. A Vibrio-specific 16S rRNA amplicon
sequencing approach revealed clear shifts in Vibrio community composition across sites
and between seasons, with several Vibrio operational taxonomic units (OTUs) displaying
marked spatial patterns and seasonal trends. Shifts in the composition of the Vibrio
community between seasons were primarily driven by changes in temperature, salinity
and NO2, while a range of factors including pH, salinity, dissolved oxygen (DO) and
NOx (Nitrogen Oxides) explained the observed spatial variation. Our evidence for the
presence of a spatiotemporally dynamic Vibrio community within Sydney Harbour is
notable given the high levels of human use of this waterway, and the significant increases
in seawater temperature predicted for this region.
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INTRODUCTION

Marine microbes play essential ecological and biogeochemical
roles in coastal and estuarine habitats (Ducklow and Carlson,
1992), but some species also pose a significant threat to ecosystem
function and human health. A key group of marine pathogens
responsible for diseases in a wide diversity of marine organisms,
as well as illness in the human population, belong to the bacterial
genus Vibrio. The Vibrio genus is comprised of a diverse group
of gram-negative, largely marine and estuarine heterotrophic
bacteria that frequently occur in close association with marine
plants and animals, where they can act as both mutualistic
symbionts (Lee and Ruby, 1994; Nyholm and Nishiguchi, 2008)
or pathogens (Blackwell and Oliver, 2008; Vezzulli et al., 2012,
2015; Geng et al., 2014; Matteucci et al., 2015). As an important
natural component of bacterioplankton communities they also
contribute to biogeochemical cycling in aquatic habitats (Eiler
et al., 2006; Thompson and Polz, 2006; Hasan et al., 2015).
Due to their potentially significant impact on coastal ecosystems,
marine animals, aquaculture (Higgins, 2000; Kushmaro et al.,
2001; Ben-Haim and Rosenberg, 2002; Zorrilla et al., 2003; Austin
and Zhang, 2006; Geng et al., 2014; Vezzulli et al., 2015) and
human health (Daniels and Shafaie, 2000; Baker-Austin et al.,
2013; Orata et al., 2014) an understanding of the spatiotemporal
dynamics of Vibrios and their potential to bloom and cause
disease outbreaks has become increasingly important (Lipp et al.,
2002; Oberbeckmann et al., 2012; Takemura et al., 2014). This
is particularly true in light of recent evidence that this group
of organisms are increasing in abundance and impact in some
regions as a consequence of environmental perturbations and
climate change (Oberbeckmann et al., 2012; Froelich et al., 2013;
Jacobs et al., 2014; Takemura et al., 2014).

Vibrios are copiotrophic bacteria that have the capacity
to rapidly increase in abundance, shifting from a relatively
rare component of coastal microbial communities to dominant
members of the assemblage during “bloom” events (Thompson
and Polz, 2006; Gilbert et al., 2011; Takemura et al., 2014). For
example, during a 1 month period, the abundance of a single
Vibrio sp. operational taxonomic unit (OTU), increased from <2
to 54% of the bacterial community inhabiting a coastal habitat, in
apparent response to an increased abundance of a single diatom
species (Gilbert et al., 2011).

As well as causing diseases in fish, corals, oysters, crustaceans,
echinoderms, and other animals (Goarant et al., 2000; Kushmaro
et al., 2001; Ben-Haim and Rosenberg, 2002; Becker et al., 2004;
Frans et al., 2011; Geng et al., 2014; Vezzulli et al., 2015) multiple
Vibrio spp. are also pathogenic to humans (Adebayo-Tayo et al.,
2011; Baker-Austin et al., 2013; Geng et al., 2014; Orata et al.,
2014; Kubota, 2015). Arguably the most clinically important
pathogens for public surveillance matters are Vibrio cholerae,
V. parahaemolyticus, and V. vulnificus (Daniels and Shafaie,
2000). In the USA, these three Vibrio spp. are responsible for
an economic burden of $307 million USD per year (Ralston
et al., 2011). Toxigenic V. cholerae is the causative agent of
cholera, a disease for which around 2.8 million cases occur
annually around the world, with an average of ∼93,500 deaths
each year (Ali et al., 2012). Infections by V. parahaemolyticus and

V. vulnificus are typically associated with either the consumption
of undercooked seafood, or direct contact from swimming in
coastal and estuarine waters (Daniels and Shafaie, 2000). In Japan,
it is estimated that between 7,000 and 63,000 people experience
foodborne illnesses caused by V. parahaemolyticus each year
(Kubota, 2015). While in the USA, the estimated economic
burden of medical costs associated with V. vulnificus infections
represents approximately half of the total costs associated with
food and water-borne marine pathogens and toxins (Ralston
et al., 2011). Moreover, the capacity of V. vulnificus to cause
wound infections that become septic is particularly notable,
because these infections result in a ∼50% mortality rate (Daniels
and Shafaie, 2000; Jones and Oliver, 2009; Horseman and Surani,
2011).

Understanding when and where outbreaks of pathogenic
Vibrios will occur is essential for public health management
(Hlady and Klontz, 1996; Ralston et al., 2011). The
spatiotemporal dynamics of Vibrio populations and the
occurrence of bloom events have been linked to several
environmental drivers, including temperature, salinity, turbidity,
dissolved oxygen (DO), pH, chlorophyll, and nutrients, as
well as associations with potential host organisms (Takemura
et al., 2014). In coastal environments, as well as estuaries and
coastal rivers, elevated water temperatures and low salinity levels
are also often significant explanatory factors for increases in
Vibrio spp. abundance (Randa et al., 2004; Hsieh et al., 2008;
Oberbeckmann et al., 2012; Froelich et al., 2013; Takemura et al.,
2014), though there is evidence that the key environmental
drivers can differ between species (Takemura et al., 2014).
V. cholerae, V. vulnificus, and V. parahaemolyticus all generally
prefer warm water temperatures (>20◦C) and low (<10 ppt)
salinity (Takemura et al., 2014), with infectious Vibrio outbreaks
often tightly correlated with these parameters (Oberbeckmann
et al., 2012; Jacobs et al., 2014; Takemura et al., 2014).

As a result of increasing sea surface temperatures driven by
climate change, the Baltic Sea in Northern Europe has seen an
increase in Vibrio-related wound infections with spikes in disease
correlating with “heatwave” years (Baker-Austin et al., 2013).
Similar correlations between Vibrio abundance (and infections)
and temperature increases have been made in other parts of
the world including Israel, the USA, Chile, Peru, and Spain
(Centers for Disease Control and Prevention, 1998; González-
Escalona et al., 2005; Paz et al., 2007; Martinez-Urtaza et al.,
2008; Baker-Austin et al., 2010). It has been reported that an
increase in sea surface water temperature of 3.7◦C increases
Vibrio-associated illness risk by 2–3 times (Sterk et al., 2015),
while a 5◦C temperature rise increases cholera risk by 3.3-fold
(Huq et al., 2005; Colwell, 2009; Baker-Austin et al., 2013).

The links between pathogenic Vibrio spp. abundance and
elevated seawater temperatures are particularly pertinent to
south-eastern Australia, where seawater temperatures are
currently rising more rapidly than in any other part of the
southern hemisphere (Hobday and Lough, 2011). These
increasing seawater temperatures are believed to be driven
in part by the influence of the strengthening East Australian
Current (EAC), a western boundary current that redistributes
warm tropical waters into the temperate latitudes of the
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Australian east coast (Cai et al., 2005). The EAC is currently
increasing in southerly extent as a result of climate change driven
shifts in Pacific Ocean circulation patterns (Cai et al., 2005; Sun
et al., 2012), and as a consequence southerly range expansions of
tropical animal and plant species into the temperate latitudes of
the Australian east coast have been observed (Poloczanska et al.,
2007; Last et al., 2011). The EAC has also been implicated in the
southward spread of populations of “tropical” microbial species
into temperate latitudes of the Tasman Sea (Seymour et al., 2012).

It is predicted that by 2050 the average sea surface
temperatures in south-eastern Australia will be 2◦C higher
than the 1990–2000 average, which will also result in higher
temperature extremes during “heatwave” years (Hobday and
Lough, 2011). Within the context of temperature-associated
increases in the abundance of pathogenic Vibrios observed
elsewhere (Huq et al., 2005; Oberbeckmann et al., 2012; Vezzulli
et al., 2012; Baker-Austin et al., 2013; Jacobs et al., 2014;
Takemura et al., 2014), current and predicted future increases in
seawater temperatures raise the prospect for increased incidence
of pathogenic Vibrios within Australian coastal waters. This
is significant given that approximately 85% of the human
population in this region reside within 50 km of the coast
(Australian Bureau of Statistics, 2004). However, there is
currently a severe lack of data regarding the natural occurrence
and distributions of pathogenic Vibrios within the Australian
marine environment or an understanding of the environmental
processes underpinning them.

The Sydney Harbour estuary is one of the most densely
populated coastal areas in Australia and the waters of this
region are heavily used by commercial and recreational activities.
This system has also been subject to significant contamination
from heavy metals, organics, and a range of other pollutants
(Birch, 1996; Thompson et al., 2011; Lee and Birch, 2014).
The estuary hosts a diversity of habitats and high levels of
biodiversity (Hutchings et al., 2013), but little is known about the
microbiology of this environment. In this study, we investigated
the dynamics of Vibrio spp., including human pathogen species,
within Sydney Harbour.

MATERIALS AND METHODS

Study Sites
This study was conducted within the Sydney Harbour estuary
system, located on the central eastern coast of Australia (33◦48′S
151◦18′E). The Sydney Harbour estuary system spans an area
of approximately 250 km2, and is completely encircled by the
city of Sydney in all directions except to the east, where it
meets the Tasman Sea. The estuary is exposed to high levels
of anthropogenic impact (Lee and Birch, 2014) and is located
in the temperate region of the east Australian coast – a region
experiencing rapid increases in sea surface water temperatures
(Hobday and Lough, 2011).

Sampling was performed at eight sites within the Sydney
Harbour catchment and included four inner harbour and
four outer harbour sites, spanning a salinity gradient from
marine conditions near the mouth of the harbour at Chowder
Bay (33◦50′22′′S 151◦15′17′′E) to the freshwater conditions in
the Parramatta River to the west (33◦48′36′′S 150◦59′46′′E,
Figure 1). Sites at Olympic Park (33◦49′20′′S 151◦04′44′′E) and
Mcllwaine Park (Rhodes) (33◦49′52′′S 151◦05′22′′E) are situated
furthest inland and near mangrove areas. The Hen and Chicken
Bay (33◦51′22′′S 151◦07′38′′E) and Iron Cove (33◦52′11′′S
151◦09′06′′E) sites are directly adjacent to land areas that have
been reclaimed using commercial and industrial waste (Suh et al.,
2004). The sites at Rozelle Bay (33◦52′20.0′′S 151◦10′32.6′′E) and
Iron Cove are adjacent to stormwater canals that are subject to
regular discharges (Armitage and Rooseboom, 2000). The two
most eastern sites at Mort Bay (33◦51′13′′S 151◦11′05′′E) and
Chowder Bay are closest to the mouth of the Harbour. Sampling
was conducted from jetties (piers) or pontoons at each site,
whereby surface water samples were collected from points where
the water depth was 2–5 m, with the exception of Hen and
Chicken Bay where the water depth was only 1 m. Sampling was
conducted on three occasions, corresponding to the late austral
summer inMarch 2014, and the austral winter in June andAugust
2014.

FIGURE 1 | Map of sampling locations along the Parramatta River and within Sydney Harbour.
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Sampling Protocols
At each of the sampling sites, approximately 16 L of
water was collected from the surface using Nalgene bottles,
and physicochemical parameters including temperature, DO,
conductivity and pH were measured in situ using a WTW
multiprobe meter (Multi 3430, Germany). Triplicate surface
water samples (15 ml) were also collected at each site and filtered
through 0.45 µm Sartorius Minisart filters (Satorius stedim
Biotech) into 15 ml centrifuge tubes for nutrient analysis. All
samples were immediately transported back to the laboratory
on ice.

Nutrient Analysis
Concentrations of ammonium ion, phosphate, nitrite, and total
nitrogen were determined using a colorimetric analysis with the
Lachat Quikchem QC8500 Automated Ion Analyser (LACHAT
Instruments, USA) in accordance with the manufacturer’s
guidelines. The resulting data were interpreted using Omnion
version 3 software (LACHAT Instruments, USA).

DNA Extraction
Microbial DNA was retrieved by filtering triplicate 2 L
samples through 0.22 µm pore-size GP Sterivex membrane
filters (Millipore) using a peristaltic pump. Filters were stored
at −80◦C until genomic DNA extraction was performed
using the Powerwater DNA isolation Kit (MoBio Laboratoties,
Inc.) in accordance with the manufacturer’s instructions,
with the following minor modifications: (i) before extraction
membrane filters were removed using sterilized scalpels and

transferred into the bead tube and (ii) prior to the initial
step of bead-beating and chemical lysis of cells, samples were
heated to 60◦C for 10 min to further aid cell lysis. DNA
quantity and purity was evaluated using a Nanodrop-1000
Spectrophotometer.

Quantitative PCR (qPCR)
Quantitative PCR (qPCR) was used to track patterns in the
abundance of the total Vibrio community as well as pathogenic
V. cholerae, V. vulnificus, and V. parahaemolyticus. qPCR was
performed using the StepOnePlusTM Real-Time PCR System
(Applied Biosystems) and StepOne software version 2.3. All
qPCR tests were run using three technical replicates, consisting of
20µl reaction volumes containing 10µl SYBR Select MasterMix,
3.4 µl nuclease free water, 0.4 µM for each forward and reverse
primers and 5 µl of diluted (1:5) DNA template. Calibration
curves were run with every plate and all extracted DNA was
diluted fivefold to reduce pipetting errors.

To quantify patterns in the whole Vibrio community, the
primer pair Vib1-f and Vib2-r (Thompson J.R. et al., 2004;
Vezzulli et al., 2012) were used to amplify 16S rRNA genes
specific to the Vibrio genus (Table 1). The qPCR cycling
parameters involved: initial activation steps at 50◦C for 120 s
and 95◦C for 120 s, followed by 40 cycles of a 2-step reaction
involving denaturation at 95◦C for 15 s and annealing/extension
step at 60◦C for 60 s. The amplification was concluded with a
holding stage at 72◦C for 120 s. To confirm that each primer
pair produced only a single specific product, a melting curve
was added to the end of every qPCR assay at every run (for all
primers).

TABLE 1 | Primers for Q-PCR detection of Vibrio species and for next generation sequencing.

Organism(s) Target gene Primers Information on target
gene

Reference

Vibrio genus 16S rRNA Vib1-f
(5′-GGCGTAAAGCGCATGCAGGT-3′ )
Vib2-r
(5′-GAAATTCTACCCCCCTCTACAG-3′ )

General Vibrio spp.
(205-bp)

Thompson J.R. et al.,
2004; Vezzulli et al.,
2012

Vibrio cholerae ompW ctxA OmpW-F
(5′-AACATCCGTGGATTTGGCATCTG-3′ )
OmpW-R
(5′-GCTGGTTCCTCAACGCTTCTG-3′ )
ctxA_F
(5′-TTTGTTAGGCACGATGATGGAT-3′ )
ctxA-R
(5′-ACCAGACAATATAGTTTGACCCACTAAG-3′ )

Species specific outer
membrane protein
(89-bp)
Cholera toxin from
toxigenic V.cholerae
(84-bp)

Gubala, 2006; Gubala
and Proll, 2006;
Blackstone et al., 2007

Vibrio vulnificus vvhA Vul-F-1085
(5′-GGTTGCGGGTGGTTCGGT-3′ )
Vul-R-b1375
(5′-GATTTGCTTCATTTTCAGGGG-3′ ).

Hemolysin A gene from
pathogenic V. vulnificus
(290-bp)

This study

Vibrio
parahaemolyticus

tdhS TDH-169
(5′-GTAAAGGTCTCTGACTTTTGGAC-3′ )
TDH-415
(5′-TGGAATATGAACCTTCATCTTCACC-3′ )

Thermostable direct
haemolysin gene from
pathogenic
V. parahaemolyticus
(270 bp)

Rizvi and Bej, 2010

Vibrio Genus for
MiSeq Illumina
platform

16S rRNA Vib-169F
(5′-GGATAACC/TATTGGAAACGATG-3′ )
Vib2-r
(5′-GAAATTCTACCCCCCTCTACAG-3′ )

General Vibrio spp.
(511-bp)

Thompson J.R. et al.,
2004; Yong et al.,
2006; Vezzulli et al.,
2012
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To quantify patterns in V. cholerae abundance we targeted the
outer-membrane protein ompW gene (Gubala, 2006; Gubala and
Proll, 2006; Table 1). qPCR cycling parameters were identical to
the Vibrio 16S rRNA assay described above, with the exception of
the annealing/extension step, which occurred at 61◦C for 60 s. To
test for the occurrence of toxigenic V. cholerae, we targeted the
enterotoxin gene ctxA (Blackstone et al., 2007; Table 1), using the
same cycling conditions employed for the ompW assay.

To quantify V. vulnificus we targeted the hemolysin A vvhA
gene (Panicker et al., 2004; Panicker and Bej, 2005) using a new
set of primers designed for this study (Table 1). The vvhA primers
were designed using Primer3 software (Thornton and Basu, 2011)
and assessed against available databases with cycling conditions
identical to the general Vibrio 16S rRNA assay.

To specifically target V. parahaemolyticus, the thermostable
direct haemolysin tdhS gene was targeted (Rizvi and Bej, 2010;
Table 1). Cycling conditions for this assay involved initial
activation steps at 50◦C for 120 s and 95◦C for 120 s, followed by
40 cycles of a 3-step reaction incorporating: denaturation at 95◦C
for 15 s, annealing at 56◦C for 15 s and extension step at 72◦C
for 60 s. The amplification was concluded with a holding stage
of 72◦C for 120 s followed by a melting curve. Standard curves
for each qPCR assay were prepared using cultures of V. cholerae
(O1 El Tor N16961), V. parahaemolyticus (ATCC17802), and
V. vulnificus (C71840), with V. parahaemolyticus (ATCC17802)
genomic DNA used for the Vibrio community 16S rRNA
assay. Each strain was inoculated into a 50 ml centrifuge tube
containing 6ml of 100%marine broth (Difco Marine Broth 2216)
and incubated overnight at 37◦C, while shaking at 150 rpm.
Samples were homogenized by vortexing and each tube was
sub-sampled (1 ml × 4) into four sterile 1.5 ml tubes, creating
four replicates for each Vibrio spp. The media was washed
three times with phosphate buffer solution (PBS × 3) and
centrifuged at 5200 × g at 10◦C for 10 min. One replicate
(pellet + 1 ml PBS × 3) from each bacterial strain was serially
diluted and enumerated by spread plating onto triplicate marine
agar plates (Difco marine Broth 2216 and +1.5% Bacteriological
agar) and incubating at 37◦C overnight. DNA was extracted
from the other three replicates for each Vibrio strain using the
Powerwater DNA isolation Kit (MoBio Laboratories, Inc.) in
accordance with the manufacturer’s instructions. The extracted
DNA (n = 3) was pooled and used for the generation of standard
curves.

Vibrio Diversity and Phylogenetic
Analysis
To track shifts in the overall composition of the Vibrio
community we combined the Vibrio-specific 16S rRNA primers
Vib-169F (Yong et al., 2006) and Vib2-r (Thompson J.R. et al.,
2004; Vezzulli et al., 2012; Table 1) to target the variable regions
V2, V3, and part of V4. PCR reactions were performed in 50 µl
volumes containing 25 µl of MangomixTM (Bioline), 0.4 µM of
each of the forward and reverse primers and 1–5 µl of template
DNA. PCR cycling conditions involved an initial activation step
of 95◦C for 120 s, followed by 30 cycles of: denaturation at 95◦C
for 15 s, annealing at 53◦C for 30 s and extension at 72◦C for

30 s, followed by a holding stage at 72◦C for 10 min. After
confirming positive amplification, the genomic DNA from the
March and June samples was used to prepare DNA libraries
with the Illumina TruSeq DNA library preparation protocol.
Sequencing was performed on the Illumina MiSeq platform
(at Molecular Research LP; Shallowater, TX, USA) following
the manufacturer’s guidelines. Raw data files in FASTQ format
were deposited in NCBI Sequence Read Archive (SRA) with the
study accession number SRP069796 under Bioproject number
PRJNA309925.

Vibrio 16S rRNA gene sequences were analyzed using the
QIIME pipeline (Caporaso et al., 2010; Kuczynski et al., 2012).
Briefly, paired-end DNA sequences were joined, de novo OTUs
were defined at 97% sequence identity using UCLUST (Edgar,
2010) and taxonomy was assigned against the Greengenes
database (version 13/8/2013) using BLAST (Altschul et al., 1990).
Chimeric sequences were detected using ChimeraSlayer (Haas
et al., 2011) and filtered from the dataset. Sequences were then
rarefied to the same depth to remove the effect of sampling effort
upon analysis.

Statistical Analysis
Seasonal differences in environmental parameters were tested
with One-way ANOVA followed by Tukey HSD test, performed
using STATISTICA version 10.0 (StatSoft, Tulsa, OK, USA).
To compare total Vibrio spp. abundance, data was log| x + 1|
transformed and a factorial ANOVA followed by Tukey
HSD test was performed using STATISTICA version 10.0
(StatSoft, Tulsa, OK, USA). Data from the V. cholerae,
V. parahaemolyticus, andV. vulnificus qPCR assays were analyzed
using the Kruskal–Wallis (non-parametric) test, followed by
a Multiple Comparisons Assessment (StatSoft, Tulsa, OK,
USA). Correlations between qPCR results and environmental
parameters were assessed using Minitab 17 (Minitab Inc.). For
the Vibrio specific amplicon sequencing data, a non-metric MDS
analysis was performed on the top 50 OTUs and normalized [(x-
mean)/stdev] environmental parameters, with the Bray–Curtis
similarity measurement using PAST (Hammer et al., 2001). In
addition, PAST was also used for SIMPER analysis, with the
Bray–Curtis similarity measurement used to identify the OTUs
that contributed the most to differences between the winter and
late summer samples. Alpha diversity parameters of the rarefied
sequences and Jackknife Comparison of the weighted sequence
data were calculated in QIIME (Caporaso et al., 2010; Kuczynski
et al., 2012). Differences in the alpha diversity parameters were
tested using the non-parametric Mann-Whitney U Test (StatSoft,
Tulsa, OK, USA).

RESULTS

Environmental Conditions
The environmental parameters measured during the study period
are summarized in Supplementary Table S1. Water temperature,
DO and pH varied significantly between seasons [ANOVA,
F(4,16) = 115.3, p < 0.0001], with mean water temperatures
decreasing by 8.8◦C degrees (Tukey HSD, p < 0.0002), DO
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increasing by 1.6 mg L−1 (p < 0.0004) and pH increasing by
0.55 (Tukey HSD, p < 0.0021) from the summer to winter
sampling periods. During summer, salinity decreased across the
estuary from the two most eastern sites at Chowder Bay and
Mort Bay, where salinities were near to marine conditions,
to the western sites including Olympic Park, Rhodes, and
Parramatta Park, where salinity dropped to 0–14.1 ppt. Olympic
Park and Rhodes displayed the highest NH4

+ levels during
the winter (485.3 ± 105.3, 510.1 ± 192.6; average ± stdev µg
L−1) while Olympic Park and Parramatta Park displayed
the highest NH4

+ levels during the summer (313 ± 23.8,
125.9 ± 13.1 µg L−1).

Total Vibrio spp. Abundance
Quantitative PCR analysis of the total Vibrio community
(Figure 2) revealed significant differences between locations
[ANOVA, F(4,48) = 19.4, p < 0.0001] and sampling periods
[ANOVA, F(1,48) = 228, p < 0.0001], as well as a significant
interactive effect between location and sampling periods
[ANOVA, F(11,48) = 17.3, p < 0.0001]. Most locations (seven
out of eight) exhibited higher Vibrio spp. abundances during
the summer (March) than the winter (June and/or August)
with five sites (Rhodes, Mort Bay, Rozelle Bay, and Chowder
Bay) displaying significant differences between summer and
winter (Tukey HSD, p < 0.05, asterisks in Figure 2). Mean
abundances across the entire estuary were 2.6 × 105 cells ml−1

in the summer, compared to 4.5 × 104 cells ml−1 in the
winter. The highest concentrations were measured in Rozelle
Bay during the summer (1.6 × 106 cells ml−1) while the lowest
concentration was recorded in Parramatta Park during the winter
(6.5 × 102 cells ml−1).

Across the entire data set, total Vibrio spp. abundance
demonstrated a positive correlation to temperature (r = 0.306,
p = 0.011) and a negative correlation (r = −0.287, p = 0.017) to
DO.Within sites, totalVibrio abundance was positively correlated
to temperature (r ≥ 0.8, p < 0.05) and negatively correlated to
pH (r ≤ −0.79, p ≤ 0.038) at Chowder Bay, Mort Bay, Rozelle

Bay, Iron Cove and Rhodes, while it was negatively correlated to
salinity (r ≥ 0.83, p < 0.05) at Iron Cove and Mort Bay.

Abundance of Pathogenic Vibrios
Vibrio cholerae was detected in the majority (71%) of samples
when we targeted the species specific ompW gene, but levels of
toxigenic V. cholerae (positive for ctxA) were below detection
limit in all samples. In three out of the four sites with the highest
V. cholerae abundance (Olympic Park, Rhodes, and Rozelle Bay),
summer concentrations (72 ± 26, 98 ± 76, 372 ± 46; cells
ml−1 average ± stdev) were higher than winter concentrations.
Significant differences in V. cholerae abundance were observed
between sites [Kruskal–Wallis test: H(7,69) = 15.5, p = 0.0297],
with the highest numbers recorded at Rozelle Bay during the
late summer, where concentrations reached 3.7 × 102 ± 46
(average± stdev) cells ml−1 (Figure 3).

Across the entire data set, V. cholerae abundance was
negatively correlated to DO (r < −0.428, p < 0.0001) and to
pH [r < −0.328, p < 0.006]. The nature of correlations between
V. cholerae abundance and environmental parameters observed
over time varied significantly between locations, with three sites
in particular characterized by significant correlations. Within
Rozelle Bay, V. cholerae abundance was negatively correlated to
DO, pH, and NH4

+, but positively correlated to temperature
(r ≥ 0.89, p< 0.005). Similarly, in Rhodes,V. cholerae abundance
was negatively correlated to DO and pH, but positively correlated
to temperature (r ≥ 0.75, p < 0.02). On the other hand in
Parramatta Park,V. cholerae abundance was negatively correlated
to DO, temperature and NO2, but positively correlated to pH and
salinity (r ≥ 0.73, p < 0.05).

Vibrio vulnificus was detected in 14% of all samples (Figure 3),
but was only observed during summer and at sites within the
salinity range of 5–26 ppt (Supplementary Table S1). There
were significant differences in V. vulnificus abundance between
locations [Kruskal–Wallis test: H(2,12) = 8.6, p = 0.0134], with
the highest concentration and variation (3.6× 104 ± 3× 104 cells
ml−1; average ± stdev) recorded at Rhodes (Figure 3).

FIGURE 2 | Total Vibrio abundance (mL−1) in Sydney Harbour determined by quantitative PCR. Red boxplots denote summer (March) samples, and blue
and green boxplots denote winter [June and August (only at five location), respectively] samples. Asterisks indicate a significant difference between summer–winter
samples.
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FIGURE 3 | Vibrio cholerae and V. vulnificus abundance (mL−1) in Sydney Harbour determined by quantitative PCR. Specific qPCR assays were carried
out on: (A) the V. cholerae outer-membrane protein gene ompW (Efficiency ≥ 93.3% and R2 ≥ 0.996; top graph) and for (B) the V. vulnificus hemolysin A vvhA gene
(Efficiency = 92.8% and R2 = 0.995; bottom graph). Red boxplots denote summer (March) samples, and blue and green boxplots denote winter [June and August,
respectively] samples. Asterisks indicate a significant difference in V. vulnificus between sample locations.

V. parahaemolyticus levels were below detection limit in all
samples.

Vibrio Community Diversity and
Structure
Sequences were rarefied to 10,734 sequences per sample, to
remove the effect of sampling effort upon analysis. Jackknife
Comparison of the weighted 16S rRNA data sequences separated
the sequence data into five different groups, (Figure 4A).
In most (87%) locations and during most sampling times
all three biological replicates grouped together, with a clear
separation between summer and winter samples observed across
the data set (Figure 4A). However, at two sites (Hen and
Chicken Bay and Chowder Bay) the summer and winter
samples grouped together (groups 3 and 4; Figure 4A). A non-
metric MDS analysis of the top 50 OTUs, plotted together
with normalized environmental parameters (representing 75.9%
of the total rarefied sequence; Stress = 0.1237; Figure 4B)
demonstrated clear divisions between summer and winter

samples. However, it is notable that the three eastern most
sampling sites (Chowder Bay, Rozelle Bay, and Mort Bay)
displayed substantially more similarity across the seasons
than the more western sampling sites (Figures 4B and 5),
implying that seasonal shifts were more dramatic in the western
region of the estuary. Temperature and salinity were the two
most significant environmental drivers of differences in the
Vibrio community between summer and winter (Supplementary
Table S1, Figure 4B). The higher summer temperatures
coincided with lower salinity, DO and pH levels (Supplementary
Table S1, Figure 4B).

Both spatial and temporal shifts in the composition of the
Vibrio community were observed (Figures 4 and 5), with the
majority (61%) of the most abundant OTUs (including all OTUs
representing >0.5% of the sequences, which together comprised
67.5% of total sequences) observed during summer. However,
it is notable that these dominant OTUs decreased in their
relative importance during the winter (Figure 5). Moreover,
Shannon Wiener index, observed species and species richness
(Chao1), were all significantly higher in summer than winter
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FIGURE 4 | Sample assessment using 16S rRNA gene sequences and environmental parameters. (A) Jackknife Comparison on the weighted sequence
data was carried out using QIIME (Caporaso et al., 2010) and constructed with MEGA 6.0 (Tamura et al., 2013). Red circles denote summer (March) and Blue
squares denote winter (June) samples. The bar represents five substitutions per 100 nucleotide positions. Black circles numbered 1–5 highlight different groups of
sequences. (B) Non-metric MDS plot of the top 50 OTUs. Red and Blue points represent summer and winter samples, respectively. A, B, and C represent the three
biological replicates. Shepard plot stress value was 0.1237. Vectors indicate the contribution of each environmental parameter using PAST (Hammer et al., 2001).
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FIGURE 5 | Most abundant Vibrio OTUs (representing 67.5% of the total normalized sequences during winter and summer. The figure displays the
distribution of OTUs (for graphical reasons only OTUs that represent >0.5% of the total sequences were included) at the different sites, ranging from Parramatta Park
in the west to Chowder Bay in the east: (A) summer sampling time (March), (B) winter (June).
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(Mann–Whitney U Test, p ≤ 0.012). SIMPER analysis revealed
that 4 OTUs, including OTU 8366 (16.5% contribution to the
difference between winter and summer in Figure 4B), OTU
13800 (14.7%), OTU 13477 (12.4%), and OTU 16652 (8.8%),
both represented the most abundant sequences in the data-
set and together contributed 52.4% of the difference between
winter and summer Vibrio communities. The Greengenes
analysis assigned these sequences as follows: OTU 13800 –
to the genus Vibrio, OTU 8366 – to the Vibrionaceae family,
OTU 13477 – to the genus Erwinia and OTU 16652 – to
V. mimicus.

DISCUSSION

Our study revealed that Vibrios, including several human
pathogens, are an abundant and dynamic component within
the Sydney Harbour estuary, and that the community displays
marked spatiotemporal heterogeneity that can often be clearly
linked to environmental variables including temperature.
Temperature significantly influenced both Vibrio abundance
and community composition within Sydney Harbour, with
highest concentrations observed during the warmer summer
sampling period. This is consistent with evidence that many
Vibrio species prefer warmer waters and is in-line with the
seasonal dynamics observed in several other regions including
the North Sea, Tyrrhenian coast brackish water, coastal regions
of the Northern Baltic and along the east coast of the USA
(Eiler et al., 2007; Turner et al., 2009; Caburlotto et al., 2012;
Oberbeckmann et al., 2012; Vezzulli et al., 2012; Takemura
et al., 2014; Matteucci et al., 2015). Indeed in other coastal
regions it has been demonstrated that water temperature and
salinity are the major drivers of patterns in Vibrio abundance
(Oberbeckmann et al., 2012; Jacobs et al., 2014; Takemura et al.,
2014).

While temperature was the most significant environmental
determinant across the entire data-set, within sampling-
periods and individual sites salinity was a key environmental
determinant of patterns in Vibrio abundance and diversity.
Negative correlations between Vibrio abundance and salinity
were observed in two of the most easterly and ‘marine’ sites (Iron
Cove and Mort Bay), while at the most western and fresh water
site at Parramatta Park a positive correlation between salinity
and V. cholerae was observed. Whereas, V. vulnificus occurred
within the salinity range of 5–26 ppt (Olympic Park, Rhodes,
and Rozelle Bay) supporting previous observations that salinity
optimum varies between different Vibrio species (Kaspar and
Tamplin, 1993; Randa et al., 2004; Hsieh et al., 2008; Takemura
et al., 2014).

Presence of Pathogenic Vibrios in
Sydney Harbour
We targeted three pathogenic Vibrio spp. known to have
substantial relevance to human health. Several outbreaks
of pathogenic Vibrios have previously been documented in
Australia. In the 1970s, a small outbreak of cholera occurred
in south-eastern Queensland (Rao and Stockwell, 1980), which

was linked to local riverine toxigenic V. cholerae populations
(Rao and Stockwell, 1980; Rogers et al., 1980), and the presence
of toxigenic and non-toxigenic V. cholerae has subsequently
been documented within several rivers and estuaries in eastern
Australia (Desmarchelier and Reichelt, 1981; Bourke et al., 1986;
Desmarchelier et al., 1988, 1995; Mallard and Desmarchelier,
1995; Islam et al., 2013). Other pathogenic Vibrios and Vibrio
spp. related infections have been reported in Australia. Isolates
of V. cholerae and V. parahaemolyticus have been extracted
from Crassostrea commercialis (Sydney rock oysters) farmed
at estuaries along the east coast of Australia (Eyles et al.,
1985; Eyles and Davey, 1988) and several cases of V. vulnificus
and V. parahaemolyticus infections of humans have been
reported from estuaries in Northern Australia, following skin
contact with river water and seawater (Ralph and Currie,
2007).

In our study, V. cholerae was detected at most sites
within Sydney Harbour, with highest abundances observed
during late summer, at sites with low to mid-range salinity
levels (Parramatta Park, Olympic Park, Rhodes, and Rozelle
Bay; 0–26 ppt). Similarly, temporal studies in another urban
estuary along the Australian east coast identified the highest
prevalence of V cholerae in water, sediment and in oysters
during March–May (Eyles and Davey, 1988). It is possible that
this high abundance of V cholerae in warm brackish waters
followed an increase of dissolved organic matter following a
phytoplankton bloom (Eiler et al., 2007). However, it is important
to note that not all strains of V. cholerae are responsible
for causing cholera, indeed only the serogroups O1/O139
are responsible. The ompW gene used here differentiates
V. cholerae from other Vibrios, but does not necessarily
identify disease causing strains of V. cholerae. Our subsequent
analysis targeting the ctxA (cholera toxin) gene did not
detect this gene in any samples, suggesting that during our
study, toxigenic V. cholerae, which is the causative agent
of cholera (Thompson F.L. et al., 2004; Nelson et al.,
2009), was not present in the water of Sydney Harbour
estuary. However, other, non-toxigenic strains of V. cholerae
are also responsible for severe skin infections (Andersson
and Ekdahl, 2006; Lukinmaa et al., 2006; Stypulkowska-
Misiurewicz et al., 2006) and gastroenteritis (Dutta et al.,
2013; Luo et al., 2013). Additionally, non-toxigenic V. cholerae
strains from Sydney, that lack the ctxA gene, have been
shown to be pathogenic through Rabbit Ileal Loop models,
where pathogenesis (fluid accumulation) occurred due to the
presence of other virulence factors (Islam et al., 2013). The
presence of these alternate virulence factors in non-O1/non-
O139 V. cholerae isolates has been observed in Iceland (Haley
et al., 2012) and in the Botany Bay catchment (Islam et al.,
2013), which is immediately adjacent to Sydney Harbour.
Therefore, while not necessarily involved in cholera, the strains
of V. cholerae identified here are still likely to be significant
within the context of human health. Moreover, since Vibrios
are particularly prone to lateral gene transfer, non-toxigenic
strains of V. cholerae can acquire virulence through horizontal
gene transfer especially following cellular interactions within
localized microenvironments such as on zooplankton and
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within biofilms (Borgeaud et al., 2015; Metzger and Blokesch,
2016).

The links between V. cholerae abundance and season and
temperature observed here are significant, because elsewhere
warming patterns have coincided with outbreaks of Vibrio
infections (including infections from non-toxigenic V. cholerae),
with the distribution of infection cases closely corresponding
to the temporal and spatial peaks in sea surface temperatures
(Baker-Austin et al., 2013; Sterk et al., 2015). In regions where
cholera occurs, there are also clear links between elevated
temperatures and cholera outbreaks (Huq et al., 2005; Colwell,
2009).

The detection of the virulence gene vvhA by qPCR confirmed
the presence of pathogenic V. vulnificus populations in three of
the tested sites within the Sydney Harbour catchment during the
late summer (March) sampling session. However, this organism
was not detected at any sites during the winter sampling. This
is consistent with patterns observed elsewhere, whereby the
abundance of this species is generally correlated with elevated
water temperatures (Jacobs et al., 2014), with the occurrence of
V. vulnificus often limited to the summer months (Randa et al.,
2004). As a consequence, highest frequencies of human infections
typically occur during the warmer summer months (Strom and
Paranjpye, 2000). The three sites where V. vulnificus was detected
are located mid-estuary, where salinity levels were between 5 and
26 ppt. This also falls within the salinity range whereV. vulnificus
abundance has been shown to be highest elsewhere (Kaspar and
Tamplin, 1993; Randa et al., 2004).

It has been suggested that increased V. vulnificus abundance
within marine environments increases both the risk of infection
from seafood consumption (Strom and Paranjpye, 2000; Chu
et al., 2011) and direct exposure from swimming (Daniels
and Shafaie, 2000). The highest concentration of V. vulnificus
observed in this study was 7 × 104 cells ml−1. Whether
these levels are sufficient to induce infection in humans is
unclear since the infectious dose of this organism is currently
unknown and probably dependent on host factors (Daniels
and Shafaie, 2000). However, the high fatality rate associated
with V. vulnificus infection (Daniels and Shafaie, 2000; Jones
and Oliver, 2009; Horseman and Surani, 2011; Ralston et al.,
2011) warrants a level of concern regarding the occurrence
of this bacterium within the heavily used waters of Sydney
Harbour.

We also expected to detect pathogenic V. parahaemolyticus
within Sydney Harbour, at least during the summer, since this
species is commonly found in estuarine waters above 20◦C (Nigro
et al., 2011; Matteucci et al., 2015) and has previously been
identified in Sydney rock oysters (Eyles et al., 1985). However, in
all samples, V. parahaemolyticus levels were below the detection
limit of our qPCR assay. It is important to emphasize that we
tested only the water while other studies detected these bacteria
within oysters or associated with other marine animals (Eyles and
Davey, 1984; Eyles et al., 1985). Moreover, given the high levels
of spatiotemporal variability observed in our study, this finding
does not eliminate the possibility that these bacteria occur in the
Sydney Harbour catchment water at other times.

Patterns in Vibrio Community Diversity
and Composition
In addition to the shifts in abundance described above, we
observed substantial spatiotemporal changes in the composition
of the Vibrio community within Sydney Harbour. Unfortunately,
in some OTU’s the assigned taxonomy was above species and
genus level due to the 16S rRNA gene’s limited resolution in
the Vibrionaceae family (Sawabe et al., 2013). Vibrio diversity, as
determined by our Vibrio-specific 16S rRNA gene sequencing,
was higher in late summer than winter. Furthermore, Vibrio
community composition was clearly separated into winter and
summer groups within an MDS plot (Figure 4B). Analysis of
the sequences without the inclusion of environmental parameters
was not as conclusive (Figure 4A). While sequences from six of
the locations separated between summer and winter groups, in
two locations: Hen and Chicken Bay and Chowder Bay different
patterns were observed. In Hen and Chicken Bay, the winter and
summer samples grouped together, but separately from all other
sites. However, in Chowder Bay individual replicates from the
summer sampling period were divided between the winter and
summer groups.

The eastern-most site, closest to the open ocean, at Chowder
Bay, displayed the lowest seasonal variability in salinity,
temperature and DO (Supplementary Table S1), which may
explain the inter-seasonal consistency in Vibrio community
composition at this site. The Vibrio community at Hen and
Chicken Bay was universally separated from all other sites,
which could be explained by the fact that this was the only
sampling site where samples were obtained from relatively
shallow water (∼1 m) leading to a potentially greater influence
from resuspended sediments. We analyzed patterns in the Vibrio
community collected on a 0.22 µm filter, meaning that both
free-living and particle-attached populations were considered
together. There is evidence that a particle attached lifestyle
is common for many Vibrios (Takemura et al., 2014), and
although data on suspended particle concentrations were not
collected during this study it remains possible that some of
the spatiotemporal patterns observed here were underpinned by
variability in the concentrations of suspended particulate material
in the estuary.

In accordance with the patterns in total Vibrio abundance,
temperature was one of the most significant drivers of differences
in the Vibrio community composition. This pattern supports
previous observations that have indicated that elevated water
temperature is a major factor explaining patterns in Vibrio
community composition and abundance (Nishiguchi, 2000;
Thompson J.R. et al., 2004; Tout et al., 2015).

Some of the differences in Vibrio abundance between the
winter samples might be explained by differential influence of a
rainfall event, where 58.3 mm of rain occurred during the week
proceeding August samples collection (Observatory Hill station,
Sydney, http://www.bom.gov.au/climate/data/index.shtml).
Stormwater run-off associated with rainfall events influence
salinity and nutrient levels within Sydney Harbour, which can
drive heterogeneity in bacterioplankton community composition
within the estuary (Jeffries et al., 2015). During each sampling
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period, and particularly during March (summer sample), spatial
shifts in the composition of the Vibrio community were
primarily governed by variability in salinity, which is consistent
with patterns previously observed in other environments
(Oberbeckmann et al., 2012; Jacobs et al., 2014; Takemura et al.,
2014). While temperature and salinity were the most important
drivers of shifts in overall Vibrio community structure, and
total Vibrio abundance, not all Vibrio spp. displayed the same
patterns. For instance, the relative proportion of the OTU
(16652) with closest sequence matches to V. mimicus, and which
comprised up to 10% of the community in three samples,
increased significantly during winter in the Parramatta Park
samples. This is consistent with observations in Bangladesh,
where V. mimicus numbers spiked during lower temperature
months (Chowdhury et al., 1989). This is particularly notable
because V. mimicus has been implicated in outbreaks of vibriosis
in freshwater catfish in China, leading to 80–100%mortality rates
(Geng et al., 2014). V. mimicus is also pathogenic to humans,
causing diarrheal disease (Hlady and Klontz, 1996; Adebayo-
Tayo et al., 2011), with some isolates exhibiting the presence of
the lysogenic filamentous bacteriophage that carries the cholera
toxin genes in epidemic V. cholerae strains (Boyd et al., 2000).
So the substantial proportion of Vibrio sequences matching this
organism within regions of the Sydney Harbour estuary is also
noteworthy.

Environmental and Human Health
Implications
Previous studies that have examined Vibrio related infections
occurring in coastal sites in the Baltic Sea, North Sea, Israel,
and the Korean peninsula have revealed the link between
high water temperatures and infection rates (Paz et al., 2007;
Hashizume et al., 2008; Chu et al., 2011; Baker-Austin et al.,
2013). Furthermore, recent models have revealed that elevated
water temperature is a key factor explaining Vibrio abundance
within aquatic samples (Oberbeckmann et al., 2012; Jacobs et al.,
2014). These patterns and predictions are relevant within the
context of the current, and predicted future, warming of seawater
temperatures along the south-eastern Australian coast (Cai et al.,
2005; Hobday and Lough, 2011; Last et al., 2011). We performed
a simple analysis of surface seawater temperatures (SST) along
the Sydney coastline (34◦05′S 151◦15′E) during the last 57 years
(Supplementary Figure S1), which suggests that a rise in SST of
1–2◦Cwill increase the number of days where SST≥ 20◦C, which
is the preferred temperature regime of several pathogenic Vibrio
species (Takemura et al., 2014), by up to 169%. This is particularly

relevant within the context of recent evidence for temperature-
induced shifts in bacterial community composition and function
in this region (Seymour et al., 2012), and a precedent of previous
Vibrio outbreaks within the waters of eastern Australia (Rao
and Stockwell, 1980; Rogers et al., 1980; Desmarchelier et al.,
1995).

Developing an understanding of the spatiotemporal dynamics
of Vibrio populations and identifying key environmental drivers
are essential for predicting future risks and hotspots for pathogen
outbreaks within heavily used coastal ecosystems such as Sydney
Harbour. Our observations suggest that several sites within
Sydney Harbour, where significant abundances ofV. cholerae and
V. vulnificus already occur, are potentially at risk of pathogenic
Vibrio outbreaks, particularly during warm summer months.
Moreover, since many of the sites where pathogenic Vibrio
were identified are situated near to river inputs or adjacent to
stormwater canals, the combination of warm summer conditions
and the typically high summer rainfall in Sydney (which will
often reduce salinity levels and add nutrients) have the potential
to provide a ‘perfect storm,’ within the context of conditions
favoring pathogenic Vibrio outbreaks.
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