Marine Environmental Research 169 (2021) 105405

FI. SEVIER

Marine Environmental Research

journal homepage: www.elsevier.com/locate/marenvrev

Marine
Environmental
Research

Contents lists available at ScienceDirect

o
F Regoli I Sokolova.

Occurrence and dynamics of potentially pathogenic vibrios in the wet-dry

t.)

Check for
updates

tropics of northern Australia

Anna Padovan ™, Nachshon Siboni ”, Mirjam Kaestli ?, William L. King ™", Justin R. Seymour ”,

Karen Gibb*?

b

@ Research Institute for the Environment and Livelihoods, Charles Darwin University, Darwin, NT, Australia
b Climate Change Cluster, University of Technology Sydney, Ultimo, NSW, Australia
€ The School of Life Sciences, University of Technology Sydney, Ultimo, NSW, Australia

ARTICLE INFO

Keywords:

Vibrio

Tropics

hsp60

qPCR

Vibrio parahaemolyticus
Vibrio vulnificus

Vibrio cholerae

ABSTRACT

Bacteria from the Vibrio genus are a ubiquitous component of coastal and estuarine ecosystems with several
pathogenic Vibrio species displaying preferences for warm tropical waters. We studied the spatial and temporal
abundance of three key human potential pathogens V. parahaemolyticus, V. cholerae and V. vulnificus in northern
tropical Australia, over the wet and dry seasons, to identify environmental parameters influencing their abun-
dance. Quantitative PCR (qPCR) analysis revealed that V. parahaemolyticus occurred more frequently and in
higher abundance than V. cholerae and V. vulnificus across all locations examined. All three species were more
abundant during the wet season, with V. parahaemolyticus abundance correlated to temperature and conduc-
tivity, whereas nutrient concentrations and turbidity best explained V. vulnificus abundance. In addition to these
targeted gPCR analyses, we assessed the composition and dynamics of the entire Vibrio community using hsp60
amplicon sequencing. Using this approach, 42 Vibrio species were identified, including a number of other
pathogenic species such as V. alginolyticus, V. mimicus and V. fluvialis. The Vibrio community was more diverse in
the wet season, with temperature and dissolved oxygen as the key factors governing community composition.
Seasonal differences were primarily driven by a greater abundance of V. parahaemolyticus and V. vulnificus during
the wet season, while spatial differences were driven by different abundances of V. harveyi, V. campbellii,
V. cholerae and V. navarrensis. When we related the abundance of Vibrio to other bacterial taxa, defined using 16S
rRNA gene amplicon sequencing, V. parahaemolyticus was negatively correlated to several taxa, including
members of the Rickettsiales and Saccharimonadales, while V. vulnificus was negatively correlated to Rho-
bacteriaceae and Cyanobiaceae. In contrast, V. alginolyticus, V. harveyi and V. mediterranei were all positively
correlated to Cyanobacteria. These observations highlight the dynamic nature of Vibrio communities and expands
current understanding of the processes governing the occurrence of potentially pathogenic Vibrio spp. in tropical
coastal ecosystems.

1. Introduction

for causing disease in a wide variety of marine animals, including fish,
cetaceans, crustaceans, echinoderms, and corals (Thompson et al.,

Vibrios are gram-negative y-proteobacteria that are ubiquitous
members of coastal and estuarine microbiomes. They are metabolically
diverse, with different species contributing to nutrient cycling (Crimi-
nger et al., 2007), and the degradation of chitin (Giubergia et al., 2017)
and hydrocarbons (Walker and Colwell, 1976). Vibrio spp. are, however,
particularly notable for developing ecological associations with diverse
marine animals and plants, with several pathogenic species responsible
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2004). This genus also includes several human pathogens, including
Vibrio parahaemolyticus, V. vulnificus and V. cholerae, which cause skin
and tissue infections from seawater exposure and gastroenteritis from
raw or undercooked seafood consumption (Feldhusen 2000; Oliver
2005; Jones and Oliver 2009; Baker-Austin et al., 2018).

Many studies have identified water temperature and salinity as
important factors in determining the abundance of the key human
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pathogens V. parahaemolyticus, V. vulnificus and V. cholerae in temperate
regions (Jones and Oliver 2009; Wong et al., 2019; Vijayan and Lee
2014). This has also been reported in some tropical regions (Bockemiihl
and Triemer 1974; Machado and Bordalo 2016; Rivas-Montano et al.,
2018), but when water temperatures are relatively stable year-round,
other factors such as chlorophyll a (Wong et al., 2019), phytoplankton
biomass (Asplund et al., 2011), inorganic phosphate (Gregoracci et al.,
2012) and copepod abundance (Rehnstam-Holm et al., 2013) gain sig-
nificance in driving Vibrio community diversity and composition. As
outlined by Takemura et al. (2014), significant relationships of the
genus Vibrio to a single environmental variable may not apply to all
Vibrio species, and these relationships may also depend on the range of
the environmental variables examined.

The coastline of northern Australia is sparsely populated by humans,
yet vibrioses of humans have previously been reported ((Heath et al.,
2001)Ralph and Currie 2007). In a study concerning Vibrio species iso-
lated from patients at public hospitals in the Northern Territory who
presented water associated skin and soft tissue infections, vibrios were
implicated in 15% of the cases (McAuliffe et al., 2015). Seven Vibrio
species were identified and the most common were V. parahaemolyticus,
V. alginolyticus, and V. vulnificus. Over the study period, the highest
incidence of Vibrio infections was in April (10 cases), which is towards
the end of the wet season. Notably, the wet season coincides with the
highest incidence of V. parahaemolyticus and V. vulnificus in Darwin
Harbour (NT) wild harvest marine species, such as gastropod snails
(Padovan et al., 2019). However, the specific environmental drivers
behind this increased incidence of infection and occurrence of pathogens
are still undefined. Run-off from heavy rain during the wet season in
northern Australia reduces coastal seawater conductivity and early
rainfall events can also increase nutrient loads in coastal areas
(McKinnon et al., 2006), however, the knowledge about the impact of
these events on Vibrio communities is scant.

Increasing Vibrio infections in temperate regions are linked to
changing climate (Baker-Austin et al., 2016, 2017; Logar-Henderson
et al., 2019; Ford et al., 2020; Froelich and Daines 2020). The impact of
temperature rise in tropical regions is not well understood, however,
microbial communities in shallow coastal waters would face more rapid
change compared to deeper oceans (Brierley and Kingsford 2009). Se-
vere weather events leading to increased rainfall and sediment resus-
pension can increase Vibrio growth and provide greater exposure
opportunities to these potential pathogens (Morantz 2005).

Little is known about Vibrio ecology within tropical Australian wa-
ters or, more specifically, what environmental factors most strongly
govern Vibrio abundance in this region. Aquaculture in northern
Australia is estimated at AUD $212 million and Australia’s National
Aquaculture Strategy aims to increase Australian aquaculture to $2
billion/year by 2027 (DAWR, 2017). A key component of this increase is
expanding aquaculture in northern Australia including tropical rock
oyster aquaculture (Fleming 2015; Nowland et al., 2018). To ensure safe
consumption, knowledge of the ecology of potentially pathogenic Vibrio
spp. is needed for this region, to identify potentially high-risk periods for
both food safety and water contact.

The aims of this study were to (1) assess the spatial and temporal
abundance of significant Vibrio species and overall Vibrio diversity, and
(2) understand the role of key environmental parameters in Vibrio dy-
namics to ensure public health in northern tropical Australia. Given
their preference for warmer waters, we hypothesized that the abundance
and diversity of Vibrio species would be higher than in temperate re-
gions. We also predicted that due to narrower temperature ranges in
tropical compared to temperate waters, other factors such as nutrients,
conductivity and dissolved oxygen would gain a pivotal role influencing
the abundance of pathogenic Vibrio species more so than in temperate
regions.
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2. Results
2.1. Environmental parameters

Sampling was conducted at three sites, Buffalo Creek, Ludmilla Creek
and Rapid Creek, located in Darwin Harbour (Fig. 1). Environmental
conditions at each site are summarized in Table S1. Water temperature
varied by 7.8 °C being higher in March (31.1 °C & 0.5) compared to June
(25.0°C £+ 0.5) (Fig. 2). DO ranged from 4.7 to 9.4 mg/L and was higher
in August compared to March (P = 0.045). On average, conductivity was
lowest in February (24.6 mS/cm), increasing over the following drier
months to an average of 59.0 mS/cm in June (Fig. 2). pH ranged from
7.2 to 8.0, and TN and TP were highly variable, with no significant
differences between seasons (P > 0.05).

TP and TN were higher in Buffalo Creek, due to sewage discharge,
compared to Rapid Creek and Ludmilla Creek, but this was not signifi-
cant (P = 0.063). Turbidity and chla did not vary significantly between
sites or seasons but there was a particularly high measurement of both
these parameters measured in Buffalo Creek in August. Notably, TN and
TP were also high in Buffalo Creek at this time.

2.2 Abundance of the potential human pathogens V. parahaemolyticus,
V. vulnificus and V. cholerae

All three potential human pathogen species examined were detected
by qPCR (Fig. 2). V. parahaemolyticus was detected most frequently
(98%; 62/63 samples), with abundances ranging from O to 553 copies/
ml. V. vulnificus was detected in 65% (41/63) of the samples with con-
centrations between 0 and 88 copies/ml, and V. cholerae was the least
frequently Vibrio species detected (14%; 9/63 samples) with abundances
ranging from O to 465 copies/ml. V. parahaemolyticus and V. cholerae
were more abundant in the wet season compared to the dry season (P <
0.0001 for V. parahaemolyticus; P = 0.0444 for V. cholerae), but no
seasonal difference in abundance was observed for V. vulnificus (P =
0.387). Buffalo Creek had the highest concentrations of all three
potentially pathogenic Vibrio species. V. parahaemolyticus and V. cholerae
were screened for virulence genes (trh and tdh for V. parahaemolyticus
and ctxA for V. cholerae) but none were detected by qPCR.

2.3. Environmental drivers of potentially pathogenic Vibrio abundance

Analysis of the relationship between V. vulnificus and measured
environmental variables accounting for sites and month indicated pos-
itive associations for TN (P = 0.006), TP (P = 0.007), and turbidity (P =
0.006) (Figure S1; Table S2). V. parahaemolyticus abundance was posi-
tively associated with conductivity (P = 0.003) and temperature (P <
0.001) (Figure S2; Table S3). There was a significant interaction be-
tween temperature and DO i.e. the higher the temperature and the less
DO in the water, the higher the V. parahaemolyticus levels.

2.4. Patterns in Vibrio community composition

Forty two Vibrio species were identified using amplicon sequencing
targeting the hsp60 gene. ASVs classified as potential human pathogens
V. alginolyticus, V. cholerae, V. parahaemolyticus and V. vulnificus were
detected (Fig. 3). The relative abundances of V. alginolyticus (22%),
V. cholerae (38%) and V. parahaemolyticus (30%) were highest in Buffalo
Creek, in the wet season. The highest relative abundance of V. vulnificus
(54%) was observed at Rapid Creek in January. Across the entire data-
set, V. campbellii was the most abundant ASV (20%), followed by
V. parahaemolyticus (9.1%), V. harveyi (7.2%), V. vulnificus (8.3%) and
V. natriegens (6.2%) (Fig. 3). The overall relative abundance of
V. cholerae was 1.6%. Several other species that have been isolated from
patients infected in northern Australia were also identified, namely
V. fluvialis, V. alginolyticus and V. mimicus.

V. harveyi was the main Vibrio species contributing to the
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Fig. 1. Sampling locations in Darwin Harbour, Northern Territory, Australia.

discrimination between seasons, with highest relative abundance in the
dry season. V. parahaemolyticus was also responsible for driving a
discrimination between seasons, but unlike V. harveyi, was more abun-
dant in the wet season (Figure S3). The Vibrio communities of Buffalo
Creek were the most different while the communities of Ludmilla Creek
clustered within the Rapid Creek communities (Figure S4). Buffalo
Creek had the higher Vibrio diversity, contributing to the spatial dif-
ferences detected, particularly due to the V. cholerae detection
(Figure S4B).

To examine the association of the hsp60 Vibrio community with
environmental variables RDA analysis was performed (Fig. 4). The final
model had an adjusted R? of 25% with predictors TN (log transformed,
Pseudo-F(1) 10.1, P = 0.001), temperature (Pseudo-F(1) 7.1, P = 0.001),
and conductivity (Pseudo-F(1) 2.8, P = 0.020). The seasonal variations
were more pronounced than the spatial variations. A positive correlation
between TN and V. vulnificus, and V. cholerae could be observed, while
V. parahaemolyticus was positively correlated with water temperature

and wet season samples, and V. campbellii were more abundant in the dry
season (Fig. 4). Morover, the Vibrio community composition was more
diverse in the wet season compared to the dry season for all three creeks.

2.5. Bacterial 16S rRNA community and its relationships with Vibrio
hsp60 community

Eleven Vibrio species were identified using 16S rRNA amplicon
sequencing with no species-level resolution. Only 7 out of 62 samples
contained Vibrio 16S rRNA sequences, thus supporting the use of hsp60
sequence data to better identify and discriminate Vibrio species. The
most abundant bacterial families were Rhodobacteraceae, Cyanobiaceae
and Phormidaceae (Figure S5).

A sparse DIABLO analysis was conducted to select for Vibrio hsp60
and 16S rRNA ASVs correlated with each other and which could
discriminate between seasons. V. vulnificus was negatively correlated
with various ASVs of the families Rhodobacteraceae and Cyanobiaceae,
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Fig. 2. Key environmental parameters (water temperature, conductivity and total nitrogen) and abundance of V. parahaemolyticus, V. vulnificus, V. cholerae and total
Vibrio spp. (copies/ml) in creek water samples by qPCR. Shading indicates wet season (blue) and dry season (yellow).
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Fig. 3. Relative normalized abundance of Vibrio species in Darwin Harbour creek samples. Relative sequence abundance was normalized against Vibrio 16S rRNA

qPCR abundance.

while V. parahaemolyticus was negatively correlated with Rickettsiales.
V. alginolyticus, V. harveyi and V. mediterranei were positively correlated

with various Cyanobacteria (Fig. 5).

3. Discussion

Vibrio species are widespread in warm estuarine waters and include

several potential human pathogens. Identifying the major Vibrio species
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Fig. 4. RDA correlation biplot of the hsp60 Vibrio community and environ-
mental variables. Type II scaling was used with angles between vectors
including species reflecting their linear correlation. The RDA explained 32% of
the hsp60 variance of which 74% was explained by the first RDA axis and 15%
by the second. To avoid overlapping text, the names of less abundant species
were replaced with a star if close to a more abundant species (orditorp func-
tion). Species are V. diabolicus (V.diab), V. campbellii (V.camp), V. rotiferianus
(V.roti), V. mediterranei (V.medi), V. natriegens (V.natri), V. nereis (V.nere),
V. cholerae ASV2 (V.chol2), V. parahaemolyticus (V.para), V. vulnificus (V.vuln)
and Vibrio other (V.spp).

Fig. 5. CIRCOS plot based on sparse Diablo analysis showing ASVs from Vibrio
hsp60 sequences and 16S rRNA which were correlated with each other and
which discriminated between seasons. Correlation cut-off is 0.6. Red lines show
negative correlations and green lines show positive correlations. No lines mean
a correlation of less than 0.6. Outer circles signify relative abundance in the dry
season ( ) and wet season ( ).
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and factors, that drive their abundance in the environment, is critical for
assessing risk to human health. Across the tropical northern Australian
sites examined here, potential human pathogens V. parahaemolyticus,
V. vulnificus and V. cholerae were more abundant in the wet season
corroborating previous studies (Gregoracci et al., 2012; Machado and
Bordalo 2016; Wong et al., 2019). Moreover, although different methods
are used for estimation, the abundance of V. parahaemolyticus was higher
than for V. vulnificus and V. cholerae, which is also similar to other re-
ports (Blackwell and Oliver 2008; Cantet et al., 2013; Hackbusch et al.,
2020).

V. vulnificus abundance was positively associated with TN, TP, and
turbidity, which is in contrast to many previous studies, which have
identified temperature as the most significant driver of V. vulnificus
variance (Blackwell and Oliver 2008; Johnson et al., 2010; Nigro et al.,
2011). When water temperature range is optimal for V. vulnificus
growth, turbidity, TN and TP gain relevance as factors explaining the
abundance of V. vulnificus, suggesting an association with phytoplankton
or suspended particles (Hughes et al., 1978; Blackwell and Oliver 2008).
These data suggest that V. vulnificus and V. cholerae abundance could be
influenced by environmental factors that are often associated with
coastal run-off, including turbidity and inorganic nutrients, in some
tropical habitats. The inability to detect certain Vibrio species under
stressful conditions such as nutrient starvation could be due to cells
entering a viable but not culturable (VBNC) state (Oliver et al., 2010).
Therefore, sensitive and specific detection of potentially pathogenic
Vibrio species including those in the VBNC state is important when
addressing public health risks.

V. parahaemolyticus was detected more frequently than both
V. cholerae or V. vulnificus. Given the strong, positive correlation to
temperature reported in the literature for studies in temperate climates
(DePaola et al., 1990; Blackwell and Oliver 2008; Julie et al., 2010) with
a temperature range centred around 29 °C (Takemura et al., 2014), we
had predicted that V. parahaemolyticus would be abundant along tropical
coastlines. However, it is notable that even within constantly warm
tropical waters, temperature still significantly  influenced
V. parahaemolyticus variance. This is consistent with some studies in the
tropics showing significant positive correlations between temperature
and V. parahaemolyticus (Machado and Bordalo 2016) but not when
salinity was positively correlated with V. parahaemolyticus abundance
(Rivas-Montano et al., 2018). Conductivity, which is influenced by
rainfall, was also a significant determinant of V. parahaemolyticus
abundance, even though V. parahaemolyticus is known to tolerate a wide
salinity range (Zimmerman et al., 2007).

In this study non toxigenic strains of V. cholerae were detected in 14%
of samples, all from Buffalo Creek. Although, the reason for the re-
striction of V. cholerae to Buffalo Creek is unclear, this site is subject to
the release of treated effluent upstream, which may favour conditions
for the growth of environmental V. cholerae strains, either directly
through dissolved nutrients or reduced salinity, or indirectly via
increased phytoplankton biomass (Worden et al., 2006). V. cholerae
abundance was influenced by temperature and sewage in the Bay of
Bengal (Kopprio et al., 2020), while algal abundance and salinity were
correlated with V. cholerae in Ecuador (Ryan et al., 2018). Future studies
coupling Vibrio measurements with indicators for faecal contamination
could provide more direct evidence for a link between sewage
contamination and Vibrio dynamics within this environment.

The composition of the Vibrio community was far better resolved at
the species level using a vibrio-specific amplicon sequencing approach
targeting the hsp60 gene (King et al., 2019) than standard 16S rRNA
amplicon sequencing, with 42 Vibrio species identified, relative to 11
species using 16S rRNA sequencing. Several dominant Vibrio species
were identified in this study depending on site and time of year.
V. campbellii was the most abundant Vibrio species detected across the
entire data-set, while V. vulnificus was the most abundant at all sampling
sites. In other tropical studies, using different approaches to assess di-
versity, between 16 and 27 Vibrio species were identified with a range of
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dominating species such as V. harveyi, V. alginolyticus, V. brasiliensis,
V. owensii, V. communis and V. rotiferianus (Gregoracci et al., 2012;
Vijayan and Lee 2014; Chimetto Tonon et al., 2015; Ortiz-Carrillo et al.,
2015; Wong et al., 2019). In temperate regions, up to 22 Vibrio species
have been identified (Zehr 2014; Amin et al., 2016; Jesser and Noble
2018; King et al., 2019; Liang et al., 2019; Wang et al., 2020).

The Vibrio community was more diverse in the wet season compared
to the dry season across all three creeks, perhaps due to the more dy-
namic physicochemical conditions during the wet season (Williams
et al., 2006). During the wet season, Darwin Harbour estuarine water is
typically characterized by salinity gradients and higher nutrient loads
from storms and run-off compared to the dry season (McKinnon et al.,
2006; Williams et al., 2006). Moreover, recent evidence also highlights
the importance of monsoon driven waves/wind driving sediment
resuspension over and above tidal effects (Andutta et al., 2019). As
Vibrio spp. commonly attach to solid particles (Lyons et al., 2007;
Froelich et al., 2013), sediment resuspension may be a major factor
determining shifts in Vibrio abundance in the water column within this
environment, and warrants closer examination.

The hsp60 amplicon sequencing assay confirmed the presence and
provided the relative contribution of the three major human seafood
pathogens, V. parahaemolyticus, V. vulnificus and V. cholerae. In addition,
analysis of the whole Vibrio community was also useful for detecting
other potential human pathogens associated with skin and tissue in-
fections, such as V. fluvialis, V. alginolyticus and V. mimicus, and potential
pathogens of other vertebrates and invertebrates such as V. fortis,
V. coralliilyticus, V. alginolyticus, and V. harveyi. Thus, this new Vibrio-
centric sequencing approach can be successfully used to screen recrea-
tional waters, aquaculture waters or wild fish/shellfish stock to identify
dominant species which can then be more specifically targeted and
quantified using other tools such as qPCR.

Seasonal differences in V. parahaemolyticus, V. vulnificus and
V. cholerae were measured in the hsp60 data, and were not only similar
to findings based on qPCR data, but also allowed the dynamics of other
species to be assessed. V. parahaemolyticus and V. vulnificus were abun-
dant in the wet season, while V. harveyi, V. campbellii and other Vibrio
species were abundant in the dry season. Differences in the Vibrio
community between creeks were also observed with V. cholerae abun-
dant in Buffalo Creek, while V. harveyi and V. campbellii were more
relatively abundant in Rapid Creek and Ludmilla Creek, respectively.
Precipitation and associated run-off leading to lower conductivity,
higher nutrient loads and resuspension/turbidity, were the major vari-
ables influencing Vibrio community diversity between the wet and dry
season with greater Vibrio diversity observed in the wet season. More
frequent sampling in the wet season when physicochemical parameters
are more variable may better resolve environmental drivers of Vibrio
community composition and diversity during this time. Increased sam-
pling frequency would also capture bloom events (Gilbert et al., 2011;
Vijayan and Lee 2014) and community responses to storm events and
heatwaves which may be missed with monthly sampling.

While storm events lead to the input of nutrients to Darwin Harbour
(Skinner et al., 2009), the harbour is otherwise nitrogen limited (Burford
et al., 2008). The greatest source of nitrogen into the estuary is from the
open ocean with incoming tides (Burford et al., 2008), while terrestrial
sources represent only 5-10% of the total nitrogen input and are asso-
ciated with wet season rainfall (Fortune et al., 2020). However, between
2007 and 2017, terrestrial inputs from riverine, watershed and point
sources have increased by 40%, as a consequence of increasing urban-
isation (Fortune et al., 2020). Further pressure from anthropogenic
processes is expected to lead to continued enrichment of coastal waters.
Our work has shown that V. vulnificus responds to increased nitrogen
levels. According to the RDA, V. cholerae and V. parahaemolyticus also
responded to TN, although to a lesser extent, so we anticipate greater
risk to human health from V. vulnificus with increased coastal eutro-
phication, particularly in the tropics where temperature does not have a
growth-limiting effect. Algal blooms may also provide a resource for
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Vibrio species capable of feeding on algal polysaccharide exudates
(Worden et al., 2006; Gilbert et al., 2011). In areas such as Buffalo Creek
receiving treated effluent, the impact of algae on Vibrio populations
needs to be further explored.

Microbial communities identified from 16S rRNA sequences showed
a dominance of Rhodobacteraceae and Cyanobiaceae in the creek water,
with Phormidiaceae dominating some Buffalo Creek samples. There
were negative correlations of both V. vulnificus and V. parahaemolyticus
to Cyanobacteria, while V. alginolyticus and V. harveyi were positively
associated with Cyanobacteria. Notably, a previous study identified a
negative correlation between V. vulnificus and Cyanobacteria in North
Carolina seawater, but, in contrast to our data, a positive correlation
between V. parahaemolyticus and Cyanobacteria was found (Jesser and
Noble 2018). The relationship of particular Vibrio species with certain
cyanobacteria or phytoplankton species should be further investigated
especially if algal blooms enhance Vibrio growth and survival (Green-
field et al., 2017). Greater resolution of algal taxa, than that provided by
short sequence reads, is needed to better understand the significance of
these associations as correlations drawn at higher taxa levels may not
adequately explain Vibrio species ecology (Main et al., 2015).

By combining qPCR and Vibrio-specific sequencing approaches this
work has expanded our knowledge of Vibrio seasonality in the wet-dry
tropics of northern Australia. All three tested potential human patho-
gens were more abundant during the wet season, with
V. parahaemolyticus abundance correlated to temperature, whereas nu-
trients and turbidity best explained V. vulnificus variance. Taken
together, these results allow us to predict high risk periods for vibriosis.
We propose that tropical estuaries, which experience year-round tem-
perature ranges that are ideal for Vibrio growth, as well as often elevated
turbidity and inorganic nutrients, potentially require ongoing Vibrio
surveillance programs to safeguard human health. Furthermore, given
that the implications of Vibrio occurrence on aquaculture activities are
less understood within this region than other tropical locations where
intensive aquaculture activities occur, Vibrio monitoring should also be a
high priority in any developing or existing aquaculture enterprise in
northern Australian waters.

4. Materials and methods
4.1. Sites and sampling

Three tidal creek sites in Darwin Harbour, northern Australia (12°E,
130°S) were selected as sampling sites because of their use for recrea-
tional fishing and boat launching, as well as seafood harvesting (Fig. 1).
Treated wastewater and wet season stormwater are discharged into the
upper reaches of Buffalo Creek, approximately 7 km from the sampling
site. The Ludmilla Creek site is approximately 2 km from an offshore
wastewater outfall, but can be influenced by sewage overflow during
high inflow events in the wet season. Rapid Creek is an urban creek with
several storm water inputs. Samples were collected between January
and August of 2018.

Water samples were collected in 1 L sterile bottles in triplicate and
stored in an ice box for microbial analyses. Samples for TN and TP were
collected in 250 ml HCl washed nutrient bottles, while 1 L amber bottles
were used to collect samples for chlorophyll a analysis. Dissolved oxygen
(DO), temperature, conductivity and pH were measured using a
HYDROLAB® Quanta® water quality instrument. Nutrient samples were
stored frozen prior to analysis.

Total phosphorus was measured by Kjeldahl digestion (reporting
limit 0.003 mg/L) and total nitrogen was measured by persulphate
digestion (reporting limit 0.02 mg/L) (Forensic and Health Services, Qld
Govt). Chlorophyll a was measured by fluorometric detection adapted
from the Trilogy® Laboratory Fluorometer (Turner Designs, San Jose,
CA, USA) and standard acetone extraction methods (APHA, 2005),
following filtration onto glass fiber filters. Calibrations were performed
using stock concentrations of chlorophyll a (Sigma).
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4.2. DNA extraction

Between 200 ml and 500 ml of seawater was filtered onto 0.45 pm
filters using a Sartorius manifold. Volumes varied to accommodate the
amount of particulate matter in the water. DNA was extracted using the
FastDNA Spin kit for Soil (MP Biomedicals). DNA quality and quantity
were measured using a NanoDrop™ (ThermoFisher Scientific).

4.3. Quantitative PCR

Standard curves for each pathogen were generated using DNA di-
lutions of pure Vibrio cultures: V. vulnificus ATCC® 27562 and
V. parahaemolyticus ATCC® 17802 (toxR'/tlh"/trh™) (Microbiologics,
Minnesota, USA), V. parahaemolyticus ATCC® 43996 (toxR*t/tlh*/tdh™)
(Jeremy Carson, Dept. Primary Industries, Parks, Water & Environment,
Tasmanian Government), and Vibrio cholerae (clinical, non-pandemic
isolate from Robert Baird, Royal Darwin Hospital, Pathology Labora-
tory). Vibrio cultures were grown overnight in alkaline peptide water
(APW) at 35 °C and then serially diluted 10-fold. Vibrio concentrations
were measured by plating onto tryptic soy agar (TSA) plates. A one ml
portion of the undiluted overnight culture was boiled for 10 min, placed
on ice for 10 min and then centrifuged for 1 min to obtain a crude DNA
lysate template for PCR.

TagMan probes were used for the quantification of
V. parahaemolyticus, V. vulnificus and V. cholerae genes (PerfeCTa® qPCR
ToughMix®). A SYBR Green assay was used for the quantification of
total Vibrio spp (PerfeCTa® SYBR® Green SuperMix). Primers and
probes for V. parahaemolyticus, V. vulnificus and V. cholerae were pur-
chased from Integrated DNA Technologies (Table S4). Real time PCR
was performed using a Rotor-Gene Q (Qiagen, Australia). Reaction and
cycling conditions, primer and probe concentrations were performed as
described in the literature (Table S4), and detailed in the supplementary
material. Data was imported in JMP 12.0.1 (SAS Institute Inc, Buck-
inghamshire, UK) for plotting and further analysis. For quantification of
environmental samples, 2 pl of DNA were used in a 20 pl reaction for
each qPCR assay.

For quantification of environmental samples, 2 pl of DNA was used in
each qPCR assay. Negative controls consisting of DNA extraction blanks
(filter only) and qPCR blanks (no DNA added) were included in each run.
Ct values of environmental samples were compared to the relevant
standard curve for quantification, taking into account template volume,
dilutions and seawater volume initially filtered.

4.4. Statistical analyses

Negative binomial models were conducted in R v4.0 and Stata/IC
v1l5 (www.stata.com) to compare spatial and temporal Vibrio qPCR
abundance, and to associate V. parahaemolyticus and V. vulnificus QPCR
abundance data with environmental variables (TN, TP, temp, DO, con-
ductivity or In(turbidity+1)) while accounting for site and month. Co-
efficient estimates and P values, model AIC and pseudo-R2 (McFadden)
were calculated.

4.5. Amplicon sequencing

DNA was amplified using (a) 16S rRNA primers Bakt 341F and
Bakt_805R which amplify the V3-V4 region (Herlemann et al., 2011)
and (b) the Vibrio-centric hsp60 primers Vib-hspF3-23 and
Vib-hspR401-422, as previously described (King et al., 2019). Ampli-
cons were sequenced using the Illumina MiSeq platform according to the
manufacturer’s guidelines (Ramaciotti Centre for Genomics). Raw data
files in FASTQ format were deposited in NCBI Sequence Read Archive
(SRA) under Bioproject number PRINA616394.

Details of amplicon processing are given in the supplementary ma-
terial. Hsp60 and 16S rRNA gene sequences were analysed using the
PhyloSeq package (McMurdie and Holmes 2013) in R (version 3.6.0
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2017-06-30; Copyright (C) 2017 The R Foundation for Statistical
Computing), to create abundance plots and rarefaction curves. The
relative abundance of Vibrio species per sample were based on
non-rarefied hsp60 counts and normalized by total Vibrio qPCR values.
For 16S rRNA gene sequences, all samples were rarefied to 10,160
sequences.

5. Sparse partial least squares discriminant analysis (SPLS-DA)

The relative abundance of all 42 ASVs (each summed to more than
0.01% of all ASVs) in the hsp60 data was calculated and a CLR (logratio)
transformation performed to account for the compositional nature of the
data. Sparse Partial Least Squares Discriminant Analysis (sPLS-DA) was
performed using the R package MixOmics (Le Cao et al., 2009) as per
http://mixomics.org/methods/pls-da/ to select the most discriminant
ASVs for groups of interest. It is a particularly powerful method as highly
correlated ASVs are predominantly selected with noisy ASVs excluded.

A sparse DIABLO analysis (Singh et al., 2019) was also conducted in
MixOmics on the hsp60 and 16S rRNA sequence data to tease out highly
correlated ASVs which are able to discriminate between seasons. Results
were visualized using CIRCOS (Krzywinski et al., 2009) and a correla-
tion cut-off of 0.6.

A redundancy analysis (RDA) was performed on the Hellinger
transformed hsp60 sequences and normalized environmental data using
the vegan package in R. ASVs which occurred in less than 4 samples
were excluded (remaining 37 ASVs). TN was natural log transformed. TP
and turbidity were excluded due to the high correlation with TN and for
the latter, an extreme outlier. DO was excluded due to a negative cor-
relation with temperature. The RDA model was tested for multi-
collinearity (variance inflation factors for all constrains were below 2),
and only environmental variables significantly contributing to the
model fit (P < 0.05) with higher scores for the first two RDA axes were
included.
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