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Thesis Abstract

Coastal environments deliver many crucial ecosystem services, such as maintenance of
biodiversity, and are used widely for recreation by human populations. While microbial
communities within these environments underpin ecosystem services, they often incorporate
pathogenic microbes (e.g., Vibrio species) that can proliferate under beneficial environmental
conditions. Furthermore, pathogens and antimicrobial resistant bacteria (ARB), enter coastal
environments via sewage contamination or animal faeces. Many processes which underpin the
dynamics of endemic microbial hazards and anthropogenically introduced microbial hazards
are not well defined, which hinders remediation efforts. Therefore, I aimed to increase our
understanding of these processes. In Chapter 1, I introduce coastal environments, their
microbial ecology, and their associated microbial hazards. In Chapter 2, I analysed the
latitudinal dynamics of Vibrio along the eastern coast of Australia, where I defined their
patterns in the abundance and diversity to reveal new insights into the distribution of potential
human pathogens within a region experiencing significant ecological shifts due to climate
change, along a latitudinal gradient which, in many locations have had no assessment of Vibrio
ecology. In Chapter 3, I used Microbial Source Tracking (MST) to specify sources of faecal
pollution and their impact on an urban beach, which helped to identify remediation targets. In
this chapter, I applied the Bayesian statistical package Source Tracker to both track the
spatiotemporal dynamics of specific bacterial signatures for individual stormwater drains and
to quantify the relative strength of the microbial signature from different stormwater drains. To
the best of my knowledge, this is the first time Source Tracker has been applied in this way. In
Chapter 4, I investigated how rainfall leads to elevated levels of AmR bacteria at a
recreationally used coastal beach. To do this, I applied the indicspecies statistical R package to
16S amplicon data and ran a correlation analysis between the bacteria which were indicators
of sewage, with both faecal markers, and ARB. This is the first time this type of analysis has
been applied in this context and it revealed strong positive correlations between faecal
contamination, bacteria from storm water drains, ARB, and potential human pathogens. In this
chapter In Chapter 5, I aimed to define the relative importance of natural environmental
perturbations and anthropogenic impacts on bacterial assemblages within intermittently opened
and closed lagoons (ICOLLSs). This is the first study to provide a detailed spatial and temporal
analysis of the microbial communities within ICOLL environments. In this study, I observed
that sewage was a principal driver of shifts in the microbiology of ICOLLs exposed to

stormwater, while natural seasonal shifts in the physio-chemical parameters controlled




microbial communities at other times. Finally in Chapter 6, I synthesise the results and
conclusions of this thesis. Overall, the findings of this project have brought a new
understanding to how microbial hazards can proliferate in, and enter, coastal environments.
This project has also informed the water quality strategies of government agencies, and in some

cases highlighted significant health risks to recreational users of coastal environments.




Chapter 1 - General Introduction

Microbial Threats in Changing Coastal Environments




1.1 - The Importance and State of Australia’s Coastal Environments

Coastal environments consist of a variety of crucial ecosystems, which are important
for mediating many biogeochemical processes (Testa et al., 2013), supporting biodiversity
(Danovaro and Pusceddu, 2007), and primary productivity (Wang et al., 1997), which all
influence the health and function of marine environments (Alongi, 1998). Whilst these habitats
account for a small portion (7 %) of all oceanic environments, they have a disproportionate
influence on oceanic function, whereby they are responsible for 90 % of nutrient decomposition
and transformation in sediments, 80 % of organic matter burial, and 19 % of primary production
(Alongi and McKinnon, 2005; Azam, 1998; Teeling et al., 2012). These environments also
consist of an assortment of habitats including coral reefs (Polak and Shashar, 2013), seagrasses
(de Troch et al., 2008), mangroves (Carugati et al., 2018), intermittently opened and closed
lagoons (Jones et al., 2018), salt marshes (Lefeuvre et al., 2003), and sand beaches (Dugan and
Hubbard, 2010), which all foster biodiversity, the key to ecosystem function. However, while
these coastal environments are clearly crucial to marine ecosystem function, they also provide

numerous ecosystem services which are valuable to society.

Coastal environments provide substantial societal benefit. Australia’s population, in
particular, heavily relies on its coasts, with more than 85% of the population living within 50
km of the coast (Clark and Johnston, 2017). Coastal environments foster social and cultural
wellbeing (Lau et al., 2019). These environments are sentimental to many people including
those who use these them for recreational activities including surfing (Blum and Orbach, 2021;
Evers, 2009), as well as those who are tied to the land culturally and spiritually, such as
Indigenous Australians (Thurstan et al., 2018). In addition to cultural wellbeing, coastal

environments also provide food security (Sala et al., 2021).

Coastal environments in Australia support a substantial fisheries and aquaculture
industry, which in turn delivers a significant food supply. The global consumption of seafood
per person globally has increased from 9 kg per person in 1961 to 20 kg per person in 2017
(FAO, 2018) and, in Australia, the aquaculture industry is worth over $3.5 billion each year
(Mobsby and Curtotti, 2018). While Australia’s fishery exports account for less than 1 % of
the global demands, Australia supplies the most southern bluefin tuna to Japan, and is also the
leading supplier of live lobster and abalone products to Hong Kong, China, and Vietnam

(ABARES, 2018).




Australia’s coastal environments are also heavily used for recreation and tourism,
which are some of the nation’s largest sources of income, worth over $60.8 billion GDP in
2019 (TourismAustralia, 2019). Coastal environments in Australia are used for activities such
as surfing at national surf reserves, and for snorkelling and diving at locations such as the Great
Barrier Reef. These industries alone are worth $130 billion (O’Brien and Eddie, 2013) and $3.6
billion (Deloitte, 2016) respectively. Aquatic and coastal tourism contributed $38.2 billion
AUD in 2016 (TourismAustralia, 2019), with Sydney’s beaches contributing over $1.6 billion
(Deloitte, 2016).

It is clear that coastal environments are invaluable resources which are important to the
environment, the economy, and society; however, the value of coastal ecosystems is currently
under threat. The world’s coastal environments are currently threatened by a number of
anthropogenic influenced factors such as urban development, waste dumping, shipping, and
port operations (Kennish, 2002). Furthermore, there is strong evidence that climate change,
driven by human carbon emissions, is having among the most severe negative impacts on these
environments (Halpern et al., 2008). One example of a negative impact caused by climate
change is a dramatic increase in sea surface temperature (SST) (Lima and Wethey, 2012). SST
has risen 0.88 °C in the period between 1901 — 2022 and is predicted to rise a further 2.01 —
4.07 °C by 2100 (Cooley et al., 2022). In addition to rising SST, the frequency and intensity of
marine heatwaves (MHWs) are increasing (Frolicher et al., 2018; Oliver et al., 2018). MWHs
are periods of extremely high SST, relative to the average seasonal temperature. This high SST
can last for periods of days to months (Hobday et al., 2016) and can span thousands of
kilometres (Lima and Wethey, 2012). MHWs have had a dramatic impact on economies and
society (Mills et al., 2013) whereby they have been responsible for extreme mortality events
of commercially important fish species (Caputi et al., 2016), inducing toxic algal blooms
(Cavole et al., 2016), and coral bleaching (Hughes et al., 2017). While it’s clear that climate
change is impacting SST and in turn many coastal environments and their ecosystems, climate
change is also increasing the intensity and frequency of heavy rainfall events (Madakumbura

et al., 2021).

Heavy rainfall events have a significant impact on coastal environments because they
amplify levels of anthropogenic runoff. Harmful runoff can originate from multiple sources
such as industry, agriculture, urban areas, construction, mining, septic systems, landfills, and
sewage overflows (Kennish, 2002). These runoff sources can transport pollutants, including

heightened levels of nutrients (Balls et al., 1995) and toxic chemicals such as petroleum




hydrocarbons, polycyclic aromatic hydrocarbons, sewage (McLellan et al., 2015), and heavy
metals (Kennish, 2002; Turner, 2000) into coastal environments. Increases in nutrients can
cause eutrophication of aquatic environments (Dederen, 1990), while inputs of toxic chemicals
can be lethal to biotic organisms, degrading both biodiversity and coastal ecosystem health
(Kennish, 2017). Contamination of aquatic environments by sewage can not only introduce
nutrients and harmful chemicals (McLellan et al., 2015), but also import multiple
microorganisms into the environment, many of which are human pathogens (McLellan et al.,
2015). Recently, in NSW Australia, water pollution has been highlighted as a major threat to
coastal environments (Craik and Grafton, 2018), with input from community-based surveys

highlighting coastal water quality to be of very high importance to the community.

1.2 - Microbiology of coastal environments

The majority of microorganisms in coastal environments play important beneficial
roles in maintaining coastal ecosystems (Coelho et al., 2013). Marine environments harbour
the largest biome on earth, which consists of viruses, phytoplankton, archaea, and bacteria,
which together account for the 10> microbial cells in these environments (Curtis et al., 2002).
Microbes play pivotal roles in coastal ecosystems, whereby they are responsible for a large
amount of metabolic activity (Curtis and Sloan, 2004), are the foundation of aquatic food webs
(Kirchman and Gasol, 2018), and underpin nutrient recycling and re-mineralisation (Anderson
and Ducklow, 2001). Marine microbes are also crucial to ecosystem productivity (Kirchman
and Gasol, 2018), whereby they contribute up to 50 % of Earth’s photosynthesis (Sarmiento
and Gruber, 2007) and are key to the decomposition of organic matter (Arnosti, 2011). All of

these processes are crucial to coastal ecosystem function.

The spatiotemporal and diversity patterns of microbial assemblages are governed by a
suite of both anthropogenic and natural determinants. These determinants include seasonal and
shorter-term shifts in water temperature, salinity, pH, dissolved oxygen, nutrients, and the
availability of organic matter (Fuhrman et al., 2006; Gilbert et al., 2012; Hu et al., 2014; Staley
et al., 2015) and interactions with other organisms (Steele et al., 2011). However, given that
coastal environments are at the terrestrial and aquatic interface, they are often subject to urban
terrestrial runoff. This can often introduce microbes from various sources, which include urban
surfaces such as roads, roofs, and parks (Herve et al., 2018), stormwater infrastructure

(McLellan et al., 2015) or sewage outfalls and overflows (Feng and McLellan, 2019; Williams
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et al., 2022a). While in some cases severe fluctuations in natural environmental factors can
cause spikes in the abundance of microbes that are human pathogens such as Vibrio bacteria
(Semenza et al., 2017), in other cases microbes entering via sewage outfalls and overflows
within stormwater infrastructure can also be human pathogens (Carney et al., 2020; Williams
et al., 2022a; Williams et al., 2022b), both of which indicate serious microbial hazards within

coastal environments.

1.3 - Microbiological Threats in Coastal Habitats from Endemic Organisms

Some microbes that naturally occur in coastal environments can be hazardous to
humans and other biota. Harmful algal blooms (HABs) pose a significant health threat
(Anderson et al., 2012), with the micro-algae Karenia brevis (Ryan and Campbell, 2016),
Alexandrium fundyense (Sehein et al., 2016), and Prorocentrum donghaiense (Yan et al.,
2022), being a few examples of micro-algae that are responsible for HABs. These
dinoflagellates are responsible for ‘red tides’ that have been responsible for over $81 million
in losses to tourism and human health, and over $39 million in losses to aquaculture in China

alone (Yan et al., 2022).

Cyanobacteria blooms can also sometimes be a significant health threat. Cyanobacteria
can form destructive blooms in all aquatic environments (O'Neil et al., 2012). Species including
Microcystis, Anabaena, and Cylindrospermopsis within freshwater environments, Nodularia,
Aphanizomenon within estuarine environments, and Lyngbya, Synechococcus, and
Trichodesmium within marine environments all excrete toxins which can cause a variety of
human health issues, including liver disease, and skin irritations (Chorus and Welker, 2021;
Codd et al., 2022; Codd et al., 2005; Humpage, 2008; Klisch and Héader, 2008; Li et al., 2001;
Smith et al., 2011). These organisms generally occur in low abundances, but environmental
perturbations can cause them to become dominant members of the microbial community

(SjOStedt et al., 2012).

Cyanobacteria blooms can occur as a result of high levels of inorganic nutrients
entering the environment, or an increase in water temperature (Paerl et al., 2016; Paerl et al.,
2011). These blooms can dramatically change the physio-chemical state the environment and
lead to the release of toxins, which are harmful to both humans and marine organisms (Gobler
et al., 2017). Algal blooms can also provide resources to other harmful microbes, including

heterotrophic bacteria, such as members of the Vibrio genus.
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The Vibrio genus of bacteria contains a variety of known pathogens of humans and
marine organisms. The most notable Vibrio human pathogens are V. cholerae, V.
parahaemolyticus and V. vulnificus (Baker-Austin et al., 2018), with infections from these
species causing $30 million in losses to the US economy each year (Ralston et al., 2011). V.
cholerae causes the gastrointestinal disease cholera (Howardjones, 1984). Worldwide, more
than 3 million people contract cholera yearly (WHO, 2016), with ~100,000 of these cases fatal
(WHO, 2016). V. parahaemolyticus is mostly contracted via consumption of undercooked or
raw seafood (Baker-Austin et al., 2017), with a reported 30,000 cases of V. parahaemolyticus
in the USA during 2011 (Scallan et al., 2011). V. vulnificus infections, which can also be
contracted from contaminated seafood consumption, can also be contracted from exposure of
wounds to seawater, resulting in wound infections and secondary septicaemia (Baker-Austin
et al., 2018). V. vulnificus infections are particularly concerning as they have a mortality rate
greater than 50 % (Rippey, 1994). The Vibrio genus also includes species that are pathogens
of marine organisms, such as V. coralliilyticus , which is an infectious coral pathogen that
causes lysis of the coral tissue (Ben-Haim and Rosenberg, 2002), and V. harveyi which causes
disease in oysters, fish, and shrimp (Defoirdt and Sorgeloos, 2012; Green et al., 2019b). These
bacteria are ubiquitous in the environment, and generally exist at low levels, however, changes
to environmental factors can result in spikes in their abundances, resulting in a heightened

human health risk.

While the abundance patterns of Vibrio bacteria can be governed by the aforementioned
algal blooms (Asplund et al., 2011), they are often governed by perturbations in the physio-
chemical properties of their habitat. Increases in nutrients such as phosphate have been
recorded to influence increases in Vibrio abundance (Eiler et al., 2006) and in contrast increases
in levels of nitrogen have been recorded to decrease Vibrio abundance (Blackwell and Oliver,
2008). Vibrio abundances have also been recorded to correlate with levels of dissolved oxygen
and pH (Blackwell and Oliver, 2008). However, the strongest recorded determinants of Vibrio
abundance, are salinity, temperature, and chlorophyll (Eiler et al., 2006; Froelich et al., 2013;
Heidelberg et al., 2002; Nigro et al., 2011; Oberbeckmann et al., 2012; Turner et al., 2009;
Wetz et al., 2008), with a combination of moderate salinity levels and elevated temperatures
often leading to increased Vibrio abundances (Oberbeckmann et al., 2012; Takemura et al.,
2014). The environmental determinants and optimum conditions vary across Vibrio species

(Takemura et al., 2014). For instance, V. cholerae, V. vulnificus, and V. parahaemolyticus are
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generally more abundant within warm waters where the temperature exceeds 20 °C and salinity

is below 10 ppt (Takemura et al., 2014).

Currently, the warming ocean has been linked an increase in Vibrio populations and
infections in various parts of the world including Spain, the Baltic Sea, Israel, the USA, Chile,
and Peru (Baker-Austin et al., 2010; Baker-Austin et al., 2012; CDC, 1998; Gonzalez-Escalona
et al., 2005; Martinez-Urtaza et al., 2008; Paz et al., 2007). In Australia, high levels of Vibrio
bacteria have been reported in Sydney Harbour (Siboni et al., 2016), as well as in the tropical
north at Darwin (Padovan et al., 2021), raising the possibility that Vibrio bacteria may be
dangerously abundant at many more sites along Australia’s eastern coast, where they largely
remain uncharacterised. Climate change is driving extreme weather events on a global scale,
and particularly concerning for coastal environments are climate change induced marine
heatwaves (Doney et al., 2012) that increase SST, and heavy rain events (Madakumbura et al.,
2021) that reduce salinity. These changing environmental conditions have the potential to
create a “perfect storm” scenario for increases in the abundance and impact of coastal marine

pathogens.

1.4 - Microbiological Threats in Coastal Habitats from Anthropogenic pollution

While some microbiological hazards in coastal environments are related to endemic
marine species, others can also be introduced to the environment via urban runoff (Olds et al.,
2018; Wen et al., 2017; Yang and Toor, 2018) (Figure 1, A). Heavy rain events wash microbes
from urban surfaces, such as exposed buildings and roads, and from plants, soils, and animals
within the natural environment (McLellan et al., 2015). Often, this results in faeces from
domestic animals such as dogs, and wildlife such as birds entering the environment, however
in some cases, sewage can also enter the environment through stormwater pipes (Sauer et al.,

2011; Sercu et al., 2009)

Often, stormwater pipes which drain into coastal environments, are contiguous to
sewage infrastructure. When sewage infrastructure is blocked, cracked via intrusions such as
tree roots, or there is a heavy rain event, sewage can enter the stormwater pipes, resulting in
raw sewage entering coastal environments (Olds et al., 2018). Sewage entering coastal
environments is a major public health concern as it is enriched in pathogens, including protistan
parasites such as Giardia duodenalis and Cryptosporidium (Efstratiou et al., 2017), bacteria

such as Escherichia coli (Anastasi et al., 2012) and Arcobacter species, including A. butzleri

13



and A. defluvii (Fisher et al., 2014), and viruses such as Rotavirus, Norovirus and Adenovirus
(Strubbia et al., 2019). These pathogens all have a significant impact on society, with the
global economic impact of human illness linked to faecal contamination of coastal waters
estimated to exceed $12 billion a year, with over 50 million gastrointestinal illnesses linked to

coastal recreation annually (Shuval, 2003).

In addition to pathogens, sewage and impacted water infrastructure also contains other
microbiological hazards, including high levels of antimicrobial resistant bacteria (ARB)
(Karkman et al., 2019). Widespread use of antibiotics in medicine and agricultural settings
(Kunin, 1993) results in large quantities of these chemicals in wastewater, which are often not
removed during wastewater treatment (Ahmed et al., 2015a). As a result, microbial
assemblages inhabiting human waste-streams are exposed to consistently high levels of
antibiotics (Michael et al., 2013), resulting in selection for antibiotic resistance (Figure 1, C)
(Bougnom et al., 2019). In addition, ARB can also accumulate in the guts of medicated patients,
who then shed resistant bacteria into sewage (Steinbakk et al., 1992). These resistant bacteria
can be introduced into coastal environments during stormwater and sewage overflows (Carney
et al., 2019) . A recent study has shown that recreational use of sewage impacted waterways
increases the likelihood of contracting an ARB pathogen (Leonard et al., 2018), highlighting

this as a significant human health threat.

Animal faeces can also harbour both human pathogens and ARB. Animal faeces from
cattle, chickens, and pigs can harbour pathogens such as E. coli O157 (Ateba and
Bezuidenhout, 2008) and Salmonella (Topalcengiz et al., 2020). Meanwhile, animals more
common to urban areas such as dogs and birds also harbour pathogens such as Salmonella
(Topalcengiz et al., 2020), E. coli (Foster et al., 2006; Yuri et al., 1999), and Arcobacter (Celik
and Otlu, 2020; Houf et al., 2008). Moreover, these animals have also been recorded to harbour
pathogenic E. coli that are resistant to the quinolone and tetracycline antibiotics (Bryan et al.,

2004; Vredenburg et al., 2014).
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Figure 1. Diagram of microbial hazard sources relevant to this introduction. These include A)
Input from urban runoff and sewage overflow, B) Runoff from animal faeces such as livestock,
domestic pets, and wildlife, C) Bacteria entering from stormwater infrastructure within sewage
contamination and animal faeces can possess ARGs and D) Endemic microbes existing in
nature and blooming as a result of climate change induced environmental perturbations such

as heavy rainfall and heatwaves.

1.5 - Monitoring for Microbiological Threats in Coastal Habitats

Both endemic pathogens and anthropogenically introduced microbes can pose a human
health risk. Currently, there are over 50 million cases of gastro-intestinal illness linked to
recreation in coastal environments, amounting to a global economic impact of over $12 billion
a year (Shuval, 2003). Therefore, adequate monitoring and management of water quality are
key elements in maintaining environmental and human health within coastal ecosystems. The
current world health organisation guidelines state that enumeration of faecal indicator
organisms (FIO) such as the faecal indicator bacteria (FIB) E. coli (Tallon et al., 2005), or the
culturable human enteric viruses, Enteroviruses (Costan-Longares et al., 2008) and Reoviruses

(Betancourt et al., 2018) are all adequate indictors of faecal contamination, which can be used
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to monitor for faecal contamination in coastal environments. However, these guidelines
recommend enumeration of the FIB enterococci, using the International Organization for
Standardization — ISO or American Society for Testing and Materials — ASTM methods,
carried out by an accredited laboratory (WHO, 2021). FIO such as enterococci reside in faeces
of many animals (Hammerum, 2012) and rarely exist in unpolluted waters, making them a
good tool for faecal contamination in coastal environments. Whilst these methods are currently
in line with the global standard, are easy to perform, and are also relatively cheap, FIO
enumeration methods are limited in two significant ways. The first limitation of this method is
the inability to precisely determine the source of the FIO. As well as being an indicator of
human faeces (sewage), many FIO such as enterococci are also present in the faeces of other
warm-blooded animal species, including wild, agricultural, and domestic animals (Hammerum,
2012). Therefore, it is often difficult to directly link high FIO levels solely to sewage
contamination. The second flaw of FIO approaches is that these techniques fail to detect
microbial hazards in the environment, including other microbial pathogens and ARB. The lack
of specificity of FIO assays limits capacity to manage impacted environments, beyond closing
beaches during periods when high FIO levels are recorded. Of more concern, these standard
approaches may miss important threats within coastal habitats, meaning that swimmers are
exposed to dangerous microbiological elements without warning. These shortcomings are
recognised by the World Health Organisation, and so their current recommendation states that
when FIO levels reach unacceptable levels, it is important to discriminate the faecal source

using molecular microbial source tracking (MST) techniques (WHO, 2021).

The most widely used MST technique is qPCR. qPCR assays are designed to target
genes that are indicators of specific fecal material in the environment, with the main benefit of
these assays being that they are able to discriminate between human and animal faeces.
Currently, there are numerous markers which are indicative of human sewage within the
environment. One marker for human sewage, the HF 183 marker (Green et al., 2014a; Templar
et al., 2016), which detects human specific Bacteriodales, has proven useful in detecting
sewage in the environment (Sauer et al., 2011; Sercu et al., 2011). However, in some cases,
Bacteriodales markers are not abundant in human hosts due to the diet people have in particular
regions of the world (Ahmed et al., 2016; Koskey et al., 2014; Okabe and Shimazu, 2007). In
addition, human associated Bacteriodales have been shown to be detected in cat, dog, chicken,
turkey, and racoon faeces (Ahmed et al., 2010; Green et al., 2014b; Haugland et al., 2010;

Newton et al., 2015), and therefore, new markers have been developed, such as the Lachno3
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assay (Feng et al., 2018), which targets human specific Lachnospiraceae, a family of bacteria
that is abundant in human faeces and rarely found in other animals (Feng et al., 2018). Whilst
this marker is being used more frequently in MST studies, it is recommended that a weight of
evidence approach be implemented, incorporating multiple markers to gain the most resolution
when attempting to identify sources of faecal contamination (Codello et al., 2021), as well as

including pathogen assessment, including human specific pathogens, into MST.

Importantly, in addition to detecting sewage, specific MST qPCR markers can also be
used to detect faeces from a range of animals. In many cases where FIO methods are unable to
discriminate from agriculture faeces or sewage, the broad-spectrum ruminant assay that targets
ruminant specific Bacteroidetes can be implemented (Reischer et al., 2006). This assay detects
faeces from cattle, deer, chamois, roe deer, sheep, and goats (Reischer et al., 2006).
Additionally, agricultural animal faeces can be more specifically discriminated using the
CowM2 and CowM3 assay, which detect Bacteriodales specific to cow faeces (Shanks et al.,
2008), the Pig-Bac-2 assay, which detects Bacteriodales specific to pig faeces (Dick et al.,
2005), or LA35 assay which detects Brevibacterium specific to poultry faeces (Weidhaas and
Lipscomb, 2013). In addition to agricultural animals, there are also assays to detect faeces
animals that are abundant in urban areas such as the DG3 assay, which detects Bacteriodales
specific to dog faeces (Green et al., 2014b), and the GFD assay which detects Heliobacter
specific to bird faeces (Green et al., 2012). While many animal MST markers have been
detected at low quantities (<10 copies/reaction) within the faeces of other animals (Green et
al., 2014b), the GFD (Green et al., 2012) and DG3 assays (Green et al., 2014b) were chosen
for this study as they had 100% specificity when tested against a variety of animal faeces.
When used together, a suite of MST markers can be applied to accurately discriminate the

sources faecal contamination within aquatic environments.

1.6 - Knowledge Gaps and Aims

The primary focus of this thesis was to identify the extent, and causes, of microbial
hazards to recreational users of eastern Australian coastal environments. Chapter 2 of this thesis
(first data chapter) examined the occurrence, distribution, and environmental determinants of
endemic coastal pathogens within the Vibrio genus, with a particular focus on how their
patterns of abundance and diversity are distributed along large latitudinal gradients. In Chapter

3, I explored the utility of MST approaches in defining the causes and consequences of water
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contamination within a coastal environment exposed to a complex assortment of potential
sources of faecal contamination. These sources included sewage overflow within stormwater
drains, canine faeces from the surrounding dog beach, and avian faeces from the surrounding
bird life. This chapter also investigated bacterial pathogens and ARB entering the environment
via anthropogenic waste streams. The fourth chapter of this thesis examined the impact that
rainfall has on sewage overflow in a coastal ecosystem, with a central goal of defining the
microbial hazards which enter coastal environments with sewage contamination, focusing on
bacterial pathogens and ARB. Finally, the fifth chapter of this thesis aimed to define the
environmental and anthropogenic perturbations that govern microbial communities in
intermittently opened and closed lagoons, with a focus on the microbial hazards which
proliferate when microbial communities in these environments are governed by sewage
contamination. Across these studies, I hypothesised that significant rainfall would amplify
microbial hazards within coastal environments, and the findings of this thesis have identified
numerous microbial hazards that proliferate during rainfall induced reductions in salinity, as
well as rainfall induced faecal contamination (mainly sewage) within coastal environments,
highlighting the health threats associated with wet weather events, as well as emphasising the
need for remediation where sewage contamination persists. To accomplish the objectives of
each chapter, four separate field and laboratory-based studies were executed, integrating the

following aims:

1. To define the Latitudinal Dynamics of pathogenic Vibrio along the Eastern Coastline

of Australia.

Several bacterial species within the Vibrio genus are significant human pathogens,
which can proliferate during periods of abnormally high SST, as well as periods of low salinity,
such as during a significant rainfall event. Whilst these natural driving factors of Vibrio
abundance are well characterised, their patterns of abundance and diversity along large
latitudinal gradients, such as along the East Coast of Australia, have not been clearly defined.
Therefore, 1 aimed to determine the patterns of abundance and diversity of the Vibrio
community during the Australian summer using the high throughput Asp60 gene amplicon
sequencing assay to characterise the Vibrio community across a large latitudinal transect
spanning the entire eastern coastline of Australia, one of the largest latitudinal Vibrio ecology

gradients studied to date. Determining the patterns of abundance and diversity the Vibrio
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bacteria is essential, as these patterns are anticipated to change with varying temperatures and
salinity (Takemura et al., 2014). This is important, because patterns in these two environmental

parameters are predicted to shift as a consequence of climate change.

This chapter was published in Water on the 15% of August 2022:

Williams, N. L. R., Siboni, N., King, W. L., Balaraju, V., Bramucci, A., & Seymour, J. R.
Water (2022). Latitudinal Dynamics of Vibrio along the Eastern Coastline of Australia.
https://doi.org/10.3390/w14162510

2. Investigate molecular microbiological approaches to reduce ambiguity about the
sources of faecal pollution and identify microbial hazards within an urbanised coastal

environment.

Urban coastal environments are often impacted by fecal contamination (McLellan et
al., 2015), which can contain a number of microbiological hazards including pathogens
(Anastasi et al., 2012; Collado et al., 2011; Garcia-Aljaro et al., 2019) and AbR bacteria
(Akiyama and Savin, 2010). Current water quality monitoring techniques include enumeration
of FIO, but this method does not define the cause or point source of contamination, nor does it
detect the associated microbial hazards. At Rose Bay, a densely urban beach in Sydney,
Australia, there are long lasting records of high FIB, however it was unknown if these FIB
originated from a sewage leak within one of the nine stormwater drains contiguous to Rose
Bay, from canine faeces on the beach, as Rose Bay is a dog friendly beach, or from avian
faeces, as a variety of avian species live in the surrounding parks and trees. It was also unknown
to what extent the faecal contamination spread throughout Rose Bay. Therefore, my principal
aim was to determine the source and location of input of fecal contamination using a
combination of FIB and MST qPCR techniques, and then to detail the spatial and temporal
distribution of contamination using 16S rRNA amplicon sequencing. Moreover, it was also
unknown if the FIB within Rose Bay were associated with any microbial hazards such as
human pathogens and antibiotic resistant bacteria. Therefore, I also aimed to better define
pathogens and antibiotic resistant bacteria associated with faecal contamination within Rose
Bay with both 16S rRNA gene amplicon sequencing and qPCR to identify pathogens, as well

as qPCR to investigate levels of a suite of antibiotic resistance genes including sull, tetA, gnrsS,
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dfrAl, and vanB. Understanding the spatial and temporal distribution of fecal contamination
and its associated microbial hazards is important because illness caused by pathogens and
antibiotic resistant microbes are a significant human health threat and economic (Ralston et al.,

2011).

This chapter was published in Water Research on the 30th of June 2022:

Williams, N.L.R., Siboni, N., Potts, J., Campey, M., Johnson, C., Rao, S., Bramucci, A.,
Scanes, P., Seymour, J.R., 2022. Molecular microbiological approaches reduce ambiguity
about the sources of faecal pollution and identify microbial hazards within an urbanised coastal

environment. Water Res. 218, 118534. https://doi.org/10.1016/j.watres.2022.118534

3. Investigating how rainfall leads to elevated levels of antibiotic resistance genes within

seawater at an Australian beach.

Antibiotic resistant bacteria have recently been identified in coastal environments, with
links to sewage inputs via stormwater infrastructure (Carney et al., 2019; Karkman et al., 2019),
yet our knowledge of the spatial and temporal dynamics of ARB at beaches where there are
multiple input points is incomplete. Additionally, recent work has illustrated correlations
between pathogens and ARGs in urbanised coastal settings (Carney et al., 2020), but links
between ARGs and pathogens due to particular sources — e.g., sewage leaks within stormwater
drains - are yet to be clearly defined. Therefore, in this chapter, I aimed to determine the extent
of ARB pollution within a coastal environment and if this pollution is linked to sewage
contamination. Furthermore, I also aimed to determine if sewage contamination had the
potential to transmit ARB pathogens into coastal environments. To do this, I used MST assays
to detect sewage contamination, along with qPCR assays to detect levels of a suite of ARGs
including sull, tetd, qnrS, dfrAl, and vanB. 1 combined this qPCR data with 16S rRNA
sequencing data to determine if these markers were linked to bacterial pathogens entering the
environment, and if these pathogens were linked to ARGs. Determining how ARB are
distributed and spreading within natural ecosystems is of rising global concern (Finley et al.,
2013), and represents a potentially significant human health threat (Leonard et al., 2015;
Leonard et al., 2018).
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This chapter was published in Environmental Pollution on the 30th of June 2022:

Williams, N.L.R., Siboni, N., McLellan, S., Potts, J., Scanes, P., Johnson, C., James, M.,
McCann, V., Seymour, J.R., Rainfall leads to elevated levels of antibiotic resistance genes
within seawater at an Australian beach, Environmental Pollution (2022).

https://doi.org/10.1016/j.envpol.2022.119456.

4. Investigating how runoff alters bacterial communities within intermittently opened

and closed lagoons (ICOLLS).

Intermittently closed and open lakes and lagoons (ICOLLs) are a type of lagoonal
estuary that is episodically open to the ocean, and are relatively common, making up between
8-13% of the total global coastline (McSweeney et al., 2017). These environments are used
recreationally and provide a suite of important ecosystem services (Basset et al., 2013), but
given their variable connection to the ocean, they are subject to dramatic environmental
perturbations, and are extremely sensitive to anthropogenic disturbances (Haines et al., 2006;
Sadat-Noori et al., 2016; Schallenberg et al., 2010). While the relative influence of natural
environmental variability and anthropogenic impacts on the microbiology of other aquatic
ecosystems has been widely studied (Danovaro and Pusceddu, 2007; Savio et al., 2015; Staley
et al.,, 2015), examinations of these impacts on the ecology of ICOLLs have been largely
restricted to sediment communities (Filippini et al., 2019), chlorophyll a or zooplankton levels
(Everett et al., 2007; Gamito et al., 2019). Consequently, the impact of anthropogenic
contamination, and natural physio-chemical properties on the bacterial communities within
ICOLLs is not yet well defined. Therefore, in this chapter I aimed to examine the relative
importance of natural environmental determinants vs faecal contamination, from both sewage
and animals, in shaping bacterial composition within ICOLLs. To achieve this, I sampled four
ICOLLs on the east coast of Australia on a monthly basis over a period of one year, and linked
changes in bacterial composition to environmental determinants, including faecal
contamination, using a combination of DNA sequencing and MST techniques. It is important
to know how these bacterial communities are shaped, as they provide important ecosystem
services to ICOLL environments and in some cases can be harmful to recreational users of

these environments.
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2.0 - Abstract

The marine genus of bacteria, Vibrio, includes several significant human and animal pathogens,
highlighting the importance of defining the factors that govern their occurrence in the
environment. To determine what controls large scale spatial patterns among this genus, the
abundance and diversity of Vibrio communities along a 4000 km latitudinal gradient spanning
the Australian coast were examined. A Vibrio-specific amplicon sequencing assay was used to
define Vibrio community diversity, as well as quantitative PCR and droplet digital PCR to
identify patterns in the abundances of the human pathogens V. cholera, V. parahaemolyticus
and V. vulnificus. The hsp60 amplicon sequencing analysis revealed significant differences in
the composition of tropical and temperate Vibrio communities. Over 50% of Vibrio species
detected, including human pathogens V. parahaemolyticus and V. vulnificus, displayed
significant correlations with either temperature, salinity, or both, as well as different species of
phytoplankton. High levels of V. parahaemolyticus and V. vulnificus were detected in the
tropical site at Darwin and the subtropical Gold Coast site, along with high levels of V.
parahaemolyticus at the subtropical Sydney site. This study has revealed the key ecological
determinants and latitudinal patterns in the abundance and diversity of coastal Vibrio
communities, including insights into the distribution of Vibrio pathogens V. cholerae, V.
parahaemolyticus, and V. vulnificus, within a region experiencing significant ecological shifts

due to climate change.
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2.1 - Introduction

Understanding the distributional dynamics of a species or a community of organisms is
pivotal to understanding their ecology, and how they may respond to environmental
perturbations (Chapin Iii et al., 2000). Across a wide range of organisms, species diversity and
abundance patterns have been shown to be variable across latitudinal gradients, with many
terrestrial and aquatic organisms displaying highest diversity levels at low latitudes (Fischer,
1960; Hillebrand, 2004; Pianka, 1966). Importantly, there is also growing evidence showing
that latitudinal range shifts in multiple species are occurring as a consequence of climate

change (Sunday et al., 2012).

Latitudinal gradients have been shown to exist among microorganisms in both
terrestrial (Bahram et al., 2018) and aquatic environments (Raes et al., 2018; Roy et al., 1998),
with two ecological processes often used to explain these patterns. The first of these is that
diversity and productivity increase together because larger numbers of organisms are supported
by larger rates of resource supply (Brown, 1981). The second is that temperature and diversity
increase together, as temperature impacts biological kinetics and therefore the rate of
ecological processes such as speciation, ultimately resulting in an increase in diversity (Allen
et al., 2002; Brown et al., 2004). Previous studies e.g., (Fuhrman et al., 2008; Pommier et al.,
2007) have demonstrated that marine bacterial species richness is correlated with temperature
and inversely correlated with latitude. In addition to shaping the diversity of entire bacterial
communities, latitude and temperature have been shown to be critical determinants of the
distributions of keystone marine bacteria, including numerically abundant groups such as the
SARI1 clade (Brown et al.,, 2012) and dominant primary producers, including the

cyanobacteria genera Synechococcus and Prochlorococcus (Flombaum et al., 2013).

Within coastal and estuarine ecosystems, members of the Vibrio genus, which can be
particle associated (Liang et al., 2019), or free-living (Li et al., 2020), are notable members of
natural bacterial assemblages because of their often-important ecological relationships with
marine animals, which can span mutualistic (Nyholm and McFall-Ngai, 2021) to parasitic
interactions with a wide diversity of species, including fish (Istiqomah et al., 2020), corals
(Kushmaro et al., 2001), and shellfish (Bruto et al., 2018). In addition to impacting natural
marine communities, diseases caused by Vibrio species are also particularly detrimental to the
aquaculture sector, where they globally cause hundreds of millions of dollars in losses across
a broad range of industries such as a $44 billion USD production loss to the shrimp industry

between 2010 and 2016 (Tang and Bondad-Reantaso, 2019), a $7.4 million USD production
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loss to the Malaysian seabass industry in the 1990s and substantial impact on the salmon

industry in the 1990s (Lafferty et al., 2015).

In addition to impacting marine species and ecosystems, several Vibrio species are
notable human pathogens. For example, V. cholerae causes the severe gastrointestinal disease
cholera, which globally results in over 2.8 million cases and up to 95,000 deaths per year (Ali
et al., 2015). V. parahaemolyticus is a major cause of seafood poisoning, causing severe and
sometimes fatal gastrointestinal disease in up to 30,000 people per year (Daniels et al., 2000).
Infections by V. vulnificus can follow consumption of seafood as well, but can also result from
direct exposure to seawater, and can be particularly dangerous, with up to a 50% mortality rate
among infected individuals (Rippey, 1994). Notably, there are indications that the global
distributions and seasonal dynamics of some of these pathogenic Vibrio species are shifting as
a consequence of climate change (Trinanes and Martinez-Urtaza, 2021; Vezzulli et al., 2013),

with evidence for poleward latitudinal range shifts (Trinanes and Martinez-Urtaza, 2021).

A suite of environmental factors have been demonstrated to influence Vibrio abundance
and diversity. Vibrio abundance has been shown to increase with nutrients such as phosphate
(Eiler et al., 2006), but in contrast decrease with increasing levels of nitrogen, dissolved
oxygen, and pH (Blackwell and Oliver, 2008). The most widely observed determinants of
Vibrio abundance, however, are salinity, temperature, and chlorophyll (Eiler et al., 2006;
Froelich et al., 2013; Heidelberg et al., 2002; Nigro et al., 2011; Oberbeckmann et al., 2012;
Turner et al., 2009; Vezzulli et al., 2009; Wetz et al., 2008), with moderate salinity levels and
elevated temperatures often leading to increased Vibrio abundances (Froelich et al., 2013;
Hsieh et al., 2008; Oberbeckmann et al., 2012; Randa et al., 2004; Takemura et al., 2014).
However, the environmental determinants and optimum conditions vary across Vibrio species
(Takemura et al., 2014). For instance, V. cholerae, V. vulnificus, and V. parahaemolyticus are
generally more abundant within warm waters where the temperature exceeds 20 °C and salinity
is below 10 ppt (Takemura et al., 2014). This is particularly relevant as climate change is
increasing sea surface temperatures (SST), as well as increasing the frequency of severe rainfall
events (Madakumbura et al., 2021), which can result in decreased salinity in coastal
environments. Together, these shifting environmental conditions have the potential to create

ideal conditions for Vibrio blooms in the environment.

In light of the substantial environmental and human health importance of Vibrio
species, the aim of this study was to determine the patterns of abundance and diversity of the

Vibrio community during the Australian summer using the high throughput Asp60 gene
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amplicon sequencing assay to characterise the Vibrio community across a large latitudinal
transect spanning the entire eastern coastline of Australia, one of the largest latitudinal Vibrio
ecology gradients studied to date. Previous studies have detected high levels of Vibrio,
including the human pathogens V. cholerae, V. vulnificus, and V. parahaemolyticus in tropical
(Padovan et al., 2021) and subtropical (Siboni et al., 2016) Australian environments during
summer months when water temperature is highest, but neither of these studies have
investigated Vibrio ecology on such a large scale. This is particularly relevant within Australia,
where there is evidence that climate change is increasing seawater temperatures more rapidly
than in any other part of the southern hemisphere (Hobday and Lough, 2011), making this
region a climate change hotspot, and a potential location for substantial increases in the

abundance of pathogenic Vibrio species.
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2.2 - Methods
2.2.1 - Sampling Locations and Protocol

Water samples were collected once each from 28 coastal sites along a latitudinal
gradient spanning Australia's eastern coast, from Darwin (12°22'42.8" S, 130° 50' 30.8" E) to
Hobart (42° 51' 05.7" S, 147° 31' 16.2" E) (Figure 1, Appendix 1 Table 1) in a sampling
campaign conducted during the Australian summer (December 2017 - January 2018) over a
period of 48 days. To consider the impacts of salinity and the common occurrence of Vibrio in
estuarine environments, at each location, both a river (R-Site) and a beach (B-Site) sample
were collected, except for at Rockhampton (23° 15' 17.8" S, 150° 49' 44.5" E), where both
samples were taken from the beach due to a lack of river access at the time of sampling, and
Bundaberg (24° 45' 41.8" S, 152° 23' 14.6" E), where both samples were taken from the river

due to no beach access at the time of sampling.

At each sampling site, 10 L of water was collected from the surface (top 50 cm) in
tinted, plastic drums, which had been pre-rinsed with bleach and then miliQ water and then
rinsed three times on site prior to sampling. Physiochemical parameters including temperature,
dissolved oxygen, salinity, and pH were measured in situ using a WTW multiprobe meter
(Multi3430, Germany). Triplicate water samples were filtered through 0.22 um pore size, 47
mm diameter filters (Millipore, DURAPORE PVDF .22UM WH PL) using a peristaltic pump
within 3 hrs of collection, with the volume of sample filtered recorded (between 500 ml and
2000 ml) to allow for normalisation of gene copy numbers. Filters were placed in cryotubes
and then immediately in dry ice, where they remained for the duration of the sampling trip.

Upon returning to the laboratory, samples were stored at -80 °C for 6 months until processing.

2.2.2 - DNA Extraction

Filters were removed from Eppendorf tubes with pre-bleached forceps and transferred
open and face-in to a 5 ml bead tube. DNA extraction was then performed using the
PowerWater DNA isolation Kit (QIAGEN) in accordance with the manufacturer’s instructions.
DNA quantity and purity were then evaluated using a Nanodrop-1000 Spectrophotometer, with
each sample having between 5 — 50 ng/ul DNA.
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2.2.3 - Quantitative PCR (gPCR)

Total bacterial community abundance, as well as the abundance of the total Vibrio
community were measured using quantitative PCR (qPCR). Total bacterial abundance was
quantified using the BACT1369F and PROK1492R 16S primer pair (Suzuki et al., 2000), while
total Vibrio community abundance was quantified using the primer pair Vibl-f and Vib2-r
(Thompson et al., 2004), which targets the Vibrio-specific 16S rRNA gene. To quantify levels
of V. parahaemolyticus, the thermostable direct hemolysin (tdhS) gene (Rizvi and Bej, 2010)
was targeted, and to quantify levels of V. vulnificus, the V. vulnificus hemolysin (vwhA) gene
(Siboni et al., 2016) was targeted. To quantify V. cholerae, the outer-membrane protein ompW
gene (Gubala and Proll, 2006) was targeted. Additionally, toxigenic V. cholerae was also tested
for, targeting the enterotoxin gene ctx4 (Blackstone et al., 2007). For further qPCR assay
details see Appendix 1 Table 2.

All qPCR analyses were performed on the BIO-RAD CFX384 Touch™ Real-Time
PCR Detection System™, with gene copies calculated within each sample by plotting against
their respective standard curve using BIO-RAD's CFX MAESTRO™ software version 1.1.
Each qPCR analysis was run in triplicate, with all assays set-up in 5 pl reaction volumes that
consisted of 2.5 ul BIO-RAD iTaq Universal SYBR® Green Supermix, 1.1 ul nuclease free
water, 0.2 ul of each forward and reverse primer, and 1 pl of diluted (1:20) DNA template,
with the exception of the ctx4 assay, which consisted of 2.5 pul BIO-RAD iTaq Universal
PROBES Supermix, 1 pl nuclease free water, 0.2 pl of each forward and reverse primer, 0.1 pl
of probe, and 1 pl of diluted (1:20) DNA template. Calibration curves were run with every
plate and for each SYBR-based assay specificity was confirmed with a melt curve. The process
for limit of detection and quantification of each sample goes as follows: In each case, gene
copies were calculated for each target, using a (6-7 point) standard curve using BIO-RAD's
CFX MAESTROTM software version 1.1. Standard curves were generated from known
concentrations of a synthesised DNA fragment of each targeted gene, with a standard curve
run with each plate. Samples outside of the calibration curve were considered below the limit
of detection and included in the analysis as 0. Each DNA fragment for the standard curve was
checked using MEGA7 to ensure they matched both primers, the probe (if applicable) and
target gene and blasted in the NCBI database to ensure it was from the correct target gene.
Along with standard curves, a no template control (NTC) was added to each qPCR run. To
remove inhibitors, a dilution test was performed using the 16S qPCR assay as the 16S gene

would be detected in every sample. First, the 16S qPCR was performed on all samples. Next,
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samples with high, medium, and low levels of the 16S gene were selected for a dilution series,
incorporating dilution factors of 1:2, 1:5, 1:10, 1:20, 1:50 and 1:100, with 16S rRNA qPCR
performed on all dilutions. The copies of the 16S gene per 100 ml in each sample were then
calculated, which revealed identical copy numbers in the 1:10, 1:20, 1:50 and 1:100 dilutions
for all sample types tested. Based on these results, samples were diluted to 1:20 as this would
preserve the amount of DNA that could be used throughout the study. Plate preparation was
conducted using an epMotion® 5075 I Automated Liquid Handling System.

2.2.4 - Droplet digital Analysis

The abundance of V. cholerae, V. parahaemolyticus and V. vulnificus was initially
determined via qPCR. While no V. cholerae was detected, V. parahaemolyticus and V.
vulnificus were detected, but the levels of these organisms were very low, and significant
variation between technical replicates was observed. Droplet digital PCR (ddPCR) has
increased precision when quantifying low copy numbers of a gene (Hindson et al., 2013), and
so, to quantify V. parahaemolyticus and V. vulnificus more precisely ddPCR was used. All
ddPCR analyses were performed using the Bio-Rad QX200 droplet digital PCR instrument.
For assay details see Appendix 2 Table 2. The ddPCR mix used comprised of 12.5 pul of
EvaGreen Supermix (Bio-Rad), 0.2 ul of forward and reverse primers, 1 pl of diluted DNA
template and nuclease free water up to 25 pl, with 20 pl then being used for droplet generation.
The PCR reaction was performed on a C1000 Touch Thermal Cycler with 96-Deep Well
reaction module (Bio-Rad) using the evergreen protocol with a single modification of the
annealing/extension step, which was adjusted to 56 °C for V. vulnificus vwhA to suit the Tm of
this primer set. The droplets were read with a QX200 Droplet Reader and QuantaSoft software
version 1.7.4 (Bio-Rad). A single threshold was applied on all samples and negative controls

were used, with the absolute number of gene copies converted to gene copies per litre.

2.2.5 - 16S rRNA gene sequencing

To characterise the total bacterial community composition in samples, the V3—V4
region of the bacterial 16S rRNA gene was amplified using the 341f/805r primer pair
(Takahashi et al., 2014), with the following cycling conditions: 95°C for 3 minutes followed
by 25 cycles of: 95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, and then 72°C
for 5 minutes with a final hold at 4°C (Pichler et al., 2018). PCR amplicons were then
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sequenced using the Illumina MiSeq platform (300 bp paired-end analysis at the Ramaciotti

Institute of Genomics, University of New South Wales).

The DADAZ2 pipeline (Callahan et al., 2016) was used to process the paired R1 and R2
fastq reads. Reads with ‘N’ bases were removed and primers were truncated using cutadapt
(Martin, 2011). Low quality terminal ends were removed by trimming reads (trunc (R1= 280;
R2= 250)). To produce the highest number of merged reads after learning error rate and
removing chimeric sequences, the dada2 removeBimeraDenovo program was used at the
default threshold stringent minFoldParentOverAbundance=1. Amplicon sequencing variants
(ASVs) were annotated against the SILVA v138 database with a 50% probability cut-off. The
ASV table was subsequently filtered to remove ASVs not assigned as kingdom bacteria, as
well as any ASVs classified as chloroplast or mitochondria. The chloroplast data was removed
and then ASVs were annotated using the PR2 version 4.14.0 (Guillou et al., 2013) database
with a 50% probability cut-off and then joined back to the bacteria dataset. Finally, the dataset
was rarefied to 30,000 reads using vegan (Dixon, 2003). Sequences are available in the NCBI
database (ID-PRINA776096). For 16S pipeline script please see:
(https://github.com/Nwilliams96/Australian_Vibrio Latitude Project.git).

2.2.6 - hsp60 Sequencing

To quantify the Vibrio community with greater species-level precision than is delivered
by 16S rRNA gene amplicon sequencing, the Vibrio-specific Asp60 gene amplicon sequencing
assay was employed, using the Vib-shpF3-23 and Vib-hspR401-422 primer pairing (King et
al., 2019). DNA was diluted 1:10 and 3 pl was used in a 30 pl PCR reaction volume comprising
of 6 ul of 5 x Hi-Fi Buffer (Bioline), 3 pl of 10 mM dNTPs, 0.5 pl of high-fidelity velocity
polymerase, 3 pl of 10 uM forward primer (Vib-shpF3-23), and 3 pl of 10 uM reverse primer
(Vib-hspR401-422). Amplification was performed using the following PCR cycling
conditions: one cycle of 98°C for 2 min, 5 cycles of 98°C for 30 s, 60°C for 30 s, and 72°C for
45 s, 21 cycles of 98°C for 30 s, 60°C for 30 s with a reduction of 0.5°C per cycle (60°C to
50°C), and 72°C for 45 s, 16 cycles of 98°C for 30 s, 50°C for 30 s, and 72°C for 45 s, and a
final extension time of 72°C for 10 min. Amplicons were subsequently sequenced using the
[llumina MiSeq platform (300 bp paired-end analysis at the Ramaciotti Institute of Genomics,

University of New South Wales).
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As described in King et al. (2019), paired-end sequences were joined using FLASH
(Magoc and Salzberg, 2011) and trimmed using Mothur (Schloss et al., 2009). These fragments
were then clustered, and chimeric sequences were removed using vsearch (Rognes et al., 2016).
Cleaned sequences were BLASTed against a Vibrio-hsp60 reference dataset, discarding non-
Vibrio sequences. The fasta file obtained was used to assign operational taxonomic units
(OTUs) against the custom Vibrio-hsp60 reference dataset with the RDP classifier. As there
was a large spread of sequences per sample, the data was not rarefied, but the sequences were
normalised to the number of sequences per sample to provide the relative abundance for each
taxa for each sample. For hsp60 pipeline script please see

(https://github.com/Nwilliams96/Australian_Vibrio Latitude Project.git).

2.2.7 - Statistical Analysis

To test for differences in abiotic variables, qPCR, and ddPCR data, between sampling
sites and climatic zones, Kruskal-Wallis tests were used, followed by Mann-Whitney pairwise
comparisons with Bonferroni corrected p-values. Correlations between qPCR data, ddPCR
data and abiotic variables were determined using Spearman’s RS, with Bonferroni corrected p

values. These statistics were performed in Past Version 4 (Hammer et al., 2001).

To test for differences in microbial community composition (16S rRNA data) and
Vibrio community composition (Asp60 data) between samples, as well as differences in the
Shannon, Simpson, and Chaol diversity measures in both data sets, the adonis function from
Vegan (Dixon, 2003) was used, as well as the pairwise.adonis function from the
PairwiseAdonis (Martinez Arbizu, 2020) R package. To determine how each sample within the
16S rRNA dataset were related to each other, the similarity profile routine test (SIMPROF) in
the r package ‘clustsig’ (Whitaker and Christman, 2010) was used. For the 16S rRNA gene
sequencing dataset, it was discovered that the samples clustered into two significantly different
groups and so the multipatt function in the indicspecies r package (De Caceres and Jansen,
2018) was run to determine indicator ASVs within each group. Additionally, the correlation
analysis package MicTools (Albanese et al., 2018) was used to test for potential correlations
between chloroplasts, the Vibrio community, and abiotic variables, only accepting p-values <

0.05 and using Spearmans r; values for analysis.
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2.3 - Results
2.3.1 Environmental Conditions

Across the latitudinal gradient examined in this study, water temperatures (Figure 1 B)
varied significantly [p < 0.01] between tropical (12° 22'42.8" S - 19° 16' 29.3" S) , subtropical
(21°06' 37. 6" S - 33°91' 00" S) , and temperate (35° 00' 46.0" S - 42° 53' 20.9" S) climatic
zones (mean: 31.25+1.85 °C, 26 +2.38 °C, and 21 + 2.61°C respectively). In contrast, salinity
(Figure 1 C) remained statistically indistinguishable between these zones (average 30.53 £9.36
ppt, 32.79 + 6.40 ppt, and 35.70 £ 1.07 ppt respectively). Of note however, four sites had
significantly lower [p <0.01] salinity than the mean salinity of the dataset (Darwin river: 22.54
ppt, Darwin beach: 10.30 ppt, Bundaberg river site 2: 19.26 ppt and Gold Coast river: 17.90
ppt), which coincided with rainfall events in the 3 days prior to sampling (Darwin: 24 mm,
Bundaberg: 3.2 mm and Gold Coast:17.4 mm). The Hobart sites had significantly lower [p <
0.01] dissolved oxygen levels than the other sites (Hobart beach: 9.48% , Hobart river:
10.01%), and were in fact 10-times lower than the mean dissolved oxygen observed along the

latitudinal gradient. The pH within samples did not vary significantly between climatic zones.
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Figure 1. Map of sampling locations, along with temperature and salinity at each location. A)
Map of sampling locations. At each location, a sample was taken at the beach and in the river

with the exception of Rockhampton where both samples were beach sites and Bundaberg where
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both sites were river sites. B) Water temperature at each site in °C. C) Salinity at each site in

ppt.

2.3.2 - Quantification of the total bacterial community

Along the Eastern Coast of Australia, there were no correlations observed between
levels of the 16S rRNA gene, used here as a proxy measure for bacterial biomass, and any of
the environmental variables measured. The highest levels of 16S rRNA gene copies were
observed within the subtropical region [mean: 1.69 x 10'' + 1.24 x 10'! copies/L, n = 24],
where levels were 61- and 68-times higher than levels detected within the tropical [mean: 1.05
x 10" +7.55 x 10'° copies/L, n = 43] and temperate [mean: 1.00 x 10'' + 5.58 x 10'° copies/L,
n = 18] regions. Average levels of the 16S rRNA gene did not statistically differ [p > 0.05]
between beach [mean: 1.39 x 10! + 1.12 x 10! copies/L, n = 42] and river [mean: 1.56 x 10!
+ 1.40 x 10'! copies/L, n = 42] sites along the latitudinal gradient. However, the beach sites
within the subtropical region displayed significantly higher [p < 0.01] levels of the 16S rRNA
gene than the beach sites within the tropical and temperate regions. This pattern was not true

of river sites, whereby across regions there was no statistically distinguishable difference.

2.3.3 - Bacterial Community Analysis

Across the dataset, the 16S rRNA gene amplicon sequencing analysis revealed a total
of 67, 218 unique bacterial ASVs. Both alpha diversity [F = 93.63, p < 0.01] and community
composition [F = 104.7, p < 0.01] were significantly different between sites across the entire
dataset. When beach and river sites were pooled, the most diverse climatic zone was the
temperate zone, with both Shannon [F = 6.6, p < 0.05] and Simpson diversity [F = 16.9, p <
0.01] indexes within this zone being significantly higher than within the tropical zone. Simpson
diversity index was also significantly higher [F = 6.2, p < 0.05] within the temperate climatic
zone than within the subtropical zone. When dividing the samples into river and beach sites,
diversity did not differ significantly between the river sites within any of the climatic zones
along the latitudinal gradient, with no significant difference in Chaol, Simpson or Shannon
diversity index. In contrast, within the beach sites, Chaol was significantly lower within the

temperate climatic zone compared to the subtropical climatic zone [F= 8.39, p < 0.01].
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To identify patterns in similarity among bacterial assemblages, a SIMPROF analysis
was performed, which revealed a bifurcation of samples into two major groups that were
significantly different [F = 21.472, p < 0.01] (Figure 2). The first group contained samples
from only above a latitude of 30.29 °S (the Sydney Beach site was an exception to this and
clustered with these northern samples) and the second group contained samples from only

below 30.29°S.

(%
6)
1
@
Q®
°® @) .
® ® Op g Cluster
S o0 .. © e @ North
a) @
= @ O South
® o @
®
q 2
) o
-1
L 4
-2 -1 0 1 2 3
MDSI1

Figure 2. NMDS showing the results of SIMPROF and the bacterial community composition
similarities between locations. NMDS (stress = 0.1269098) This cut-off occurred at latitude
30.29° S.

To determine what bacterial ASVs may be indicators of both the northern and southern
communities, the multipatt function within the indicspecies R package was used. This analysis
revealed 663 ASVs as indicators of the southern community, with the most abundant of these
including a Rubritaleaceae ASV, a Flavobacteriaceae ASV and a Cyanobiaceae ASV, which
contributed to 2.8 %, 2.4 % and 2.3 % to the relative abundance of the southern community,
respectively. There were also 464 ASVs identified as indicators of the northern community,
with the most abundant of these consisting of a Rhodobacteraceae ASV and two
Actinomarinaceae ASVs, contributing 1.4 %, 1.6 % and 0.8 % to the relative abundance of the

northern community, respectively. Of note, within the northern community indicator ASVs, 11
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Vibrio spp. were identified. These Vibrio spp. included seven unassigned Vibrio spp., V.

brasiliensis, V. maritimus, V. harveyi and V. sinaloensis.

2.3.4 - Quantification of the total Vibrio community

Vibrio were detected via qPCR at all 28 sites sampled along the Australian eastern
coastline (Figure 3 A, B). Along the latitudinal gradient no correlations between total Vibrio
levels and any of the environmental variables were observed. The highest levels of total Vibrio
occurred within the subtropical climatic zone [mean: 1.00 x 107 +9.29 x 10 copies/L, n = 41],
where levels were 14-times higher than those detected within the tropical climatic zone [mean:
8.81x 106+ 1.13 x 107 copies/L, n =22] and 184-times higher than the temperate climatic zone
[mean: 3.54 x 10° +2.33 x 10° copies/L, n = 17]. However, in contrast to this overall pattern,
the highest levels of Vibrio were detected within the Darwin river [mean: 3.05 x 107 &+ 8.93 x
10% copies/L, n = 3] and Darwin beach [mean: 2.47 x 107 + 1.30 x 107 copies/L] sites, where
levels were significantly higher [p < 0.01] than any other site. Also of note, there were only
three other regions (Rockhampton, Gold Coast and Sydney) (Figure 3 A, B), which had total
Vibrio levels exceeding 1 x 107 copies/L. The sites within these regions included the
Rockhampton beach site 1 [mean: 2.13 x 107 +2.40 x 10° copies/L, n = 3], Rockhampton beach
site 2 [mean: 1.25 x 107 = 4.81 x 10° copies/L, n = 3], the Gold Coast beach, Gold Coast river,
Sydney beach and Sydney river sites, all of which were significantly higher [p < 0.05] than any

other site (excluding the Darwin sites) along the latitudinal gradient.

Across the entire dataset, average Vibrio levels were 37 times higher at the beach
[mean: 9.57 x 10 +9.31 x 10° copies/L, n = 41] sites compared to river sites [mean: 7.01 x
105 +£9.11 x 10% copies/L, n = 31], which was also true within the subtropical and temperate
climatic zones, [subtropical beach mean: 1.25 x 107 + 8.53 x 10° copies/L, n = 21; temperate
beach mean: 3.41 x 10°+2.42 x 10° copies/L, n = 9], which were characterised by significantly
higher [p < 0.01] Vibrio abundances than the river sites [subtropical mean: 7.46 x 10+ 9.55 x
108 copies/L, n = 20, temperate mean: 3.67 x 10° £ 2.39 x 10° copies/L, n = 8].
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Figure 3. Total Vibrio qPCR, Vibrio vulnificus, and Vibrio parahaemolyticus ddPCR. Results
from A and B Total Vibrio qPCR, C and D V. vulnificus ddPCR, E and F V. parahaemolyticus

ddPCR. A, C and E are river sites, while B, D, and F are beach sites. Size scale represents

copies/L of each assay.
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2.3.5 - Vibrio Diversity

Vibrio-specific hsp60 gene amplicon sequencing identified the occurrence of 59 unique
Vibrio species across the entire dataset, with the most abundant species including V. campbellii
and V. harveyi, which were detected in 93% and 89% of samples respectively (Figure 4). All
sites had a significantly different [F = 7.5, p < 0.001] Shannon’s diversity and a significantly
different [F = 7.15, p < 0.001] community composition. No significant differences were
observed in Vibrio diversity between tropical, subtropical, and temperate zones, nor did any of
the diversity indices correlate with environmental variables. There was, however, a significant
difference [F = 4.5, p < 0.01] in Vibrio community composition between the tropical and
temperate climatic zones, which was driven by V. campbellii and V. harveyi, accounting for
24% and 6% of the dissimilarity between these two regions respectively. Vibrio community
composition did not differ between river and beach sites, nor was there a significant difference

between tropical and subtropical, or subtropical and temperate climatic zones.
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Figure 4. Stacked bar-plot of the top 10 most abundant Vibrio species from the hsp60 gene
amplicon sequencing. Data is normalised to the total Vibrio qPCR data (grey).

Among the most abundant Vibrio species, the relative abundance of V. harveyi (mean
relative abundance = 7.69%, n = 78) was positively correlated with temperature, DO% and
latitude [rs = 0.38, 0.08 and 0.38, p < 0.01], and negatively correlated with salinity and pH [rs
=-0.43 and -0.54, p < 0.01]. The relative abundance of V. harveyi was also positively correlated
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[rs = 0.03, p < 0.05] with the relative abundance of one phytoplankton ASV belonging to the
genus Tetraselmis. The relative abundance of V. campbellii (mean relative abundance =
34.94%, n = 78) was positively correlated with temperature and latitude [rs = 0.18 and 0.10, p
< 0.01] and negatively correlated with DO%, salinity and pH [rs = -0.10. -0.32 and -0.46, p <
0.01]. V. campbellii relative abundance was also positively correlated with 17 phytoplankton
ASVs, which were mostly members of the Bacillariophyta family. The strongest correlation

[rs = 0.1] with an ASV from the Phaeocystis genera.

Among known human pathogens, V. parahaemolyticus OTUs were detected in 78 % (n
= 22/24) of samples, with their relative abundance positively correlated with latitude [rs = 0.26,
p <0.01] and negatively correlated with salinity and pH [rs =-0.71 and -0.52, p < 0.01] (Figure
5). V. parahaemolyticus relative abundance was also significantly correlated with two Raphid-
Pennate ASVs [rs = 0.28 and 0.12, p < 0.05], an Arcocellulus ASV [rs = 0.09, p < 0.05], two
Olisthodiscus ASVs [rs = 0.09 and 0.02, p < 0.05], a Teleaulax ASV [rs = 0.09, p < 0.05] and
a Marsupiomonas ASV [rs = 0.09, p < 0.05]. V. vulnificus OTUs were recorded at three sites,
namely the tropical environments at Bundaberg R2 , Darwin B and Darwin R, where the
relative abundance of this pathogen displayed a positive correlation to temperature, latitude
and DO% [rs = 0.06, 0.06 and 0.07, p < 0.01] while displaying a negative correlation to salinity
[rs=-0.47, p <0.01].
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Figure 5. Heatmap displaying the
correlations from MicTools analysis
between environmental variables and
Vibrio species from HSP60 dataset.
Each cell is either coloured or white,
with  coloured cells representing
pearsonR R value and white cells

representing no significant correlation.
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2.3.6 - Potentially Pathogenic Vibrio species: Vibrio Cholerae, Vibrio Parahaemolyticus and
Vibrio Vulnificus

V. cholerae was not detected in any sample, which is consistent with the results from
the hsp60 sequencing analyses where this species was also not detected. V. parahaemolyticus
was detected in 79% (22/28) of samples, with the highest levels detected at the Cooktown river
site (15°27'37.8" S, 145° 14' 57.6" E) [mean: 2.56 x 10°+ 4.43 x 10° copies/L, n = 3] and the
Jervis Bay beach site (35° 00' 46.0" S, 150° 41' 38.5" E) [mean: 9.5 x 10*+1.65 x 10° copies/L,
n = 3]. On average, the tropical climatic zone had the highest levels of V. parahaemolyticus
[mean: 4.59 x 10* £+ 1.66 x 10° copies/L, n = 21], where they were 310-times higher than levels
within the subtropical climatic zone and 1,814-times and significantly [p < 0.05] higher than
levels within the temperate climate zone (Figure 3 E and F). V. vulnificus was detected in 57
% (16/28) of samples, with the highest levels detected at the Coffs Harbour beach site [mean:
1.34 x 10* £ 2.61 x 10° copies/L, n = 2] and the Gold Coast river site [mean: 1.26 x 10* + 1.60
x 10* copies/L, n = 3]. On average, the subtropical climatic zone had the highest levels of V.
vulnificus [mean: 3.65 x 10° + 6.22 x 10° copies/L, n = 34], where they were 26-times higher
than levels within the tropical climatic zone [mean: 2.90 x 103 + 4.13 x 10° copies/L, n = 22]
and 44 times higher than levels within the temperate climatic zone [mean: 2.54 x 10 +3.03 x
103 copies/L, n = 23] (Figure 3 C and D). In contrast to the patterns seen in the Asp60 gene
amplicon sequencing data, no significant correlations were observed between V. vulnificus or
V. parahaemolyticus and any measured environmental variables. However, this may be due to
the limited proportion of samples that these organisms were detected in, and it is notable that
both organisms occurred in greatest abundance in warm water tropical and subtropical

environments, such as Cooktown and the Gold Coast.
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2.4 - Discussion

The principal goal of this study was to characterise patterns in the diversity and
abundance of Vibrio species, along a large latitudinal gradient spanning the eastern coastline
of Australia, which is a region that has been identified as a climate change hotspot (Hobday
and Loug, 2011). Along this transect, it was observed that the highest levels of Vibrio bacteria
were in Darwin, the northern most, and warmest site sampled, as well as positive correlations
between both pathogenic and non-pathogenic Vibrio species with temperature, salinity, and

phytoplankton ASVs.

Bacterial communities are often governed by differing environmental variables such as
temperature (Gilbert et al., 2012) along latitudinal gradients. Previous studies have
demonstrated that some bacterial populations change with latitude along the eastern coastline
of Australia, including poleward increases in the abundance of members of the Marine
Roseobacter Group (O’Brien et al., 2022), and latitudinal shifts in the abundance of aerobic
anoxygenic phototrophic bacteria (Bibiloni-Isaksson et al., 2016). In this study, I observed a
notable bifurcation of the total bacterial community into two significantly different groups that
separated at approximately 30°S, into a northern and southern group of samples. Upon
examination of the taxa responsible for this split, 11 Vibrio ASVs were defined as indicators
of the northern community, which is consistent with prior observations that many Vibrio
species show a preference for warmer waters (Eiler et al., 2006; Froelich et al., 2013;
Heidelberg et al., 2002; Nigro et al., 2011; Oberbeckmann et al., 2012; Turner et al., 2009;
Vezzulli et al., 2009; Wetz et al., 2008).

2.4.1 - Latitudinal trends in Vibrio abundance and diversity

Vibrio often exist in a higher abundance at low latitudes where water temperature is
high (Padovan et al., 2021; Wong et al., 2019). I observed the greatest levels of Vibrio spp. in
Darwin, the lowest latitude at which I sampled, as well as high levels in Rockhampton, the
Gold Coast, and in Sydney. Not only were these sites amongst the sites with the warmest
temperatures (Figure 1 B), but two of these sites, Darwin, and the Gold Coast River site, also
had the lowest salinities. This finding aligns with other studies (Johnson et al., 2010;
Oberbeckmann et al., 2012; Randa et al., 2004), which have also found a higher abundance of
Vibrio bacteria at low salinities and high temperatures. While not examined in this study, in a

recent study, Vibrio spp. were discovered to form biofilms on microplastic particles and, their
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occurrence on these microplastics was correlated to proximity to major cities (Kesy et al.,
2020), which may explain high levels of Vibrio bacteria at these locations, which are all highly
urbanised. Another potential reason for these differences may be due to temporal changes,
which were not accounted for in this study, with each site being sampled once within a period
of 48 days during the Australian summer, and indeed, further studies comparing seasonality,
and within season variation in Vibrio communities would provide further valuable insights into

the major drivers of Vibrio spp. abundance patterns.

I observed a significant difference in community composition between all sites and
between the tropical and temperate regions of the coastline. These differences were largely
driven by heterogeneity in the relative abundance of V. campbellii, V. azureus, and V. harveyi
OTUs, whereby V. campbellii and V. harveyi OTUs were more abundant in the tropical sites
and V. azureus OTUs were more abundant at the temperate sites. Notably, strains of all of these
species are known marine pathogens, infecting shrimp (Defoirdt and Sorgeloos, 2012), oysters
(Green et al., 2019) and fish species (Istigomah et al., 2020). These patterns show some
similarities to those observed in other large-scale examinations of Vibrio diversity, where V.
campbellii and V. harveyi were also amongst the most abundant Vibrio species isolated from
corals, fireworms, soil, and water, along the tropical coast of Brazil (Chimetto Tonon et al.,
2015). Additionally, V. campbellii, V. azureus and V. harveyi OTUs displayed positive
correlations with specific phytoplankton groups identified in the 16S rRNA gene amplicon
sequencing analysis. These observations point towards a potentially important role of
phytoplankton in defining the abundance of some Vibrio species, which is consistent with
previous observations (e.g., Turner et al. 2009) that have observed strong correlations between
Vibrio and chlorophyll a. In this case, it is possible that species specific relationships underpin
this pattern, which has been observed before during a yearlong time-series, where an unknown
Vibrio species increased from baseline relative abundance of 0 - 2% up to 54%, closely
following an increase in the relative abundance of the diatom Chaetoceros compressus (Gilbert

et al., 2012).

Of the human pathogens detected within the community data, a V. vulnificus OTU was
detected at the northern most sampling location Darwin, where water temperatures were <
32°C, as well as the Bundaberg river 2 site. V. parahaemolyticus OTUs occurred within 78%
(22/28) of sites but were also most abundant in Darwin. V. vulnificus OTUs levels displayed a
significant, albeit weak, correlation with temperature across the transect, but a much stronger

negative correlation to salinity, which is consistent with previous observations (Blackwell and

43



Oliver, 2008; Oberbeckmann et al., 2012). V. parahaemolyticus was correlated positively with
phytoplankton ASVs including a Raphid-Pennate ASV, an Arcocellulus ASV, two
Olisthodiscus ASVs, a Teleaulax ASV and a Marsupiomonas ASV. Whilst V.
parahaemolyticus has previously been shown to display ecological interactions with
phytoplankton (Hartwick et al., 2021), to our knowledge this is the first evidence for links

between V. parahaemolyticus and these specific phytoplankton taxa.

2.4.2 - Latitudinal patterns in Vibrio pathogens

Some strains of V. cholerae cause cholera, a disease responsible for ~100,000 deaths
annually (Ali et al.,, 2015). However, non-cholera causing V. cholerae have also been
implicated in milder forms of gastroenteritis, otitis, and life-threatening necrotizing fasciitis
(Vezzulli et al., 2020). However, neither environmental nor toxigenic strains of V. cholerae
were detected in any samples in this study. This is in contrast to recent studies that have
detected low levels (10! — 103 copies/ml) of non-toxigenic V. cholerae in some of the Australian
coastal environments examined here, including Darwin (Padovan et al., 2021) and Sydney
Harbour (Siboni et al., 2016). Seasonal differences in the timing of sampling may explain these

divergent observations.

V. parahaemolyticus can cause foodborne disease, and wound infections (Daniels et al.,
2000). The highest levels of V. parahaemolyticus were detected in the tropical regions of the
east Australian coast, where levels of this species were an order of magnitude higher than those
observed in the temperate regions. The highest levels of V. parahaemolyticus were observed
in Cooktown, where abundances reached levels similar to those recorded by Padovan et al.
(2021), in the tropical waters around the Darwin area. However, it is notable that very high
levels of V. parahaemolyticus were also observed in temperate samples, as far south as Jervis

Bay (35°00'46.0" S, 150° 41' 38.5" E).

V. vulnificus causes foodborne disease, and severe wound infections, which can often
result high rates of mortality (Baker-Austin et al., 2018). The abundance of V. vulnificus was
not restricted to tropical waters, with levels 20 and 30 times higher in the subtropical sites
compared to the tropical and temperate sites respectively. The highest levels of V. vulnificus
were recorded at the Coffs Harbour beach (30° 18' 17.4" S, 153° 08' 34.9" E) and Gold Coast
river (28° 10" 44.1" S, 153° 32' 30.1" E) sites. Notably, these levels were similar to levels

previously recorded in tropical northern Australian waters (Padovan et al., 2021).
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2.4.3 - Implications of high levels of Vibrio bacteria along Australia’s east coast

This is the first study to examine the spatial dynamics of Vibrio abundance and diversity
along Australia’s eastern coast and has revealed levels of Vibrio to be higher in the tropical and
subtropical sites compared to the temperate sites, with the highest levels in Darwin, the
northern most site, which was characterised by the highest water temperature and lowest
salinity. Models of future SST scenarios predict 38, 000 km of new coastal areas by 2100 being
suitable for Vibrio growth as a result of climate change (Trinanes and Martinez-Urtaza, 2021),
as well as an increase in Vibrio cases of 1.93 times for every 1 °C increase in SST (Baker-
Austin et al., 2013). This is particularly concerning for Australia, whereby the SST is predicted
to rise 1.5 °C — 3 °C by 2070, translating to a 2.9- to 5.8-times increase in the abundance of

Vibrio spp in Australian waters.

Notably, Vibrio abundances were not always most strongly driven by temperature,
which is contrast to numerous previous studies (Eiler et al., 2006; Froelich et al., 2013;
Heidelberg et al., 2002; Nigro et al., 2011; Oberbeckmann et al., 2012; Turner et al., 2009;
Vezzulli et al., 2009; Wetz et al., 2008). While the highest levels of total Vibrio were indeed
detected in the very warm water tropical sites in Darwin, it is notable that I also observed high
levels in higher latitude locations, including sub-tropical sites at Gold Coast and in Sydney.
Notably these are two very densely populated coastal areas, where high levels of recreational
use of waterways occurs, highlighting potential human health hazard through the exposure to

these pathogens (Baker-Austin et al., 2018).
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2.5 - Conclusions

The study of ecological patterns in the abundance and diversity of organisms is essential
for developing an understanding of where and when they are abundant, and for predicting
distributions in future scenarios. I observed significant differences in both the entire bacterial
and Vibrio communities between the northern and southern sites. Across this transect, both
pathogenic and non-pathogenic Vibrio spp. correlated positively with temperature and
negatively with salinity. Interestingly, I also observed correlations between several pathogenic
Vibrio species and specific phytoplankton species, highlighting ecological relationships with
phytoplankton as a potentially important, but often over-looked, determinant of Vibrio spatial
and temporal dynamics. During the summer period that this study was performed, I detected
pathogenic Vibrio species not only in warm tropical waters, but southerly latitudes, including
the highly urbanised environments, where opportunities for human exposure are significant.
Given that ocean temperatures are rising (Doney et al., 2012), and severe rainfall events are
increasing (Madakumbura et al., 2021) as a consequence of climate change, many coastal
environments may become more ideal habitats for potentially pathogenic Vibrio species,

indicating a potentially heightened human health risk.
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3.0 - Abstract

Urbanised beaches are regularly impacted by faecal pollution, but management actions to
resolve the causes of contamination are often obfuscated by the inability of standard Faecal
Indicator Bacteria (FIB) analyses to discriminate sources of faecal material or detect other
microbial hazards, including antibiotic resistance genes (ARGs). I aimed to determine the
causes, spatial extent, and point sources of faecal contamination within Rose Bay, a highly
urbanised beach within Sydney, Australia’s largest city, using molecular microbiological
approaches. Sampling was performed across a network of transects originating at 9 stormwater
drains located on Rose Bay beach over the course of a significant (67.5 mm) rainfall event,
whereby samples were taken 6 days prior to any rain, on the day of initial rainfall (3.8mm),
three days later after 43mm of rain and then four days after any rain. Quantitative PCR (qPCR)
was used to target marker genes from bacteria (i.e., Lachnospiraceae and Bacteroides) that
have been demonstrated to be specific to human faeces (sewage), along with gene sequences
from Heliobacter and Bacteriodes that are specific to bird and dog faeces respectively, and
ARGs (sull, tetA, gnrS, dfrAl and vanB). 16S rRNA gene amplicon sequencing was also used
to discriminate microbial signatures of faecal contamination. Prior to the rain event, low FIB
levels (mean: 2.4 CFU/100ml) were accompanied by generally low levels of the human and
animal faecal markers, with the exception of one transect, potentially indicative of a dry
weather sewage leak . Following 43 mm of rain, levels of both human faecal markers increased
significantly in stormwater drain and seawater samples, with highest levels of these markers
pinpointing several stormwater drains as sources of sewage contamination. During this time,
sewage contamination was observed up to 1000 m from shore and was significantly and
positively correlated with often highly elevated levels of the ARGs dfrA 1, gnrS, sull and vanB.
Significantly elevated levels of the dog faecal marker in stormwater drains at this time also
indicated that rainfall led to increased input of dog faecal material from the surrounding
catchment. Using 16S rRNA gene amplicon sequencing, several indicator taxa for stormwater
contamination such as Arcobacter spp. and Comamonadaceae spp. were identified and the
Bayesian SourceTracker tool was used to model the relative impact of specific stormwater
drains on the surrounding environment, revealing a heterogeneous contribution of discrete
stormwater drains during different periods of the rainfall event, with the microbial signature of
one particular drain contributing up to 50% of bacterial community in the seawater directly
adjacent. By applying a suite of molecular microbiological approaches, I have precisely

pinpointed the causes and point-sources of faecal contamination and other associated
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microbiological hazards (e.g., ARGs) at an urbanised beach, which has helped to identify the

most suitable locations for targeted management of water quality at the beach.
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3.1 - Introduction

Beaches and estuaries used for recreational purposes deliver substantial societal and
economic benefits (Bockstael et al., 1987; Lau et al., 2019). However, particularly when
located within urbanised settings, these environments often experience reduced water quality,
which can sometimes cause substantial public health risks (McLellan et al., 2015).
Contamination of coastal waters can, often simultaneously, be derived from diverse sources,
including urban and industrial runoff (Nevers et al., 2018), faeces from native (Nguyen et al.,
2018) and domesticated animals (Green et al., 2014b), and sewage (McLellan et al., 2015).
However, pinpointing the principal causes of contamination and subsequent degradation of

water quality can often be challenging, impeding effective management.

Urban stormwater, which is washed into coastal environments in large volumes after
rainfall events (Tsihrintzis and Hamid, 1997), can contain potential pathogens delivered into
the environment from numerous sources, such as the surfaces of built infrastructure, soils and,
animal faeces (McLellan et al., 2015). Stormwater pipes are also often contiguous to sewerage
infrastructure and can experience sewage inputs during dry weather due to pipe blockages and
leaks, and following rainfall during wet weather sewer over-flow events. As a result, untreated
sewage can often be introduced to aquatic environments through stormwater infrastructure

(Olds et al., 2018).

Contamination of urbanised beaches by sewage is a major public health concern (WHO,
2009) because sewage is enriched in pathogens, including viruses such as Rotavirus, Norovirus
and Adenovirus (Strubbia et al., 2019) protistan parasites such as Giardia duodenalis and
Cryptosporidium (Efstratiou et al., 2017), and bacteria such as Escherichia coli (Anastasi et
al., 2012) and Arcobacter species (Fisher et al., 2014). The global economic impact of human
illness linked to faecal contamination of coastal waters has been estimated to exceed $12 billion

a year (Shuval, 2003).

In addition to pathogens, sewage and impacted water infrastructure also contains other
microbiological hazards, including high levels of antibiotic resistant microbes (Karkman et al.,
2019). Widespread use of antibiotics in medicine and agricultural settings (Kunin et al., 1973)
results in large quantities of these chemicals in wastewater, which are difficult to remove
during wastewater treatment (Ahmed et al., 2015). As a result, microbial assemblages
inhabiting human waste-streams are exposed to consistently high levels of antibiotics (Michael

et al., 2013), resulting in selection for antibiotic resistance (Bougnom et al., 2019). In addition,
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antimicrobial resistance can also accumulate in the guts of medicated patients, who then shed
resistant bacteria into sewage (Steinbakk et al., 1992). These antibiotic resistant bacteria can
be introduced into coastal environments during stormwater and sewage over-flows (Carney et

al., 2019), where they can pose a public health risk (Leonard et al., 2018).

Faecal contamination of aquatic habitats can also originate from agricultural (Dwight
et al., 2005), domestic (Ervin et al., 2014) and native animals (Araujo et al., 2014), and can
enter the environment in urban and agricultural (Lewis et al., 2019) runoff or via animals
excreting their faeces directly into the environment (Aratjo et al., 2014; Lewis et al., 2019).
While often not given the same attention as sewage contamination, high levels of
contamination by animal faeces can also potentially pose a human health hazard because
animal faeces also harbour both pathogens (Sobsey et al.,, 2011) and antibiotic resistance

bacteria (Ortega-Paredes et al., 2019).

Most coastal water quality monitoring programs quantify the presence of faecal
contamination in the environment using standardised approaches to enumerate specific
microbes, referred to as faecal indicator bacteria (FIB). FIB include bacterial species (e.g.,
Escherichia coli, Clostridium perfringens and enterococci (WHO, 2021) that reside in the
faeces of warm-blooded animals (Layton et al., 2010), but rarely exist in significant numbers
within uncontaminated waters, meaning they can be used as indicators of faecal contamination
(Byappanahalli et al., 2012). FIB-based assessments of coastal water quality, however, have
two significant limitations. Firstly, most FIB are not restricted to human faeces (sewage) but
are present in the faeces of many other warm-blooded animals (Byappanahalli et al., 2012),
which can create ambiguity around the true source of faecal contamination (i.e., human vs
animal) within an environment. The second limitation of FIB methods is that they are
insensitive to other microbial hazards in the environment, including endemic aquatic pathogens
(Fisher et al., 2014), antibiotic resistance genes (ARGs) (Carney et al., 2019) and other
emerging pathogens present in wastewater infrastructure (McLellan and Roguet, 2019). These
limitations can both obfuscate the source of contamination and overlook potential health

hazards.

To overcome the shortcomings of FIB analyses, Microbial Source Tracking (MST)
approaches have been increasingly adopted to deliver more precise information on the sources
of faecal contamination in natural environments (Ahmed et al., 2020a). MST typically employs
molecular microbiological methods, such as quantitative PCR (qPCR) (Feng et al., 2018; Green
et al., 2014a, 2014b, 2012; Templar et al., 2016), and more recently DNA sequencing
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approaches (Brumfield et al., 2021; Newton et al., 2013), to quantify specific microbial marker
genes. Whilst one potential caveat of DNA-based approaches is that they may sometimes detect
a signal from unviable cells, potentially leading to over-estimates of impact, they have
continuously been able to unambiguously identify sources of faecal contamination within an
environment (Ahmed et al., 2019; Ahmed et al., 2020a; Alm et al., 2018; Green et al., 2019a;
Liet al., 2021; Shrestha et al., 2018).

Urbanised coastal ecosystems are regularly negatively impacted by a wide variety of
contamination sources, which can enter the environment from multiple potential origins, and
it is often very difficult for managers to pinpoint both the cause and point sources of
contamination. At Rose Bay, the location of this study, it was known that there was a high level
of faecal contamination, however it was not clear if this faecal contamination was animal or
human. It was also not know where in the catchment this faecal contamination was originating,
with multiple drains having suspected sewage leaks within them. Finally, with drains as the
suspect contamination source, it was unknown how strongly each of these drains impacted the
water quality of Rose Bay. Therefore, our principal goals were to determine the source and
location of input of fecal contamination, and to do this, [ used a combination of FIB and MST
qPCR techniques, in addition to detailing the spatial and temporal distribution of contamination
using 16S rRNA amplicon sequencing, which together form the scientific basis for protecting
public health with informed management decisions. In this study, Rose Bay has been utilised
as a model environment to demonstrate the utility of microbial source tracking and DNA
sequencing approaches to elucidate the source (i.e., animal faeces vs sewage) and location of

faecal contamination.
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3.2 - Methods
3.2.1 - Sampling Sites

Rose Bay is an urban beach located in the Sydney Harbour estuary and near to the
centre of Sydney, which is Australia’s largest city, with a population of over 5 million people.
This site was targeted based on consistently poor water quality ratings, according to regularly
high FIB levels, within the regional water quality monitoring program Beachwatch (OEH,
2018). The beach receives stormwater runoff from nine drain networks, which feed directly

onto the beach and is also a popular dog-walking beach.

Water samples were collected from a network of 10 transects, comprising a total of 41
sampling locations (Figure 1), which were chosen according to proximity to potential points of
contamination. These included sampling points within the outlets of 9 stormwater drains, which
are mainly conduits for urban stormwater, but in some instances may be impacted by wet
weather sewer overflow events. Water samples were collected from points located along
transects originating at points adjacent to each of these drains, to examine the extent of
dispersal of contamination from drains into Rose Bay. Surface seawater samples were collected
along the transect from immediately adjacent to drains at the shoreline in water of 50cm depth
[x.1], 250m offshore [x.2] and 500m offshore [x.3]. Samples were also collected from a suite
of reference points, including the ‘Beachwatch’ routine monitoring site located at the western
end of Rose Bay, and a deep-water transect across the entrance to Rose Bay (x.4), located
1000m offshore and used here to determine the broader spatial extent of faecal pollution from
Rose Bay and the background contamination in Sydney Harbour. Finally, samples were also
collected from a ‘Control’ site, within Nielsen Park (Sydney Harbour National Park), which is
located 2km from Rose Bay, has no urban stormwater infrastructure and dogs are prohibited

on the beach.

Sampling was conducted over the course a significant rainfall event, which involved a
total of 69.8 mm of rain falling over a period of five days, including 43 mm within one 24-hour
period. Samples were collected from the locations described above on four occasions,
corresponding to six days before rain (21/8/19), a light rainfall event (3.8 mm) (27/8/19), the
peak rainfall event (43 mm) (30/8/19), and four days after rain (3/9/19). Of note, drains 2, 7, 9
and 10 did not have sufficient flow to be sampled on the 21/8/19, nor did drain 7 on the 27/8/19
or drains 2, 5, 7, 9 and 10 on the 3/8/19.
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Figure 1. Map of Rose Bay sampling points. Black circles are drain samples, while grey circles
refer to seawater transect samples collected from surface seawater from the shoreline (x.1), and
250m (x.2) and 500m (x.3) offshore. Purple circles refer to reference samples which were
collected from Nielsen Park (1.1, 2.1 and 3.1), which has no storm water drains running into
it, a deep-water transect across the entrance to Rose Bay (1.4, 2.4 and 3,4), approximately

1000m offshore and the regularly monitored Beachwatch site (BW.2).
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3.2.2 - Sample Processing and Analyses

Water samples were collected using 10L pre-sterilised plastic containers and filtered
through 47mm, 0.22 pm pore-size membrane filters (Millipore, DURAPORE PVDF .22UM
WH PL) using a peristaltic pump (100rpm), within 2hrs of sample collection. Before each
sample was filtered 250ml 10% bleach was run through the pump, followed by 500ml MiliQ
water, and then sample. Volume filtered of each sample (between 500 ml and 2000 ml) was
recorded to allow for normalisation of gene copy numbers. Filters were stored at -80°C, until
DNA was extracted using the PowerWater DNA isolation Kit (QIAGEN). DNA extractions
were performed in batches of either 48 or 96, with every batch including 3 kit blanks, which
were subsequently included in in all qPCR analyses. Physiochemical parameters including
temperature, dissolved oxygen, salinity, and pH were measured in situ using a WITW
multiprobe meter (Multi3430, Germany). Salinity ratio was calculated as per methods

described by (Ho et al., 2021) (Appendix 2 Section 1.2).

To quantify Chl-a concentrations, a 110ml water sample was taken at each site and
filtered through a 0.45 pm glass fibre filter. The filter was immediately frozen and returned to
the laboratory for analysis of Chl-a concentration using a modified APHA Method 10200-H
(Eaton and Franson, 2005).

At all sites, three water samples were collected for nutrient analysis. One unfiltered
sample was collected using a disposable syringe and transferred directly into a 30ml sterile vial
for total nutrient analysis. Two additional samples were collected and passed through a 0.45mm
cellulose acetate syringe filter into two additional tubes for dissolved total and inorganic
nutrient analysis. All nutrient samples were immediately frozen prior to analysis using standard
methods; Nitrate and Nitrite (APHA 4500-NO3-I -Cadmium reduction method), Ammonium
N (APHA 4500-NH3-H: Phenate method), filterable reactive phosphorus (FRP) (APHA 4500-
P-E-Ascobic acid method), Total Nitrogen (TN), Total Phosphate (TP), Total Dissolved
Nitrogen (TDN), Total Dissolved Phosphate (TDP) (APHA 4500-P-J: Persulfate digestion
method) (Eaton and Franson, 2005).

3.2.3 - Enterococci analysis

Levels of the FIB enterococci were measured using standard membrane filtration
techniques at a commercial diagnostic laboratory following the Australian standard (AS/NZS

4276.9:2007), as per the sampling technique performed regularly by the local government.
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3.2.4 - Quantitative PCR (qPCR) analysis of MST markers

Quantitative PCR (qPCR) targeting the bacterial 16S rRNA gene, using the
BACT1369F and PROK1492R primer pair and the TM1389F probe was used to provide a
measure of bacterial abundance within each sample (Suzuki et al., 2000). To detect the presence
of human faeces, I employed two qPCR analyses, including the HF183 assay (Templar et al.,
2016), which targets human gut microbiome-associated HF 183 Bacteroidales cluster and the
Lachno3 assay (Feng et al., 2018), which targets human gut microbiome-associated
Lachnospiraceae. To detect faeces from dogs, I used the DG3 assay (Green et al., 2014b),
which targets dog-specific Bacteroidales, and to detect faeces from birds I used the GFD assay
(Green et al., 2012), which targets bird-specific Heliobacter (Table 1, Appendix 2).

QPCR was also used to quantify a suite of antibiotic resistance genes (ARGs) that have
previously been detected in high abundances at two Sydney beaches exposed to wet weather
associated sewage incursions (Carney et al., 2019), including the genes su/l which confers
resistance to sulfonamide antibiotics in gram-negative bacteria (Huovinen et al., 1995), fetd
which encodes an inner membrane protein antiporter (Allard and Bertrand, 1992) which aids
resistance to tetracycline, gnrS encodes a pentapeptide protein that defends DNA gyrase and
topoisomerase IV from inhibition by quinolone (Berglund et al., 2014), dfrAl which encodes
a dihydrofolate reductase that confers resistance to the antibiotic trimethoprim (Lombardo et
al., 2016) and vanB which encodes resistance to vancomycin (Berglund et al., 2014), which is
a last line of defence antibiotic (Berglund et al., 2014). Each qPCR assay was performed using
a BIO-RAD CFX384 Touch™ Real-Time PCR Detection System™. (For QPCR assay details
see Table 1, Appendix 2).

In each case, gene copies were calculated for each target, using a (6-7 point) standard
curve using BIO-RAD's CFX MAESTROTM software version 1.1. Standard curves were
generated from known concentrations of a synthesised DNA fragment of each targeted gene,
with a standard curve run with each plate. Samples outside of the calibration curve were
considered below the limit of detection and included in the analysis as 0. Each DNA fragment
for the standard curve was checked using MEGA7 to ensure they matched both primers, the
probe (if applicable) and target gene and blasted in the NCBI database to ensure it was from
the correct target gene. Along with standard curves, a no template control (NTC) was added to

each qPCR run. For further details on qPCR analysis, see Appendix 2 section 1.1.
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3.2.5 - 16S sequencing and analysis

To characterise bacterial community composition in seawater and stormwater drain
samples, the V3—V4 region of the bacterial 16S rRNA gene was amplified using the 341{/805r
primer set (Suzuki et al., 2000), with the following cycling conditions: 95°C for 3 minutes
followed by 25 cycles of: 95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, and
then 72°C for 5 minutes with a final hold at 4°C (Pichler et al., 2018). Amplicons were
subsequently sequenced using the [llumina MiSeq platform (300 bp paired-end analysis at the
Ramaciotti Institute of Genomics, University of New South Wales). For sequencing analysis
details, refer to Appendix 2. Raw sequences were uploaded to NCBI, BioProject ID
PRINA766238.

Paired R1 and R2 reads were subsequently processed using the DADA2 pipeline
(Callahan et al., 2016). Reads with any ‘N’ bases were removed and bacterial V3-V4 primers
were truncated using cutadapt (Martin, 2011). Reads were trimmed to remove low quality
terminal ends (trunc (R1= 280; R2= 250)). To produce the highest number of merged reads
after learning error rate and removing chimeric sequences, I used the dada2
removeBimeraDenovo program at the default threshold stringent
minFoldParentOverAbundance=1. ASVs were annotated against the SILVA v138 database
with a 50% probability cut-off. The ASV table was subsequently filtered to remove ASVs not
assigned as kingdom Bacteria, as well as any ASVs classified as chloroplast or mitochondria.

Finally, the dataset was rarefied to 30,000 reads using vegan (Dixon, 2003).

3.2.6 - Statistical Analysis

To test for differences in abiotic variables, enterococci counts and qPCR copies/100
ml, the nonparametric Kruskal-Wallis test was used, followed by Mann-Whitney pairwise
comparisons with Bonferroni corrected p-values. Correlations between enterococci counts, and
data derived from qPCR assays were determined using Spearman’s RS, with Bonferroni

corrected p values. These statistics were performed in Past Version 4 (Hammer et al., 2001).

To test for differences in microbial community composition and alpha diversity (16S
rRNA data) between samples I used the Adonis function from Vegan (Dixon, 2003) and the
pairwise.adonis function from the PairwiseAdonis (Martinez Arbizu, 2020) R package. To
determine which ASVs were responsible for the dissimilarity between dry weather (before and

after rain event) and wet weather (both days of rain), performed a SIMPER analysis on square
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root transformed data. To determine which ASVs represented ‘indicator taxa’ for drain
communities, the multipatt function within the indicspecies package (de Caceres and Jansen,
2018) was implemented using the drain and seawater communities. Identified ASVs with an
average relative abundance <0.01% were filtered from the resulting dataset. Finally, I used the
16S rRNA bacterial community profiles as a tracer of contamination from each stormwater
drain experienced at the Beachwatch reference site by applying the predict function within the
R package SourceTracker (Knights et al., 2011). This was performed by measuring the extent
of microbial signature from source samples, which included each of the stormwater drains as
well as a seawater community “control” (Rose Bay Entrance 1km offshore) within a sink
sample (the ’Beachwatch’ site). I also used the output of SourceTracker to calculate and display
the spatial extent of impact from specific stormwater drains across Rose Bay. In this case, the
source samples were again, drains, and the sink samples were the Rose Bay seawater samples.
Given that each drain had a significantly different bacterial community, I were able to analyse
what percentage of each drains unique “source” bacterial community contributed to each
seawater “sink” bacterial community, allowing for an assessment of the impact of each drain
on the Bay. I analysed the contribution of Drain 5 during dry weather, Drain 5 after 3.8mm of
rain, Drain 3 after 43mm of rain and Drain 6 post rain event, as on each given day, these drains
had the highest levels of the Lachno3 qPCR marker for sewage. For each analysis I created a
grid with a high resolution of co-ordinates (53578 points) and used the R package “Raster” (R.
Hijmans et al., 2010) to predict the data at these 53578 points which were then plotted onto the
map of Rose Bay. For further details on indicator species and SourceTracker analysis see R

scripts on GitHub (https://github.com/Nwilliams96/Rose-Bay-Wet-Weather-2019). To test for

differences between the contribution of individual drains on the ‘Beachwatch’ site and then
differences between the contribution of single drains at the Rose Bay seawater sites, I used the
nonparametric Kruskal-Wallis test followed by Dunn’s Post Hoc pairwise comparisons with
Bonferroni corrected p-values (Hammer et al., 2001). Drain 3 (21/8/19, 27/8/19), Drain 9
(27/8/19) and Drain 10 (27/8/19) had evidence of seawater washing into them and were

removed from this specific analysis.
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3.3 - Results
3.3.1 - Environmental Conditions

Six days before the rain event (21/8/19), mean seawater temperature, salinity and
turbidity levels at Rose Bay were 15.5°C = 0.3 [n=31], 35ppt + 0.5 [n=31] and 0.70 NTU +
0.56 [n=31] respectively. Notably, on this day, freshwater from the drains [mean salinity: 0.25
+ 0.06 ppt, n = 4] impacted salinity levels nearshore, which were significantly lower [p <0.01]
when compared to samples that were taken 500m offshore. On the 27/8/19 (second day of
sampling), a total of 3.8mm of rainfall was recorded and on the 30/8/19 (third day of sampling)
43mm of rain was recorded. Following this rain, inputs of significantly [p < 0.01] more turbid
[mean: 18.3 NTU, + 9.04, n = 8] and fresh [mean: 3 ppt, £ 0.05, n = 8] stormwater led to
significant drops [p < 0.01] in both salinity and optical density. Of note, after 43mm of rain,
the samples nearshore were most impacted by stormwater, with the salinity at these sites being
significantly lower [p < 0.01] than sites 250m and 500m offshore, with a mixing ratio of 1:34
(one part freshwater to 34 parts seawater). Three days after the rain event (3/9/19), with 4/9
stormwater drains still running, the salinity nearshore was again significantly lower nearshore

[p <0.01] compared to sites 250m and 500m offshore.

Inputs of stormwater also led to a significant rise [p < 0.01] in chlorophyll, filterable
reactive phosphorus, and total dissolved phosphate levels. In contrast to the patterns observed
within Rose Bay, the rainfall event did not lead to a significant change within any of the tested
environmental variables at the control site at Nielsen Park. Three days after the rain event,
levels of total phosphate in Rose Bay decreased significantly [p < 0.01] relative to during the
rainfall event. Levels of nitrate-nitrite, total dissolved nitrogen and total nitrogen did not
change significantly when comparing samples taken before the rain event (21/8/19) to samples
taken during rainfall (27/8/19 and 30/8/19) but were significantly elevated [p < 0.01] after three
days of no rain (Appendix 2 Table 4 and 5).

3.3.2 - Bacterial Abundance

Prior to the rainfall event levels of the 16S rRNA gene, used here as a proxy for bacterial
abundance, were significantly lower within the drain samples [p < 0.01] compared to the Rose
Bay seawater. After 3.8mm of rain the levels of the 16S gene (mean: 7.64 x 10! copies/100ml
+ 3.87 x10'°, n = 79) increased by 95% within the Rose Bay seawater samples (mean: 3.91 x
10 copies/100ml + 3.74 x10'°, n = 86), and increased significantly [p < 0.01] within the drain
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water, where levels were an order of magnitude higher than those observed in the seawater.
After 43mm of rain, mean levels of the 16S rRNA gene decreased by 37% within Rose Bay
seawater samples, but in contrast increased significantly [p < 0.01] within the drain samples
relative to the preceding sampling date, where again, levels of the 16S gene were an order of
magnitude higher than those observed in the seawater. Three days after the rain event (3/9/19),
16S rRNA gene concentrations with the drains were not statistically distinguishable to those
observed during the rainfall event but were significantly elevated within the seawater [p<0.01]

relative to the other sampling time-points.

3.3.3 - Faecal Indicator Bacteria

Significant changes in enterococci levels were observed between sites and over time
(Figure 2, A). Throughout the dataset enterococci levels were negatively correlated with
salinity [p < 0.05, rs = -0.60], but positively correlated with pH, turbidity, FRP, NH4, NOx,
TDN, TDP and TN [p < 0.05, rs > 0.46]. Prior to rainfall, enterococci levels were low (mean:
2.4 +31.7 CFU/100ml, n = 30) within all seawater samples, with the exception of the sample
located immediately adjacent to Drain 5 (site 5.1), which reached 180 CFU/100ml. Enterococci
levels were elevated within all sampled stormwater drains (mean: 154 + 183.2 CFU/100 ml, n
= 5), with the highest levels observed in Drain 3 (470 CFU/100ml). Following a light rainfall
(3.8mm, 27/8/19) event, enterococci levels within all drains increased by an order of
magnitude, with levels reaching [mean: 1,072 + 1113.7 CFU/100ml, n = 8]. However, marked
spatial variability in enterococci counts occurred between drains (Figure 2, A), with highest
levels observed in Drains 3, 4 and 5. While notable increases in enterococci levels were
observed in several drains, levels generally remained very low (mean: 8.6 + 14.4 CFU/100ml,
n = 31) within the seawater samples collected from Rose Bay, indicating minimal impact from

the drains during this low rainfall event.

Following 43mm of rain (30/8/19), enterococci levels within all samples were elevated
relative to samples taken after 3.8mm of rain and before the rain event (21/8/19). Within
stormwater drains, enterococci levels became extremely high (mean: 95,250 = 67711.0
CFU/100ml, n = 8), with highest levels observed in Drains 10 (190,000 CFU/100ml) and 3
(170,000 CFU/100ml). During this period, enterococci levels also increased significantly
[p<0.01] within Rose Bay seawater samples relative to seawater samples taken before the rain

event (21/8/19), with levels reaching (mean: 18, 268 + 60468.7 CFU/100ml, n = 31).
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enterococci levels within the seawater samples were also significantly greater [p < 0.01] than
those observed at the control site at Nielsen Park (mean: 20.7 CFU/100ml, SD + 2.9, n = 3).
However, there was substantial spatial variability in the extent of impact within Rose Bay, with
Enterococci levels significantly higher near to stormwater drains, relative to the offshore points
in transects (Figure 2, A). Specifically, while enterococci levels within the most offshore
samples only reached 26 CFU/100ml, enterococci levels reached (mean: 21,590 CFU/100ml
+40382.9 CFU/100ml, n = 8) at the sampling points closest to the shore and drain outlet points.
Highest enterococci levels were observed in samples collected between Drains 2 and 3
(320,000 CFU/100ml; sample 3.2) and adjacent to Drain 10 (120,000 CFU/100ml). Following
a period of 72 hours without further rainfall, enterococci levels within Rose Bay seawater
samples dropped by two orders of magnitude (mean: 30 + 107.8 CFU/100ml, n=31). Among
drains that could be sampled at this time, enterococci levels also dropped (mean: 269 + 254.1
CFU/100ml, n=4), but remained high in Drains 3 (480 CFU/100ml) and 5 (600 CFU
CFU/100ml).

3.3.4 - Microbial Source Tracking
3.3.4.1 - Human faecal markers

Within Rose Bay seawater samples, the two human faecal marker genes employed here,
Lachno3 and HF183, indicative of human gut microbiome associated Lachnospiraceae and
Bacteriodes bacteria (Feng et al., 2018;Templar et al., 2016), were detected in 79% (n=95/120)
and 61% (n=74/120) of samples respectively. Across the data set, both Lachno3 and HF183
levels were negatively correlated with salinity [p < 0.05, rs=-0.53] and positively correlated
with turbidity, FRP, NHa, NOx, TDN and TDP [p < 0.05, rs > 0.23]. Levels of both markers
across the entire dataset (HF183 — mean: 33.35 x10* + 1.35 x 10° copies/100ml, n = 284.
Lachno3 — mean: 1.71 x 10° + 1.28 x 10° copies/100ml, n = 271) were significantly [p < 0.01]
higher within Rose Bay than within the control site at Nielsen Park (HF183 — mean: 2.39 x 10*
+4.90 x 10* copies/100ml, n = 29. Lachno3 — mean: 1.62 x 10* + 3.15 x 10* copies/100ml, n =
30). Both markers displayed moderate, but statistically significant correlations to total

enterococci counts (Lachno3: rs = 0.363, p = 0.012; HF183: r; = 0.365, p = 0.0163).

Before the rain event (21/8/19), the Lachno3 and HF183 human faecal marker genes
were detected in 90% (n=27/30) and 50% (15/30) of Rose Bay seawater samples respectively,

but detectable concentrations were only 2.1 and 0.7 times higher, and not statistically

61



distinguishable from those observed within the Nielsen Bay control site. Except for HF183 in
the Drain 9 transect, highest seawater concentrations of these human faecal markers were
always observed in samples immediately adjacent to drains (Figure 2 B, C). This pattern was
in-line with the significantly higher [p < 0.01] concentrations of both human faecal marker
genes (HF183 — mean: 6.09 x 10* + 1.12 x 10° copies/100ml, n = 12, Lachno3 — mean: 9.86 x
10*+ 31.57 x 10° copies/100ml, n = 15) within the drain samples, which were 24 and 23 times
greater than in the seawater samples (HF183 — mean: 1.02 x 10° + 2.07 x 10° copies/100ml, n
= 82. Lachno3 — mean: 4.79 x 10° + 9.40 x 10° copies/100ml, n = 77), with highest levels of

both markers observed in Drain 5.

Following a light rainfall (3.8mm, 27/8/19) event, concentrations of the Lachno3 and
HF 183 human faecal markers in drain samples increased by 2.6 and 22 times respectively, with
highest concentrations again observed in Drain 5. Among Rose Bay seawater samples,
Lachno3 levels (mean: 1.15 x 10* copies/100ml + 4.80 x 10% n =77) increased by 17-fold
relative to seawater samples taken before the rain event (21/8/19), with highest concentrations
observed in samples adjacent to Drain 5. Consistent with patterns observed in the enterococci
counts, concentrations of both markers were generally very low beyond the immediate

shoreline (i.e., >250m offshore).

Further significant [p < 0.01] increases of both human faecal markers occurred within
drains and adjacent seawater samples following a larger (43mm, 30/8/19) rainfall event. Across
all drain samples, concentrations of Lachno3 and HF183 increased significantly [p < 0.01] by
109 and 76 times relative to conditions before the rain event on the 21/8/19, with highest
concentrations of both markers observed within Drain 3 (Figure 2 B, C). The high
concentrations of human faecal markers in Drain 3, were reflected within the Rose Bay
seawater samples, with highest concentrations of both markers observed in Rose Bay transect
samples adjacent to Drain 3 (Figure 2 B, C), where the highest seawater concentrations of
human faecal markers recorded during this study period were observed. While clear gradients
in both Lachno3 and HF183 were observed across the transect adjacent to Drain 3, in most
other transects there was an immediate decay in human faecal marker levels beyond the sample
collected from immediately proximate to the drain, which was consistent with the patterns

observed in the enterococci analysis.

Following a period of 72 hours without further rainfall on the 3/9/19, concentrations of
HF183 and Lachno3 (HF183 — mean: 6.4 x 10* + 7.27 x 10* copies/100ml, n=74. Lachno3 —
mean: 3.07 x 10* + 7.94 x 10* copies/100ml, n = 74) dropped by over 11- and 60-times
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respectively (Figure 2 B, C). However, this pattern was highly variable among sampling
locations and the two assays, with Lachno3 and HF 183 (detected in 100% (n= 34/34) and 82%
(n = 28/34) of samples) levels being significantly lower within Rose Bay seawater [p < 0.01]
in comparison to the preceding time point. Highest levels of the human faecal markers persisted
in Drain 3, 4 and 6 and water samples immediately adjacent to Drains 7 and 10. It is noteworthy,
that levels of the Lachno3 and HF 183 markers remained elevated in several seawater samples

for 4 days after rainfall, and after enterococci levels had decreased.

3.3.4.2 - Dog Faecal Marker

Across the entire dataset, the dog faeces marker, DG3 was detected in only 40% (n =
60/148) of samples but was significantly correlated to enterococci levels [rs = 0.47, p < 0.05].
D@3 levels were also positively correlated with turbidity, FRP, NH4, NOx, TDN, TDP and TN
[p<0.05, rs > 0.32] and negatively correlated with salinity [p < 0.05, rs = -0.51]. Prior to the
rainfall event on the 21/8/19, DG3 was detected in only 22% (n= 8/36) of samples, with all
detections in nearshore samples (except BW.2 and 3.2) (Figure 2, D). This dog faeces specific

marker was not detected in any of the tested drain samples during this time.

After 3.8mm rain (27/8/19), detection levels of the dog faeces marker remained low
[20% (n = 8/39)], yet concentrations of the marker (mean: 1.76 x 10° +7.04 x 103 copies/100ml,
n = 81)increased significantly [p < 0.01] by 6-fold. Notably, there was also a clear shift in the
location of DG3 detections (Figure 2, D), with half (50%, n = 4/8) of detections observed in
drain samples (highest concentrations observed in Drains 8 and 6) rather than seawater

samples.

Following 43mm of rain (30/8/19), DG3 levels (mean: 8.91 x 10°, + 1.08 x 10°
copies/100ml, n = 24) were significantly elevated [p<0.01] within the drains (highest in Drains
3, 5 and 8) compared to conditions before the rain event (21/8/19). Within nearshore seawater
samples, DG3 levels (mean: 5.25 x 10* + 5.44 x 10* copies/100ml, n = 21) were statistically
indistinguishable compared to levels recorded prior to rainfall (mean: 1.59 x 10* + 2.40 x 10*
copies/100ml, n = 23), but in offshore samples were significantly elevated [p<0.01] relative to

conditions before the rain event and highest along transects 3, 5 and 8 (Figure 2, D).

Following the rainfall event (3/9/19), the DG3 marker was only detectable in one drain
(Drain 3), at significantly lower levels [p < 0.01] than during the rainfall event (both 27/8/19

and 30/8/19), but was detected in all nearshore seawater samples (except 9.1) and in 37 % (n =
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6/13) of offshore samples (Figure 2, D), although concentrations of this marker were

significantly lower [p < 0.01] than during rainfall periods.

3.3.4.3 - Bird Faecal Marker

The GFD avian faecal marker was detected in 88 % (n = 130/148) of samples, but levels
of this marker were not significantly correlated [rs= 0.1, p > 0.05] with enterococci counts and
were statistically indistinguishable between Rose Bay and the control site, during both dry
(before rain on the 21/8/19 and after rain on the 3/9/19) and wet weather conditions (3.8 mm
rain on the 27/8/19 and 43 mm on the 30/8/19). No trend of increasing levels of GFD following
rainfall was observed, in either drains or seawater samples, with concentrations of this marker

often in fact decreasing following rainfall (Figure 2, E).
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Figure 2. Source tracking qPCRs and FIB CFU before and following rain events. Heatmaps of
the enterococci Counts using standard membrane filtration techniques (AS/NZS 4276.9:2007)
and the 4 source tracking qPCRs. (A) enterococci (B) HF183, (C) Lachno3, (D) DG3 and (E)
GFD, (F) 16S across sampling locations (Y axis) and days (x axis). Colour scale corresponds
to CFU or copy number per 100mL, with the lower scale (Aqua) representing the average of
that marker detected at the reference Nielsen Park transects, over the course of the study. Blank
cells represent samples not collected either due to lack of water flow in drains or due to safety
concerns during the rainfall event. Dark blue cells correspond to no detection. Below each
gqPCR heatmap is a small heatmap displaying daily rainfall (mm) at the time sampling. Limit
of detection (LOD) is in copies/100ml.
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3.3.5 - Genes conferring Antibiotic Resistance

Throughout the sampling period, levels of the antibiotic resistance genes dfrd 1, qnrsS,
sull and vanB were correlated with the human faecal marker HF183 [rs>0.25, p <0.01]. Before
the rain event su/l was detected in 19% (n = 6/30) of seawater samples. However, sull levels
were an order of magnitude lower within the seawater samples (mean: 7.96 x 10! =2.16 x 10?
copies/100ml, n = 29) than within the drain samples (mean: 2.07 x 10* + 3.19 x 10*
copies/100ml, n = 15). gnrS was detected in 43% (n = 13/30) of seawater samples. However,
levels of this gene within the drains (mean: 9.77x 102 + 2.52 x 10° copies/100ml, n = 14) and
seawater samples (mean: 1.38 x 10° +3.23 x 10° copies/100ml, n = 67) could not be statistically
distinguished. tet4 was detected within 100% (n = 30/30) of seawater samples. The levels of
this gene displayed another discrete, but notable, pattern, whereby significantly higher [p<0.01]
levels occurred within the samples 250m, 500m and 1000m offshore (mean: 2.87 x 10° + 2.50
x 10° copies/100ml, n =57) relative to both drain (mean: 9.56 x 103 +7.95 x 10° copies/100ml,
n = 15) and nearshore (mean: 9.98 x 10° +3.03 x 10, n = 30) samples. dfi41 was only present

in one drain sample (drain 5), and vanB was not detected either before or after the rain event.

Following 3.8mm of rain, levels of fet4 (mean: 2.32 x 10° = 3.61 x 10° copies/100ml,
n = 30), gnrS (mean: 7.26 x 10> + 9.34 x 103 copies/100ml, n = 23) and sull (mean: 7.62 x 103
+ 1.16 x 10* copies/100ml, n = 28) all increased significantly [p < 0.01] in nearshore samples.
Similarly, levels of these ABR genes also increased significantly [p < 0.01] within the
stormwater drain samples, with highest levels observed within drains 6 and 8 (Figure 3 A, B,
C). There was, however, no statistically distinguishable impact of rain on ABR gene levels
either 250m, 500m or 1000m offshore on this day. However, the number of samples that ABR
were detected within increased. su/l was detected in 46% (n = 14/30) of samples, gnrS was
detected in 70% (n = 21/30) of samples and tet4 again was detected in 100% (n = 30/30) of
samples (Figure 3 A, B and D). Rainfall also did not impact dfr41 levels within the drains.
Rainfall did however impact the spatial dynamics of dfr41 in Rose Bay seawater samples, with
the proportion of samples this gene was detected in increasing from 1% (n = 1/30) to 16% (n
=5/30 ) of samples (Figure 3 E). Notably, following this rainfall event vanB was detected in
Drain 9.

Following 43mm of rain, levels of all ABRs within the drains increased by an order of
magnitude. Within Rose Bay seawater samples, however, the ABRs followed one of two
trends: (i) increasing by an order of magnitude (gnrS and vanB) or (ii) remaining statistically

indistinguishable from the preceding measurements (fet4 and sull) (Figure 3 A-E). The only

66



ABR gene that did not follow one of these trends was dfr41, with levels decreasing by two
orders of magnitude after heavy rain. Spatially, patterns varied between genes, with sull
detected in 48% (n=14/30) of samples and fet4 detected in one less sample relative to the
preceding sampling day. In contrast, gnrS, dfrAl and vanB were all detected in a higher
proportion (83% (n = 25/30), 20% (n = 6/30) and 6% (n = 2/30) respectively) of seawater
samples compared to the preceding sampling day. The highest levels of all antibiotic resistance
genes (except tet4) were observed within drain 3 and along the seawater sample transect

adjacent to it, where, for example vanB was observed up to 500m offshore (Figure 3 C).

Three days after the rain event, levels of most of the ABR genes (except fet4 and dfrA1)
dropped significantly within the drains [p < 0.01], but remained high in the nearshore seawater
samples, as well as in samples collected 250m and 500m offshore, with levels statistically
indistinguishable from those recorded during the rainfall event. In contrast to the other ABR
genes, tetA levels displayed a similar spatial pattern to those observed during heavy rainfall,
whereby levels of this gene within the drain and nearshore samples were significantly higher

[p<0.01] than those within in the samples taken 250 m, 500 m, and 1,000 m offshore.
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Figure 3. Antibiotic resistance gene markers. Heatmaps of the five antibiotic resistance gene

qPCRs, (A) sull, (B) tetA, (C) vanB, (D) gnrS and (E) dfrA 1 across sampling locations (Y axis)
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and days (x axis). Colour scale corresponds of copy number per 100mL defined using qPCR,
with the lower scale representing the average of that marker detected at the reference Nielsen
Park transects, over the course of the study. Blank cells represent samples not collected either
due to lack of water flow in drains or due to safety concerns during the rainfall event. Dark
blue cells correspond to no detection. Below each qPCR heatmap is a small heatmap displaying

daily rainfall (mm) at the time of sampling. Limit of detection (LOD) is in copies/100ml.

3.3.6 - 16S Sequencing community data
3.3.6.1 - Bacterial diversity

The total number of ASVs detected in the entire data set was 17, 158. There were 13,
574 ASVs detected within drain samples and 13, 565 ASVs detected within the seawater
samples. Within Rose bay seawater samples, bacterial community diversity (Shannon diversity
[F =44.4, p <0.01]) and composition [F = 19.7, p < 0.01] differed significantly between dry
(before the rain event) and wet weather conditions (43 mm on the 30/8/19) (Figure 4A). The
most abundant ASVs in seawater samples were members of SARI 1 Clade I, the SAR86 clade
and an Actinomarinales. The dissimilarity in seawater bacterial communities observed between
dry (before the rain event) and wet weather conditions (3.8 mm rain on the 27/8/19 and 43 mm
on the 30/8/19) was primarily driven by a significant [F =22.5, p <0.01] decrease in the relative
abundance of SARI1 Clade I following rain and a concomitant increase in an ASV classified

as Pseudarcobacter defluvii.

Significant differences in the composition of bacterial communities inhabiting the
stormwater drains relative to the seawater samples [F = 14.5, p < 0.01] were also apparent
(Figure 4B). Within stormwater drains, the most abundant ASVs included the same
Pseudarcobacter defluvii ASV noted above, a member of the Spirosomaceae family and
Flavobacterium succinicans. The dissimilarity in bacterial communities within the drains and
seawater communities was largely driven by the same Pseudarcobacter defluvii ASV
mentioned above and a member of the Spirosomaceae family, which were both over-
represented within the drain samples, and a SAR 11 Clade I ASV that was over-represented in
the seawater samples. Additionally, the bacterial community also differed significantly

between each individual drain [F = 5.5, p <0.01].
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Figure 4. Bacterial communities in drain and seawater. (A) NMDS (stress < 0.2) showing the
Bray-Curtis distances between dry (Omm rain) and wet (43mm rain) seawater samples. (B)

NMDS (stress < 0.2) showing the Bray-Curtis distances between all samples, coloured by
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distance offshore. (C) NMDS (stress < 0.2) showing the Bray-Curtis distances between drain
samples. Weather conditions are represented by shapes and the drains are represented by

colours.

3.3.6.2 - Indicator species within the drains

A total of 6,651 ASVs were identified as ‘bacterial indicators’ of the stormwater drain
microbial communities. After removing ASVs present in an average relative abundance of less
than 0.1% within the drain samples, 6 ASVs remained, including the same Pseudarcobacter
and Spirosomaceae ASVs that were most responsible for the significant differences between

drain and seawater bacterial communities, as well as 4 Comamonadaceae ASVs.

During dry weather prior to the rainfall event, these drain indicator ASVs were detected
in only 23% (n = 7/30) of Rose Bay seawater samples, where their cumulative relative
abundance was a mean of 0.05% =+ 0.08 (n = 14). Most of these detections (85% n = 6/7) were
in the nearshore samples (Figure 5 A), with highest relative abundances observed in 5.1 (0.19
%). Drain indicator ASVs were detected at one other site, 10.3, 500m offshore. No drain
indicator ASVs were detected within samples 250 m or 1000 m offshore, nor were they

detected at the control site.

Following 3.8 mm of rain, the occurrence of drain indicator ASVs in seawater samples
increased significantly, with these ASVs now detectable in 60 % (n = 18/30) of Rose Bay
seawater samples. Again, the prevalence of drain indicator ASVs was highest in the nearshore
samples, where they were detected within all samples except 7.1 (mean cumulative relative
abundance: 0.09% = 0.02, n = 37). The highest levels of drain indicator ASVs were recorded
at site 5.1, where the cumulative relative abundance of 1.2% was two orders of magnitude
higher than the mean of all other nearshore samples (mean: 0.09% = 0.14, n = 7). During this
time, drain indicator ASVs were also detected at 11 of the sites located 250m and 500m

offshore. No drain indicator ASV's were detected at the control site.

After 43mm of rain, the occurrence of drain indicator ASVs increased further, with
these indicator organisms now detected in 66 % (n = 20/30)of seawater samples. These
indicator organisms were most prevalent in the nearshore samples 3.1 and 4.1, where their
cumulative relative abundance was 0.1 % and 0.7 % respectively, with highest levels again
observed in the near shore samples. The drain indicator ASVs were mainly restricted to

transects 3, 4, 5, 8 and 9, extending from nearshore to 500 m offshore (Appendix 2 Figure 3,
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C). Of note, the drain indicator taxa were detected in one site 1000 m offshore and up to 500

m offshore at the control site.

Three days after the rainfall event, the occurrence of drain indicator ASVs remained
high within Rose Bay seawater samples, where they were detected in 87 % (n = 25/29) of
samples. These ASVs were detected in all nearshore samples, and up to 500 m offshore along

transects 3, 5 and 10.

A. Before the rainfall event B. 3.8mm of rainfall
o o ® =
O o (OING)
o @
o °e ©
o o @
© e © o Relative
Abundance
1%
C: 43mm of rainfall D. Three days after rainfall event
@) 0.1%
@) @
0.01 %
@) O
P ® O
() @ S @ ® o @)
@ O © o
@ 9 O (@ @) o .'Q
@ © o
O O

Figure 5. Sewage Indicator Taxa within Rose-Bay seawater. Sewage indicator taxa within
seawater samples as a bubble plot within Rose Bay. The bubble colour scale represent the %

of the Relative Abundance that the indicator taxa (a Pseudarcobacter, Spirosomaceae ASV
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and 4 Comamonadaceae ASVs) ASVs add up to per sample. (A) Shows distribution pre-rain,
(B) shows distribution during 3.8mm of rain, (C) shows distribution during 43mm of rain and

(D) shows distribution post-rain.

3.3.6.3 - Impact of microbial signature from drain communities on Rose Bay

To estimate the influence of each storm water drain on water quality at the Beachwatch
reference site (BW.2) (Appendix 2 Figure 3), I used SourceTracker (Knights et al., 2011) to
examine the relative contribution of the microbial signature from each drain within at this
reference sampling point used by local monitoring programs. The relative contribution of the
microbial signature from each drain on BW.2 mostly consisted of the Rose Bay Entrance
microbial community (99 %), which in this test was our control. However, our main focus was
the change in impact from the drains, which differed significantly over the time-course of this

study [F = 37.69, p < 0.01].

Before the rain event (21/8/19), the microbial signature from Drain 4 was 3 times higher
than the cumulative contribution of the other running drains (Appendix 2 Figure 3 A). After
3.8 mm of rain, the impact of all stormwater drains on the BW.2 bacterial community (mean:
0.001 £0.0015 %, n=12) was significantly higher [p <0.01] relative to dry weather conditions
before the rain event (mean: 0.005 + 0.003 %, n = 12). The relative impact of the drains also
shifted, with Drain 5 now contributing between 1-4 times more than any of the other drains
(Appendix 2 Figure 3 B). After the more significant rainfall event, when 43 mm of rain fell,
the microbial signature of Drains 3, 5 and 9 had the largest impact on the BW.2 bacterial
assemblage (Appendix 2 Figure 3 C). The over-all level of impact from the drains on BW.2
did not change significantly 3 days after the rainfall event. The impact source however, shifted
from Drain 3, Drain 5 and Drain 9, to Drains 4 and 6, which now had the largest level of impact

on BW.2 (Appendix 2 Figure 3 D).

To investigate the spatial impact of specific stormwater drains on Rose Bay over the
course of the rainfall event, I again, used SourceTracker (Knights et al., 2011) to investigate
the contribution of the microbial assemblages within specific drains (used here as a source) on
the microbial community within each sample within Rose Bay (sink). For each day of the study,
the specific drain chosen was the drain that had the highest levels of the Lachno3 marker, which
equated to Drain 5 before the rain event (21/8/19) and after 3.8mm of rain, Drain 3 after 43mm

of rain and Drain 6 after the rainfall event.
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Six days before the rain event (21/8/19), the microbial signature of Drain 5 impacted
all nearshore samples and samples located 250m offshore, but only impacted 50 % (n = 4/8) of
samples located 500m offshore (Figure 6 A). After 3.8mm of rain, the extent of impact from
Drain 5 increased to 93 % (n = 28/30) of sites within Rose Bay, impacting all but one site 500
m offshore and reaching two sites 1000m offshore. Whilst the impact of this drain increased
spatially (mean: 0.002 £ 0.002, n = 80) the contribution was significantly lower [p<0.01]
relative to dry weather conditions before the rain event (mean: 0.001 = 0.0007, n = 92) (Figure
6 B). After 43mm of rain, the impact of the microbial signature from Drain 3 reached 1000m
offshore (Figure 6, C) and was significantly greater [p < 0.01] than the microbial impact from
Drain 5 relative to conditions before the rain event (21/8/19) and after 3.8mm of rain (27/8/19).
Indeed, using this approach, it was apparent that the impact of Drain 3 at this time was the
greatest of any drain throughout the entire study period. Four days following the rainfall event,
the spatial impact of Drain 6 on Rose Bay extended 500m offshore (Figure 6 D) but had a

significantly lower [p<0.01] level of impact than Drain 3 during heavy rain.
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Figure 6. Sewage pollution and distribution within Rose Bay before and after rain events.

Interpolated contribution percentages of microbial communities from the most impactful drains
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to at each sampled seawater site (grey dots) and the Beachwatch reference site (purple dot) on
a geographical map of Rose Bay. (A) Shows the contribution of Drain 5 during dry weather,
(B) Shows the contribution of Drain 5 after 3.8mm of rain, (C) Shows the contribution of Drain
3 after 43mm of rain and (D) Shows the contribution of Drain 6 post rain event. Colour scale

on each map refers to the contribution percentage of the drain on Rose Bay on each day.
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3.4 - Discussion
3.4.1 - What is the principal cause of faecal contamination at Rose Bay?

Urban beaches are often characterised by poor water quality, which has implications
for human and ecosystem health (McLellan et al., 2015). Routine FIB monitoring has indicated
that water quality at Rose Bay has been regularly impacted by faecal contamination for at least
the last 7 years (OEH, 2013; DPIE, 2020), yet the causes and point-sources of this
contamination have not been identified. By applying a suite of molecular microbiological
approaches, I have revealed significant levels of markers for human faeces, indicative of
sewage contamination during both dry weather periods (before and after rainfall events), which
increased further during rain (3.8 mm rain on the 27/8/19 and 43 mm on the 30/8/19), to levels
that are comparable to, and sometimes higher than, other aquatic environments known to be
impacted by raw sewage (Liang et al., 2021). This was paired with intermittent impacts from
dog faeces in dry weather (pre- and post-rain event) detected only in nearshore, and not drain,
samples, indicating that it was sourced from dog faeces on the beach rather than the catchment
serviced by the stormwater drains, and most likely from runoff in the catchment during wet
weather (3.8 mm rain on the 27/8/19 and 43 mm on the 30/8/19) due to the large amount of

DG3 present within the drains.

Before the rainfall event (21/8/19), enterococci levels within the seawater samples were
generally low, indicating good water quality, but these levels became substantially elevated
following rainfall. The single exception to this pattern was the sample collected adjacent to
Drain 5 (5.1), where enterococci levels were 180 CFU/100ml. Notably, these levels were
higher than those recorded in the adjacent drain. During this time, both human markers were
highly elevated (relative to all other samples) within Drain 5. However, the dog faecal marker
was also elevated at site 5.1 but absent with the Drain 5 sample. These patterns imply one of
two explanations for the moderate enterococci levels observed in this nearshore site: (1) A
combination of sewage and dog faecal material sourced from Drain 5 has impacted this
location; (2) Dog faecal material sourced from the beach has contributed to the moderately
high enterococci levels measured at this location. Given that comparable levels of DG3 were
recorded at other near-shore sites (3.1, 4.1, 5.1, 6.1, 9.1, 10.1) that did not exhibit elevated
enterococci levels at this time, I propose that the elevated enterococci levels within this sample
were the result of a combinatory effect of human (sewage from Drain 5) and dog faecal
material. This potential dry weather sewage overflow resulted in levels of HF183 within the

seawater that were in some cases higher than those that have elsewhere been estimated to
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indicate a significant health risk from sewage-borne pathogens (Boehm and Soller, 2020). The
SourceTracker analysis (Figure 6. A) showed that the microbial signature from Drain 5 was
the strongest around transects 3, 5, 6, 7, and offshore towards Neilson park. This aligns with
locations that also had a higher level of HF183, therefore, a sewage leak within Drain 5 is a

possible explanation for high background levels of HF183 before the rain event.

Following a 43mm rain on the 30/8/19, mean bacterial abundances within drains (as
estimated by 16S rRNA qPCR) increased by an order of magnitude, and were over an order of
magnitude higher than seawater bacterial abundances preceding the rainfall event. When this
stormwater entered Rose Bay in a mixing ratio of 1:34, levels of bacteria increased by 95%
and 23% within Rose Bay seawater. This pattern was confirmed by our SourceTracker analysis,
which revealed that the bacterial assemblages within seawater samples surrounding drain 3
were comprised of between 10-50% bacteria from Drain 3. Enterococci levels also increased
significantly within both stormwater drain samples and seawater samples immediately adjacent
to some drains. Within the drain and seawater samples where the highest enterococci levels
occurred (i.e., Drain 3 and adjacent seawater samples, Drains 4, 8 and 10), increases in both
human faecal markers and the dog faecal marker were observed. In Drain 3, a substantial peak
in both human faecal markers was observed, with the elevated seawater enterococci levels
spanning the Drain 3 transect into Rose Bay also mirrored by increases in the human faecal
markers. I conclude that Drain 3 and the surrounding waters within Rose Bay experience the
most pronounced influence of sewage during rainfall events, where levels of HF183 sometimes
reached four orders of magnitude higher than those predicted to indicate a human health risk
from sewage (Boehm and Soller, 2020). However, in this drain, as well as several of the other
drains experiencing high enterococci levels during the rainfall event (specifically Drains 4, 5,
6 and 8), significant peaks in the dog faeces marker co-occurred with peaks in the human faecal
markers. This indicates that both sewage and dog faeces potentially contribute to the high
enterococci levels observed in stormwater drains during rainfall at Rose Bay, which is a pattern
consistent with reports from other coastal environments (Ahmed et al., 2020). I posit that this
pattern of concentration in, and near to, the stormwater drains is likely indicative of dog faeces
being washed into the stormwater system from the surrounding catchment, rather than

significant levels of dog faeces being washed from the beach into the seawater at Rose Bay.

Using 16S rRNA gene amplicon sequencing data I revealed the occurrence of a set of
“indicator bacteria”, which were present at a high relative abundance (relative to seawater)

within stormwater samples but became detectable within seawater samples after rainfall.
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Notably, these indicator bacteria, including Pseudarcobacter are known to be members of the
bacterial communities inhabiting sewage (McLellan et al., 2015), providing further evidence
for the impact of sewage within Rose Bay. Some of these taxa were intermittently detected
within nearshore seawater samples before the rain event (21/8/19), but following the major
rainfall event examined here were observed up to 1000m offshore, providing evidence for a

spatially pronounced influence of sewage contamination across Rose Bay after rain.

While coastal environments can also be subject to faecal contamination from native
animals, in particular water birds (Jarma et al., 2021), the marker for avian faeces did not
display a statistically significant correlation to total enterococci counts, nor an increase
associated with either rainfall or proximity to drains. Furthermore, given that (i) the levels of
this bird faecal marker were not higher in Rose Bay than the control site and (ii) bird faecal
marker levels in the seawater were always within the range of those observed in other coastal
habitats pre-rainfall (Ahmed et al., 2020), I conclude that bird faeces played a minimal role in
driving the elevated total enterococci levels observed during rainfall. This, however, does not
negate the possible health risks associated with a high level of bird faeces. It has been
demonstrated that the guts of birds can be colonised by antimicrobial resistant bacteria (ARB)
when birds ingest food from polluted water sources containing antimicrobial bacteria (Franklin
et al., 2020). This can then make them environmental reservoirs and vectors for ARB and
ARGs (Ahlstrom et al., 2018; Bonnedahl and Jarhult, 2014) and vectors for dissemination of
ARG s in the environment. Furthermore it has been shown that bird faeces can contain human

bacterial pathogens (Benskin et al., 2009).

Cumulatively, our results indicate that sewage input and input of dog faeces into Rose
Bay contribute to high enterococci counts during periods of significant rainfall. The main
points of input of both forms of faecal material are stormwater drains, which appear to
experience contamination from sewage and, in some cases, dog faecal material from the

catchment.

3.4.2 - What are the primary points of contamination within Rose Bay?

Prior research has concluded that stormwater drains are responsible for input of sewage
into recreationally used coastal environments during both dry and wet weather (Converse et
al., 2011; Parker et al., 2010; Parker and Shaw, 2011; Sauer et al., 2011; Sercu et al., 2011;
Sercu et al., 2009). Given the elevated levels of both FIB and the human faecal MST markers
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within stormwater drains, during both dry (before and after rainfall) and wet weather (3.8 mm
rain on the 27/8/19 and 43 mm on the 30/8/19), it is clear that the network of stormwater drains
at Rose Bay are the key source of seawater contamination, rather than the surrounding beach
environment. However, some drains had a greater influence than others, with the level of
impact also varying according to whether sampling was conducted during dry (before and after

the rain event) or wet weather (3.8 mm rain on the 27/8/19 and 43 mm on the 30/8/19) periods.

Before the rain event on the 21/8/19, Drain 5 exhibited elevated levels of both of the
human faecal markers, with these levels increasing further and extending into the adjacent
seawater sample after the first moderate (3.8 mm) rainfall event. I suggest that these patterns
are potentially indicative of a dry weather sewage leak into Drain 5, which may have
contributed to the slightly elevated enterococci levels within the 5.1 seawater sample before
the rain event. Indeed, at site SW5.1 levels of the Lachno3 marker were 1.1 x 103 copies/100ml
prior to the rainfall event and the Lachno3 and HF 183 markers reached 1.98 x 107 copies/100ml
and 2.45 x 10° copies/100ml respectively after 3.8mm of rain. While these levels are an order
of magnitude lower observed in raw sewage (Sauer et al., 2011; D. Li et al., 2021), they are
high relative to concentrations observed in other coastal environments (Liang et al., 2021;
Rothenheber and Jones, 2018). It is not uncommon for dry weather sewage leaks to occur
within stormwater drains (Sercu et al., 2009), and, notably, Drain 5 is adjacent to a sewage
pumping station behind Rose Bay beach, which may contribute to high background levels of
both sewage markers at Neilson park and is potentially worthy of further examination. These
patterns are supported by our analysis of the 16S rRNA gene amplicon sequencing data using
SourceTracker, which highlighted Drain 5 as the greatest point of impact on the Beachwatch
reference sample after 3.8mm of rain. This impact was not only high at the Beachwatch site,
but extended 1000m offshore both before the rain event and after 3.8mm of rain. Additionally,
the 16S rRNA gene amplicon sequencing data also revealed the highest levels of sewage

associated indicator species at site 5.1, both before the rain event and after 3.8mm of rain.

Following the major rainfall event, highly elevated enterococci levels occurred in all
drains, with highest levels within Drains 3, 4, 8 and 10. Notably, the Rose Bay seawater
samples adjacent to several of these drains also showed highly elevated enterococci levels,
indicating a substantial impact on seawater quality in Rose Bay. Both human faecal markers
were highly elevated within each of these drains, and adjacent seawater samples, with Drains
3 and 10 clearly hotspots of sewage contamination, in Drain 3, HF 183 reaching levels an order

of magnitude lower than what has been previously detected in raw sewage HF183 (Sauer et al.,
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2011; D. Li et al., 2021). A similar pattern was observed upon inspection of the 16S rRNA
gene amplicon sequencing data, whereby the SourceTracker data revealed drains 3 and 9 as
the input points that had the highest impact on the Beachwatch reference sample on this day.
This data also revealed that Drain 3 had the highest impact on seawater samples across the

entirety of Rose Bay.

Given that concentrations of the human faecal markers became significantly elevated
within these drains following the major rainfall event, I suggest that drains 3 and 9 potentially
represent sites most influenced by wet weather sewage overflows. This is supported by the
SourceTracker data whereby I observed these two drains as having the highest impact on the

Beachwatch site during the heavy rain event (Appendix 2 Figure 3 C).

3.4.3 - Spatiotemporal dynamics of contamination

The sampling design employed during this study permitted a detailed investigation of
the spatial and temporal patterns of multiple markers for faecal contamination over the course
a rainfall event. This analysis revealed that FIB levels within Rose Bay increase significantly
following rainfall and with proximity to stormwater drains, with this pattern largely driven by
sewage contamination of the drains, with a further contribution from dog faecal material likely
sourced from the catchment serviced by these drains. While previous studies have shown
increases of faecal contamination from either sewage or animal sources during rainfall events
(Ahmed et al., 2020; Shrestha et al., 2020), only few studies (Newton et al., 2013) have assessed

the spatial extent of impact.

For the most part, high levels of the human and dog faecal markers were restricted to
near-shore samples. Drain 3 displayed highly elevated levels of the human faecal markers
across several samples extending away from the shoreline, and when used as a “source” when
16S rRNA bacterial community data was employed as a tracer, contributed to up to 50% of the
bacterial communities within “sink” samples up to 500m offshore along transects 3 and 4. This
is indicative of a substantial influence of Drain 3 on water quality within Rose Bay following

rainfall.

Four days after the major rainfall event, slightly elevated levels of both human faecal
markers persisted within the environment. There are two potential explanations for this pattern:
(1) The Lachnospiraceae and Bacteriodes targeted by their respective assays can persist for

longer periods than FIB in the environment as shown by (Ahmed et al., 2020b), or (ii) The
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DNA- based, rather than culture-dependent, approach used to quantify these markers detect

unviable bacteria that would not grow via a culture-based approach.

3.4.4 - Other microbiological hazards in Rose Bay

Our results indicate that Rose Bay is extensively impacted by sewage contamination
likely linked to sewage overflows into stormwater drains, which may consequently create
several hazardous microbiological implications. Over the course of the experiment, I observed
evidence for increased levels of ARGs in the environment following rainfall, which is
consistent with recent studies in other urbanised beaches that are impacted by sewage
contamination (Carney et al., 2019). The putative links between elevated ARG occurrence and
sewage contamination (Akiyama and Savin, 2010; Auguet et al., 2017; Gaviria-Figueroa et al.,
2019) was confirmed here by significant correlations between the HF 183 human faecal marker
and ARGs; dfrdl, gnrsS, sull and vanB. Notably, I observed levels of gnrS that were over two
orders of magnitude higher than those previously reported within wastewater (Paulus et al.,
2019) and levels of vanB that were over 3 times higher than those observed at other highly
contaminated beaches in Sydney (Carney et al., 2019). This emerging occurrence of high levels
of ARGs at Rose Bay represents a largely uncharacterised, but potentially significant (Leonard

et al., 2018) health risk for swimmers.

3.4.5 - Bacterial community analysis provides another powerful tool to analyse coastal water
quality

I coupled 16S rRNA gene amplicon sequencing with the Bayesian Sourcelracker
package (Knights et al., 2011), which uses Bayesian statistics to predict the percentage of
‘source’ microbial communities within selected ‘sink’ samples. SourceTracker has previously
been used to track the occurrence of sewage bacterial communities in the environment (Newton
et al., 2013), and discern the relative contribution of faecal contamination from different
sources, including sewage plants and animals (Ahmed et al., 2015b; Brown et al., 2017).
Similarly, to our study, (Neave et al., 2014) used SourceTracker to analyse the microbial
signature from different inputs, including a sewage outfall and a number of lakes (sources), at
different beach sites (sinks). However, to the best of our knowledge, ours is the first study to

use this approach to (i) track the spatiotemporal dynamics of specific bacterial signatures for
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individual stormwater drains and (ii) use this data to quantify the relative strength of the

microbial signature from different stormwater drains.

Additionally, I coupled 16S rRNA gene amplicon sequencing with the indicspecies r
package (de Caceres and Jansen, 2018), to identify specific microbial indicators of the water
within stormwater drains and Rose Bay seawater samples. This analysis revealed that several
of the bacteria that could be characterised as indicators for stormwater drains were often
aligned with organisms previously identified as indicators of sewage (e.g., Arcobacter
(McLellan et al., 2015)). One of the most prevalent indicator taxa was Pseudarcobacter
defluvii, which was formerly known as Arcobacter defluvii (Perez-Cataluna et al., 2018).
Pseudarcobacter defluvii has been isolated from sewage (Collado et al., 2011), with strains of
this organism isolated from sewage shown to be potential human pathogens (Levican et al.,
2013). Furthermore, our microbial indicator analysis also revealed other, previously
unrecognised, putative markers for contamination of urbanised coastal habitats. These included
four Comamonadaceae ASVs and a Spirosomaceae ASV. Comamonadaceae are a family of
bacteria which have also been reported as a core member of sewage sludge (Xu et al., 2017),
where they can make up to 10% of the cumulative relative abundance of effluent (Yasir, 2020),
while Spirosomaceae has also been isolated from sewage sludge in Korea (Lu et al., 2007),

implying that these ASVs are likely sewage markers.

I acknowledge that this was indeed a single rain event with only four time points and
that while our results are reflective of what happened at this time, they may not be generalisable
to Rose Bay at all times and in all rain events. However, in light of the outcomes of our analysis
of 16S rRNA community profiles, I argue that DNA sequencing data provides a powerful and
largely untapped means to trace the extent and impact of water contamination in aquatic

ecosystems. This has the potential to augment other FIB and MST approaches.
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3.5 - Conclusions

Many urban beaches are characterised by poor water quality because of often undefined
sources of faecal contamination. By employing molecular microbiological tools including
MST assays and DNA sequencing I have delivered a precise assessment of the causes and
sources of contamination at an intermittently contaminated beach within Sydney Harbour,
Australia. Whilst traditional FIB methods indicated high levels of faecal contamination, I used
MST approaches to precisely identify the likely source of this contamination (i.e., sewage vs
animal). Our analysis demonstrated that Rose Bay is moderately impacted by dog and human
faeces during dry weather (both before and after the rainfall event), but heavily impacted by
human faeces (sewage) during wet weather (after 3.8mm and 43mm rain). Additionally, I
identified the relative impact of individual stormwater drains on seawater quality by combining
MST assays with DNA sequencing techniques to trace the spatial and temporal dynamics of
contamination. This confirms that in cases where consistently high levels of FIB are recorded
by regular monitoring practises, but the source of contamination remains ambiguous, MST
tools like those used here provide a powerful means for informing subsequent remediation and
management efforts. Finally, I identified the spatial and temporal dynamics of microbiological
hazards associated with contamination, including an increased occurrence of antibiotic
resistance. These more nuanced insights into the contributing factors to poor water quality at
this highly urbanised coastal environment will inform efforts to resolve the causes of

contamination and subsequently help to safeguard public health.
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4.0 - Abstract

Anthropogenic waste streams can be major sources of antibiotic resistant microbes within the
environment, creating a potential risk to public health. I examined patterns in the occurrence
of a suite of antibiotic resistance genes (ARGs) and their links to enteric bacteria at a popular
swimming beach in Australia that experiences intermittent contamination by sewage, with
potential points of input including stormwater drains and a coastal lagoon. Samples were
collected throughout a significant rainfall event (40.8mm over 3 days) and analysed using both
qPCR and 16S rRNA amplicon sequencing. Before the rainfall event, low levels of faecal
indicator bacteria and a microbial source tracking human faeces (sewage) marker (Lachno3)
were observed. These levels increased over 10x following rainfall. Within lagoon, drain and
seawater samples, levels of the ARGs sull, dfrA1 and gnrS increased by between 1-2 orders of
magnitude after 20.4mm of rain, while levels of tet4 increased by an order of magnitude after
a total of 40.8mm. After 40.8mm of rain sull, tetA and gnrS could be detected 300m offshore
with levels remaining high five days after the rain event. Highest levels of sewage markers and
ARGs were observed adjacent to the lagoon (when opened) and in-front of the stormwater
drains, pinpointing these as the points of ARG input. Significant positive correlations were
observed between all ARGs, and a suite of Amplicon Sequence Variants that were identified
as stormwater drain indicator taxa using 16S rRNA amplicon sequencing data. Of note, some
stormwater drain indicator taxa, which exhibited correlations to ARG abundance, included the
human pathogens Arcobacter butzleri and Bacteroides fragilis. Given that previous research
has linked high levels of ARGs in recreationally used environments to antimicrobial resistant
pathogen infections, the observed patterns indicate a potentially elevated human health risk at

a popular swimming beach following significant rainfall events.
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4.1 - Introduction

The increasing occurrence of antibiotic resistance (AbR) is of large concern globally
(Klein et al., 2021). While the majority of focus on the impacts of AbR has been placed on
clinical settings (Paulus et al., 2019), the spread and environmental reservoirs of AbR within
natural ecosystems are of increasing interest (Berendonk et al., 2015). While AbR occurs
naturally within environmental microbiomes (Allen et al., 2010), high levels of antibiotic use
and subsequent contamination related to the agricultural industry (Foley and Lynne, 2008;
Sarmah et al., 2006), and inadequate management of human wastewater streams (Baquero et
al., 2008) are contributing to concerningly high levels of AbR in aquatic environments (Auguet
et al., 2017). This concern is in part due to the fact that environmental AbR presents a largely
undefined health risk, particularly to community groups that are consistent users of aquatic

environments, including swimmers (Leonard et al., 2015) and surfers (Leonard et al., 2018).

The spread of AbR into coastal environments via anthropogenic wastewater streams
occurs because of excretion of large quantities of antibiotics from human populations into
sewage (Steinbakk et al., 1992). Antibiotics are difficult to remove during wastewater
treatment and therefore occur in both sewage influent and effluent waste streams, where they
have the potential to select for AbR within resident bacterial communities (Baquero et al.,
2008; Chow et al.,, 2015). Stormwater infrastructure is often contiguous to sewage
infrastructure, where both pipe blockages during dry weather and wet weather sewer over-flow
events during rainfall can lead to sewage leaks into the stormwater infrastructure, and as a

result, can further lead to untreated sewage entering aquatic environments (Olds et al., 2018).

Recently, it has been shown that antibiotic resistance gene (ARG) levels linked to
stormwater within the environment vary depending on the presence of sewage contamination
within the stormwater (Carney et al., 2019; Karkman et al., 2019), however our knowledge on
the spatial and temporal dynamics of ARGs at beaches where there are multiple potential input
points is limited. Moreover, sewage can also harbour microbial pathogens, however, while
recent work has illustrated correlations between pathogens and ARGs in urbanised coastal
settings (Carney et al., 2020), there is little research linking these ARGs and pathogens to a
particular source i.e., sewage leaks within stormwater drains. Therefore, our aim was to
determine the extent of ARG pollution within a coastal environment and if this pollution is
linked to sewage contamination. Furthermore, I aimed to determine whether sewage

contamination has the potential to transmit AbR pathogens into the environment.
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Here I examined the potential links between sewage contamination and the occurrence
of ARGs within a popular swimming beach Australia’s East Coast. This site is characterised
by a network of potential contamination sites, incorporating a coastal lagoon that is
intermittently open to the ocean and the outputs from three stormwater drains. I performed
sampling during a heavy rainfall event, with the central goal of defining the extent,
spatiotemporal dynamics, and points of input of ARGs into a coastal environment used widely

for human recreation.
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4.2 - Methods
4.2.1 - Sampling sites

Terrigal Beach is located on the east coast of Australia (3.4462° S, 151.4447° E), and
is a popular site for recreational use by surfers and ocean swimmers. However, this beach
regularly experiences poor water quality linked to faecal contamination, particularly after
significant rainfall events (OEH, 2018). However, the exact sources and impacts of this
contamination are complex and unclear, with a broad network of potential input sources
including three storm water drain outlets, as well as an intermittently closed and open saline
coastal lagoon, Terrigal Lagoon, that is intermittently open to the ocean, particularly after

intense rain events.

Table 1. Sampling dates, locations, and information.

20/5/19 AM 6mm of the 19/5/19
31/5/19 AM 2mm rain on the 28/5/2019
4/6/19 AM 20.4mm rain in preceding 3 days,

with 12mm in the preceding 24hrs

6/6/19 AM & PM 40.8mm in preceding 48hrs,
3.6mm on that day.

Afternoon sample taken as mouth
of lagoon was manually opened.

11/6/19 AM Five days of no rain.

Water samples were collected from a suite of potential points of contamination (Figure
1), including the outlets of three stormwater drains (Drains 1, 2 and 4), and from five locations
within Terrigal Lagoon. This lagoon receives water from 34 stormwater outlets, has a surface
area of 30 ha, a mean depth of 50 cm and is mostly closed, but after intense rain events is
manually or naturally opened resulting in drainage into the ocean. Surface seawater samples
were also collected from 27 locations along Terrigal Beach, spanning 9 on-shore to off-shore
transects. Each transect comprised of nearshore sampling points (1 metre from shore), sites
where the water depth reached Sm (~150m offshore) and sites where the water depth reached
10m (~300m offshore). Three of these transects were located within Terrigal Haven, which is

a 200m long beach, protected by 20m high Broken Head (Figure 1). These three transects
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originated immediately adjacent to three stormwater drains (Drain 1, 2 and 4, SW1.X, SW2.X
and SW4.X). Drains 1 and 2 are separated by approximately 20m while Drain 4 is
approximately 400m north of Drain 2 (Figure 1). A reference transect corresponding to the
sampling point for the regional water monitoring program, Beachwatch (DPIE, 2020), was
located approximately 200m north of Drain 4 and 350m south of the mouth of Terrigal Lagoon
(SW5.X, Figure 1). To examine the spatial impacts of faecal contamination and related
microbial hazards from Terrigal Lagoon, a transect was also established from the mouth of
Terrigal Lagoon (SW6.X). Four additional reference transects were added in locations without
nearby stormwater drains. The first was at Wamberal beach 1.5km north of Terrigal Beach, the
second in front of Wamberal Lagoon 2km north of Terrigal beach, the third at Forresters Beach
4 km north of Terrigal Beach (SW7.X, SW8.X and SW9.X) and the fourth at nearby Avoca
Beach (SW0.X, Figure 1), which is approximately 3km south of Terrigal Haven. The regional
water quality monitoring program, Beachwatch, (DPIE, 2020) indicates Forrester’s beach as
generally characterised by low Faecal Indicator Bacteria (FIB) levels, and samples collected
from this point were used as a reference for comparisons to more highly contaminated samples

from Terrigal Haven.

Sampling was conducted at each location on six occasions, which spanned the period
before, during and after a significant rainfall event that resulted in 40.8mm of rain (Table 1).
Due to large ocean swell conditions, it was not possible to safely sample SW9.2 on the 31/5/19,
all sites 100m and 300m offshore on the 4/6/19, and SW0.2, SW8.2 and SW9.2 on the 6/6/19.
Additionally, the stormwater drains were only sampled when running - Drain 1 was only
running on the 4/6/19, Drain 2 on the 4/6/19 and 6/6/19, and Drain 4 on the 4/6/19, 6/6/19 and
11/6/19.
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Figure 1. Map of sampling sites within Terrigal. Purple circles refer to reference transects,
SWO0.1, SWO0.2 and SWO0.3 represent the Avoca reference transect, a beach 2km south of
Terrigal Haven, SW5.1, SW5.2 and SW5.3 represent the Beachwatch reference site transect,
with SW5.1 being regularly sampled by the central coast Beachwatch program and SW9.1,
SW9.2 and SW9.3 represent the Forrester’s beach reference transect, a beach 9km north of
Terrigal Haven. Yellow circles represent sites within Terrigal Lagoon, green samples represent
sites where samples were taken from within a drain and red circles represent sea water samples,
taken from either a beach transect (SW7), drain transect (SW1, SW2 and SW4) or lagoon
transect (SW6 and SW8).
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4.2.2 - Water sampling, processing, and analysis

On each sampling occasion, physiochemical parameters including temperature,
dissolved oxygen, salinity, and pH were measured in situ at each site using a WTW multiprobe
meter (Multi3430, Germany). Samples were also taken for chlorophyll, nutrient, and
enterococci analysis (Appendix 3 material section 1.1-1.3). Water samples were collected using
10L pre-washed plastic containers that were soaked in 10% bleach for 24 hours, thoroughly
rinsed with miliQ, and washed three times with water from the collection point prior to
sampling. Water samples were transported to a field laboratory (< 2hrs) and filtered through
47mm diameter, 0.22um pore-size membrane filters (Millipore, DURAPORE PVDF .22UM
WH PL) using a peristaltic pump (100rpm). Between each sample, 500ml of 10% bleach was
run through the pumping system, followed by 500ml of MilliQ water and then 1 L of sample.
Following this, the filter was aseptically placed into the pumping system, and the volume of
sample water filtered was recorded (between 500 ml and 2000 ml) for later normalisation of
gene copy. Filters were immediately frozen and stored in liquid nitrogen prior to being stored
at -80°C. Within a week of sample collection, DNA was extracted from filters using the
PowerWater DNA Isolation Kit (QIAGEN) according to the manufacturer’s instructions, in
batches of 45 samples, including 3 kit blanks per batch. DNA was stored at -80°C prior to

downstream analysis.

4.2.3 — Quantitative PCR (qPCR) analysis

To determine the presence of human faeces, indicative of sewage contamination, I used
quantitative PCR (qPCR) to measure levels of the Lachno3 assay (Feng et al., 2018), which
targets human gut microbiome associated Lachnospiraceae and has been demonstrated to be
an excellent marker of human sewage within the environment. I also quantified levels of
Arcobacter, which is a genus of bacteria that is regularly associated with stormwater, sewage
infrastructure (McLellan and Roguet, 2019) and sewage sludge (Collado et al., 2011). The
Arcobacter genus includes species that are associated with human illness (Ferreira et al., 2016),
and recently was shown to be correlated with some ARG in marine environments (Carney et
al. 2019). Arcobacter were quantified using the ARCO assay, which targets the 23S rRNA
gene (Bastyns et al., 1995). Furthermore, I characterised patterns in the class 1 integron-
integrase gene (intll), which facilitates the mobility of integron related ARG cassettes, is

present within diverse pathogenic bacteria, and has been proposed as an excellent indicator of
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anthropogenic pollution within natural environments (Gillings et al., 2015). To quantify int/]

gene abundances, I used the int/] primer set (Mazel et al., 2000) (Table 1, Appendix 3).

Growing evidence suggests the birds are environmental reservoirs of ARB and ARGs
(Bonnedahl and Jarhult, 2014; Ahlstrom et al., 2018) and vectors for dissemination of ARGs
in the environment (Jarma et al. 2021). In addition to sewage markers, I also used qPCR to
determine levels of the GFD assay (Green et al., 2012) which is an indicator of bird feaces

(Table 1, Appendix 3).

Quantitive PCR was also used to quantify a suite of ARGs that have previously been
detected in high abundances at two Sydney beaches exposed to wet weather associated sewage
incursions (Carney et al., 2019), including the sull, tetA, gnrS, dfrAl and vanB genes. sull
encodes resistance to sulphonamide, an antibiotic used widely in clinical settings (Pei et al.,
2006); tetA encodes resistance to tetracyclines, which are a group of antibiotics widely used to
treat bacterial infections in both human and animals (Borjesson et al., 2009); gnrS confers
resistance to quinolones, a group of antibiotics mostly used in clinical settings (Berglund et al.,
2014); dfrAl confers resistance to trimethoprims (Grape et al., 2007), a group of antibiotics
used widely to treat urinary tract infections; vanB encodes resistance to vancomycin (Berglund
et al., 2014), which is a last line of defence antibiotic (Berglund et al., 2014). Details on all
qPCR assays are provided in table 1, Appendix 3 and details on qPCR methods are provided
in Appendix 3 section 1.4.

4.2.4 — 16S rRNA amplicon sequencing and analysis

To characterise bacterial community composition in all seawater and stormwater drain
samples, the V3—V4 region of the bacterial 16S rRNA gene was amplified using the 341{/805r
primer set (Suzuki et al., 2000), with the following cycling conditions: 95°C for 3 minutes
followed by 25 cycles of: 95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, and
then 72°C for 5 minutes with a final hold at 4°C (Pichler et al., 2018). Amplicons were
subsequently sequenced using the Illumina MiSeq platform (300 bp paired-end analysis at the
Ramaciotti Institute of Genomics, University of New South Wales). For a detailed description

of 16S rRNA amplicon sequencing data processing details refer to Appendix 3 section 1.5.
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4.2.5 — Statistical analysis

To test for differences in abiotic variables, and spatiotemporal differences in the levels
of enterococci and qPCR markers, data was first transformed using In(x+1) and tested for
normality. Normally distributed data was compared using the parametric ANOVA test, paired
with Tukey pairwise comparisons, while non-normal data was compared using the
nonparametric Kruskal-Wallis test, followed by Mann-Whitney pairwise comparisons with
Bonferroni corrected p-values. To test for correlations between enterococci plate counts (single
replicate) and the qPCR samples (three biological replicates), average values from the qPCR
data were used. Correlations between enterococci counts, and data derived from qPCR assays

were determined using Spearman’s Rs, with Bonferroni corrected p values.

To test for differences in microbial community composition (16S rRNA data) and alpha
diversity between samples I used the Adonis function from Vegan (Dixon, 2003) and the
pairwise.adonis function from the PairwiseAdonis (Martinez Arbizu, 2020) R package. Three
separate tests were undertaken using the multipatt function within the indicspecies package
(De Caceres and Jansen, 2018) to identify ASVs that represented ‘indicator taxa’ for: a)
stormwater drain, b) lagoon and c) seawater communities. Three separate Mictools (Albanese
et al., 2018) analysis were also run with the aim of determining the Spearman’s RS correlations
between the suite of ARGs detected via qPCR and a) drain indicator ASVs, b) lagoon indicator
ASVs and c) seawater indicator ASVs. For complete R scripts used in statistical analysis of

16S data see (https://github.com/Nwilliams96/Terrigal Wet Weather 2019).
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4.3 — Results
4.3.1 — Environmental data and FIB (enterococci) analysis

Substantial changes in abiotic parameters occurred over the course of the rainfall event.
Following 20mm of rainfall (on 4/6/19), there was a significant decrease in both temperature
[p =0.0006] and salinity [p = 0.0026] from the preceding two sampling points taken before the
rain event. This initial rainfall event also led to significant increases in levels of total dissolved
phosphate (TDP) [p = 1.36 x 107], total phosphate (TP) [p = 8.10 x 10°], total dissolved
nitrogen (TDN) [p = 1.19 x 10%], filterable reactive phosphorus (FRP) [p = 0.0178], and
ammonia [p = 0.0002], relative to the two sampling points that were taken before the rain event.
After the opening of the entrance to Terrigal Lagoon (6/6/19), input of lagoon water into
Terrigal Beach resulted in significant increases [p = 0.001] in levels of TP, FRP, TDN,
ammonia and dissolved oxygen (DO %) in the Terrigal seawater samples, relative to samples
taken on before the lagoon opening on the 6/6/19. Five days after the end of the rainfall event,
levels of all measured abiotic parameters returned to levels that were statistically

indistinguishable from what was observed before the rain event.

During dry weather, enterococci levels were below limit of detection (10 MPN/100ml)
within all seawater samples on the 20/5/19 and 29/31 (94 %) of samples on the 31/5/19 (Figure
2A). Following 20.4 mm of rain (4/6/19), enterococci levels reached the maximum limit for
detection (24,196 MPN/100 ml) within all three drains (Figure 2A). Within the nearshore water
samples, enterococci levels increased by over 450-times relative to samples taken before the
rain event. On the 6/6/19, after a further 20.4 mm of rain, average enterococci levels within
seawater samples decreased three orders of magnitude. Enterococci levels were notably high
within Drain 2 and the adjacent seawater sample (SW2.1) and at one Terrigal Lagoon site (TL2)
which exceeded 10,000 MPN/100ml. After the entrance to Terrigal Lagoon was mechanically
opened to the ocean, enterococci levels were elevated along transect 6 (immediately adjacent
to the mouth of the lagoon Figure 2A). Five days after the rainfall event (11/6/19), enterococci
levels within all Terrigal Beach seawater samples had decreased to the lower limit of detection

(10 MPN/100ml).

4.3.2 — Sewage signals — gPCR markers Lachno3, Arcobacter and intll

Throughout the study, there was both a statistically significant correlation between

Lachno3, intl1 and Arcobacter [Lachno3: rs> 0.59; p < 0.01] as well as between each of these
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markers and enterococci [Arcobacter: ts=0.33; p <0.01; Lachno3: 1= 0.67, p <0.001; intll 1
=0.28; p <0.001]. Before the rain event concentrations of Lachno3 were detected within only
9/53 (17 %) of samples taken from seawater on the 20/5/19 and 31/5/19, however Arcobacter
and intl were detected in substantially more samples 50/53 (95 %) and 52/53 (98 %) of samples
respectively, but concentrations of both were statistically indistinguishable between either

Terrigal Beach or Lagoon samples with the ‘pristine’ reference site at Forrester’s Beach.

Following 20.4mm of rain (4/6/19), within the nearshore seawater samples, Lachno3
was recorded at concentrations two orders of magnitude higher [mean = 50979 + 130926
copies/100ml] than were observed before the rain event [mean = 820 + 2693 copies/100ml],
with highest levels within samples immediately adjacent to stormwater drains (Figure 2B). At
these sites Arcobacter levels also increased substantially by between 16- to over 1000-fold and
intl1 levels increased over 100-fold. The maximum concentrations of Lachno3, Arcobacter and
intl1 all occurred in Drain 4. In accordance with this pattern, the highest levels of Lachno3
present in Terrigal Beach seawater samples occurred in the sample immediately adjacent to
Drain 4 (Figures 2B, C and D). Unfortunately, due to rough ocean conditions, it was not
possible to acquire offshore transect samples on this date, precluding an assessment of the
seaward spatial extent of contamination from stormwater drains. During this period,
concentrations of Lachno3 [mean = 51860 + 433 copies/100ml] and in¢// [mean = 7005 £ 9147
copies/100ml] also increased by three orders of magnitude and by 13-times respectively within
all Terrigal Lagoon samples (Figure 2B and D) in comparison to what was observed during dry

weather [Lachno3 mean = 81 + 433 copies/100ml, int// mean = 501 + 488 copies/100ml].

On 6/6/19, after 40.8mm of rain in the preceding 48 hours, levels of Lachno3 decreased
significantly [p = 0.0377] within the drains and adjacent seawater samples, while Arcobacter
and intl1 levels remained at statistically indistinguishable compared to levels detected two days
prior. Lachno3 and intl levels remained elevated at other points along Terrigal Beach, in
particular within samples adjacent to Drains 1 and 2. Although, significant concentrations of
these markers did not extend beyond the shore-line samples in any of the off-shore transects
(Figures 2B and D). Levels of Lachno3 [mean = 7.8x10* = 4.1 x 10* copies/100ml] and
Arcobacter [mean = 1.47 x 107+ 6.03 x 10° copies/100ml] increased significantly [p = 0.02,
0.0006 respectively] within Terrigal Lagoon compared to the 4/6/19 [Lachno3, mean = 51860
+ 433 copies/100ml, Arcobacter, mean = 1.69 x 10%+ 1.99 x 10°], (Figure 2C).

Following the opening of the lagoon entrance on the afternoon of 6/6/19, a significant

increase in the concentrations of Lachno3 [p= 1.25 x 10°], intI1 [p = 0.0019] and Arcobacter
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[p = 0.003] compared to the morning, was observed at, and surrounding, the lagoon entrance
(i.e., transects 4, 5 and 6). Of note, increased levels of Lachno3 were observed up to 300 m

offshore in transects 5 and 6.

Following 5 days without rain (11/6/19) concentrations of Lachno3 and Arcobacter
decreased significantly [p = 0.0239 and 3.46 x 107 respectively] from those observed during
the peak rainfall events but remained significantly [p = 2.69 x 10* and 2.81 x 10, 3.32 x 10
2l'and 2.81 x 101 respectively] elevated relative to the samples taken during before any rain
(i.e., 20/5/19 and 31/5/19). Most notably, high levels of Lachno3, int/l and Arcobacter
occurred within Drain 4, where concentrations were higher than those observed during the
rainfall event. Concomitantly high levels of Lachno3 and Arcobacter were observed in the
adjacent seawater sample (SW4.1), indicating an impact of this drain on the surrounding

environment.
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Figure 2. Bubble plots on map of Terrigal showing sewage signals. A) colony forming units

per 100ml of enterococci, b) copy number per 100ml of the Lachno3 qPCR assay, c) copy

number per 100ml of the Arco qPCR assay and d) copy number per 100ml of the int// gPCR

assay. For each of A, B, C and D, each map tile represents a sampling day, left to right as
follows 20/5/19 (Dry), 31/5/19 (Dry), 4/6/19 (20.4mm rain), 6/6/19 (further 20.4mm rain or

cumulative 40.8mm rain), 6/6/19 (after lagoon opening), and 11/6/19 (five days post rain).
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4.3.3 — Bird faeces signal

Levels of the GFD Avian faecal marker were not significantly elevated in Terrigal
seawater samples relative to the relatively pristine control site at Forrester’s Beach, during
either dry (pre- or post-rain) or wet conditions (both days of rainfall). Within Terrigal Lagoon,
rainfall led a significant [p = 0.0016] increase in concentrations of this marker. Five days after
rainfall, concentrations of the GFD marker were comparable to those observed during the

rainfall event.

4.3.4 — ARG dynamics

Throughout the study period, levels the su/l gene were significantly correlated with
levels of Lachno3, Arcobacter and intll [Lachno3 rs> 0.31, Arcobacter rs> 0.32, intll s>
0.41; p < 0.05]. Levels of the gnrS gene were significantly positively correlated with
Arcobacter [rs= 0.28; p < 0.05], but not enterococci or Lachno3, nor any other ARGs, while
levels of the dfrAl gene were positively correlated with levels of enterococci and sul/l

[enterococci 1= 0.36, sull rs= 0.23; p < 0.05]. vanB was not detected in any samples.

Before the rain event (20/5/19 and the 31/5/19), sull and dfrAl were present in 13/53
(24%) and 12/53 (22%) of samples respectively, with detected levels of both genes an order
of magnitude higher in the nearshore samples than the samples taken approximately 100 m and
300m offshore. The ARGs ftetd and gnrS displayed substantially different patterns, whereby
these genes were detected in 49/53 (92%) and 43/53 (81%) of samples before the rainfall event
(20/5/19 and 31/5/19) (Figure 3 C and D), however there was no statistically distinguishable
differences between levels of either gene in the Terrigal Beach seawater samples compared to

the samples taken at the relatively clean reference site, Forrester’s Beach.

After 20.4mm of rain (4/6/19), sull and gnrS levels increased significantly [p =8 x 10
191, with levels of sull increasing by almost three orders of magnitude within the nearshore
samples. In contrast, dfr41 was only detected within a single seawater sample (SW4.1), but
levels within this sample were two orders of magnitude higher than the nearshore levels
observed before the rain event. Interestingly, highest levels of sull were observed in sample
SW4.1 (directly adjacent to Drain 4), where levels of this gene were an order of magnitude
higher than those observed in other nearshore samples. This was consistent with the patterns
observed within Drain 4, which had significantly higher [p = 6.66 x 10 ] levels of su/l and
dfrA1 than any other drain. Levels of both dfr41 and sull increased significantly [p = 0.0002]
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in Terrigal Lagoon relative to conditions before the rain event. The ARG tetA4, again, displayed
substantially differing patterns to the other ARGs, whereby in the nearshore seawater sample
levels were not statistically different to levels observed before the rain event. During this time,
the highest levels of tet4 were recorded within Drains 1 and 2 but decreased significantly [p =
0.0001] within the lagoon samples (Figure 3C) compared to samples taken before the rain

event.

On the morning of the 6/6/19 after a further 20.4mm of rain, levels of su/l and gnrS in
nearshore samples were statistically indistinguishable from the preceding sampling point, and
an order of magnitude lower within the drain samples relative to 4/6/19. However, in samples
taken 100m and 300m offshore, concentrations of both genes were an order of magnitude
higher than conditions before the rain event. At this time the dfir4 / gene was not detected within
any of the Terrigal Beach seawater samples, while within the stormwater drains concentrations
of this gene dropped by two orders of magnitude relative to the 4/6/19. In contrast, levels of
tetA within Terrigal Beach seawater samples were significantly higher [p < 0.01] than those
observed before the rain event. Within the lagoon samples, su/l and dfi'41 levels remained high,
but were statistically indistinguishable from those observed on the 4/6/19, while tet4 levels
increased significantly [p = 0.0008]. At this time, gnrS was only detectable in 1/5 lagoon
samples (Figure 3D). Consistent with this pattern, the opening of the mouth of Terrigal Lagoon
on the afternoon of 6/6/19 did not lead to an increase in gnrS levels in Terrigal Beach seawater
samples. Conversely, the opening of the lagoon led to a 5 order of magnitude increase in levels
of sull at the site adjacent to the mouth of the lagoon (SW6.1) (Figure 3B, Appendix 3 Figure
1), while levels of tet4 doubled in the seawater samples near to the mouth of the lagoon
(SW5.X, 6.X and 7.X) (Figure 3C) and dfrA1 was detected in the nearshore sites SW5.1 and

SW6.1, where, notably, it had been undetected on the same morning

Five days after the rain event (11/6/19), dfrAl was not detected, and su/l and gnrS
levels dropped significantly [p = 3.57 x 10!, p = 3.77 x 10"!!] within both nearshore and
offshore samples. Opposing this trend, levels of tet4 were statistically indistinguishable from
those recorded during the rainfall event (4/6/19 and the 6/6/19). At this time, levels of all ARGs
remained high within Drain 4 and were statistically indistinguishable from those observed
during the rainfall event. However, within Terrigal lagoon samples each ARG displayed a
different pattern. Levels of fet4 and sull remained high and were statistically indistinguishable

from those observed on the 4/6/19, while gnrsS levels increased significantly [p=0.003]. The
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dfrA1 gene was detected within a single lagoon sample (L5), but levels were 26-fold lower than
those observed on the 6/6/19.
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Figure 3. Heatmaps of antibiotic resistant gene qPCRs (intl, sull, tetA, dfrAl, gnrS) across
sampling locations (Y axis) and days (x axis). Colour scale (yellow to red) corresponds of copy
numbers defined using qPCR over the course of the study. Below each heatmap is a small
heatmap (yellow to blue) displaying rainfall (mm). Blank cells represent samples not collected
either due to lack of water flow in drains or low safety levels during the rainfall event and blue
cells no detection. Note maximum/minimum values on colour scales vary among presented

ARG:s, to allow for spatial and temporal patterns of each ARG to be clearly represented
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4.3.5 — Bacterial Community Analysis
4.3.5.1 — Patterns in bacterial community diversity and composition

Throughout the study period, bacterial diversity (Shannon) was significantly lower
within the Drain 1 [F = 45.15, p < 0.001], Drain 2 [F = 127.3, p < 0.001] and Drain 4 [F =
309.9, p < 0.001] samples relative to Terrigal Beach seawater samples. Bacterial community
composition also differed significantly between Drain 1 [F = 37.5, p < 0.001], Drain 2 [F =
78.4,p <0.001] and Drain 4 [F = 101.5, p <0.001] samples and seawater samples. Stormwater
drain bacterial communities were also significantly less diverse [F = 123, p < 0.001], and
dissimilar in community composition to Terrigal Lagoon samples [F = 46.2, p = 0.001]. In
contrast, bacterial communities within Terrigal lagoon were significantly [F =46.2, p=0.001]
more diverse and significantly different in community composition [F = 101.5, p = 0.001] to
the nearshore Terrigal Beach seawater samples. Bacterial composition was also significantly

different between drains [F = 5.04, p = 0.001].

4.3.5.2 — Associations between indicator taxa and AbR genes

To determine whether specific amplicon sequence variants (ASVs) resolved in the 16S
rRNA amplicon sequencing data were indicative of stormwater, lagoons, or seawater samples,
I identified ‘indicator taxa’ using the indicspecies package (De Caceres and Jansen, 2018).
Network analysis was then used to identify putative links between these indicator taxa and the

measured ARGs.

Within seawater samples, there were 507 indicator ASVs identified. Of these, none
displayed a statistically significant correlation in their relative abundance to any of the
measured ARGs. In contrast, 10,283 indicator ASVs were identified from stormwater drain
samples, and from among these 5493 correlations occurred between the relative abundance of
stormwater indicator ASVs and ARGs. The highest number of significant correlations with
stormwater drain indicator ASVs occurred with int/1 (Figure 4) (1,940/10283; 19 %), followed
by sull (1,838/10283; 18 %), tetA (1,167/10283; 11 %), dfrAl (1,122/10283; 11 %) and lastly
gnrS (1,037/10283; 10 %). Among stormwater sample indicator taxa, a number of positive
correlations to ARGs occurred among members of the Comamonadaceae family, including

317 positive correlations with in#/1. I also observed 319 Comamonadaceae ASVs displaying
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positive correlations with sull, along with 150 with dfr41, 149 with tet4 and 71 with gnrsS.
Within the Comamonadaceae family, discrete ASVs identified as C. testosteroni, displayed
four positive relationships with intl1 [p < 0.05, rs=0.77, 0.44, 0.40, 0.33], five with sull [p <
0.05, rs=0.78, 0.66, 0.36, 0.09, 0.07], three with dfr41 [p < 0.05, r &= 0.56, 0.50, 0.36] and
three with gnrS [p < 0.05, rs= 0.25, 0.18, 0.05]. Stormwater drain indicator taxa, identified as
Bacteroides ASVs also displayed many statistically significant correlations with levels of the
ARGs measured here. Bacteroides ASVs in fact had the most (40) positive correlations with
intl1, followed by 38 correlations with sull, 8 with dfrA1, 8 with tetA and 6 with gnrS. Of note,
B. fragilis, correlated with int/] and sull [p < 0.05, rs = 0.76, 0.08]. int/] levels were also
correlated with 12 Arcobacter ASVs, the strongest being with A. butzleri (B1000019013) [p <
0.05, rs= 0.82]. Levels of the ARGs sull, dfrAl and gnrS were also positively correlated with
A. butzleri (B1000019013) [p < 0.05, rs= 0.46, 0.36, 0.10].

A further 1,160 ASVs were identified as indicators of lagoon samples. Of note, 1.5 %
of these taxa were identified as members of the Arcobacteraceae tamily, 3.6 % were members
of the Comamonadaceae family and 1 % were members of the Vibrionaceae family.
Interestingly, levels of the gnrS gene were positively correlated with 98 % (n = 1,141) of these
lagoon indicator ASVs, which was more than those observed with drain indicator ASVs.
Positive correlations were also observed between lagoon indicator taxa and tet4 (1080) intl]
(967), sull (707), and dfrAl (471). Similar to the patterns observed with stormwater drain
indicator ASVs, significant positive correlations were observed between all five measured

ARGs and indicator ASVs identified as Comamonadaceae and Arcobacter/Pseudarcobacter.
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Figure 4. Correlations between drain indicator ASVs and antibiotic resistance genes.
Correlations with a Pearson’s R > (.70 between drain indicator ASVs and antibiotic resistance
genes detected via qPCR. Distance between circles indicates power of R. Yellow circles are
ARGs with (a) representing intll, (b) representing sull, and (c) representing dfrAl. Green
circles Bacteroides with (D) representing B. fragilis represent, while purple circles are
Arcobacter/Pseudarcobacter with (E) representing A. butzleri, red circles represent

Comamonadaceae, and blue circles represent all other correlations.
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4.4 — Discussion

ARG contamination within coastal environments poses a potential health risk to people
who use coastal environments recreationally (Leonard et al., 2018), but the extent of this issue
and the underlying dynamics and mechanisms are not well resolved. The central goal of our
study was to determine to what extent sewage contamination leads to an increased presence of
ARG s in coastal environments. [ focussed on a popular swimming beach in eastern Australia,
which has regularly poor water quality ratings due to faecal contamination (DPIE, 2020).
Terrigal Beach has multiple potential input points for faecal contamination, including a
network of stormwater drains and an adjacent coastal lagoon, Terrigal Lagoon, which is
periodically opened to the ocean during heavy rain events. I hypothesised that these features

may act as conduits for ARG contamination at Terrigal Beach.

4.4.1 — Sewage contamination of a beach leads to elevated ARGs

To determine if sewage contamination was linked to ARG abundance at Terrigal Beach,
I first quantified two indicators of human faeces, enterococci and the Lachno3 qPCR marker
(Feng et al., 2018) as well as the int/] gene which has been identified as an excellent microbial
measure of anthropogenic contamination in aquatic habitats (Gillings et al., 2015), and
Arcobacter, a genus of bacteria linked to human sewage, urban stormwater, and sewage pipe
infrastructure (McLellan and Roguet, 2019). All markers displayed a significant increase from
low levels observed before the rain event, to high levels following 20.4 mm of rain. Levels
within all stormwater drains increased significantly relative to what was observed before
rainfall, becoming highly elevated within nearshore seawater and Terrigal Lagoon samples. It
is notable however, that in nearshore seawater samples that were not located immediately
adjacent to stormwater drains, concentrations of Lachno3 remained low or often undetectable.
This was particularly true for transects outside of the Terrigal Haven region (i.e., at North
Avoca, SWO0.1, Wamberal Beach SW8.1 and Forresters beach SW9.1 Figure 2B). The highest
levels of all markers were detected adjacent to Drain 4, indicating it as a major source of sewage
contamination. Notably, adjacent to Drain 4, levels of enterococci were 49-times higher than
the WHO safe swimming guidelines category D, which indicates a high level of potential
illness transmission (WHO, 2021) and levels of Lachno3 were only an order of magnitude
lower than levels that have been detected within human faeces (Ahmed et al., 2019), a strong

indication that raw sewage was entering the environment from this drain.
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When Terrigal Lagoon was opened to the ocean, it had a pronounced impact on water
quality at Terrigal Beach, particularly at sites immediately adjacent to the entrance of the
lagoon. Near to the opening of Terrigal Lagoon, Lachno3, int// and Arcobacter levels
increased significantly at the surrounding sites, demonstrating widespread sewage
contamination following the opening of the lagoon entrance indicating that opening Terrigal
Lagoon had an impact on the surrounding coastal environment that extended up to a few
hundred metres to the east and south of the lagoon entrance. Taken together, these patterns
confirm that both Terrigal Lagoon and the network of stormwater drains (particularly Drain 4)
are sources of sewage contamination at Terrigal Beach, presenting a human health risk given
that sewage has been previously linked to microbial pathogens (Collado 2011), and ARGs
(Steinbakk et al., 1992).

Of note, concentrations of int/] and all ARGs investigated in this study (except gnrsS),
correlated positively with concentrations of either enterococci or Lachno3. While the causes of
elevated ARG levels within the environment are potentially multifaceted, the clear correlations
between our MST markers for sewage and targeted ARGs indicate that sewage contamination
following rainfall contributes to increased ARG levels at Terrigal Beach supporting our
proposition that sewage contaminated water is the major conduit for ARG contamination at
this site. While there was no statistically significant spatiotemporal links between gnrS and the
human faecal marker, it should be noted that the samples with the highest levels of gnrS
coincided with very high levels of Lachno3, particularly Drain 4 and the seawater sample
directly adjacent to it, SW4.1. The strong evidence for sewage contamination through the
stormwater drains and the lagoon being linked to a high load of ARG and int// input into
Terrigal Beach is in-line with other research in China, Europe, and the USA (Karkman et al.,

2019).

After confirming the presence of sewage contamination at Terrigal Beach, and that
levels of sewage markers correlated with 75% of detected ARGs, I next investigated the
principal input points of these ARGs into the environment. Concentrations of all ARGs, as well
as the intll gene, displayed a dramatic increase during and after rainfall. After a total of 40.8
mm of rainfall, levels of all four detected ARGs and int// were highest within Drain 4, and
among the seawater samples collected at Terrigal Beach, highest levels were observed in the
samples adjacent to Drain 4 (SW4.1). Indeed, levels of dfrA1 and sull at this site were an order
of magnitude higher and levels of tet4 were two orders of magnitude higher, than levels of

these genes previously observed in a highly contaminated urbanised beach in Sydney, which
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has previously been demonstrated to have high levels of sewage and ARG contamination
(Carney et al., 2019). While Drain 4 certainly appears to be a significant source of ARG
contamination at Terrigal Beach, our analysis also revealed that Terrigal Lagoon also contained
high levels of all four targeted ARGs following rainfall, and that the opening of the lagoon’s

entrance led to dramatic, and spatially extensive, increases in ARG levels at Terrigal Beach.

While the levels of 75% of the targeted ARGs were significantly correlated with either
enterococci or Lachno3 levels, not all the ARGs displayed the same spatial or temporal
dynamics. Indeed, the only ARGs which correlated significantly with each other were dfir41
and sull. In general, detectable, and sometimes relatively high levels of tet4 and gnrS occurred
during dry weather both before and after the rain event, whereas dfrA1l and sull were largely
undetectable at this time. This may be indicative of background levels of these genes in the
environment, as both genes have been detected in remote areas that are subject to little or no
anthropogenic pollution (Scott et al., 2021; Tan et al., 2018). Both tetracycline and quinolone
resistance has been detected in avian faeces (Skarzynska et al., 2021) which could explain them
being widespread before the rain event, however no correlation was observed between either
tetA or gnrS and the GFD qPCR marker (Green et al., 2012) for avian faeces (Appendix 3

section 2.1).

Throughout the rain event on both the 4/6/19 and 6/6/19, both Drain 4 and Terrigal
Lagoon displayed high levels of all 4 ARGs, however within Drains 1 and 2 the different ARGs
displayed different patterns. On the 4/6/19, high levels of both sull and fetA were detected
within Drain 1, but gnrS and dfr41 were undetectable, and from the 4/6/19 — 6/6/19 sull and
dfrAl levels decreased substantially within Drain 2, while gnrS and tet4 levels increased
substantially. Differing abundance patterns of ARGs has previously been linked to shifting
bacterial communities (Zhu et al., 2017). Our analysis revealed different bacterial communities

between the drains, presenting a possible explanation for these differing abundances of ARGs.

After determining links between human faecal markers and ARGs, I wanted to explore
the possible vehicles for ARGs entering the environment. To do this, I employed the
indicspecies package (De Caceres and Jansen, 2018), which enabled us to identify ASVs that
are indicative of storm water infrastructure from the 16S rRNA sequencing dataset and coupled
this with network analysis to determine correlations between these ASVs, and levels of ARGs
identified via qPCR. I identified three groups of indicator taxa, that were representative of the
stormwater drains, Terrigal Lagoon, and seawater at Terrigal Beach. All targeted ARGs

displayed over 1000 correlations to bacterial indicators of the stormwater drains, which
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included a large proportion of Comamonadaceae, Arcobacter and Bacteroides. Notably,
members of each of these groups are regularly associated with sewage (Fisher et al., 2014;
Shanks et al., 2013). Similarly, the bacterial indicators for Terrigal Lagoon that showed the
highest levels of correlations to ARGs included Comamonadaceae and
Arcobacter/Pseudarcobacter. Of note, none of the bacterial indicators for seawater at Terrigal
Beach displayed significant correlations to ARGs, further confirming that ARG levels at this
swimming beach are linked to input of water from stormwater drains and Terrigal Lagoon,
which is linked to sewage contamination of these samples. Differences in the putative vehicles
for ARG input into Terrigal Beach may also account for the spatial differences in tetA4

compared to sull and dfrA1, as discussed above.

Considering that many Arcobacter ASVs were correlated to levels of fetA, I examined
levels of Arcobacter determined via qpCR, finding strong correlations between fet4 and the
qPCR results. One example of this was in Drain 2 on the 6/6/19: after a total of 40.8mm of rain
in the preceding 3 days, I found both tet4 and Arcobacter to be at levels more than double than
Drain 4 which had the highest levels of both markers for faecal contamination. An explanation
for this is that Arcobacter may have been a vehicle for tet4 entering the environment; indeed,
of all the ARGs, tet4 shared the strongest positive correlation (rs=0.45) with Arcobacter
detected via qPCR. This pattern is in line with previous research identifying fetA resistant A4.
butzleri (Jasim et al., 2021), however it should be noted that other bacteria may harbour fet4

but weren’t detected in this analysis.

In this study, I have shown a significant relationship between sewage markers and
ARGs in the environment. I have also shown that both sewage and ARG contamination enter
from two major sources, Drain 4 and Terrigal Lagoon, and I suggest these locations as the most
relevant sites for pollution remediation strategies. Considering recent research has determined
consistent surfing and swimming are activities that can lead to exposure to AbR bacteria
(Leonard et al., 2018), high levels of ARGs in Terrigal represent a previously over-looked but

potentially noteworthy indicator of a health risk to recreational beach users.

Not only does sewage harbour ARGs, but it can also harbour numerous enteric
pathogens (Garcia-Aljaro et al., 2019) such as bacteria from the genus Arcobacter (Collado et
al., 2011; Fisher et al., 2014; Millar and Raghavan, 2017). Amongst the Arcobacter ASVs
detected via 16S sequencing I detected A. butzleri, which is a known human enteric pathogen
(Levican et al., 2013). Relative abundances of this bacteria were correlated with the ARGs su!/l,

dfrAl and gnrS. ASVs identified as Comamonadaceae testosteroni, and Bacteroides fragilis,
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which are other known enteric pathogens (Tiwari and Nanda, 2019; Wexler, 2007) also
displayed correlations to all targeted ARGs. While it should be noted that the resolution of 16S
rRNA sequencing is insufficient to provide unequivocal species or strain-level identification,
and our correlative analysis does not prove that these bacteria host the measured ARGs, our
results provide evidence that the potential human health impacts of coastal ARG contamination
potentially require further attention. Further research could include culturing of pathogenic
bacteria from untreated raw sewage at local sewage treatment plants, stormwater drains and
the environment. These isolates could then be screened for ARGS, providing a more definitive

conclusion.
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4.5 — Conclusions

The increase of AbR within natural environments is a point of rising global concern
(Finley et al., 2013) and AbR within coastal environments represents a potential health threat
to recreational users of these environments (Leonard et al., 2018). This study has shown a direct
link between sewage contamination and an increase in ARGs at a popular coastal beach, and
in doing so was also able to discriminate the point sources of ARGs, which were identified as
stormwater drains and a nearby coastal lagoon that also receives sewage contaminated
stormwater. Finally, I demonstrated that not all ARGs display the same spatial and temporal
dynamics in coastal environments. This study serves as a warning of the potential health risk
associated with recreational use of sewage contaminated beaches and highlights the links
between contaminated stormwater and ARGs in the environment, elevating the necessity for

remediation of beaches impacted by faecal contamination.
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5.0 — Abstract

Intermittently closed/opened lakes and lagoons (ICOLLs) provide important ecosystem
services, including food provision and nutrient cycling. These ecosystems generally
experience low watershed outflow, resulting in substantial fluctuations in environmental
parameters that are often compounded by anthropogenic contamination. I aimed to
determine how seasonal environmental heterogeneity, as well as anthropogenic impacts
including sewage inputs, alter the dynamics of microbial communities inhabiting ICOLLs
on the eastern Australian coast. I sampled four ICOLLs on a monthly basis for one year,
using 16S rRNA gene amplicon sequencing to monitor patterns in bacterial diversity as
well as qPCR-based microbial source tracking (MST) approaches to measure faecal
contamination from humans (sewage), dogs, and birds as well as a suite of antibiotic
resistance genes (ARGs) including sull, tetA, gnrS, dfrAl, and vanB. Diversity and
abundance of bacterial assemblages changed significantly between seasons, and during
periods of dry and wet weather. Differences in community composition were often
associated with temporal shifts in salinity, temperature, pH, DO, and fDOM, but following
periods of high rainfall, bacterial assemblages in two of four ICOLLs changed in direct
response to sewage inputs. Within these ICOLLs, indicator taxa for stormwater identified
using the 16S rRNA amplicon sequencing data, as well as MST markers for sewage and
dog faeces, and levels of the antibiotic resistance genes (ARGs) sull, tetA, and dfrA1 were
significantly more abundant after rainfall. Notably many of the stormwater indicator taxa
included potential human pathogens including Arcobacter and Aeromonas hydrophilia,
which also displayed correlations with levels of the ARGs sull, tetA, and dfirA1. 1 conclude
that, following rainfall events, sewage was a principal driver of shifts in the microbiology
of ICOLLs exposed to stormwater, while natural seasonal shifts in the physio-chemical
parameters controlled microbial communities at other times. Increased occurrence of
intense precipitation events is predicted as a ramification of climate change, which will
lead to increased impacts of stormwater and in sewage contamination on important ICOLL

ecosystems in the future.
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5.1 — Introduction

The microbial assemblages inhabiting coastal and estuarine environments play
important roles in regulating ecosystem productivity (Kirchman and Gasol, 2018) and
biogeochemistry (Curtis et al., 2002; Flemming and Wuertz, 2019). The diversity and
spatiotemporal dynamics of these microbial communities are shaped by a suite of natural
environmental factors, including seasonal and shorter-term shifts in temperature, salinity,
pH, dissolved oxygen, nutrients, organic matter availability (Gilbert et al. 2012; Fuhrman
et al., 2006; Hu et al., 2014; Staley et al., 2015) and interactions with other organisms
(Steele et al., 2011). However, due to their proximity to urbanised areas, coastal and
estuarine ecosystems are often subject to anthropogenic contamination, including inputs
of sewage, which can also shape microbial community composition (Pascual-Benito et al.,
2020). This can result in the introduction of pathogens (McLellan et al., 2015) and
increases in antibiotic resistant (AbR) microbes (Williams et al., 2022a), which can pose

potential human health threats (Fewtrell and Kay, 2015; Leonard et al., 2015).

Intermittently closed and open lakes and lagoons (ICOLLs) are a form of lagoonal
estuary that is episodically open to the ocean. ICOLLs are relatively common, making up
between 8 — 13 % of the of the total global coastline (McSweeney et al., 2017). These
environments provide a suite of important ecosystem service s (Basset et al., 2013) and are
also often used for recreation by human populations. ICOLLs are characterised by low
watershed outflow which, when paired with ocean wave energy and sediment deposition,
leads to the formation of a sand bar large enough to periodically separate the ocean and
estuary. High outflow events or significant wave action can, however, breach the sandbar,
allowing for periodic exchange between the ocean and estuary (Rich and Keller, 2013).
Often, ICOLLs are opened mechanically, with the main goals of flood prevention and
flushing poor water quality (Schallenberg et al., 2010). This variable connection to the
ocean, which often occurs in parallel with significant variability in temperature, salinity,
and other seasonal factors such as rainfall, results in substantial fluctuations in habitat state
and ecology of ICOLLs (Cousins et al., 2010). Additionally, periodic separation from the
ocean means that I[COLLs can become accumulation basins, whereby they are not
regularly drained of contaminants, and are therefore extremely sensitive to anthropogenic
disturbances (Haines et al., 2006; Sadat-Noori et al., 2016; Schallenberg et al., 2010).
Given the known impact of environmental perturbations on coastal microbial assemblages

(Jeffries et al., 2016; Laas et al., 2022; Zhang et al., 2014), defining how the intrinsic
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environmental heterogeneity of ICOLLs governs the microbiology of these systems is an

important requirement to understand their health and function.

In addition to natural environmental perturbations, many ICOLLs occur within
highly urbanised coastal environments and are therefore often subject to anthropogenic
pollution, including faecal contamination (Williams et al., 2022a). Sewage contamination
of ICOLLs, estuaries, and other coastal environments can often occur due to poor or failing
wastewater infrastructure, and during wet weather sewage overflow events (McLellan et
al., 2015; Newton et al., 2015; Olds et al., 2018; Williams et al., 2022b), while faeces from
both domesticated and wild animals can also enter the environment from the surrounding
catchment (McLellan et al., 2015; Williams et al., 2022a, 2022b). This faecal
contamination has the potential to lead to significant shifts in the composition and function
of endemic estuarine microbial assemblages (Pearman et al., 2018), as well as the
allochthonous input of bacteria associated with human and animal faeces, which often
includes human pathogens (Carney et al., 2020; Gholami-Ahangaran et al., 2022; Houf et
al., 2008), sometimes with heightened levels of antibiotic resistance (Carney et al., 2019;

Derakhshandeh et al., 2018; Gholami-Ahangaran et al., 2022; Vredenburg et al., 2014).

While the relative influence of natural environmental variability and anthropogenic
impacts on the microbiology of other aquatic ecosystems has been widely studied
(Danovaro and Pusceddu, 2007; Savio et al., 2015; Staley et al., 2015), examinations of
these impacts on the ecology of important ICOLL ecosystems have been largely restricted
to sediment communities (Filippini et al., 2019), and chlorophyll or zooplankton levels
(Everett et al., 2007; Gamito et al., 2019). As a consequence, the key factors shaping the
bacterial communities within ICOLL environments are not well defined. Here I examined
the relative influence of natural environmental determinants and faecal contamination,
from both sewage and animals, in shaping bacterial composition within four ICOLLs and
aimed to determine to what extent any changes pose a public health threat. To achieve this,
I sampled four ICOLLs on the east coast of Australia, on a monthly basis over a period of
one year, and linked changes in bacterial composition to environmental determinants,
including faecal contamination, using a combination of DNA sequencing and microbial

source tracking (MST) techniques.
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5.2 — Methods

5.2.1 — Sampling design

Water samples were collected from four ICOLLs, situated on the New South Wales

Central Coast, which is located on the eastern coastline of Australia. These included

Wamberal, Terrigal, Avoca, and Cockrone Lagoons (Figure 1). For detailed information

on the characteristics of each ICOLL, please see Table 1.

Table 1. Information on the features of each ICOLL.

catchment is
urban.

catchment is forest.

Wamberal Terrigal Avoca Cockrone
Latitude 33°2548” S 33°26°24” S 33°27°36” S 33°29°24” S
Longitude 151°27°0” E 151°26° 24" E 151°26° 24" E 151°25° 48" E
Catchment Area 5.8 km? 8.9 km? 10.8 km? 6.9 km?
Estuary Area 0.5 km? 0.3 km? 0.7 km? 0.3 km?
Volume 880.2 ML 151.2 ML 293.2 ML 187.4 ML
Average depth 1.7m 0.5m 0.4m 0.6 m
Open to ocean at: 24m 1.23m 24m 2.53 m
Catchment Proximate Majorly surrounded | Forest makes up | Mostly
Description surrounds include | by urban | 50%  of  the | surrounded by a

a nature reserve, | development  and Avo;‘a ” conservation

but  90% of | 10% of the catchment, wit bushland area,

the other 50%
being
collectively
urban and rural-
residential
development,
horticulture, and
grazing.

with urban and
rural-residential
development
making up 1/3 of
the catchment.
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To measure temporal changes in bacterial composition related to seasonal
variability and more acute perturbations in environmental conditions, water samples were
collected monthly from August 2019 until July 2020 (with the exception of March and
April 2019 due to COVIDI19 field work restrictions). Over the course of the sampling
regime, three significant wet-weather events were captured, during October 2019,
February 2020, and July 2020, when 40 mm, 65 mm, and 8.6 mm of rainfall occurred in
the 5 days preceding sample collection, respectively. To gain a high-resolution spatial
assessment of the bacterial community structure within each ICOLL, discrete water
samples were collected in triplicate from 5 locations in each lagoon (7 in Avoca; Figure
1). Samples were also collected from two stormwater drains that flow into Terrigal Lagoon
(DT1 and DT2) and two drains that flow into Avoca Lagoon (DA1 and DA2) during the

rainfall event in February.
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Figure 1. Map of sampling sites. Blue circles are storm water drains, brown circles are

sewage pumping stations, and red circles are sampling sites.
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5.2.2 — Sample processing and analyses

At each sampling location, triplicate 2 L water samples were collected using an
integrated pole sampler that collected surface water to 1 m depth. Within 2 hours, samples
were transported to a portable laboratory and filtered through 0.22 um pore-size membrane
filters (Merk-Millipore) using a peristaltic pump (100 rpm). Volume of each sample was
recorded (between 500 ml and 2000 ml) to allow for normalisation of gene copy numbers.
Filtered samples were frozen on site and then transported to the lab on dry ice, prior to

being stored at -80 °C until DNA extraction.

During each sampling event, physio-chemical parameters were measured using a
Xylem EXO-2 multiparameter water quality sonde. Data was recorded at approximately
0.5 m depth at one second intervals for a total of 3 minutes at each site. Triplicate samples
were taken for chlorophyll a. Chlorophyll-a samples were filtered through a 0.45 pm glass
fibre filters under vacuum, with the filter subsequently frozen wuntil analysis.
Concentrations were determined by fluorometry following extraction with 90 % acetone

solution, in accordance with standard methods (APHA 10200H) (APHA, 2012).

A water sample was also collected from each sampling location at each time for
nutrient analysis. The sample was split among three disposable syringes. One syringe was
transferred directly into a clean 30 ml vial for total nitrogen and phosphorus (TN and TP)
analysis, while the other two samples were passed through a 0.45 mm cellulose acetate
syringe filter (Sartorius Minisart) into two additional tubes for total dissolved nitrogen and
phosphorus (TDN and TDP) and inorganic nutrient (NH4", NOx and SRP) analysis. All
nutrient samples were kept on ice, frozen within 2 hours and analysed using standard
methods (Eaton and Franson, 2005). Water samples were also collected to determine
enterococci levels, which were derived using Enterolert (ASTM, 2019). For more details,

please see Section 1.1 in the Supplementary Material.

5.2.3 - 16S ¥rRNA gene amplicon sequencing

To characterise bacterial composition in all seawater and stormwater drain samples
16S rRNA gene amplicon sequencing was used. The V3-V4 region of the bacterial 16S
rRNA gene was amplified using the 341f/805r primer set (Herlemann et al., 2011), with
the following cycling conditions: 95°C for 3 minutes followed by 25 cycles of: 95°C for
30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, and then 72°C for 5 minutes with
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a final hold at 4°C (Pichler et al., 2018). Amplicons were subsequently sequenced using
the Illumina MiSeq platform (300 bp paired-end analysis at the Ramaciotti Institute of
Genomics, University of New South Wales). For a detailed description of 16S rRNA
amplicon sequencing data processing details, refer to Supplementary Material Section 1.4.
Raw sequences were uploaded to NCBI, BioProject PRINA884124. R scripts have been
uploaded to (https://github.com/Nwilliams96/ Central Coast Lagoons 2021).

5.2.4 - Microbial Source Tracking and ARG qPCR Assays

To determine the presence of human faeces, indicative of sewage contamination,
as well as animal faeces, I used quantitative PCR (qPCR) to measure levels of four MST
assays. These included the Lachno3 (Feng et al., 2018) assay which targets human gut
specific Lachnospiraceae and is a marker for human faeces, as well as the DG3 (Green et
al., 2014) assay which targets a dog gut specific Bacteriodales and is a marker for dog
faeces in the environment, and the GFD assay (Green et al., 2012), which targets bird gut
Heliobacteria and is a marker for bird faeces in the environment. Quantitive PCR was also
used to quantify a suite of ARGs that have previously been detected in high abundances
in eastern Australian coastal environments (Carney et al. 2019; Williams et al., 2022a),
including the sull, tetA, gnrS, dfrAl and vanB genes (Borjesson et al., 2009; Huovinen et
al., 1995). These genes confer resistance to sulfonamide, tetracycline, quinolone,
trimethoprim, and vancomycin, respectively. For assay details see Table 1 Supplementary
Material, for descriptions of genes targeted see Section 1.2 Supplementary Material, and

for qPCR technical details see Section 1.3 Supplementary Material.

5.2.5 - Statistical analysis

I tested for differences in abiotic variables, levels of enterococci, MST markers,
and ARGs, between ICOLL, season, and weather conditions using the pairwise.adonis
function from the PairwiseAdonis (Martinez Arbizu, 2020) R package, with Bonferroni
corrected p-values. For pairwise.adonis tests between weather conditions, samples were
grouped into wet weather samples, defined by a total of more than 5 mm of rain in the
previous five days, and dry weather, defined by a total of less than 5 mm of rain in the
previous five days. To test for correlations between enterococci plate counts (single

replicate), abiotic data (single replicate), and qPCR samples (three biological replicates),

118



average values from the qPCR data were used and correlations were determined using

Spearman’s Rs, with Bonferroni corrected p-values.

To test for differences in microbial community composition (16S rRNA data) and
alpha diversity between samples, I used the Adonis function from Vegan (Dixon, 2003)
and the pairwise.adonis function from the PairwiseAdonis (Martinez Arbizu, 2020) R
package. To determine the environmental drivers of the microbial community at each site,
I used the CCA function within the Vegan package (Dixon, 2003), utilising the ANOVA
function within this package to determine the significance of the impact that each
environmental determinant was having on the difference in community composition. To
identify the bacterial families that were responsible for dissimilarity between bacterial
communities within each sample, I used SIMPER analysis with 999 permutations within

the vegan package (Dixon, 2003).

During the rainfall event in February 2020, I sampled from five drains, two of
which deposit stormwater into Avoca Lagoon and three of which deposit stormwater into
Terrigal Lagoon. Given that rainfall was proposed to be a major driver of changes in
bacterial diversity and community composition, I wished to identify bacteria amplicon
sequence variants (ASVs) that were representative of a stormwater bacterial community
entering the ICOLL water. To do this I employed the indicspecies package (de Caceres
and Jansen, 2018) as described in Williams et al. (2022a). A Mictools analysis (Albanese
et al., 2018) was also run with the aim of determining the Spearman’s Rs correlations
between the suite of ARGs, faecal markers, and the drain indicator ASVs. For complete R
scripts used in statistical analysis of 16S data see (https://github.com/Nwilliams96/
Central Coast Lagoons 2021).
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5.3 - Results
5.3.1 - Environmental conditions

During the year-long sampling period, water temperature displayed significant [p
< 0.05] seasonal and inter-lagoon variability (Figure 2 A), ranging between 10.2°C during
June in Wamberal Lagoon (W1) to 36.1°C during January in Terrigal Lagoon (T4). In
general, during summer (December, January, and February), water temperatures were
significantly higher [p < 0.001] compared to all other sampled months, within all sampled
ICOLLs. Among the ICOLLs, Wamberal, Terrigal, and Avoca Lagoons generally had
statistically indistinguishable temperatures at each time point, while Cockrone Lagoon was
characterised by temperatures that were significantly lower [p < 0.05] than the other three

ICOLLs.

Salinity also displayed significant [p < 0.005] variability within and between each
ICOLL (Figure 2 B). Salinity was 38 % lower [p <0.05] in all ICOLLSs during the sampling
months that coincided with rainfall [October (40 mm), February (65 mm), June (7 mm),
and July (8.6 mm)], compared to samples taken throughout the remainder of the year. One
exception to this pattern was Avoca Lagoon where, during the rainfall events in February,
June, and July, the salinity remained stable. Of note, in all ICOLLs salinity was
significantly lower [p < 0.005] in May compared to samples taken throughout the rest of

the year, despite no rainfall in the five days preceding this sample date.

Over the course of the year, ICOLL depth also displayed significant variability [p
< 0.005] between lagoon, and between month [p < 0.005] (Figure 2 E). Of note, ICOLL
depth was significantly higher [p < 0.05] during periods of high rainfall [e.g., October (40
mm), February (65 mm), June (7 mm), and July (8.6 mm)]. On three occasions, the 1/9/19,
10/2/20, and 27/5/20, all four ICOLLs were mechanically emptied by government
agencies, whereby their depth significant dropped [p < 0.005] (Figure 1 F), however these

dates did not coincide with any sampling dates.

In Wamberal Lagoon, levels of total nitrogen (TN) and total phosphate (TP)
displayed seasonal differences, whereby levels were significantly lower [p < 0.05] in
August (winter), in comparison to levels during summer and spring. Interestingly, on
average, levels of TN and TP were stable during the wet weather months, in contrast to
levels of soluble reactive phosphorus (SRP) that were more than double [p < 0.0001]

during the wet months in comparison to dry months. Similarly, levels of NOx were more
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than two-fold [p < 0.05] higher within Avoca Lagoon during the October rain event (40
mm), and within Terrigal Lagoon during the rainfall event in February (65 mm). Ammonia
concentrations displayed a discrete temporal pattern, with no statistical variance between
sampling months, other than a significant [p < 0.0001] spike in December (Austral

summer).

Patterns in turbidity, Cyanobacteria, and chlorophyll a, were all significantly [p <
0.05] higher during summer than other periods. On average, during summer, chlorophyll
a exceeded 40 ug/L, which was 4-times higher than the yearly average [8 £SD 10 ug/L, n
=206], and turbidity exceeded 40 NTU, which was 8-times higher than the yearly average
[5+£SD 6 NTU, n =206]. Levels of turbidity and chlorophyll @ also varied significantly [p
<0.0001] between the ICOLLs, whereby levels of these parameters were 9.3 and 1.3 times
lower [p < 0.0001] in Cockrone Lagoon compared to the other ICOLLs.
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Figure 2. Abiotic Data. A-C, Heatmaps displaying A) Temperature in °C, B) Salinity ppt,
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graph of ICOLL depth and rainfall in metres.
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5.3.2 - Faecal Indicator Bacteria - enterococci

Throughout the study period, enterococci levels were positively correlated [p <
0.01] with rainfall [rs = 0.51], TN [rs = 0.28], and TP [rs = 0.14], and negatively correlated
[p < 0.01] with salinity [rs = -0.20]. During dry weather periods, the average enterococci
levels were low [mean: 41 £SD 147 MPN/100ml, n = 163], aside from spikes within Avoca
Lagoon (A1) [487 MPN/100ml] in December, and Wamberal Lagoon (W1 and W3)
intermittently throughout the year (Figure 1 C), when enterococci levels exceeded 100
MPN/100ml. During July, following 8.6 mm of rain in the preceding 5 days, enterococci
levels within Terrigal Lagoon and at the W1 site within Wamberal Lagoon were over 4
times higher [p <0.001] than in all other samples. In October, after 40 mm of rain in the 5
days prior to sampling, enterococci levels [mean: 9,382 +SD 11500 MPN/100ml, n = 17]
within all ICOLLs were 228 times higher [p < 0.001] than the levels recorded during dry
weather. Meanwhile in February, after 65 mm of rain, enterococci levels within all
ICOLLSs [mean: 4236 +SD 8957 MPN/100ml, n = 22] were 102 times higher [p < 0.001]

compared to levels recorded during dry weather.

5.3.3 - Sewage marker

Across the dataset, the MST marker for human faeces (sewage), Lachno3, was
detected in 37 % (n = 77/206) of samples (Figure 3 A). Lachno3 levels displayed positive,
significant [p < 0.001] correlations with enterococci [rs = 0.32], rainfall [rs = 0.26],
chlorophyll a [rs = 0.11], and NOx [rs = 0.26], as well as a significant [p < 0.001] negative
correlation with salinity [rs = 0.15]. Sewage marker levels were significantly higher [p <
0.001] within the Terrigal and Avoca stormwater drain samples, than the other ICOLLs.
Within Terrigal and Avoca Lagoons, the sewage marker was detected in 40 % (n = 17/46)
and 56 % (n = 37/66) of samples respectively, and in both ICOLLs, levels were two orders
of magnitude higher during wet weather in comparison to dry weather. During wet
weather, the highest levels of the sewage marker in Terrigal Lagoon were detected at sites
T3, T4, and T5, where levels were an order of magnitude higher than the average levels of
these markers throughout the dataset. Within Wamberal Lagoon, Lachno3 was detected in
only 21 % [n = 7/48] of samples, but similarly to Avoca and Terrigal Lagoons, levels were
four orders of magnitude higher during wet weather compared to dry weather within

Wamberal. The levels at site W1 within Wamberal Lagoon were an order of magnitude
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higher than the mean levels throughout the dataset. Within Cockrone Lagoon, the Lachno3
sewage marker was detected in 31 % [n = 14/45] of samples, and levels were also

significantly [p < 0.001] higher during wet weather months than dry weather periods.

5.3.4 - Animal faecal markers

Across the entire dataset, the MST marker for dog faeces, DG3, was detected in
only 13 % [n = 33/206] of samples (Figure 3 B), but displayed significant [p < 0.001]
positive correlations with enterococci levels [rs = 0.43], rainfall [rs = 0.41], as well as the
sewage marker Lachno3 [rs = 0.41], and a negative [p < 0.001] correlation with salinity [rs
= -0.19]. Highest [p < 0.001] levels were observed in the Avoca and Terrigal Lagoon
stormwater drain samples [mean: 1.28 x 107 £SD 7.23 x 10° copies/100ml, n = 3]. Within
Terrigal and Avoca Lagoons, DG3 was detected in only 13 % [n = 6/46] and 12 % [n =
8/66] of samples, respectively, and was only detected during wet weather. Within
Wamberal Lagoon, DG3 was detected in 23 % [n = 11/48] of samples, where levels were
significantly [p <0.05] higher during wet weather compared to during dry weather, and an
order of magnitude higher at site W1 compared to other sites in the ICOLL. Within
Cockrone Lagoon, the marker for dog faeces, DG3, was detected in 17 % of samples [n =
8/45] and again occurred at significantly [p < 0.0001] higher levels during wet weather

periods.

The MST marker for bird faeces, GFD, was detected in 99% [n = 203/205] of
samples across the entire dataset (Figure 3 C) and was significantly [p < 0.001] and
positively correlated with enterococci levels [rs = 0.24], turbidity [rs = 0.44], chlorophyll
a [rs = 0.39], TFP [rs = 0.40], TFN [rs = 0.27], and rainfall [rs = 0.26]. GFD was detected
within 100% [n = 45/45] of samples within Cockrone Lagoon, where levels were
significantly [p < 0.001] higher during wet weather in comparison to dry weather. Within
Avoca Lagoon, GFD was detected in 99% [n = 65/66] of samples, and levels were also
significantly [p < 0.05] higher during wet weather in comparison to dry weather. In
contrast, within Terrigal Lagoon, levels of the bird faeces marker were significantly [p <
0.001] higher during dry weather compared to during wet weather. Within Wamberal
Lagoon, GFD was detected in 100% [n = 47/47] of samples, and there was no statistical

difference in levels between dry and wet weather.
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top bar indicates rainfall in mm.
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5.3.5 - Antibiotic Resistance Genes

Throughout the study, levels of sull and dfrA1, were significantly correlated with
levels of the sewage marker, Lachno3 [sull: rs= 0.26, dfrAl: s = 0.36], the dog faecal
marker, DG3 [sull: rs = 0.37, dfrAl: ts = 0.47], and rainfall [sull: rs = 0.38, dfrAl: ts =
0.51],while levels of tetA4, were significantly correlated with dog faecal maker, DG3 [rs =
0.21], GFD [rs = 0.46], and rainfall [rs = 0.21]. Concentrations of gnrS were significantly
correlated with levels of the bird faecal marker, GFD [rs = 0.20]. All detected ARGs
displayed differing patterns between each ICOLL. While levels of tet4 did not statistically
differ between ICOLLs, levels of dfir41 were significantly [p < 0.001] higher in Wamberal
Lagoon compared to the levels recorded in any other ICOLL. Concentrations of both sull
and gnrS were significantly higher [p < 0.001] within Terrigal Lagoon than those in both
Avoca Lagoon and Cockrone Lagoon. Levels of sull, dfrA1, and gnrS were all significantly
[p < 0.001] lower in Cockrone, compared to levels recorded in any other ICOLL
(Supplementary Figure 3). vanB was not detected in this study. The most distinct pattern
that I observed, however, was that within all four ICOLLSs concentrations of tet4, sull, and
dfrA1 were all significantly [p < 0.001] elevated during wet weather in comparison to dry
weather. In contrast, levels of gnrS were either statistically indistinguishable between dry
and wet weather, or in some cases (e.g., Terrigal Lagoon), were significantly lower [p <

0.001] during wet weather compared to dry weather (Supplementary Figure 3).

5.3.6 - Inter-lagoon and temporal dynamics of ICOLL bacterial communities

Throughout the study period, bacterial diversity (Shannon) varied significantly [p
< 0.001] between ICOLLs, with the exception of between Wamberal and Terrigal
Lagoons. The bacterial communities within the ICOLL water samples from Terrigal and
Avoca Lagoons were significantly less [p < 0.001] diverse than those observed in their
relevant stormwater drains. Across the entire dataset, bacterial diversity was significantly
correlated [p < 0.001] with enterococci levels [rs = 0.28], sewage marker levels [Lachno3:
rs = 0.26], bird faecal marker levels [rs = 0.23], chlorophyll a [rs = 0.48], turbidity [rs =
0.47], TP [rs = 0.29] and rainfall [rs = 0.39]. Across all samples, the most notable trend in
bacterial diversity was a significantly [p < 0.05] higher diversity within Wamberal,
Terrigal, and Avoca Lagoons during rainfall in comparison to during dry weather.

Bacterial community composition also varied significantly [p < 0.001] between all of the
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ICOLLs and was also significantly different [p < 0.001] between ICOLL and stormwater

drain samples (Figure 4).

Within Wamberal Lagoon, Cyanobiaceae [mean relative abundance = 28.48 £SD
2.12 %, n = 1264], Microbacteriaceae [mean relative abundance = 26.30 = SD 1.59 %, n
= 1888], and Flavobacteriaceae [mean relative abundance = 16.84 + SD 9.40 %, n =4005]
were the most dominant bacterial families (Figure 4). Community composition was
significantly different [p < 0.001] between all seasons, and between wet and dry weather.
During the February rain event, community composition at sites W1 and W4 was
associated with patterns in NOx [Chi? = 0.69, p = 0.0001], which explained most of the
variance between samples in this ICOLL (Figure 5 A). A lower abundance of
Sphingomonadaceae and a higher abundance of LWQS8 and Chitinophagaceae accounted
for 5 % dissimilarity [p < 0.05] between these and the other Wamberal Lagoon samples.
In contrast, from summer to early winter, community composition was significantly [Chi?
= 0.45, 0.36, p < 0.001] influenced by fDOM and ICOLL depth, and to a lesser extent
salinity and [Chi?= 0.37, 0.36, p < 0.001] during late winter (July-August) and early spring
(September — October) (Figure 5 A). A lower abundance of Flavobacteriaceae and
Rhodobacteraceae and a higher abundance of Vibrionaceae was associated with salinity,

which accounted for 10 % [p < 0.05] dissimilarity between these samples.

Within Terrigal Lagoon, the most dominant families of bacteria were
Marinifilaceae [mean relative abundance = 39.86 + SD 18.41 %, n = 901], SARI I Clade
I [mean relative abundance =23.66 + SD 17.27 %, n=901], and Microbacteriaceae [mean
relative abundance = 20.96 + SD 10.95 %, n = 2183] (Figure 4). Here, the community
composition was significantly different [p <0.001] between all seasons, as well as between
wet and dry weather months. The strongest determinant of separation in the community in
Terrigal was salinity [Chi* = 0.41, p = 0.001], which distinguished the community
composition in spring (September — November) and summer (December — February),
however during the February rainfall event, the community at three sites, T3 and T4, was
significantly influenced by sewage and ICOLL depth [Chi?=0.31, 0.30, p=0.001] (Figure
5 B). A total of 6 % [p < 0.05] of the dissimilarity between the community composition at
these sites was accounted for by a greater relative abundance of Comamonadaceae,
Sphingomonadaceae, and Lachnospiraceae and a lower relative abundance of SARI]

Clade I in the sewage associated communities compared to the other communities.
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Within Avoca Lagoon, the most dominant families of bacteria were Cyanobiaceae
[mean relative abundance = 27.58 + SD 19.52 %, n = 1567], Rhodobacteraceae [mean
relative abundance = 16.07 = SD 10.72 %, n = 4337], and Microbacteriaceae [mean
relative abundance = 13.53 £ SD 9.85 %, n = 2158]. Within Avoca Lagoon, bacterial
community composition was significantly different [p < 0.001] between seasons, as well
as between wet and dry weather. The strongest determinant of bacterial community
composition in Avoca Lagoon was pH [Chi’> = 0.57, p = 0.001], which had the most
influence on samples taken in spring (September) and winter (June-July) (Figure 5 C).
Temperature and ICOLL depth also had a significant impact on community composition
[Chi? = 0.16, p = 0.0027], where it had the greatest impact on samples taken during late
spring into summer (November-February) (Figure 5 C). NOx [Chi?=0.29, p=0.0001] and
sewage [Chi> = 0.20, p = 0.024] had a significant impact on community composition
during the October rainfall event. At this time there was a higher relative abundance of

Lachnospiraceae and Comamonadaceae.

The most dominant families of bacteria within Cockrone Lagoon were
Microbacteriaceae [mean relative abundance = 40.58 £ SD 17.43 %, n = 1343],
Flavobacteriaceae [mean relative abundance = 25.58 + SD 15.26 %, n = 2862], and
Nitrincolaceae [mean relative abundance = 22.34 £SD 23.63 %, n = 440]. Within
Cockrone Lagoon, the bacterial community was significantly different [p <0.001] between
seasons, with the exception of autumn relative to spring and winter. The bacterial
community composition also differed significantly [p < 0.001] between dry and wet
months. In Cockrone Lagoon, the strongest determinant of bacterial community
composition was salinity [Chi? = 0.52, p = 0.001], which strongly influenced community
composition in September and June, while all other samples were most significantly
influenced by temperature [Chi? = 0.47, p = 0.001]. Of note, the bacterial community at
two sites, C2 and C3, were strongly influenced by the presence of dog faeces [Chi? = 0.36,
p = 0.001] and NOx [Chi? = 0.42, p = 0.001] during the October rainfall event (Figure 5
D), with decreases in the relative abundance of Cryomorphaceae and Oxalobacteraceae

accounting for a total of 5 % of the dissimilarity [p < 0.005] at this time.
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Figure 4. Bacterial diversity at the family level. Stacked bar graphs show seasonal shifts
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5.3.7 - Indicator species analysis

During the rainfall event in February 2020, water samples were collected from five
stormwater drains, two of which deposit stormwater into Avoca Lagoon and three of which
deposit stormwater into Terrigal Lagoon. The bacterial ASVs that were representative of
stormwater bacterial communities entering the ICOLLs were determined using the
indicspecies package (de Caceres and Jansen, 2018), which compared stormwater and
ICOLL water communities as described in Williams et al. (2022a). A total of 2,164
bacterial ASVs were identified as stormwater drain indicator bacteria that could be
detected within the ICOLL water. Of these indicator taxa, the largest proportion [9.4 %, n

=204/2164] were ASVs belonging to the Comamonadaceae family.

A correlation analysis revealed 2,015 significant correlations between stormwater
indicator taxa and the sewage marker Lachno3, and 2,055 with the dog faecal marker, DG3
(Figure 6). Most of these correlations involved ASVs from the Comamonadaceae,
Bacteroidaceae, and Enterobacteriaceae families, as well as with ASVs assigned to the
species Bacteroides thetaiotaomicron, and Bacteroides vulgatus, Arcobacter butzleri, and

Aeromonas hydrophila. For 1 values see Table 2.
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Table 2. Average rs values between indicator ASVs and the human faecal marker Lachno3,

as well as the dog faecal marker DG3, and the bird faecal marker GFD.

Sewage marker Dog faeces marker Bird faeces marker
Lachno3 DG3 GFD
Indicator Average 15 Average 15 Average 15

Comamonadaceae 022+0.08,n=187 | 0.24+0.10,n=192 | 0.10+0.04,n=27

Bacteroidaceae 0.15+£0.02,n=9 0.21£0.04,n=9

Enterobacteriaceae 022+£0.08,n=40 | 031+0.12,n=0.12 | 0.14+£0.1,n=4

Pseudomonas 0.21+£0.08,n=51 | 030+0.11,n=51 0.18+0.07,n=28

Klebsiella 0.26+0.08,n=20 | 036+0.11,n=20 0.14,n=6

Escherichia-Shigella | 0.25+0.12,n=2 0.32+0.18,n=2 0.15,n=1

Salmonella 024,n=1 024,n=1

Arcobacter 026+0.14,n=3 0.30£0.11,n=3

Bacteriodes 0.21+0.04,n=9

Enterococcus 0.18+0.05,n=5 0.24+£0.08,n=5

A. hydrophila 043,n=1 043,n=1 0.16,n=1

The stormwater indicator organisms also exhibited 2,085, 1,325, and 2,069
significant correlations with the ARGs sull, tet4, and dfrA1 respectively (Figure 6), while
only 2 indicator taxa were correlated with gnrS. Similar to the human faecal markers, and
the dog faecal marker, sull, tetA, and dfrA1 were significantly correlated with ASVs from
the Enterobacteriaceae, Comamonadaceae, and Bacteroidaceae families, as well as ASVs
from the Aeromonas, Escherichia-Shigella, Klebsiella, Salmonella, Pseudomonas,

Enterococcus, Arcobacter, and Bacteroides genera. Meanwhile, gnrS displayed significant
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correlations with an ASV from the Occallatibacter, and the Rurimicrobium genera. For ts

values see Table 3.

Table 3. Average rs values between indicator ASVs and the ARGs; sull, tetA, dfrAl, and

qnrs.
sull tetA dfrAl qnrS

Indicator Average rs Average rs Average rs Average rs
Comamonadaceae 0.19+£0.07,n=216 | 0.15+£0.05,n=126 | 0.18 £0.07,n=192 -
Bacteroidaceae 0.13+£0.02,n=9 0.12+£0.03,n=2 0.17+£0.03,n=9 -
Enterobacteriaceae 0.21+£0.07,n=41 | 0.14+£0.04,n=22 | 0.23£0.08,n=40 -
Pseudomonas 0.21£0.07,n=53 |[0.16+0.05,n=30 | 0.23+0.09,n=52 -
Klebsiella 0.24+£0.06,n=20 |0.16+£0.03,n=12 | 0.26+£0.07,n=20 -
Escherichia-Shigella | 0.26 +0.08 0.19,n=1 0.24+0.16,n=2 -
Salmonella 022,n=1 0.13,n=1 0.21,n=1 -
Arcobacter 0.16£0.04,n=3 0.14,n=1 0.22+£0.07,n=3 -
Bacteriodes 0.13£0.02 0.12+£0.03,n=2 0.17+£0.03,n=9 -
Enterococcus 0.19+£0.07,n=5 0.19+£0.06,n=>5 0.30,n=1 -

A. hydrophila 0.39,n=1 0.26,n=1 -
Occallatibacter - - - 0.12,n=1
Rurimicrobium - - - 0.01,n=1
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5.4 - Discussion
5.4.1 - ICOLL environments are dynamic

The principal aim of this study was to determine the relative importance of natural
seasonal environmental variability and anthropogenic contamination in defining the
microbial communities inhabiting four ICOLLs on Australia’s south-eastern coast.
Understanding the characteristics of the microbial communities inhabiting ICOLLs, and
the environmental processes shaping them, is important because ICOLLs provide a range
of critical environmental services and are used widely for recreation (Barbier et al., 2011;
Basset et al., 2013; Newton et al., 2018). ICOLLSs are characterised by shallow waters and
are isolated from the ocean, which accentuates their vulnerability to environmental
perturbations (Haines et al., 2006), and makes them potential reservoirs for anthropogenic

contamination (Haines et al., 2006; Schallenberg et al., 2010).

Throughout the year-long time-series, the physiochemical properties of each
ICOLL varied significantly, with substantially warmer temperatures in summer, and
considerably lower salinity during rainfall. Across all four ICOLLs, the overall
temperature (10 °C - 36.1°C) and salinity range (0.27 ppt — 39.22 ppt) was large, which is
typical of these environments and has been observed within multiple ICOLLs (Crawshaw

et al., 2018; Scanes et al., 2020a; Scanes et al., 2020b).

Despite the relatively close proximity of the four ICOLLs studied here (9 km),
there were often significant differences in the physiochemical properties between ICOLLs
at a given time. For example, water temperature was substantially lower at multiple time
points within Cockrone Lagoon compared to the other ICOLLs. Notably, Cockrone
Lagoon does not have a larger volume or depth than the other ICOLLs. The turbidity at
Cockrone Lagoon, however, was also significantly lower compared to the other ICOLLs,
which can cause light rays to be scattered and absorbed, rather than transmitted through
water, and this has been reported to increase surface temperature in estuarine environments

(Paaijmans et al., 2008).

Another example of physio-chemical variability between ICOLLs, involved levels
of NOx, which were particularly high within Avoca Lagoon during the October rain event
and within Terrigal Lagoon during the February rain event. Overall, both of these ICOLLs
also had the highest levels of the sewage marker detected, and indeed, levels of the NOx

correlated significantly with levels of the sewage marker. Given the high levels of NOx
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usually present in untreated sewage (Ge et al., 2015), inputs of raw sewage are a proposed

source of these high NOx levels.

5.4.2 - Environmental determinants of microbial communities within I[COLLs

The bacterial structure of each ICOLL was significantly different. While
Microbacteriaceae was a dominant taxa within all ICOLLs, Cyanobiaceae were dominant
within Wamberal and Avoca, while Flavobacteriaceae were dominant within Wamberal
and Cockrone (Figure 3). These families of bacteria are commonly reported in estuaries
and other marine environments, and their levels generally fluctuate according to patterns
in different environmental variables (Gomez-Pereira et al., 2010; Jeffries et al., 2016;
Needham et al., 2017). However, our study revealed that the environmental determinants
of bacterial community structure differed between ICOLLs, and over time within each

individual ICOLL.

Marine bacterial diversity and composition have been widely observed to be
shaped by multiple environmental determinants including temperature, salinity, and
nutrients (Fortunato et al., 2013; Gilbert et al., 2012). Across all ICOLLs salinity was a
key determinant of the bacterial community, and in most cases, salinity governed the
relative abundance of bacteria from the families Flavobacteriaceae and
Microbacteriaceae. Salinity has previously been observed to govern levels of these groups
in the Coorong estuary, Australia (Newton et al., 2018), as well as levels of
Microbacteriaceae in several lakes across the United States (Aanderud et al., 2016). Other
key determinants of the bacterial community structure across the ICOLLs were
temperature, fDOM, pH, and DO, which have been previously shown to govern microbial
communities in the Sydney Harbour estuary (Jeffries et al., 2016), as well as other marine
environments (Gilbert et al., 2012). Given the significant fluctuations in water depth, I
expected this to have a significant impact on the bacterial community. In Wamberal,
Terrigal, and Avoca Lagoon, water depth impacted the microbiology of each ICOLL.
Within Wamberal Lagoon during November this was related to water temperature,
whereby at this time water depth was low and water temperature was high, while in
Terrigal Lagoon this was related to sewage contamination. In both cases this highlights the
impact of the extreme environmental variability linked to water depth and open-closed

nature of ICOLLs, a defining feature of these environments. Whilst these drivers were the
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most commonly observed natural determinates of the bacterial community across all four
ICOLLs, within Wamberal, Terrigal and Avoca Lagoon, NOx was a key determinant of

the bacterial community composition, as was sewage within Terrigal and Avoca Lagoon.

5.4.3 - Sewage contamination determines structure of microbial communities within

ICOLLs

The levels of the sewage marker Lachno3 were significantly elevated during the
rainfall event in the October rainfall event in Avoca Lagoon (NB. samples were not taken
from Terrigal Lagoon in October), and during February were significantly elevated in both
Terrigal and Avoca Lagoon. During the October rainfall event, the highest levels of the
sewage marker were detected in Avoca Lagoon at sites Al and A4 - A7, and during the
February rain event at sites W1 (Wamberal), A6 (Avoca), and T3 - T5 (Terrigal). Site A1l
in Avoca is contiguous to four stormwater drains, and three of these are located next to
sewage pumping stations and site A7 receives input from seven stormwater drains, two of
which are located next to sewage pumping stations (Figure 1), while sites A4-6 are subject
to the input of three stormwater drains, none of these are close by to sewage pumping
stations (Figure 1). Likewise, site W1 receives input from one stormwater drain, which is
located next to a sewage pumping station and sites T3 — TS5 in Terrigal Lagoon receive
input from seven stormwater drains, four of which are located next to sewage pumping
stations (Figure 1). The concentrations of the sewage marker observed here were
comparable to levels detected during heavy rainfall and contamination in other beach
(Williams et al., 2022a), and estuarine environments (Williams et al., 2022b) in this region
of Australia’s east coast. During these rainfall events, the significant sewage
contamination indicated by high levels of Lachno3, was a strong determinant of bacterial

community composition in both Avoca and Terrigal Lagoons.

During the rain event in October, both sewage and NOy were the strongest drivers
of bacterial community composition within several sites in Avoca Lagoon including Al
and A4 - A7. The dissimilarity between the bacterial communities in these sewage driven
samples compared to other samples was primarily contributed to by differences in the
relative abundance of bacteria from the Comamonadaceae and Lachnospiraceae families.
Similarly, sewage was also the strongest determinant of the bacterial community

composition within Terrigal Lagoon (specifically sites T3 — T5) during the February
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rainfall event, and the dissimilarity between the community at these sites and the other
Terrigal Lagoon sites was largely driven by an increase in levels of bacteria from the
families Comamonadaceae, Sphingomonadaceae, and Lachnospiraceae. Notably, both
Comamonadaceae and Lachnospiraceae are known to be highly abundant in sewage
(Cheng et al., 2021; Feng et al., 2018; Gonzalez-Martinez et al., 2016; McLellan et al.,
2013; Zhang et al., 2018; Zhang et al., 2009). Lachnospiraceae is also used as a marker
for sewage in the environment (Feng et al., 2018), and Comamonadaceae has been linked
to indicator taxa of stormwater impact on the environment in previous studies (Williams
et al., 2022b, 2022a). Increases in these bacteria provides further confirmation that sewage

was a strong driver of the microbiology of these sites during heavy rainfall.

5.4.4 - Sewage contamination is linked to microbiological hazards within ICOLLs

Over 95 % of stormwater indicator taxa were correlated with the Lachno3 sewage
marker, implying both that these bacteria were present within sewage and that the sewage
content in stormwater at these sites is significant. Notably many of these indicator taxa
were significant human pathogens including E. coli (Anastasi et al., 2012), Salmonella
(Foley and Lynne, 2008), Arcobacter butzleri (Ferreira et al., 2016), and Aeromonas
hydrophila (Janda and Abbott, 2010). Additionally, the antibiotic resistance genes sull,
tetA, dfrAl, and gnrS, which confer to sulfonamide, tetracycline, trimethoprim, and
quinolone resistance, respectively (Berglund et al., 2014; Borjesson et al., 2009; Grape et
al., 2007; Pei et al., 2006), often displayed significant correlations with the storm water
indicator taxa, as well as with the sewage marker Lachno3. This provides evidence that
sewage within the storm water infrastructure acted as a vehicle for antibiotic resistant
bacteria to enter the environment. These ARGs have previously been detected in
stormwater (Williams et al., 2022b, 2022a), in polluted urban waters (Carney et al., 2019),
and in sewage (Chen and Zhang, 2013; Mokracka et al., 2012; Zhang et al., 2009), further
supporting the proposition that sewage within the stormwater infrastructure was the vector

for antimicrobial resistant (AMR) bacteria entering the environment.

Notably, levels of fetd, sull, and dfrAl also exhibited significant positive
correlations with levels of the dog faeces marker, DG3. Tetracyclines (White et al., 1992),
sulfonamides (Bloom, 2014), and trimethoprims (Blondeau and Fitch, 2021) are all used

in veterinary hospitals to treat various canine diseases, and fetA, dfrA1, and sull have all
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been previously detected in either dog guts or faeces (Bryan et al., 2004; Derakhshandeh
et al., 2018; Shaheen et al., 2010). Furthermore, the bird faecal marker displayed
significant, positive correlations to levels of gnrS, which is also consistent with previous
observations of this gene being detected in bird faeces (Vredenburg et al., 2014). There is
evidence that when birds feed from polluted water sources, they can be colonised by ARB
(Franklin et al., 2020), making them environmental reservoirs and vectors for
dissemination of ARB in the environment (Bonnedahl and Jarhult, 2014; Ahlstrom et al.,
2018). Together, our results indicate that levels of ARGs within coastal waterways can be

impacted by inputs of both sewage and animal faeces.

Many of the indicator taxa that correlated with ARGs were also human pathogens.
I observed strong correlations between sull, tetA, and dfrA1 and stormwater indicator taxa
including Escherichia-Shigella, Salmonella, Arcobacter, Bacteriodes, Enterococcus, and
A. hydrophila all of which include species/strains that are human pathogens (Bonetta et
al., 2016; Bonnedahl and Jarhult, 2014; Dessie et al., 2013; Ferreira et al., 2016; Mobaraki
et al., 2018; Rasmussen-Ivey et al., 2016; Tiwari and Nanda, 2019; Wexler, 2007) and
have in some cases been reported to harbour ARGs in clinical settings (Dessie et al., 2013;
Jacobs and Chenia, 2007; Jasim et al., 2021; Jindal et al., 2021; Lombardo et al., 2016).
This highlights the potential for human pathogens associated with urban wastewater to be
resistant to antibiotics, and that these organisms can be introduced to natural aquatic

environments, particularly after rainfall.

5.4.5 - Implications of heavy rain events on ICOLL microbiology

During this study I determined that natural fluctuations in environmental factors
such as temperature, salinity, pH, DO, and fDOM significantly influence the microbiology
of ICOLLs throughout much of the year, but during and after rainfall, inputs of sewage
and animal faecal material can significantly shape bacterial community composition. This
was particularly true for Avoca and Terrigal Lagoons, where bacteria identified as
indicators for stormwater, that included taxa known to occur in high levels in sewage, such
as Comamonadaceae and Lachnospiraceae, were most responsible for discriminating
samples from these environments. This finding corresponds with previous waterway
health reports done by the Central Coast Council where these two ICOLLs have been
highlighted as contaminated environments (DPIE, 2020). Notably, this pattern was often
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underpinned by increases in the relative abundance of ASVs identified as significant
human pathogens such as E. coli (Anastasi et al., 2012), Salmonella (Foley and Lynne,
2008), A. butzleri (Ferreira et al., 2016), and 4. hydrophila (Janda and Abbott, 2010),
which often were correlated with antibiotic resistance gene abundance. Gastrointestinal
illness (GI) caused from recreational use of marine environments results in economic costs
exceeding $30 million per year in the USA alone, where over 350,000 gastrointestinal
illnesses linked to recreational use of waterways occur annually (Ralston et al., 2011).
Previous reports have also linked recreational use of coastal environments such as surfing
and bathing as a risk of contracting AMR microbes (Leonard et al., 2018, 2015). Clearly,
the input of sewage enriched in both human pathogens and AMR bacteria into ICOLLs

following rainfall poses a potential human health.
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5.5 - Conclusions

In this study I have demonstrated that while variations in natural environmental
parameters are key determinants of the microbiology of ICOLLs, heavy rain events can
lead to sewage contamination that can dramatically alter the composition of bacterial
communities. I have also shown that these more acute shifts in the microbiology of
ICOLLs associated with rain events can include substantial increases in the relative
abundance of putative human pathogens and antibiotic resistant bacteria, and potentially
AbR pathogens. These important implications of rainfall events are notable, given that
climate change is leading to increases in the occurrence of heavy rainfall events in coastal
regions (Madakumbura et al., 2021), which in many cases will subsequently cause
increased occurrence of sewage contamination events of coastal ecosystems including

ICOLLs.
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Chapter 6 — General Discussion and Synthesis of Results
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6.1 - Summary

The goal of this thesis was identify the occurrence of potential microbial hazards within
eastern Australian coastal environments and to define the key environmental determinants
behind these hazards. Coastal environments are key to the processes that happen within many
coastal ecosystems such as nutrient cycling (Testa et al., 2013), and conservation of
biodiversity (Danovaro and Pusceddu, 2007), whilst also been used widely for recreational
activities. Microbial communities within coastal environments underpin many of these services
(Coelho et al., 2013), but within these communities exist endemic pathogenic microbes, such
as bacteria from the Vibrio genus (Baker-Austin et al., 2018) , as well as pathogens which are
washed in through anthropogenic waste streams, such as bacteria from the Arcobacter genus
(Carney et al., 2020). Often many of the bacteria which are washed in via anthropogenic waste
streams are also resistant to antibiotics (Carney et al., 2019). Environmental perturbations such
as heatwaves and heavy rainfall often underpin the dynamics of endemic microbial hazards,
while heavy rainfall events often underpin the mechanisms of microbial hazards washed into
the environment, such as their transportation into the environment (e.g., sewage overflow and
animal faeces washing into the environment) (Agramont et al., 2020). These mechanisms,
however, are not well defined, which often leaves remediation efforts obfuscated. Therefore,
in this thesis, my main objectives were to define the environmental variables which drive the
patterns of diversity and abundance of pathogenic Vibrio along the eastern coastline of
Australia, to investigate molecular microbiological approaches that reduce ambiguity about the
source of faecal pollution and identify microbial hazards in the environment, to investigate how
rainfall leads to elevated levels of microbial hazards in coastal environments, and how natural
perturbations in comparison to anthropogenic runoff alter the microbiology of estuarine like

environments.
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6.2 - Synthesis of results

6.2.1 - Defining the latitudinal dynamics of pathogenic Vibrio along the eastern coastline of

Australia — endemic microbial hazards

Many of the microbial human pathogens within coastal environments are endemic.
Microbes such as Cyanobacteria can form destructive blooms in aquatic environments (O'Neil
et al., 2012), many of which can cause liver diseases and skin irritations (Chorus and Welker,
2021; Codd et al.; Codd et al., 2005; Humpage, 2008; Klisch and Hader, 2008; Li et al., 2001,
Smith et al., 2011), while blooms of micro-algae such as Karenia brevis (Ryan and Campbell,
2016) can cause harmful algal blooms. Species from the genus of bacteria Vibrio, however,

have a significant human health impact around the globe (Baker-Austin et al., 2018).

The most notable Vibrio species which are human pathogens are V. cholerae, V.
parahaemolyticus and V. vulnificus (Baker-Austin et al., 2018). V. cholerae and V.
parahaemolyticus cause gastrointestinal illnesses, while V. vulnificus causing necrotic skin
lesions. The environmental drivers behind blooms and outbreaks of pathogenic Vibrio have
been examined in a range of coastal environments (Amin et al., 2016; Froelich et al., 2019;
Oberbeckmann et al., 2011; Takemura et al., 2014), but the role of large-scale spatial
environmental variability on Vibrio abundance in Australian coastal ecosystems have not yet
been defined. In Chapter 2, I detected several species of pathogenic Vibrio in coastal waters
along the eastern coast of Australia and identified a suite of environmental determinants,
primarily including temperature and salinity, as drivers of Vibrio abundance. These findings
are consistent with patterns also reported in Chapter 5, as well as other studies (C. N. Johnson
et al., 2010; Lipp et al., 2001; Oberbeckmann et al., 2012; Randa et al., 2004), which have
determined these two environmental parameters as key drivers of bacterial community

composition.

Of the significant Vibrio pathogens, I detected both V. vulnificus and V.
parahaemolyticus. V. parahaemolyticus is a foodborne pathogen which infects people through
contaminated seafood such as oysters (Daniels et al., 2000). V. vulnificus infections are
contracted via direct contact from seawater, and can result in severe wound infections, which
can sometimes be fatal (Baker-Austin et al., 2018). The abundance of V. parahaemolyticus was
positively correlated with phytoplankton ASVs including a Raphid-Pennate, an Arcocellulus,
two Olisthodiscus, a Teleaulax, and a Marsupiomonas ASV. To my knowledge this is the first

evidence of links between these phytoplankton taxa and V. parahaemolyticus. V. vulnificus
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relative abundances displayed a significant, albeit weak, correlation with temperature across
the transect, but a much stronger negative correlation to salinity, which is consistent with

previous observations (Blackwell & Oliver, 2008; Oberbeckmann et al., 2012).

The observed links between pathogenic Vibrio abundance in Australian waters and
elevated temperatures and decreases salinity levels is significant because climate change is
increasing sea surface temperature (Doney et al., 2012), as well as increasing the frequency of
severe rainfall events (Madakumbura et al., 2021), which will lead to periodic reductions in
coastal salinity. As a result, the environmental conditions within many coastal environments
may become more ideal habitats for pathogenic Vibrio species, which could potentially pose a
significant human health risk to people that use coastal environments for recreation and food

production.

6.2.2 - Investigating molecular microbiological approaches to reduce ambiguity about the
sources of faecal pollution and identify microbial hazards within an urbanised coastal

environment

In contrast to endemic microbial hazards such as Vibrio bacteria, which often already
exist in the environment, and can proliferate during environmental perturbations, urbanised
coastal environments are also often contiguous to urban waste streams (McLellan et al., 2015),
which can be a vehicle for microbial contamination. One major urban waste stream is raw
sewage, which can enter the environment through inadequate stormwater infrastructure.
Sewage entering the environment is a major public health concern (WHO, 2021), as it is
enriched human pathogens (Efstratiou et al., 2017; Strubbia et al., 2019) and other microbial
hazards such as AmR bacteria (Karkman et al., 2019). Current water quality monitoring
programs use fecal indicator organism (FIO) enumeration techniques to detect sewage in
recreationally used waterways, however this technique is unable to determine whether the FIO
is sourced from sewage, or from animal faeces (e.g., dog, bird) and is also unable to detect
significant human pathogens or other microbial hazards such as ARB. Therefore, a major goal
of this thesis was to develop better methods to discriminate the animal/human source of faecal
contamination using molecular microbial source tracking (MST) techniques (Feng et al., 2018;
Green et al., 2012, 2014; Templar et al., 2016). It is important to discriminate between animal
and human faecal contamination so that remediation efforts can be targeted, and because these

two types of faecal contamination present substantially different health risks. Human faecal

145



contamination is a much greater health hazard than animal faecal contamination, as it contains
many human pathogens including viruses such as human Norovirus (Strubbia et al., 2019),
Enterovirus (Costan-Longares et al., 2008), and human Adenovirus (Yoshitomi et al., 2017),
as well as bacterial pathogens such as species from the genus Arcobacter (Fisher et al., 2014)
as well as pathogenic strains of E. coli (Anastasi et al., 2012). Within chapter 3, 4, and 5, the
MST markers Lachno3 and HF 183, which are markers for sewage (Feng et al., 2018; Templar
et al., 2016), DG3 which is a marker for dog faeces (Green et al., 2014), and GFD which is a
marker for bird faeces (Green et al., 2012) were used to elucidate the source of high levels of
the FIO enterococci (indicative of faecal contamination) at three separate locations, during both
periods of dry weather, and during rain events. Additionally, the source of faecal contamination
(i.e., stormwater drain), and it’s relative impact at contaminated sites is also often undefined,
hindering remediation efforts. Therefore, another major goal of this study was to enhance
molecular MST approaches by supplementing them with 16S rRNA gene amplicon sequencing

to track stormwater impacts within the environment.

At the first location, Rose Bay (chapter 3), I determined sewage contamination as major
source of high FIO, with an intermediate impact from dog faeces. Rose Bay is an urban city
beach with a large surrounding population. This beach is conduit to 8 storm water drains, which
have suspected sewage leaks, is a dog beach, and is inhabited by a range of avian species. Both
the levels of the sewage markers, and the dog faecal marker were significantly and positively
correlated with levels of FIO, indicating sewage and dog faeces to be major causes of high FIO
levels at this location. Sewage markers were significantly higher in the drain water compared
to the seawater, during both dry and wet weather, marking them as candidates for sewage leaks,
while dog faeces was restricted to near-shore sites during dry weather, and was elevated within
the drains when dog faeces as washed into the environment during rainfall. Within the
stormwater drains, levels of HF183 and Lachno3 were similar to those detected within
untreated sewage (Ahmed et al., 2022; Li et al., 2021; Sauer et al., 2011), and in some cases
was less than an order of magnitude lower in the receiving waters. This indicates a high risk of
contracting a GI illness, such as human Adenovirus, with this pathogen having displayed a
strong association with both Lachno3 and HF 183 in untreated wastewater (Ahmed et al., 2022).
However, dog faeces also contributed to high levels of FIO. The abundance patterns of this
marker were coherent with Rose Bay being a dog beach, with high levels nearshore during dry
weather. In addition, I believe that the elevated concentrations of the dog marker, DG3, within

the stormwater infrastructure and within the bay during heavy rain is a ramification of dog
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faeces being washed from the catchment into the stormwater drains and then out into the bay.
There was no correlation between the avian faeces marker and FIO, and the distribution of this
indicator of bird faeces was largely homogenous across the measured environment. I therefore

concluded that at Rose Bay, the major causes of high FIO were sewage and dog faeces.

In contrast to Rose Bay, which is located within Australia’s largest city, the second
location studied in this thesis, Terrigal Beach (Chapter 4), is located near a considerably smaller
coastal town, approximately 60 km north of Sydney. At this location, the causes of high levels
of FIO were also ambiguous, with suspected sewage leaks within several stormwater drains, a
nearby dog park, and a large native bird population consisting of seagulls, pelicans, and other
water birds. Similar to the observations in Rose Bay, levels of the Lachno3 sewage marker
were elevated in all samples adjacent to stormwater infrastructure during heavy rainfall. This
marker reached similar concentrations to those observed in Rose Bay (Chapter 3), and again,
within seawater was often only one order of magnitude lower than concentrations previously
described in raw sewage (Ahmed et al., 2022; Ahmed et al., 2019). However, in contrast to
Rose Bay (Chapter 3) where sewage contamination could be detected up to 1 km offshore, at
Terrigal Beach (Chapter 4) in seawater samples that were not located immediately adjacent to
stormwater drains, concentrations of the Lachno3 sewage marker remained low or often
undetectable. One possible explanation for this is that Rose Bay, is located within Sydney
Harbour estuary where it is protected by multiple headlands from large swell, while Terrigal
Beach faces the ocean where it is subject far more dynamic physical conditions in receiving
waters. In conclusion, at Terrigal Beach, levels of sewage contamination were dramatically
impacted by heavy rainfall induced sewage overflow, but this contamination was mostly

restricted to the nearshore sites.

In chapter 5, the contrasting impact of natural environmental variables and faecal
contamination on the microbiology of four coastal ICOLLs was studied, finding sewage
contamination to alter the microbiology of two ICOLLs during heavy rainfall. ICOLL
environments provide a suite of important ecosystem services (Basset et al., 2013) and are also
often used for recreation by human populations but are often closed to the ocean via a sandbar,
making them highly susceptible to environmental perturbations, as well as anthropogenic
contamination. Two of the studied ICOLLs, Avoca, and Terrigal, were contiguous to multiple
storm water drains, while one site (W1), within Wamberal Lagoon was situated close to a
sewage pumping station, and the fourth ICOLL, Cockrone Lagoon, was surrounded primarily

by parkland. The surrounding walking tracks of all four lagoons are used by dog walkers, and
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all four lagoons were inhabited by multiple avian species such as seagulls and ducks. Similar
to Rose Bay (chapter 3) the bird faecal marker GFD was largely homogenous between dry and
wet weather. However, in contrast to Rose Bay (chapter 3), where the dog faecal marker, DG3,
was detected nearshore during dry weather and in the bay during wet weather, in all four
ICOLLs (chapter 5), detection of the dog faecal marker DG3 was typically restricted to wet
weather samples. During rainfall, the highest concentrations of the Lachno3 sewage marker
were detected in Avoca and Terrigal Lagoons, and these levels were only slightly lower than
what has previously been detected in raw sewage (Ahmed et al., 2019). In conclusion, the major

cause of high FIO within these lagoons was sewage contamination.

Within chapters 3, 4, and 5, MST qPCR techniques were supplemented with 16S rRNA
gene amplicon sequencing to determine the bacteria community, and to incorporate the
community data into statistical approaches to define the relative impact of stormwater drains
on the environment, and to define a suite of stormwater indicator taxa. In chapter 3, I coupled
the 16S rRNA gene amplicon sequencing data with the Bayesian SourceTracker package
(Knights et al., 2011), which uses Bayesian statistics to predict the percentage of ‘source’
microbial communities within selected ‘sink’ samples. I utilised SourceTracker to both track
the spatiotemporal dynamics of specific bacterial signatures for individual stormwater drains,
and to quantify the relative strength of the microbial signature from different stormwater drains.
While the molecular MST assays defined many of the stormwater drains in Rose Bay to be
contiguous to sewage contamination, this analysis was able to depict the impact of specific
drains on Rose Bay. While studies in the past have shown faecal contamination from either
sewage or animal sources increasing during rainfall events (Ahmed et al., 2020; Shrestha et al.,
2020), only a handful of studies (Newton et al., 2013) have assessed the spatial extent of faecal
contamination, and, to my knowledge, no studies have assessed the spatial impact faecal
contamination to the resolution performed in this study, allowing us to determine that in some

cases, the microbial signatures of some sewage impacted drains reached up to 1 km offshore.

In chapters 3, 4, and 5 I coupled the 16S rRNA gene amplicon sequencing with the
indicspecies package (de Caceres & Jansen, 2018). This technique compared the drain and
seawater microbial communities, allowing for the identification of specific ASVs that were
indicators of water from stormwater drains. Arcobacter and Comamonadaceae were
consistently found to be indicator ASVs across all three chapters. Collectively, in Chapters 3,
4, and 5, detections of these indicator taxa were sporadic and at a low relative abundance, with

levels dramatically increasing during and after significant rainfall, following similar trends to
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the Lachno3 sewage marker. Indeed, in chapter 5, 93 % of the indicator taxa correlated
significantly with the Lachno3 sewage marker. While these indicators taxa were robust markers
for a stormwater signature in each study, of particular significance, many of these indicator
taxa were both potential human pathogens, and many correlated with genes encoding

antimicrobial resistance.

6.2.3 - Investigating how rainfall leads to elevated levels of AmR bacteria

Across all four chapters I observed through multiple lines of evidence that rainfall
increases the abundance of microbial hazards within coastal environments. Among these was
an increase in the presence of antibiotic resistance, which is notable because recent studies
have shown an increase of AmR E. coli in the guts of people who recreationally used urban
baths in the UK (Leonard et al., 2015; Leonard et al., 2018). In Chapters 2, 3, and 4, I analysed
levels of five ARGs, sull, tetA, dfrA1, gnrS, and vanB which are indicative of bacteria resistant
to sulfonamide (Huovinen et al., 1995), tetracycline (Allard & Bertrand, 1992), trimethoprim
(Lombardo et al., 2017), quinolone (Berglund et al., 2014), and vancomycin (Berglund et al.,
2014) resistance respectively. Collectively, across Rose Bay (Chapter 3), Terrigal Beach
(Chapter 4), and the Central Coast ICOLLs (Chapter 5), levels of sull, tetA, and dfrAl all
significantly increased during heavy rainfall. In each case, levels of these genes also correlated
with sewage markers, indicating that AmR bacteria were entering the environment via raw
sewage leaks within the storm water infrastructure. At all three study sites, levels of sull, tetA,
and dfrA 1 were either similar to concentrations than those previously detected at other severely
contaminated beaches in Sydney (Carney et al., 2019). Of particular note, I detected vanB at
Rose Bay (chapter 3) and not at any other sampling site. This is particularly concerning as vanB
confers to vancomycin resistance, one of the last line of defence antibiotics (Berglund et al.,
2014). This may have been due to the dense urban surroundings, and high population of Rose
Bay, given that population density has elsewhere been linked to AMR bacteria abundance
(Bruinsma et al., 2003). Indeed, vanB has previously been detected at another city beach in
Sydney (Carney et al., 2019). While vanB was not detected at Terrigal Beach or within the
Central Coast ICOLLs, many of the ARGs detected in these studies correlated to numerous
stormwater indicator taxa, and many of these indicator taxa were species which have strains
that are significant human pathogens. Across each of the study environments I observed strong

correlations between the levels of antibiotic resistance genes and the relative abundance of
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bacterial indicators for stormwater contamination, including several putatively pathogenic

species.

6.3 - Implications of microbial hazards within coastal environments

Currently, health costs associated with marine water-borne pathogens are over US$12
billion per year globally (Shuval, 2003). Gastrointestinal illness (GI) caused from recreational
use of marine environments costs the US government US $300 million per year, with over
350,000 gastrointestinal illnesses linked to recreation (Ralston et al., 2011). Of the most cases
include Norwalk virus and Campylobacter jejuni infections, with costs of US$18 million and
US $5 million respectively, however despite there being fewer cases reported, Vibrio bacteria
are a particularly impactful water-borne marine pathogen which have health costs of over US

$30 million per year (Ralston et al., 2011).

In Chapter 2, I demonstrated that several potentially pathogenic species of Vibrio occur
along the eastern coastline of Australia. In 2020, it was estimated that there were half a million
human infections by pathogenic Vibrio world-wide (Takemura et al., 2014), but this impact is
predicted to increase as a consequence of climate change. Models of SST scenarios in the year
2100 predict that an additional 38,000 km of coastline will be suitable for Vibrio growth as a
result of climate change (Trinanes and Martinez-Urtaza, 2021), with Vibrio infections
predicted to increase by a factor of 1.93 times for every 1 °C increase in SST (Baker-Austin et
al., 2013). This is particularly concerning in Australia, which is considered a global climate
change hotspot, where SSTs are predicted to rise by 1.5 °C to 3 °C by 2070, which translates
to a 2.9 — 5.8 times increase in the abundance of Vibrio spp in Australian waters (Trinanes and
Martinez-Urtaza, 2021). This temperature induced increase in Vibrios will potentially impose

a serious human health threat to recreational users of coastal environments.

In conjunction with temperature-driven increases in pathogenic Vibrio abundance, I
also showed that decreased salinity is a significant determinant of many Vibrio species,
including the significant human pathogen V. vulnificus. Severe rainfall events are predicted to
increase with climate change (Madakumbura et al., 2021). These rainfall events lower the
salinity of marine environments, and, paired with increasing SST create ideal conditions for
the proliferation of dangerous Vibrio pathogens. Not only does this pose a significant human

health threat but will also potentially be detrimental to the economy.
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In addition to the endemic microbial hazards explored in Chapter 2, I also explored the
microbial hazards that enter coastal environments via anthropogenic waste streams such as
sewage contamination. In many cases, stormwater infrastructure is contiguous to sewage
infrastructure. When sewage infrastructure becomes blocked or cracked, or there is a heavy
rainfall event, sewage can enter into the stormwater infrastructure and then consequently drain
untreated into the environment (Olds et al., 2018). This is particularly concerning for
recreational users of the environment, as sewage is often enriched in pathogens such as
protistan parasites such as Giardia duodenalis and Cryptosporidium (Efstratiou et al., 2017),
bacteria such as Escherichia coli (Anastasi et al., 2012) and Arcobacter species, including A.
butzleri and A. defluvii (Fisher et al., 2014), and viruses such as Rotavirus, Norovirus and
Adenovirus (Strubbia et al., 2019). At Rose Bay, Terrigal Beach, and within the Central Coast
Lagoons, in chapters 3, 4, and 5 I detected many indicators of stormwater to be notable human

pathogens such as species from the Arcobacter genus.

There was an estimated with 1.27 million directly linked to AmR bacteria in 2019
(Murray et al., 2022). In chapters 3, 4, and 5 of this thesis, AmR bacteria were detected to
increase during rainfall, and many of these were washed in through the stormwater drains, with
levels within these drains being significantly higher within the drains in comparison to the
seawater. Given that significant rainfall events are predicted to increase due to climate change
(Madakumbura et al., 2021) the amount of AmR bacteria being washed into the environment
via anthropogenic waste streams will be amplified. Furthermore, of the top six most impactful
pathogens AmR, E. coli was found to be responsible for the most deaths (Murray et al., 2022)
and recent research has shown that surfers and swimmers experienced heightened exposure to
AmR E.coli (Leonard et al., 2015). In chapter 5 of this thesis, I identified E. coli to be an
indicator of stormwater in the central coast ICOLLSs, and this E. coli was found to significantly
and positively correlate with the ARGs sull, tetA, and dfrA1, highlighting a significant health

threat at these locations.

6.4 - Relevance and impact of findings

Chapters 3, 4, and 5 of this thesis involved collaboration with the government
organisations, the Department of Planning and Environment (DPE) and the NSW water quality
monitoring agency Beachwatch. Beachwatch and DPE collaboratively produce a “state of the

beaches” report on a yearly basis, and this report had consistently found high FIO levels at
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Rose Bay, Terrigal Beach, and within the four studied central coast ICOLLs (DPIE, 2020). At
all three locations, remediation efforts had been hindered as it was unknown if the source of
high FIO was from a sewage leak within a stormwater drain, from dog faeces in the surrounding
parkland and footpaths, or from avian faeces such as seagulls and ducks. It was also unknown
how far the faecal contamination spread at each location. Once these questions were
highlighted by DPE and Beachwatch, in collaboration, each location was investigated on site
to identify key areas to target for sampling, and both Beachwatch and DPE took samples for
enterococci enumeration, water filtration, and nutrients in the field, whilst I filtered the water
for DNA extraction on site. As a result of this collaboration, the findings of this thesis have
helped to develop three separate water quality reports provided to these agencies, focussed on
Rose Bay (Chapter 3) (Seymour et al., 2020b), at Terrigal Beach (Chapter 4) (Seymour et al.,
2020a), and within the Central Coast ICOLLs (Chapter 5) (Seymour et al., 2021). In addition
to these audit reports, the findings of these chapters have directed remediation efforts at all
three sites (Johnson, 2020; 2021). Furthermore, the methods applied within this thesis are now
being applied to other investigations in collaboration with DPE and the Environmental
Protection Agency (confidential reports). This represents a major real-world impact of the

science presented in this thesis.

6.5 - Future directions

In all four chapters I used a combination of qPCR, as well as 16S rRNA gene amplicon
sequencing, which enabled me to characterise bacterial community composition down to the
ASV-level, whereby bacterial taxa can be discriminated down to one base pair difference in
the 16S rRNA gene (Callahan et al., 2016). However, even with this high resolution, often, 16S
rRNA gene amplicon sequencing cannot reliably differentiate between strains or in some cases,
between species of bacteria. This limitation prevents discrimination between important
bacteria, for example, Vibrio cholera, which has strains which are both pathogenic and non-
pathogenic (Baker-Austin et al., 2017). Recently, an investigation of over 25,000 re-
constructed genomes from more than 1000 seawater samples revealed novel information on
phylogenomic and functionality of Eudoremicrobiaceae (Paoli et al., 2022). Whilst this study
focused on Eudoremicrobiaceae, it highlighted the power of studying reconstructed genomes,
and how this technique could be applied to other bacterial groups. Reconstructing Vibrio
genomes from the sampling areas investigated in chapter 2 has the potential to reveal

information on virulence genes that are harboured by specific Vibrio species. Recent laboratory
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experiments investigating the metabolomics of V. harveyi have shown V. harveyi to express
virulence genes as a response to increasing water temperature (Montanchez et al., 2019).
Theses dynamics are not yet defined in the environment, or in other pathogenic species of

Vibrio, which poses a key human health related question.

Within chapters 2, 3, and 4 I implemented molecular MST techniques to precisely
determine the source of faecal contamination at multiple locations, however this technique has
shortcomings. Recent work has shown that sediments can act as a reservoir for MST markers
(Ahmed et al., 2020). This is important because the rate at which these markers decay is
currently unknown, meaning that unviable organisms may be resuspended into the water during
times of high ocean turbulence, obfuscating results. One solution for this problem would be to

extract RNA from water samples to ensure detections of the MST markers were viable.

Another shortcoming of this technique is relating it back to a likelihood of contracting
illness. Currently, the world health organisation has laid out standards for detections of the FIO
enterococci which calculate back to a likelihood of contracting a gastrointestinal illness (WHO,
2021). Recently, a study by Warish A (2022) has detailed the ratios of human viruses which
exist in sewage. Other studies have incorporated multiple faecal markers to define a risk-based
water quality threshold for the sewage marker HF183 to range from 1 — 525 copies/100mL,
resulting in 32 illnesses per 1000 swimmers (Boehm and Soller, 2020). However, this is yet to
be standardised, and rigorous testing is still required to develop a standardised risk-based
threshold that can be implemented world-wide, creating continuity in management and

remediation decisions.

6.6 - Conclusions

The primary objective of this thesis was to define the extent of microbiological threats
to human and ecosystem health and identify the environmental and anthropogenic factors
causing them. Microbial hazards can be both endemic, (e.g., Vibrio bacteria), or introduced via
anthropogenic waste streams such as sewage (e.g., Arcobacter). In chapter 2 of this thesis, I
wished to determine the latitudinal dynamics Vibrio bacteria. I detected high Vibrio levels at
both high and low latitudes, and, across this transect, both pathogenic and non-pathogenic
Vibrio species correlating positively with temperature and negatively with salinity. Of note, I
also observed significant positive correlations between pathogenic Vibrio species and specific

phytoplankton species, highlighting their ecological relationships with phytoplankton. In
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chapter 3, I aimed to improve molecular microbiological approaches to reduce ambiguity about
the sources of faecal contamination and to additionally identify microbial hazards in coastal
environments. In addition to defining the source of faecal contamination at this site to be
predominantly sewage, I also defined the spatial dynamics of the contamination, showing that
during heavy rainfall it impacted the environment up to 1 km offshore. I also determined that
this contamination was linked to high levels of multiple ARGs in the environment. In chapter
4, my aim was to determine if rainfall led to elevated levels of antibiotic resistance genes within
coastal environments, and if this was linked to rainfall induced sewage contamination. In this
chapter I showed a direct link between sewage contamination and increased levels of ARGs,
discriminating the point sources of these ARGs. Moreover, I was able to detect correlations
between these ARGs and human pathogens that were identified as markers for stormwater in
the environment. In my final data chapter, I wished to determine the importance of natural
environmental variability and anthropogenic impacts on bacterial assemblages within [COLLs.
In this chapter I demonstrated that while natural environmental parameters were the major
determinants of the microbial assemblages within ICOLLs, heavy rain events can lead to
sewage contamination that can alter the microbial community, and introduce human pathogens,
antibiotic resistant bacteria, and potentially AmR pathogens. In all four data chapters, I found
rainfall to increase the potential for bacterial pathogens to proliferate in the environment, and
with climate change induced rainfall events set to increase in frequency and severity
(Madakumbura et al., 2021), I predict this situation to worsen. Overall, in this thesis, I have
identified a number of microbiological hazards in changing coastal environments, which serves
as a human health warning to recreational users of these environments, and, similar to within

chapters 3-5, can help to guide the remediation efforts of government agencies.
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Appendix 1 - Latitudinal dynamics of Vibrio along the

Australian East Coast
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Table 1. Primers used in study.

qPCR Conditions Efficiency Quantification limit Ref

Primer Sequences

Host Organism Target Gene

Forward: 5' GGCGTAAAGCGCATGCAGGT 3' (Thompson et al
All Vibrio 16S rRNA 95°C for 3 min; 40 cycles of: 95°C for 15 sec, 60°C for 1 min 100.6% 10! copies/reaction 2004) ?

Reverse: 5' GAAATTCTACCCCCCTCTACAG 3'

Forward: 5' AACATCCGTGGATTTGGCATCTG 3' (Siboni ot al
Vibrio vulnificus whA 95°C for 3 min; 40 cycles of: 95°C for 15 sec, 56°C for 1 min 98.5% 10! copies/reaction 2016) v

Reverse: 5' GCTGGTTCCTCAACGCTTCTG 3'
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Table 2. List of locations sampled, detailing date, latitude, longitude, sample type and Koppen-

Classification.
Location Date Latitude Longitude Type Koppen- .
classification

Darwin B 17/1/18 12°22'42.8"S 130°50'30.8"E Beach Tropical
Darwin R 3/2/18 12°27'06.3"S 130°49'12.0"E River Tropical
Cooktown B 3/2/18 15°27'33.3"S 145°15'00.9"E Beach Tropical
Cooktown R 3/2/18 15°27'37.8"S 145°14'57.6"E River Tropical
Cairns B 15/1/18 16°55'03.9"S 145°46'50.2"E Beach Tropical
Cairns R 17/1/18 16°56'28.1"S 145°46'33.3"E River Tropical
Townsville B 18/1/18 19°14'39.5"S 146°48'39.6"E Beach Tropical
Townsville R 3/2/18 19°1629.3"S 146°49'52.0"E River Tropical
Mackay B 16/2/18 21°06'37.6"S 149°13'33.4"E Beach Subtropical
Mackay R 16/2/18 21°0829.3"S 149°11'53.4"E River Subtropical
Rockhampton B1 ~ 1/3/18 23°15'17.8"S 150°49'44.5"E Beach Subtropical
Rockhampton B2 11/1/18 23°16'01.7"S 150°49'42.2"E Beach Subtropical
Bundaberg R1 16/1/18 24°45'41.8"S 152°23'14.6"E River Subtropical
Bundaberg R2 16/1/18 24°51'53.9"S 152°20'37.1"E River Subtropical
Gold Coast B 1/3/18 28°09'45.0"S 153°31'09.5"E Beach Subtropical
Gold Coast R 26/12/17  28°10'44.1"S 153°32'30.1"E River Subtropical
Coffs Harbour R~ 1/2/18 30°17'46.9"S 153°08'12.7"E River Subtropical
Coffs Harbour B 1/2/18 30°18'17.4"S 153°08'34.9"E Beach Subtropical
Port Macquarie B 1/2/18 31°25'39.5"S 152°55'03.1"E Beach Subtropical
Port Macquarie R~ 18/1/18 31°25'40.3"S 152°54'28.6"E River Subtropical
Sydney R 1/2/18 33°83'97" S 151°2524" E River Subtropical
Sydney B 18/1/18 33°91'00" S 151°25'91"E Beach Subtropical
Jervis Bay B 17/1/18 35°00'46.0"S 150°41'38.5"E Beach Temperate
Jervis Bay R 15/1/18 35°01'13.8"S 150°40'19.9"E River Temperate
Marimbula R 17/1/18 36°53"29.1"S 149°54'40.6"E River Temperate
Marimbula B 18/1/18 36°53'52.4"S 149°54'53.9"E Beach Temperate
Hobart B 1/2/18 42°51'05.7"S 147°31'16.2"E Beach Temperate
Hobart R 1/2/18 42°5320.9"S 147°20'17.6"E River Temperate
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Figure 1. Total Vibrio qPCR melt curve. Pink indicates standard curve and green indicates

samples.
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Appendix 2 - Molecular microbiological approaches reduce
ambiguity about the sources of faecal pollution and identify

microbial hazards within an urbanised coastal environment
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1.1 gPCR Methods

Prior to all qPCR analyses, I performed inhibition testing using the 16S qPCR assay.
When performing the inhibition testing, I tested samples from Drains 3 and 5 along with
immediately adjacent to these drains SW3.1 and SW5.1, as well as samples from the middle of
Rose Bay (RBE.2) for all sampling days. These samples were chosen based on the enterococci
data, which was employed as a proxy indicator for levels of contamination. The Drain 3 and 5
samples along with the SW3.1 and SWS5.1 samples were chosen as representative
‘contaminated samples’ and the RBE.2 sample represented a relatively uncontaminated
sample. I then performed a series dilution using these samples, incorporating dilution factors
of 1:2, 1:5, 1:10, 1:20, 1:50 and 1:100, with 16S rRNA gqPCR performed on all dilutions. I then
calculated the copies of the 16S gene per 100 ml in each sample, which revealed identical copy
numbers in the 1:10, 1:20, 1:50 and 1:100 dilutions for all sample types tested. Based on these

results, I chose to dilute all samples to 1:20.

For SYBR Green based detection assays, reaction mixtures (5 pl) consisted of 2.5ul
BIO-RAD iTaq Univeral SYBR® Green Supermix, 1.1 pl nuclease free water, 0.2 pl of each
forward and reverse primer (10 mM) and 1 pl of diluted DNA template. The reaction mixes for
analyses using probe assays (5 pl) consisted of 2.5 ul BIO-RAD iTaq UniversalProbes®
Supermix, 1 pl nuclease free water, 0.2 pl of each forward and reverse primer (10 mM), 0.1 pl
of probe (10 mM) and 1 pl of diluted (1:20) DNA. For all samples, plate preparation was
performed using an epMotion® 5075 I Automated Liquid Handling System.

Quantitative PCR cycling conditions consisted of an initial denaturation step at 95°C
for 3 minutes and then 45 cycles of: 95°C for 15 seconds and then variable annealing
temperatures according to assay (see Table 2) for 1 minute, with the exception for intl1 and
vanB which had annealing times of 1 minute. Melt curves were included in all SYBR Green
based detection assays to confirm the amplification of a single, correctly sized product. To
ensure the quality of CT values, I calculated the coefficient of variation % of each assay,

removing samples with CV below 2.5%. Gene copy/100ml was then calculated via the

Sq+*DfxVe

following equation: NSQ = ( Viea

). NSQ was then multiplied by 100 to obtain
copy/100ml.

NSQ = Normalized copy number.
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Sq = Copy number (starting quantity, from the qPCR results file).
Df = Dilution factor (from sample preparation for qPCR).

Ve = Eluted volume (from DNA extraction [ul]).

VT = Filtered volume (for DNA extraction [ml]).

Vq = Volume used for qPCR (per reaction [pl]).

1.2 Calculation of fresh to saline water ratio

To calculate the ratio of fresh to saline water, I used the equation as previously described by
(Ho etal., 2021). In brief, the freshwater from the rainfall and drains was blended into the Rose
Bay Seawater and I have attempted describe the impact of these drains on Rose Bay water

chemistry by calculating this ratio.

Equation:

Concentrations:

Cw arain: Mean salinity within the drains (Drain 2-Drain 10 after 43mm of rain) = (0.13 +

0.05ppt, n=8).

Cw 300m: Mean salinity in the more saline samples 300m offshore (RBE) = (35.00 + 0.11ppt,
n=3).

Cw Nearshore= Mean salinity of nearshore samples (i.e. SW2.1 — SW10.3) = (34.03 = 0.24ppt,
n=28)

Volumes:
Vi arain= Volume of freshwater within the drains (Drain 2-Drain 10 after 43mm of rain).
Vi 300m= Volume of water within Rose Bay.

Vi Nearshore= Volume of water within Rose Bay.
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Ratio of V,;, grqin: Vi 300m from the concentration of conservative chemicals (i.e. salinity or

conductivity as a proxy for salinity):

Vw,drain X Cw,Nearshore + Vw,300m X Cw,Nearshore= Vw,drain X Cw,drain + Vw,300m X CW,BOOm

Vw,drain X Cw,Nearshore - Vw,drain X Cw,drain= Vw,300m X Cw,300m -~ Yw,300m X Cw,Nearshore

Vw,drain: Vw,300m = (CW,SOOm - Cw,Nearshore): (Cw,Nearshore - Cw,Drain)

Mixing ratio = (35.00 — 34.03)/(34.03-0.13)
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Table 1. Primers used in study.

Target qPCR Standard Size Primers Primer Sequences qPCR Conditions Efficiency Ref
(BP)
168 G-Block  synthesised  from BACTI1369F Forward: 5° CGG TGA ATA CGT TCY CGG 3’
NR_044853.1 by IDT o foo 2 50,
- 466 PROKI492R  Reverse: 5> GGW TAC CTT GTT ACG ACT T 3’ ggg I;gfr 31 e 40 cycles of: 95°C for 30'sec, g0, _gg 50, (Suzuki et al., 2000)
TM1389F Probe: [FAM] 5 CTTGTACACACCGCCCGTC 3°
Human G-Block  synthesised from HF183 Forward: 5' ATCATGAGTTCACATGTCCG 3'
Bacteroidales AY618282.1 by IDT o in- s of* 950 y
167 BFDRev Reverse: 5' CGTAGGAGTTTGGACCGTGT 3' 2308 ?‘éi 31 N 45 cycles of: 95°Cfor 10see, g0, 1040, (Templar et al., 2016)
BFDFAM Probe: [FAM] 5' CTGAGAGGAAGGTCCCCCACATTGGA 3'
Human G-Block  synthesised  from Lachno3F Forward: 5' CAACGCGAAGAACCTTACCAAA 3'
Lachnospirac EF036467.1 by IDT o i © 950
eae 187 Lachno3R Reverse: 5' CCCAGAGTGCCCACCTTAAAT 3' oo for 3 min; 43 cycles o 9F°Cor 10sec 9304 102.6% (Feng et al., 2018)
Lachno3P Probe: [FAM] 5° CTCTGACCGGTCTTTAATCGGA 3' [MGB]
Dog G-Block  synthesised from DG3F Forward: 5' TTTTCAGCCCCGTTGTTTCG 3'
Bacteroidales DogGFE by IDT o in- < of 959 §
185 DG3R Reverse: 5' TGAGCGGGCATGGTCATATT 3' 2308 ?‘éi z 6“:;45 cycles of: 95°Cor 15see, g0, 1050, (Green et al., 2014)
DG3P Probe: [FAM] 5' AGTCTACGCGGGCGTACT 3' [MGB]
Bird G-Block synthesised from GFDF Forward: 5' TCGGCTGAGCACTCTAGGG 3' oC fi in: 4 les of: 95°C for 1
Heliobacter JN084061.1 by IDT 163 g;g fgi in[:; Scyclesof: 95°Cfor 15see, o< 50, 102 50, (Green et al., 2012)
GFDR Reverse: 5' GCGTCTCTTTGTACATCCCA 3'
intl 1 Plasmid insert amplified from intl.F Forward: 5' GGGTCAAGGATCTGGATTTCG 3' o i » 950 .
Sydney samples 484 Oo7C for 3 min; 43 cycles of: 95°CHor I3see 900, _ 904 (Mazel et al., 2000)
intl.R Reverse: 5' ACATGCGTGTAAATCATCGTCG 3' ©
Sull Plasmid insert amplified from sull-FW Forward: 5' CGCACCGGAAACATCGCTGCAC 3' o . © 950
o — 163 s o Jamin: 43 cyclesof: 95°CHor 15 see, o5 cor 102.7% (Pei et al., 2006)
sull-RV Reverse: 5' TGAAGTTCCGCCGCAAGGCTCG 3' or >0 see
tetA Plasmid insert amplified from tetA-F2-L Forward: 5' CAG CCT CAA TTT CCT GAC GGG CTG A 3' o . 020, .
Sydney samples 96 2208 ?or 31 min; 43 cyeles of: 95°C for 15 sec, 90% - 99.9% (Borjesson et al., 2009)
tetA-R2 Reverse: 5' GAA GCG AGC GGG TTG AGA G 3' or 1 mmn
VanB Plasmid, bacteria w/plasmid VB-F Forward: 5' AAT CTT AAT TGA GCA AGC GAT TTC 3'
pGEM-T with vanB cloned 3300 VB-R Reverse: 5' CCT GAT GGA TGC GGA AGA TA 3 Z(S)og igrr 3 (I)nsl:; 45 cycles of: 95°C for 15 sec, 92.9% - 97.8% (Berglund etal., 2014)
VB-P Probe: [FAM] 5° CCG GAT TTG ATC CAC TTC GCC GAC AAT
CA3
qnrS Plasmid pGEM-T with qnrS QnrS-F Forward: 5° ATC AAG TGA GTA ATC GTA TGT ACT 3” o . f 050, .
cloned 3200 3308 ?"' z (1]“"" 45 cyclesof: 95°Cfor ISsee, g5 9o, 9780, (Berglund et al., 2014)
QnrS-R Reverse: 5’ CAC CTC GACTTAAGTCTGAC 3’ or>bsee
dfirA Plasmid, bacteria w/plasmid dfrls-f Forward: 5’ATG GAG TGC CAA AGG TGA AC 3’ o . © 950
3500 2308 i"fl o 45 cycles of: 95°Cor 15sec, — gao 109.5% (Grape et al., 2007)
dfrls-r Reverse: 5° TAT CTC CCC ACC ACC TGA AA 3’ O !
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Table 2. Indicator ASV sequences

Indicator ID

ASV

Comamonadaceae;
unassigned

Comamonadaceae;
unassigned

Spirosomaceae;
unassigned

Comamonadaceae;
unassigned

Comamonadaceae;
unassigned

Pseudarcobacter;
cloacae/defluvii

genus

genus

genus

genus

genus

TGGGGAATTTTGGACAATGGACGAAAGTCTGATCCAGCCATTCCGCGTGCAGGACGAAGGCCTTCGGGTTGTAAACTGCTTTTGTACAG
AACGAAAAGGTCTCTATTAATACTAGGGGCTCATGACGGTACTGTAAGAATAAGCACCGGCTAACTACGTGCCAGCAGCCGCGGTAATA
CGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTATATAAGACAGATGTGAAATCCCCGGGCTCAACC
TGGGAACTGCATTTGTGACTGTATAGCTGGAGTACGGCAGAGGGGGATGGAATTCCGCGTGTAGCAGTGAAATGCGTAGATATGCGGAG
GAACACCGATGGCGAAGGCAATCCCCTGGGCCTGTACTGACGCTCATGCACGAAAGCGTGGGGAGCAAACA

TGGGGAATTTTGGACAATGGACGCAAGTCTGATCCAGCCATTCCGCGTGCAGGATGAAGGCCCTCGGGTTGTAAACTGCTTTTGTACAGA
ACGAAAAGGCTCTTCCTAATACGGGGGGCTCATGACGGTACTGTAAGAATAAGCACCGGCTAACTACGTGCCAGCAGCCGCGGTAATAC
GTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTATATAAGACAGATGTGAAATCCCCGGGCTCAACCT
GGGAACTGCATTTGTGACTGTATAGCTAGAGTACGGCAGAGGGGGATGGAATTCCGCGTGTAGCAGTGAAATGCGTAGATATGCGGAGG
AACACCGATGGCGAAGGCAATCCCCTGGGCCTGTACTGACGCTCATGCACGAAAGCGTGGGGAGCAAACA

TAGGGAATATTGGGCAATGGACGCAAGTCTGACCCAGCCATGCCGCGTGCAGGATGAAGGCGTTATGCGTTGTAAACTGCTTTTATACA
GGAAGAAACGACTCTTGCGAGAGGCATTGACGGTACTGTATGAATAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAG
GGTGCAAGCGTTGTCCGGATTTATTGGGTTTAAAGGGTGCGCAGGTGGTTTATTAAGTCAGTGGTGAAAGACGGTCGCTCAACGATTGCA
GTGCCATTGAAACTGGTAGACTTGAGTAAAGTAGAGGTGGGCGGAATTGATAGTGTAGCGGTGAAATGCATAGATATTATCAAGAACTC
CAATTGCGTAGGCAGCTCACTTGGCTTTTACTGACACTCATGCACGAAAGTGTGGGTATCAAACA

TGGGGAATTTTGGACAATGGGCGAAAGCCTGATCCAGCCATACCGCGTGCGGGAAGAAGGCCTTCGGGTTGTAAACCGCTTTTGTCAGG

GAAGAAATCTTCTGGGTTAATACCTCGGGAGGATGACGGTACCTGAAGAATAAGCACCGGCTAACTACGTGCCAGCAGCCGCGGTAATA
CGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTTTGTAAGACAGAGGTGAAATCCCCGGGCTCAACC
TGGGAACTGCCTTTGTGACTGCAAGGCTTGAGTGCGGCAGAGGGGGATGGAATTCCGCGTGTAGCAGTGAAATGCGTAGATATGCGGAG
GAACACCGATGGCGAAGGCAATCCCCTGGGCCTGCACTGACGCTCATGCACGAAAGCGTGGGGAGCAAACA

TGGGGAATTTTGGACAATGGACGCAAGTCTGATCCAGCCATTCCGCGTGCAGGATGAAGGCCCTCGGGTTGTAAACTGCTTTTGTACGGA
ACGAAAAGGTTTCCATTAATACTGGGAGCTCATGACGGTACCGTAAGAATAAGCACCGGCTAACTACGTGCCAGCAGCCGCGGTAATAC
GTAGGGTGCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTATGTAAGACAGAGGTGAAATCCCCGGGCTCAACCT
GGGAACGGCCTTTGTGACTGCATAGCTAGAGTACGGTAGAGGGGGATGGAATTCCGCGTGTAGCAGTGAAATGCGTAGATATGCGGAG
GAACACCGATGGCGAAGGCAATCCCCTGGACCTGTACTGACGCTCATGCACGAAAGCGTGGGGAGCAAACA

TGGGGAATATTGCACAATGGACGAAAGTCTGATGCAGCAACGCCGCGTGGAGGATGACACATTTCGGTGCGTAAACTCCTTTTATATAG
GAAGATAATGACGGTACTATATGAATAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTACTCGGAA
TCACTGGGCGTAAAGAGCGTGTAGGCGGGTATATAAGTCAGAAGTGAAATCCAATAGCTTAACTATTGAACTGCTTTTGAAACTGTATA
CCTAGAATGTGGGAGAGGTAGATGGAATTTCTGGTGTAGGGGTAAAATCCGTAGAGATCAGAAGGAATACCGATTGCGAAGGCGATCT
ACTGGAACATTATTGACGCTGAGACGCGAAAGCGTGGGGAGCAAACA
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Table 3. Limit of Detection/100ml for each assay as well as R? values for assay.

Assay LOD/100ml r’

168 1.00E+06 0.979

Lachno3 1.00E+02 0.997

HF183 1.00E+02 0.996

GFD 1.00E+02 0.994

DG3 1.00E+03 0.996

VanB 1.00E+03 0.996

sull 1.00E+03 0.997

tetA 1.00E+04 0.993

qnrS 1.00E+03 0.996

dfrAl 1.00E+03 0.994

Arcobacter 1.00E+03 0.994

Table 4. Physiochemical Data

Location Date Temp °C Sal ppt OD% pH Turbidity NTU
SW10 21/8/19 15.41 35.24 100.64 8.02 0.87
SW10.2 21/8/19 15.43 35.24 95.34 7.93 0.28
SW10.3 21/8/19 15.51 35.27 96.79 7.94 0.38
SW2 21/8/19 14.47 34.97 98.89 7.94 1.24
SW3 21/8/19 15.04 33.66 110.73 8.07 2.97
SW3.2 21/8/19 15.87 35.16 103.80 7.95 0.48
SW3.3 21/8/19 15.50 35.25 97.30 7.94 0.28
SW4 21/8/19 15.26 34.07 104.42 8.07 1.15
SW4.2 21/8/19 15.78 35.12 97.53 7.93 0.35
SWwW4.3 21/8/19 15.51 35.26 97.32 7.94 0.35
SW5 21/8/19 15.69 32.93 107.91 8.08 1.71
SW5.2 21/8/19 15.75 35.26 97.93 7.93 0.19
SW5.3 21/8/19 15.52 35.26 97.53 7.94 0.36
SWé 21/8/19 15.40 35.26 100.96 8.05 0.60
SWe.2 21/8/19 15.51 35.27 96.81 7.94 0.38
SW6.3 21/8/19 15.53 35.26 97.63 7.94 0.50
SW7 21/8/19 15.40 35.18 102.05 8.09 0.74
SW7.2 21/8/19 15.61 35.23 98.07 7.94 0.27
SW7.3 21/8/19 15.54 35.22 97.65 7.94 0.44
SW8 21/8/19 15.27 34.11 95.58 7.98 1.41
SW8.2 21/8/19 15.55 35.17 98.06 7.94 0.58
SW8.3 21/8/19 15.50 35.23 97.77 7.94 0.55
SW9 21/8/19 15.17 35.14 99.06 8.05 0.72
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SW9.2 21/8/19 | 15.56 35.26 97.28 7.94 0.36
SW9.3 21/8/19 | 15.51 35.26 97.96 7.94 0.30
RBE.1 20819 | 15.42 35.25 96.68 7.94 0.43
RBE.2 20819 | 15.44 35.25 97.10 7.94 0.42
RBE.3 21/8/19

Beachwatch | 21/8/19 | 15.88 35.11 102.64 7.96 0.69
g:ilz’l“ 21/8/19 | 1536 3527 96.73 7.93 0.19
1;:;';"2“ 21/8/19 | 16.10 35.43 95.23 7.96 035
1;:;';"3“ 21/8/19 | 16.07 35.43 95.84 7.96 031
Drain 3 21/8/19

Drain 4 21819 | 19.80 0.20 96.14 7.73 0.61
Drain 5 21/8/19 | 16.70 035 67.88 7.94 3.81
Drain 6 21/8/19 | 15.30 025 86.59 8.14 2.52
Drain 8 21819 | 13.99 0.24 108.27 8.49 1.63
SW10 27/8/19 | 1639 35.11 105.40 8.13 5.13
SW10.2 27/8/19 | 15.72 35.19 94.34 8.08 0.50
SW10.3 27/8/19 | 15.70 35.24 95.47 8.08 032
SW2 27/8/19 | 17.05 34.92 120.41 8.19 NA
SW3 27/8/19 | 15.50 35.01 90.21 7.95 1.88
SW3.2 27/8/19 | 15.15 35.21 89.18 7.99 0.71
SW3.3 27/8/19 | 15.96 35.16 96.32 8.08 0.46
SW4 27/8/19 | 16.12 34.09 102.38 7.99 3.58
SW4.2 27/8/19 | 15.50 35.35 94.82 8.06 0.53
SW4.3 27/8/19 | 15.83 35.21 96.67 8.09 0.65
SW5 27/8/19 | 16.20 35.22 99.13 8.07 1.01
SW5.2 27/8/19 | 15.55 35.25 94.11 8.07 0.50
SW5.3 27/8/19 | 15.80 35.26 96.96 8.09 0.46*
SW6 27/8/19 | 15.70 35.20 95.01 8.06 0.75
SW6.2 27/8/19 | 15.50 35.37 94.80 8.07 1.10
SW6.3 27/8/19 | 15.79 35.28 97.29 8.09 0.46
SW7 27/8/19 | 16.51 34.93 122.39 8.20 2.63
SW7.2 27/8/19 | 15.66 35.26 95.15 8.08 0.30
SW7.3 27/8/19 | 15.78 35.15 97.24 8.09 0.50
SW8 27/8/19 | 16.05 35.22 98.14 8.07 0.79
SW8.2 27/8/19 | 15.62 35.18 95.28 8.08 0.72
SW8.3 27/8/19 | 15.58 35.19 96.40 8.09 0.46
SW9 27/8/19 | 16.20 35.15 97.74 8.10 1.98
SW9.2 27/8/19 | 15.67 35.19 95.14 8.08 0.57
SW9.3 27/8/19 | 15.77 35.09 96.86 8.08 0.54
RBE.1 27/8/19 | 15.71 35.28 97.19 8.09 0.40
RBE.2 27/8/19 | 15.76 35.28 97.50 8.09 0.26
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RBE.3 27/8/19

Beachwatch | 27/8/19 | 15.85 35.14 94.45 8.08 1.14
g:illif’l“ 27/8/19 | 17.06 35.41 104.08 8.13 027
1;:;';3“ 27/8/19 | 16.42 35.42 98.52 8.11 0.25
1;:;';"3“ 27/8/19 | 1642 3539 97.73 8.10 0.20
Drain 10 30/8/19 | 16.65 32.80 100.40 8.10 3.30
Drain 2 30/8/19

Drain 3 30/8/19 | 15.14 0.20 103.39 8.07 0.53
Drain 4 30/8/19 | 19.08 0.19 94.10 8.80 1.85
Drain 5 30/8/19 | 18.20 027 66.75 8.30 4.15
Drain 6 30/8/19 | 1622 0.34 92.62 8.51 338
Drain 8 30/8/19 | 18.30 0.18 113.40 8.23 5.03
Drain 9 30/8/19 | 16.09 33.39 95.78 8.09 1.43
SW10 30/8/19 | 15.72 34.46 88.32 8.00 0.87
SW10.2 30/8/19 | 15.71 34.68 94.74 8.04 0.42
SW10.3 30/8/19 | 15.71 34.78 95.06 8.03 0.44
SW3 30/8/19 | 15.60 33.25 91.15 8.08 191
SW3.2 30/8/19 | 15.62 34.39 93.00 8.02 0.87
SW3.3 30/8/19 | 15.84 34.85 95.31 8.04 0.59
SW4 30/8/19 | 15.70 33.71 92.84 8.04 47.85
SW4.2 30/8/19 | 15.82 34.93 94.64 8.03 0.43
SW4.3 30/8/19 | 15.90 35.11 95.36 8.04 0.56
SW5 30/8/19 | 15.80 32.83 94.88 8.09 1.93
SW5.2 30/8/19 | 15.88 35.01 94.88 8.03 0.53
SW5.3 30/8/19 | 15.92 35.14 95.29 8.04 0.49
SW6 30/8/19 | 15.88 34.08 95.16 8.10 1.37
SW6.2 30/8/19 | 15.92 35.12 94.78 8.03 0.51
SW6.3 30/8/19 | 15.88 35.08 95.60 8.04 0.55
SW7 30/8/19 | 16.00 34.58 94.52 8.08 1.76
SW7.2 30/8/19 | 15.89 35.00 95.23 8.04 0.66
SW7.3 30/8/19 | 15.85 35.09 95.60 8.04 0.38
SW8 30/8/19 | 15.87 33.44 96.54 8.01 1.21
SW8.2 30/8/19 | 15.87 34.99 95.33 8.04 0.49
SW8.3 30/8/19 | 15.80 35.09 95.56 8.04 0.75
SW9 30/8/19 | 15.86 34.74 90.92 8.02 0.86
SW9.2 30/8/19 | 15.85 34.53 94.68 8.03 0.44
SW9.3 30/8/19 | 15.85 34.66 94.98 8.03 0.67
RBE.1 30/8/19 | 15.61 34.78 95.10 8.01 0.75
RBE.2 30/8/19 | 15.93 35.00 95.71 8.02 0.54
RBE.3 30/8/19 | 15.85 34.83 94.68 8.02 0.67
Beachwatch | 30/8/19 | 15.94 34.91 93.35 8.03 1.06
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Neilson

Pari 30/8/19 | 1632 35.18 94.70 7.88 033
Neilson Par.2 | 30/8/19 | 16.25 35.15 95.07 8.00 0.28
1;:;';"3“ 30/8/19 | 1643 3522 9533 8.03 032
Drain 10 30/8/19 | 13.90 0.07 98.67 8.82 10.75
Drain 3 30/8/19 | 13.85 0.11 99.95 8.67 29.32
Drain 4 30/8/19 | 16.16 0.17 96.97 7.50 475
Drain 5 30/8/19 | 13.30 0.10 97.40 8.25 25.50
Drain 6 30/8/19 | 13.50 0.14 98.10 9.02 28.90
Drain 7 30/8/19 | 13.60 0.09 88.01 8.49 20.04
Drain 8 30/8/19 | 13.80 0.20 97.74 7.56 12.98
Drain 9 30/8/19 | 13.80 021 97.01 7.98 14.40
SW10 3/9/19 1633 34.58 95.82 7.76 1.45
SW10.2 3/9/19 16.64 34.72 97.02 7.87 0.63
SW10.3 3/9/19 16.63 34.83 99.12 7.89 0.34
SW3 3/9/19 16.60 34.65 102.80 8.02 3.80
SW3.2 3/9/19 16.28 34.86 97.08 7.88 0.96
SW3.3 3/9/19 1627 34.88 97.09 7.88 0.48
SW4 3/9/19 15.93 33.83 98.88 7.97 241
SW4.2 3/9/19 1620 34.86 96.80 7.88 0.49
SW4.3 3/9/19 16.24 34.90 97.26 7.89 0.41
SW5 3/9/19 16.00 33.58 100.84 8.06 29.21
SW5.2 3/9/19 1627 34.84 96.65 7.88 0.40
SW5.3 3/9/19 16.30 34.88 97.40 7.88 031
SW6 3/9/19 16.10 33.95 95.56 8.03 521
SW6.2 3/9/19 16.26 34.84 97.01 7.88 0.49
SW6.3 3/9/19 16.42 34.86 97.60 7.88 0.43
SW7 3/9/19 16.10 33.87 97.13 8.06 1.90
SW7.2 3/9/19 16.63 34.32 97.70 7.87 0.62
SW7.3 3/9/19 16.51 34.84 97.68 7.88 0.36
SW8 3/9/19 16.00 34.65 93.88 8.01 0.93
SW8.2 3/9/19 1626 34.88 97.34 7.88 037
SW8.3 3/9/19 16.30 34.87 97.60 7.88 0.51
SW9 3/9/19 1591 33.30 92.20 7.77 0.87
SW9.2 3/9/19 16.70 34.91 97.20 7.88 0.41
SW9.3 3/9/19 16.59 34.85 97.90 7.88 037
RBE.1 3/9/19 15.93 34.87 96.19 7.88 036
RBE.2 3/9/19 15.99 34.91 96.10 7.88 0.39
RBE.3 3/9/19 16.12 34.88 96.22 7.88 0.45
Beachwatch | 3/9/19 16.24 34.45 96.75 7.89 1.19
g:illif’l“ 3/9/19 16.15 34.95 95.27 7.87 0.42
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1;:;';3“ 3/9/19 17.74 3528 97.27 7.92 0.20
1;:;11:0311 3/9/19 17.60 35.24 97.46 7.93 0.09
Drain 3 3/9/19 15.56 0.26 95.38 8.72 1.33
Drain 4 3/9/19 19.60 021 95.55 8.10 1.58
Drain 6 3/9/19 17.03 0.86 88.55 8.08 2.79
Drain 8 3/9/19 15.82 023 89.11 7.45 1.99
Table 5. Nutrient Data (mg/L)
Site Date FRP | NH4-N | NOx-N | TDN | TDP TN | TP
Beachwatch 21/8/19 | 0.006 | 0.008 | 0.006 0.08 | 0.005 0.1 | 0.009
Drain 4.0 21/8/19 | 0.001 | 0.01 4 0.004 0.004
Drain 5.0 21/8/19 | 0036 | 0.26 3.1 38 | 0.033 4 0.047
Drain 6.0 21819 | 0026 | 0017 | 2
Drain 8.0 21/8/19 | 0.057 | 0.1 0.92 15 | 0.064 15 | 0.084
RBE1.4 21/8/19 | 0.005 | 0.006 | 0.003 0.08 | 0.005 0.08 | 0.008
RBE2.4 21/8/19 | 0.005 | 0.006 | 0.004 0.08 | 0.005 0.09 | 0.008
Neilson Park.1 | 21/8/19 | 0.004 | 0.005 | 0.004 0.07 | 0.005 0.08 | 0.007
Neilson Park.2 | 21/8/19 | 0.005 | 0.008 | 0.022 0.1 | 0.006 0.1 | 0.009
Neilson Park.3 | 21/8/19 | 0.005 | 0.006 | 0.013 0.08 | 0.005 0.1 | 0.008
SW10.1 21/8/19 | 0006 | 0.014 | 0.027 0.11 | 0.006 0.12 | 0.011
SW10.2 21/8/19 | 0005 | 0.007 | 0.007 0.08 | 0.005 0.08 | 0.009
SW10.3 21/8/19 | 0.006 | 0.007 | 0.005 0.08 | 0.005 0.08 | 0.008
SW2.1 21/8/19 | 0.008 | 0.017 | 0.026 0.15 | 0.01 0.17 | 0.013
SW3.1 21/8/19 | 0005 | 0013 | 0.11 023 | 0.006 026 | 0.015
SW3.2 21/8/19 | 0004 | 0.007 | 0.007 0.09 | 0.006 0.08 | 0.009
SW3.3 21/8/19 | 0.005 | 0.005 | 0.003 0.07 | 0.005 0.1 | 0.008
SW4.1 21/8/19 | 0004 | 0006 | 0.13 022 | 0.004 021 | 0.009
SW4.2 21/8/19 | 0.005 | 0.009 | 0.006 0.1 | 0.009 0.08 | 0.007
SW4.3 21/8/19 | 0.005 | 0.005 | 0.003 0.08 | 0.006 0.07 | 0.008
SW5.1 21/8/19 | 0004 | 0.008 | 028 037 | 0.005 037 | 0.009
SW5.2 21/8/19 | 0.005 | 0.008 | 0.005 0.09 | 0.007 0.09 | 0.008
SW5.3 21/8/19 | 0.005 | 0.006 | 0.003 0.08 | 0.005 0.08 | 0.007
SW6.1 21/8/19 | 0005 | 0.007 | 0.007 0.08 | 0.005 0.09 | 0.008
SW6.2 21/8/19 | 0.005 | 0.008 | 0.004 0.08 | 0.005 0.08 | 0.007
SW6.3 21/8/19 | 0.005 | 0.006 | 0.003 0.08 | 0.005 0.08 | 0.007
SW7.1 21/8/19 | 0.005 | 0.01 0.01 0.09 | 0.005 0.11 | 0.01
SW7.2 21/8/19 | 0004 | 0.007 | 0.003 0.08 | 0.005 0.09 | 0.008
SW7.3 21/8/19 | 0.005 | 0.006 | 0.003 0.08 | 0.005 0.08 | 0.007
SW8.1 21/8/19 | 0.008 | 0.015 | 0.038 0.15 | 0.007 0.16 | 0.014
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SW8.2 21/8/19 0.005 0.007 0.003 0.08 0.004 0.09 | 0.008
SW8.3 21/8/19 0.005 0.006 0.002 0.07 | 0.006 0.09 | 0.008
SW9I.1 21/8/19 0.005 0.009 0.011 0.11 0.005 0.1 0.009
SW9.2 21/8/19 0.005 0.006 0.003 0.08 0.005 0.09 | 0.009
SW9.3 21/8/19 0.005 0.006 0.003 0.08 0.006 0.07 | 0.007
Beachwatch 27/8/19 0.007 0.011 0.008 0.09 | 0.008 0.1 0.011
Drain 10.0 27/8/19 0.009 0.013 1.6 1.5 0.01 2.5 0.013
Drain 2.0 27/8/19 0.11 0.15 1.6 2.1 0.15 2.2 0.16

Drain 3.0 27/8/19 0.047 0.082 2.1 2.4 0.052 2.5 0.058
Drain 4.0 27/8/19 0.009 0.032 33 3.7 0.016 3.7 0.03

Drain 5.0 27/8/19 0.04 0.099 2.9 33 0.042 3.4 0.054
Drain 6.0 27/8/19 0.04 0.037 1.5 1.8 0.039 1.9 0.045
Drain 8.0 27/8/19 0.068 0.081 0.6 1.1 0.075 1.1 0.11

Drain 9.0 27/8/19 0.027 0.028 0.36 0.5 0.027 0.86 | 0.059
RBE1.4 27/8/19 0.006 0.006 0.005 0.08 0.007 0.08 0.008
RBE2.4 27/8/19 0.006 0.006 0.006 0.07 | 0.007 0.07 | 0.007
RBE3.4 27/8/19 0.006 0.008 0.01 0.08 0.007 0.08 0.007
Neilson Park.1 | 27/8/19 0.007 0.014 0.023 0.1 0.008 0.1 0.007
Neilson Park .2 | 27/8/19 0.007 0.013 0.017 0.09 | 0.007 0.1 0.008
SW10.1 27/8/19 0.007 0.009 0.017 0.1 0.006 0.11 0.014
SW10.2 27/8/19 0.007 0.007 0.008 0.08 0.006 0.08 0.008
SW10.3 27/8/19 0.006 0.007 0.005 0.08 0.008 0.08 0.009
SW2.1 27/8/19 0.009 0.012 0.045 0.14 | 0.01 0.41 0.075
SW3.1 27/8/19 0.006 0.009 0.02 0.1 0.007 0.11 0.01

SW3.2 27/8/19 0.006 0.01 0.024 0.1 0.007 0.11 0.009
SW3.3 27/8/19 0.005 0.009 0.01 0.08 0.006 0.09 | 0.009
SW4.1 27/8/19 0.005 0.01 0.096 0.18 0.007 0.2 0.015
SW4.2 27/8/19 0.006 0.009 0.013 0.09 | 0.007 0.1 0.01

SW4.3 27/8/19 0.006 0.007 0.006 0.08 0.007 0.08 0.008
SW5.1 27/8/19 0.006 0.008 0.008 0.09 | 0.008 0.1 0.011
SW5.2 27/8/19 0.006 0.009 0.01 0.1 0.007 0.09 | 0.008
SW5.3 27/8/19 0.005 0.008 0.006 0.08 0.007 0.07 | 0.007
SWé.1 27/8/19 0.006 0.011 0.011 0.09 | 0.007 0.09 | 0.005
SW6.2 27/8/19 0.006 0.009 0.007 0.09 | 0.006 0.09 | 0.009
SW6.3 27/8/19 0.005 0.007 0.006 0.08 0.006 0.08 0.01

SW7.1 27/8/19 0.007 0.008 0.005 0.08 0.008 0.11 0.012
SW7.2 27/8/19 0.006 0.01 0.008 0.09 | 0.006 0.09 | 0.008
SW7.3 27/8/19 0.006 0.006 0.005 0.08 0.007 0.09 | 0.01

SW8.1 27/8/19 0.006 0.009 0.006 0.08 0.008 0.13 0.017
SW8.2 27/8/19 0.006 0.007 0.006 0.09 | 0.006 0.08 0.007
SW8.3 27/8/19 0.006 0.006 0.005 0.08 0.007 0.08 0.008
SW9I.1 27/8/19 0.007 0.01 0.01 0.09 | 0.009 0.12 | 0.015
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SW9.2 27/8/19 0.006 0.007 0.006 0.007 0.008
SW9.3 27/8/19 0.005 0.008 0.006 0.07 | 0.006 0.09 | 0.007
Beachwatch 30/8/19 0.006 0.016 0.019 0.13 0.009 0.1 0.005
Drain 10.0 30/8/19 0.13 0.03 0.93 1.2 0.13 1.1 0.12

Drain 3.0 30/8/19 0.13 0.54 0.44 1.6 0.14 1.6 0.16

Drain 4.0 30/8/19 0.08 0.082 2.2 2.5 0.11 2.4 0.096
Drain 5.0 30/8/19 0.051 0.097 0.16 0.31 0.033 096 | 0.15

Drain 6.0 30/8/19 0.041 0.048 0.27 0.44 | 0.03 0.52 | 0.071
Drain 7.0 30/8/19 0.061 0.056 0.16 0.39 | 0.075 0.41 0.098
Drain 8.0 30/8/19 0.067 0.069 0.29 0.6 0.064 0.54 | 0.066
Drain 9.0 30/8/19 0.052 0.057 0.18 0.39 | 0.047 0.88 0.12

RBE1.4 30/8/19 0.007 0.012 0.013 0.11 0.008 0.09 | 0.006
RBE2.4 30/8/19 0.007 0.012 0.014 0.1 0.007 0.08 0.004
RBE3.4 30/8/19 0.007 0.015 0.016 0.1 0.007 0.09 | 0.004
Neilson Park.1 | 30/8/19 0.007 0.014 0.026 0.008 0.009
Neilson Park.2 | 30/8/19 0.007 0.015 0.024 0.008 0.01

Neilson Park.3 | 30/8/19 0.007 0.016 0.025 0.1 0.007 0.1 0.009
SW10.1 30/8/19 0.011 0.022 0.033 0.14 | 0.01 0.11 0.007
SW10.2 30/8/19 0.007 0.013 0.015 0.12 | 0.008 0.08 0.004
SW10.3 30/8/19 0.007 0.014 0.015 0.12 | 0.008 0.1 0.006
SW3.1 30/8/19 0.016 0.041 0.051 0.18 0.016 0.19 | 0.023
SW3.2 30/8/19 0.008 0.019 0.029 0.13 0.011 0.14 | 0.012
SW3.3 30/8/19 0.006 0.011 0.014 0.09 | 0.007 0.09 | 0.008
SW4.1 30/8/19 0.009 0.019 0.068 0.16 | 0.011 0.55 0.068
SW4.2 30/8/19 0.006 0.013 0.016 0.09 | 0.006 0.1 0.009
SW4.3 30/8/19 0.005 0.012 0.014 0.09 | 0.006 0.1 0.008
SW5.1 30/8/19 0.008 0.015 0.019 0.12 | 0.009 0.12 | 0.018
SW5.2 30/8/19 0.006 0.012 0.014 0.09 | 0.007 0.09 | 0.007
SW5.3 30/8/19 0.006 0.012 0.014 0.09 | 0.006 0.09 | 0.007
SWé.1 30/8/19 0.006 0.014 0.015 0.1 0.007 0.1 0.009
SW6.2 30/8/19 0.006 0.012 0.013 0.1 0.007 0.09 | 0.007
SW6.3 30/8/19 0.006 0.012 0.015 0.09 | 0.006 0.1 0.008
SW7.1 30/8/19 0.006 0.015 0.012 0.09 | 0.007 0.1 0.013
SW7.2 30/8/19 0.006 0.013 0.014 0.08 0.006 0.08 0.008
SW7.3 30/8/19 0.006 0.011 0.013 0.09 | 0.007 0.1 0.008
SW8.1 30/8/19 0.017 0.027 0.089 0.02 0.023
SW8.2 30/8/19 0.006 0.011 0.014 0.09 | 0.007 0.1 0.008
SW8.3 30/8/19 0.007 0.012 0.012 0.1 0.007 0.09 | 0.008
SW9I.1 30/8/19 0.008 0.015 0.021 0.11 0.01 0.13 0.015
SW9.2 30/8/19 0.007 0.021 0.029 0.11 0.009 0.12 | 0.011
SW9.3 30/8/19 0.007 0.013 0.019 0.1 0.008 0.11 0.01

Beachwatch 3/9/19 0.008 0.021 0.27 0.41 0.009 0.42 | 0.013
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Drain 3.0 3/9/19 0.042 0.19 2.8 3.6 0.074 3.6 0.068
Drain 4.0 3/9/19 0.004 0.023 3.7 4 0.004 4 0.011
Drain 6.0 3/9/19 0.056 0.069 2.1 2.5 0.058 2.5 0.067
Drain 8.0 3/9/19 0.08 0.11 1 1.7 0.071 1.7 0.12

RBE1.4 3/9/19 0.007 0.011 0.022 0.12 | 0.008 0.12 | 0.01

RBE2.4 3/9/19 0.006 0.01 0.022 0.11 0.008 0.12 | 0.01

RBE3.4 3/9/19 0.007 0.011 0.022 0.12 | 0.008 0.12 | 0.009
Neilson Park.1 | 3/9/19 0.006 0.012 0.023 0.13 0.009 0.09 | 0.004
Neilson Park.2 | 3/9/19 0.005 0.013 0.027 0.12 | 0.007 0.1 0.006
SW10.1 3/9/19 0.007 0.017 0.057 0.21 0.01 0.17 | 0.006
SW10.2 3/9/19 0.007 0.012 0.026 0.12 | 0.007 0.13 0.009
SW10.3 3/9/19 0.006 0.009 0.021 0.11 0.007 0.13 0.009
SW3.1 3/9/19 0.007 0.014 0.047 0.15 0.009 0.16 | 0.014
SW3.2 3/9/19 0.006 0.009 0.021 0.12 | 0.009 0.09 | 0.006
SW3.3 3/9/19 0.006 0.01 0.021 0.13 0.008 0.11 0.004
SW4.1 3/9/19 0.005 0.01 0.059 0.18 0.007 0.14 | 0.005
SW4.2 3/9/19 0.006 0.01 0.021 0.12 | 0.009 0.09 | 0.004
SW4.3 3/9/19 0.007 0.01 0.021 0.13 0.008 0.11 0.004
SW5.1 3/9/19 0.007 0.014 0.16 0.28 0.006 0.45 0.008
SW5.2 3/9/19 0.007 0.01 0.022 0.14 | 0.009 0.1 0.007
SW5.3 3/9/19 0.006 0.01 0.021 0.12 | 0.008 0.12 | 0.008
SWé.1 3/9/19 0.01 0.026 0.14 0.29 | 0.01 0.3 0.012
SW6.2 3/9/19 0.006 0.01 0.021 0.12 | 0.008 0.12 | 0.008
SW6.3 3/9/19 0.006 0.009 0.021 0.12 | 0.009 0.11 0.007
SW7.1 3/9/19 0.01 0.032 0.29 0.46 | 0.011 0.33 0.009
SW7.2 3/9/19 0.007 0.02 0.11 0.24 | 0.008 0.2 0.004
SW7.3 3/9/19 0.006 0.01 0.021 0.13 0.008 0.11 0.008
SW8.1 3/9/19 0.017 0.035 0.13 0.31 0.013 0.3 0.014
SW8.2 3/9/19 0.006 0.009 0.021 0.13 0.009 0.1 0.009
SW8.3 3/9/19 0.006 0.009 0.021 0.12 | 0.008 0.11 0.004
SW9I.1 3/9/19 0.009 0.018 0.049 0.18 0.011 0.16 | 0.01

SW9.2 3/9/19 0.006 0.008 0.022 0.14 | 0.008 0.1 0.004
SW9.3 3/9/19 0.006 0.009 0.021 0.13 0.008 0.1 0.004
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Figure 1. Source tracking qPCRs following rain events. Heatmaps of the 4 source tracking
gPCRs. (A)HF183 (B) Lachno3, (C) DG3, and (D) GFD across sampling locations (Y axis)
and days (x axis). Colour scale corresponds to the respective assay normalised to the 16S qPCR
as a percentage, with the lower scale (Aqua) representing the average of that marker detected
at the reference Nielsen Park transects, over the course of the study. Blank cells represent
samples not collected either due to lack of water flow in drains or due to safety concerns during

the rainfall event. Dark blue cells correspond to no detection. Below each qPCR heatmap is a

small heatmap displaying daily rainfall (mm) at the time sampling.
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Figure 2. Antibiotic resistance gene markers. Heatmaps of the five antibiotic resistance gene
gPCRs, (A) sull, (B) tetA, (C) vanB, (D) qnrS and (E) dfrA1 across sampling locations (Y axis)
and days (x axis). Colour scale corresponds to the respective assay normalised to the 16S qPCR
as a percentage, with the lower scale representing the average of that marker detected at the
reference Nielsen Park transects, over the course of the study. Blank cells represent samples
not collected either due to lack of water flow in drains or due to safety concerns during the
rainfall event. Dark blue cells correspond to no detection. Below each qPCR heatmap is a small

heatmap displaying daily rainfall (mm) at the time of sampling.
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Figure 3. Drain system community signature contribute in Beachwatch reference before and
after rain events. Column graphs of SourceTracker output as contribution percentage from each
source drain at the Beachwatch reference site. Along the x axis is the drain number and along
the y axis is the percentage that drains microbial community contributes to the microbial
community at the Beachwatch site on that day. (A) Displays before the rain event, (B) Displays
3.8 mm of rainfall, (C) Displays 48mm of rainfall and (D) Displays after the rain event. Drains
2,7,9 and 10 did not have sufficient flow to be sampled on the 21/8/19 (pre-rain). Drain 3
(before the rain event (21/8/19) and after 3.8mm of rain (27/8/19)) and Drains 9 and 10 (after
3.8mm rain (27/9/19)) displayed evidence (visual observations of seawater entering drains
along with high levels of ASVs indicative of marine bacteria [e.g., SAR11] in the 16S rRNA

data) of seawater washing into them at high tide.
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Appendix 3 - Rainfall leads to elevated levels of Antibiotic

Resistance Genes within seawater at an Australian beach

176



1.0 Methods
1.1 — Chlorophyll

To quantify Chl-a concentrations, a 110ml water sample was taken at each sampling
location and filtered in the field through a 0.45 um glass fibre filter (Sartorius Glass microfibre
discs FT-3-1103-047). The filter was immediately frozen and returned to the laboratory for
analysis of Chl-a concentration using modified APHA Method 10200-H at the DPIE Water
Studies laboratory (Eaton and Franson, 2005).

1.2 — Water nutrients

A water sample was collected from each sampling location at each time for nutrient
analysis. The sample was split among three disposable syringes and one syringe was transferred
directly into a clean 30ml vial for total nutrient analysis. The other two samples were passed
through a 0.45mm cellulose acetate syringe filter into two additional tubes for total dissolved
and inorganic nutrient analysis. All nutrient samples were kept on ice, frozen within 2 hours
and analysed using standard methods; Nitrate and Nitrite (APHA 4500-NO3-I -Cadmium
reduction method), Ammonium N (APHA 4500-NH3-H: Phenate method), FRP (Filterable
Reactive Phosphorus) (APHA 4500-P-E-Ascobic acid method), TN (Total Nitrogen), TP
(Total Phosphate), TDN (Total Dissolved Nitrogen), TDP (Total Dissolved Phosphate) (APHA
4500-P-J: Persulfate digestion method) (Eaton and Franson, 2005).

1.3 — Enterococci

Enterococci levels were quantified in all samples using Enterolert, a Defined Substrate
Technology, used to test aquatic environments for faecal indicator organisms. For this analysis,
10ml water samples were diluted with 100ml of sterile deionized water (1:10 dilution) in a
sterile polystyrene vessel, before powdered Enterolert reagent was added and mixed into the
sample. The sample and reagents were then poured into a Quanti-Tray, a sterile panel with 51
wells containing the indicator substrate 4-methylumbelliferone-b-D-glucoside, which
fluoresces when metabolized by enterococci. Quanti-Trays were then sealed and incubated for
24hrs at 41°C£0.5°C. The count of total fluorescent wells after 24hrs (using a 365-
nmwavelength UV light with a 6-W bulb) was taken and then referred to a most probable
number (MPN) table. The National Health and Medical Research Council Microbial
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Assessment Categories (NHMRC Australia, 2008) were used to relate enterococci levels to

degree of potential human health risk.

1.4 — qPCR Methods

Each qPCR assay was performed using a BIO-RAD CFX384 Touch™ Real-Time PCR
Detection System™. In each case, gene copies were calculated for each target, using a (6-7
point) standard curve, along with a no template control (NTC), using BIO-RAD's CFX
MAESTROTM software version 1.1. Standard curves were generated from known
concentrations of a synthesised DNA fragment of each targeted gene and were included with
every qPCR run. Each fragment was checked using MEGA7 to ensure they matched both
primers, the probe (if applicable) and target gene and blasted in the NCBI database to ensure it
was from the correct target gene and the correct length. Prior to all gPCR analyses, a dilution
series using the DNA of representative drain and seawater samples was performed following
by the intl] qPCR assay to test for the presence of PCR inhibitors, allowing for selection of the

most suitable dilution factor (1:20) for all samples.

For SYBR Green based detection assays, reaction mixtures (5 pl) consisted of 2.5ul
BIO-RAD iTaq Univeral SYBR® Green Supermix, 1.1 pl nuclease free water, 0.2 pl of each
forward and reverse primer (10mm) and 1 pl of diluted (1:20) DNA template. The reaction
mixes for probe assays consisted of 2.5 pul BIO-RAD iTaq UniversalProbes® Supermix, 1 pl
nuclease free water, 0.2 pl of each forward and reverse primer (10mm), 0.1 pl of probe (10mm)
and 1 pl of diluted (1:20) DNA template. For all samples, plate preparation was performed
using an epMotion® 50751 Automated Liquid Handling System.

Quantitative PCR cycling conditions consisted of an initial denaturation step at 95°C
for 3 minutes and then 45 cycles of: 95°C for 15 seconds and then variable annealing
temperatures according to assay (Appendix 3 Table 1) for 1 minute, with the exception for
intl1, sull, qnrS and vanB which had annealing times of 30 seconds. Melt curves were included
in all SYBR Green assays to confirm the amplification of a single, correctly sized product. To
ensure the data quality, I calculated the coefficient of variation % of each assay, removing
samples with CV below 2.5%. Limit of detection (Appendix 3 Table 1) was determined by

only accepting samples from within the standard curve.
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1.5 — 16S analysis

Paired R1 and R2 reads were subsequently processed using the DADA2 pipeline
(Callahan et al., 2016). Reads with any ‘N’ bases were removed and bacterial V3-V4 primers
were truncated using cutadapt (Martin, 2011). Reads were trimmed to remove low quality
terminal ends (trunc (R1= 280; R2= 250)). To produce the highest number of merged reads
after learning error rate and removing chimeric sequences, I used the dada2
removeBimeraDenovo program at the default threshold stringent
minFoldParentOverAbundance=1. ASVs were annotated against the SILVA v138 database
with a 50% probability cut-off. The ASV table was subsequently filtered to remove ASVs not
assigned as kingdom Bacteria, as well as any ASVs classified as chloroplast or mitochondria.
Finally, the dataset was rarefied to 30,000 reads using vegan (Dixon, 2003). Raw sequences
were uploaded to NCBI, BioProject PRINA779457. R scripts have been uploaded to
(https://github.com/Nwilliams96/Terrigal Wet Weather 2019).
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Table 1. Primers used in study.

Size

Target PCR Standard Primers Primer Sequences qPCR Conditions Efficiency R? Quantification limit Ref
Human G-Block Lachno3F Forward: 5' CAACGCGAAGAACCTTACCAAA 3'
Lachnospiraceae  synthesised  from Lachno3R  Reverse: 5' CCCAGAGTGCCCACCTTAAAT 3' 95°C for 3 min; 45 cycles of: 95°C
EF036467.1by IDT 187 achno everse: - o(s)::c rgfj’c fojyfr;isn" : 93%-102.6%  0.997 1000 copies/l0O0mL  (Feng etal., 2018)
Lachno3P  Probe: [FAM] 5 ’
CTCTGACCGGTCTTTAATCGGA 3' [MGB]
Bird Heliobacter ~ G-Block GFDF Forward: 5' TCGGCTGAGCACTCTAGGG 3' o . . aco o )
synthesised from 163 ?5 fsf"” rsmf}’ 4f5 cylde.s of: 95°C ?3‘25 5/2 " 0.994 1000 copies/100mL (Green et al., 2012)
JN084061.1 by IDT GFDR Reverse: 5' GCGTCTCTTTGTACATCCCA 3' or 15 sec, 57°C for 1 min 5%
Total Arcobacter ~ Plasmid insert ARCOI1 Forward: 5' GTCGTGCCAAGAAAAGCCA 3' O P it 5 el GRG0
amplified  from 331 o5 D Sy eIE 90% - 95.9% 0.994 1000 copies/100mL (Bastyns et al., 1995)
Sydney samples ARCO2 Reverse: 5' TTCGCTTGCGCTGACAT 3' for 15 sec, 58°C for 1 min
intl 1 Plasmid insert intl.F Forward: 5' GGGTCAAGGATCTGGATTTCG 3' 95°C for 3 min: 45 eveles of: 95°C
amplified from 484 o 4 : 90% - 92% 0.995  100copies/100mL (Mazel et al., 2000)
Sydney samples intl.R Reverse: 5' ACATGCGTGTAAATCATCGTCG 3'  for 15 sec 60°C for 30 sec
sull Plasmid insert sull-FW Forward: 5' CGCACCGGAAACATCGCTGCAC 3' . - - oco . i
amplified  from 163 ?5 ff"”m“j’ 4f5 SEEEEEE ?3'267/;’, o, 0.997 100 copies/100mL (Pei et al., 2006)
Sydney samples sull-RV Reverse: 5' TGAAGTTCCGCCGCAAGGCTCG 3" for 15 sec, 65°C for 30 sec 7%
tetA Plasmid insert tetA-F2-L Forward: 5' CAG CCT CAA TTT CCT GAC GGG ) )
amplified from CTG A3 95°C for 3 min; 45 cycles of: 95°C ) o . (Borjesson et al.,
Sydncy samplos 9 tetA-RD for 15 see, 58°C for 1 min 90% - 99.9% 0.993 100 copies/100mL 2009)
Reverse: 5' GAA GCG AGC GGG TTG AGA G 3'
vanB Plasmid, bacteria VB-F Forward: 5' AAT CTT AAT TGA GCA AGC GAT
w/plasmid B TTC 3'
GEM-T withvanB -0 Reverse: 5' CCT GAT GGA TGC GGA AGATA 3 2. C for 3min; 45 cycles of: 95°C o5 g0, 67800 0996 100 copies/100mL (Berglund etal., 2014)
Elone q 0 VB-P for 15 sec, 60°C for 30 sec
Probe: [FAM] 5’ CCG GAT TTG ATC CAC TTC
GCC GAC AAT CA 3’
qnrS Plasmid pGEM-T QnrS-F Forward: 5’ ATC AAG TGA GTA ATC GTA TGT
with qnr$S cloned 320 ACT 3’ 95°C for 3 min; 45 cycles of: 95°C o _ o .
0 QniS-R for 15 sec, 72°C for 30 sec 92.9%-97.8% 0.996 100 copies/100mL (Berglund et al., 2014)
Reverse: 5’ CAC CTC GACTTAAGTCTGAC 3’
dfrA Plasmid, bacteria dfrls-f Forward: 5’ATG GAG TGC CAA AGG TGA AC 3’ g - s G
wiplasmid 350 o %f"r“é“z“j’c“fs Cylde.s of:95°C  g04.102.5%  0.994 100 copies/I00mL  (Grape et al., 2007)
dfrls-r Reverse: 5° TAT CTC CCC ACC ACC TGA AA 3’ or 1o sec, or 1 mn
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Table 2. qPCR and Enterococci correlations over the course of the study period.

P-Value (Bonferroni Corrected, permutations) - Spearman's rs

Enterococci Lachno3 Intl Acro Sull tetA dfrA VanB qnrS
Enterococci 0.9108 0.0036 0.0036 1 0.0036 0.0036 1 1
Lachno3 0.9108 0.0036 0.0036 0.0036 0.0036 0.2304 1 1
Intl 0.0036 0.0036 0.0036 0.0036 0.0036 0.1656 1 1
Acro 0.0036 0.0036 0.0036 0.0036 0.0036 0.0756 1 0.0072
Sull 1 0.0036 0.0036 0.0036 1 0.0324 1 1
tetA 0.0036 0.0036 0.0036 0.0036 1 1 1 1
dfrA 0.0036 0.2304 0.1656 0.0756 0.0324 1 1 1
VanB 1 1 1 1 1 1 1 1
qnrS 1 1 1 0.0072 1 1 1 1
R value - Spearman's rs

Enterococci Lachno3 Intl Acro Sull tetA. dfrA VanB qnrS
Enterococci 0.17723 0.28015 0.33253 0.14837 0.32089 0.36709 0 -0.0720
Lachno3 0.17723 0.61965 0.59417 03178 0.32788 0.21138 0 0.10545
Intl 0.28015 0.61965 0.66043 0.37286 0.48214 0.22143 0 0.10658
Acro 0.33253 0.59417 0.66043 0.41783 0.45004 0.23923 0 0.28113
Sull 0.14837 03178 0.37286 0.41783 0.10598 0.26802 0 0.11845
tetA 0.32089 0.32788 0.48214 0.45004 0.10598 0.14352 0 -0.0846
dfrA 0.36709 0.21138 0.22143 0.23923 0.26802 0.14352 0 -0.1522
VanB 0 0 0 0 0 0 0 0
qnrS -0.072089 0.10545 0.10658 0.28113 0.11845 -0.0846 -0.1522 0
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Table 3. Abiotic data taken over the course of the experiment. Blank spaces indicate data which

either could not be taken due to technical issues, or which could not be taken due to weather

conditions.
Site Time Date Temp SAL NH4-N | TDP TDN TN TP Chl a
oC — (mg/L) | (mgL) | (mg/lL) | (mgL) | (mg/L)
SW0.1 | am 20/5/19 | 14.10 0.01 0.00 0.11 0.12 0.01 1.01
SW0.2 | am 20/5/19 | 21.28 33.66 0.01 0.01 0.12 0.13 0.01 0.95
SW0.3 | am 20/5/19 | 21.24 35.61 0.01 0.00 0.09 0.09 0.01 1.22
SWI.1 | am 20/5/19 | 20.30 0.02 0.01 0.13 0.14 0.01 3.14
SW1.2 | am 20/5/19 | 21.08 37.51 0.02 0.01 0.13 0.13 0.01 0.81
SWI1.3 | am 20/5/19 | 21.17 35.36 0.01 0.00 0.10 0.11 0.01 1.47
SW2.1 | am 20/5/19 | 20.65 0.02 0.00 0.13 0.14 0.01 0.71
SW22 | am 20/5/19 | 20.95 36.94 0.01 0.01 0.11 0.12 0.01 0.96
SW2.3 | am 20/5/19 | 21.00 35.08 0.01 0.00 0.10 0.12 0.02 1.03
SW4.1 | am 20/5/19 | 20.60 0.01 0.00 0.11 0.12 0.00 0.66
SW42 | am 20/5/19 | 20.85 35.80 0.01 0.01 0.10 0.18 0.06 1.01
SW43 | am 20/5/19 | 21.09 34.45 0.01 0.00 0.10 0.10 0.00 0.94
SW5.1 | am 20/5/19 | 20.30 0.02 0.00 0.12 0.12 0.00 1.31
SW52 | am 20/5/19 | 21.14 35.15 0.01 0.00 0.09 0.10 0.01 1.11
SW5.3 | am 20/5/19 | 21.22 35.54 0.01 0.00 0.10 0.11 0.01 1.25
SW6.1 | am 20/5/19 | 20.70 0.01 0.00 0.12 0.11 0.00 0.79
SW6.2 | am 20/5/19 | 21.33 34.64 0.01 0.00 0.09 0.10 0.01 0.88
SW6.3 | am 20/5/19 | 21.27 35.26 0.01 0.00 0.09 0.11 0.01 0.83
SW7.1 | am 20/5/19 | 21.25 0.01 0.00 0.08 0.10 0.01 1.11
SW7.2 | am 20/5/19 | 21.31 34.26 0.01 0.01 0.11 0.11 0.01 1.45
SW7.3 | am 20/5/19 | 21.30 35.15 0.01 0.00 0.09 0.10 0.01 1.47
SWS8.1 | am 20/5/19 | 21.30 0.01 0.00 0.10 0.12 0.01 1.30
SW82 | am 20/5/19 | 21.35 33.48 0.01 0.00 0.09 0.10 0.01 1.21
SW8.3 | am 20/5/19 | 21.30 34.74 0.01 0.00 0.09 0.11 0.01 1.69
SW9.1 | am 20/5/19 | 21.10 0.01 0.01 0.14 0.14 0.01 0.72
SW9.2 | am 20/5/19 | 21.19 34.65 0.01 0.01 0.10 0.11 0.01 0.67
SW9.3 | am 20/5/19 | 21.22 35.34 0.01 0.00 0.11 0.12 0.01 2.56
TL1 am 20/5/19 | 20.49 23.34 0.03 0.00 0.33 0.42 0.02 3.38
TL2 am 20/5/19 | 20.09 22.89 0.02 0.00 0.29 0.45 0.02 3.03
TL3 am 20/5/19 | 19.90 23.09 0.03 0.00 0.29 0.35 0.01 2.95
TL4 am 20/5/19 | 21.23 21.83 0.03 0.01 0.32 0.52 0.04 5.07
TL5 am 20/5/19 | 19.56 23.07 0.02 0.01 0.27 0.32 0.01 2.19
SW0.1 | am 31/5/19 | 17.66 33.74 0.01 0.01 0.13 0.14 0.01 2.43
SW0.2 | am 31/5/19 | 19.40 35.69 0.01 0.01 0.12 0.15 0.01 1.69
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SW0.3 | am 31/5/19 | 19.46 35.54 0.01 0.01 0.12 0.13 0.01 1.49
SWI1.1 | am 31/5/19 | 18.21 33.88 0.04 0.03 0.27 1.43 0.16 241
SW1.2 | am 31/5/19 | 19.07 35.64 0.01 0.01 0.15 0.16 0.01 1.05
SW1.3 | am 31/5/19 | 19.05 35.69 0.01 0.01 0.12 0.13 0.01 1.54
SW2.1 | am 31/5/19 0.01 0.01 0.17 0.18 0.01 0.81
SW22 | am 31/5/19 | 19.26 35.77 0.01 0.01 0.13 0.13 0.01 1.00
SW2.3 | am 31/5/19 | 19.00 35.45 0.01 0.01 0.12 0.14 0.01 1.59
SW4.1 | am 31/5/19 | 18.25 35.14 0.01 0.01 0.12 0.13 0.01 0.76
SW4.2 | am 31/5/19 | 19.23 35.61 0.01 0.01 0.12 0.13 0.01

SW4.3 | am 31/5/19 | 18.95 35.46 0.01 0.01 0.12 0.17 0.01 1.40
SW5.1 | am 31/5/19 | 18.08 35.18 0.01 0.01 0.14 0.15 0.01 0.96
SW52 | am 31/5/19 | 19.00 35.56 0.01 0.01 0.13 0.13 0.01 1.33
SW5.3 | am 31/5/19 | 19.08 35.60 0.01 0.01 0.11 0.12 0.01 1.45
SW6.1 | am 31/5/19 | 18.69 34.64 0.00 0.01 0.11 0.13 0.01 0.94
SW6.2 | am 31/5/19 | 19.10 35.66 0.01 0.01 0.11 0.12 0.01 1.31
SW6.3 | am 31/5/19 | 19.11 35.70 0.01 0.01 0.11 0.11 0.01 1.29
SW7.1 | am 31/5/19 | 18.97 11.71 0.01 0.01 0.12 0.12 0.01 1.38
SW7.2 | am 31/5/19 | 19.27 35.56 0.01 0.01 0.11 0.14 0.01 1.47
SW7.3 | am 31/5/19 | 19.28 35.71 0.01 0.01 0.11 0.12 0.01 1.47
SWS8.1 | am 31/5/19 | 19.07 19.90 0.01 0.01 0.12 0.14 0.01 1.67
SW82 | am 31/5/19 | 19.30 35.48 0.00 0.01 0.10 0.12 0.01 1.61
SW8.3 | am 31/5/19 | 19.30 35.72 0.01 0.01 0.12 0.12 0.01 1.52
SW9.1 | am 31/5/19 | 18.80 23.24 0.01 0.01 0.13 0.14 0.01 0.89
SW9.2 | am 31/5/19

SW9.3 | am 31/5/19 | 19.36 35.86 0.00 0.01 0.12 0.17 0.01 1.01
TL1 am 31/5/19 | 11.18 23.49 0.02 0.01 0.39 0.38 0.01 1.51
TL2 am 31/5/19 | 13.53 23.40 0.02 0.01 0.30 0.31 0.01 2.03
TL3 am 31/5/19 | 13.41 23.08 0.02 0.02 0.29 0.30 0.01 1.64
TL4 am 31/5/19 | 1291 20.31 0.01 0.01 0.31 0.35 0.01 3.68
TL5 am 31/5/19 | 12.53 22.76 0.02 0.00 0.29 0.31 0.01 1.14
SW0.1 | am 4/6/19 19.38 33.38 0.02 0.02 0.16 0.31 0.03 4.61
SW0.2 | am 4/6/19

SW0.3 | am 4/6/19

SWI1.1 | am 4/6/19 18.00 32.57 0.03 0.01 0.16 0.48 0.04 6.00
SW1.2 | am 4/6/19

SW1.3 | am 4/6/19

SW2.1 | am 4/6/19 19.01 33.68 0.01 0.01 0.10 0.11 0.01 1.03
SW2.2 | am 4/6/19

SW2.3 | am 4/6/19

SW4.1 | am 4/6/19 15.74 16.78 0.03 0.03 0.27 0.28 0.03 0.94
SW4.2 | am 4/6/19
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SW4.3 | am 4/6/19

SW5.1 | am 4/6/19 19.76 34.74 0.01 0.01 0.16 0.16 0.01 1.24
SW52 | am 4/6/19

SW5.3 | am 4/6/19

SW6.1 | am 4/6/19 17.69 35.62 0.01 0.01 0.11 0.14 0.01 0.91
SW6.2 | am 4/6/19

SW6.3 | am 4/6/19

SW7.1 | am 4/6/19 19.72 35.07 0.01 0.01 0.10 0.14 0.01 2.94
SW7.2 | am 4/6/19

SW7.3 | am 4/6/19

SW8.1 | am 4/6/19 19.26 34.76 0.01 0.01 0.14 0.14 0.01 1.69
SW8.2 | am 4/6/19

SW8.3 | am 4/6/19

SW9.1 | am 4/6/19 19.15 34.54 0.01 0.01 0.17 0.25 0.03 3.71
SW9.2 | am 4/6/19

SW9.3 | am 4/6/19

TL1 am 4/6/19 11.21 16.97 0.04 0.01 0.27 0.38 0.02 2.51
TL2 am 4/6/19 11.83 16.99 0.03 0.01 0.31 0.43 0.03 5.95
TL3 am 4/6/19 12.36 20.01 0.02 0.00 0.25 0.29 0.01 4.47
TL4 am 4/6/19 11.12 11.68 0.03 0.02 0.30 0.38 0.04 3.00
TLS am 4/6/19 11.84 19.33 0.02 0.01 0.27 0.31 0.02 3.04
SW0.1 | am 6/6/19 0.01 0.01 0.10 0.12 0.01 0.52
SW0.2 | am 6/6/19

SW0.3 | am 6/6/19 19.75 35.65 0.01 0.01 0.09 0.11 0.01 0.72
SWI1.1 | am 6/6/19 19.20 0.01 0.01 0.11 0.13 0.01 0.69
SW1.2 | am 6/6/19 19.80 35.43 0.02 0.01 0.11 0.12 0.01 0.64
SW1.3 | am 6/6/19 19.81 35.57 0.01 0.01 0.11 0.10 0.01 0.58
SW2.1 | am 6/6/19 19.10 0.02 0.01 0.12 0.14 0.01 0.76
SW22 | am 6/6/19 19.83 35.68 0.02 0.01 0.11 0.13 0.01 0.65
SW2.3 | am 6/6/19 19.81 35.39 0.01 0.01 0.10 0.10 0.01 0.54
SW4.1 | am 6/6/19 19.10 0.02 0.01 0.12 0.14 0.01 0.65
SW4.2 | am 6/6/19 19.83 35.48 0.01 0.01 0.10 0.11 0.01 0.54
SW4.3 | am 6/6/19 19.75 35.48 0.01 0.01 0.12 0.10 0.01 0.44
SW5.1 | am 6/6/19 19.20 0.02 0.01 0.14 0.13 0.01 0.56
SW52 | am 6/6/19 19.85 35.46 0.01 0.01 0.17 0.11 0.01 0.61
SW5.3 | am 6/6/19 19.78 35.49 0.01 0.01 0.10 0.10 0.01 0.48
SW6.1 | am 6/6/19 18.80 0.02 0.01 0.13 0.13 0.01 0.63
SW6.2 | am 6/6/19 19.64 35.45 0.01 0.01 0.19 0.11 0.01 0.65
SW6.3 | am 6/6/19 19.80 35.56 0.01 0.01 0.10 0.10 0.01 0.54
SW7.1 | am 6/6/19 19.50 0.01 0.01 0.11 0.14 0.01 0.60
SW7.2 | am 6/6/19 19.80 33.79 0.01 0.01 0.10 0.10 0.01 0.52
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SW7.3 | am 6/6/19 | 19.86 | 3556 | 0.01 0.00 0.10 0.11 0.01 0.53
SW8.1 | am 6/6/19 | 19.40 0.01 0.01 0.11 0.12 0.01 0.80
SW8.2 | am 6/6/19

SW8.3 | am 6/6/19 | 20.19 | 3558 | 0.01 0.01 0.15 0.08 0.01 0.51
SW9.1 | am 6/6/19 | 18.80 0.01 0.01 0.13 0.12 0.01 0.40
SW9.2 | am 6/6/19

SW9.3 | am 6/6/19 | 19.99 |35.62 | 0.01 0.01 0.10 0.09 0.01 0.45
TLI am 6/6/19 | 1069 | 1329 | 0.01 0.01 0.36 0.42 0.02 1.78
TL2 am 6/6/19 | 9.93 11.90 | 0.02 0.02 0.57 0.61 0.03 0.56
TL3 am 6/6/19 | 1028 | 1223 | 0.01 0.01 0.39 0.48 0.02 0.96
TL4 am 6/6/19 | 9.97 1327 | 0.00 0.00 0.39 0.43 0.02 3.29
TLS am 6/6/19 | 9.92 1324 | 0.01 0.01 0.44 0.40 0.02 0.78
Drain2 | am 6/6/19 | 14.90

Drain4 | am 6/6/19 | 13.80

SWO0.1 | pm 6/6/19 0.01 0.01 0.11 0.18 0.01

SW0.2 | pm 6/6/19

SW0.3 | pm 6/6/19

SWL1 | pm 6/6/19 | 19.75 0.02 0.01 0.12 0.25 0.02

SW1.2 | pm 6/6/19

SW13 | pm 6/6/19

SW2.1 | pm 6/6/19 | 19.80 0.03 0.01 0.20 0.14 0.01

SW2.2 | pm 6/6/19 | 1995 |3574 | 0.02 0.01 0.11 0.11 0.01 0.58
SW2.3 | pm 6/6/19 | 1723 | 14.05 | 0.02 0.01 0.10 0.14 0.01 0.51
SW4.1 | pm 6/6/19 | 19.67 0.02 0.01 0.11 0.15 0.01

SW4.2 | pm 6/6/19

SW4.3 | pm 6/6/19

SW5.1 | pm 6/6/19 | 19.90 0.02 0.01 0.20 0.44 0.02

SW5.2 | pm 6/6/19 | 1991 [3577 | 0.02 0.01 0.11 0.11 0.01 0.52
SW5.3 | pm 6/6/19 | 19.84 | 3424 | 0.02 0.01 0.11 0.12 0.01

SW6.1 | pm 6/6/19 0.01 0.01 0.36 0.15 0.01

SW6.2 | pm 6/6/19 | 19.82 |3548 | 0.02 0.01 0.13 0.15 0.01 0.62
SW6.3 | pm 6/6/19 | 19.84 | 3428 | 0.03 0.01 0.11 0.13 0.01 0.54
SW7.1 | pm 6/6/19 | 19.95 0.01 0.01 0.13 0.16 0.01

SW7.2 | pm 6/6/19 | 19.92 | 3554 | 0.03 0.01 0.11 0.12 0.01 0.68
SW7.3 | pm 6/6/19 | 1997 |35.73 | 0.04 0.01 0.11 0.11 0.01 0.60
SW8.1 | pm 6/6/19 | 20.17 0.02 0.01 0.16 0.15 0.01

SW8.2 | pm 6/6/19

SW8.3 | pm 6/6/19

SW9.1 | pm 6/6/19 | 20.40 0.02 0.01 0.12 0.12 0.01

SW9.2 | pm 6/6/19

SW9.3 | pm 6/6/19
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TLI pm 6/6/19
TL2 pm 6/6/19

TL3 pm 6/6/19

TL4 pm 6/6/19

TLS pm 6/6/19

SWO0.1 | am 11/6/19 | 2039 | 34.66 | 0.12 0.04 0.39 0.39 0.03 0.89
SW0.2 | am 11/6/19 | 2029 | 3551 | 0.01 0.01 0.13 0.10 0.01 1.01
SW0.3 | am 11/6/19 | 2032|3552 | 0.01 0.01 0.11 0.12 0.01 0.71
SWL1 | am 11/6/19 | 19.20 0.04 0.01 0.17 0.96 0.07 5.16
SW1.2 | am 11/6/19 | 2027 | 3552 | 0.01 0.01 0.10 0.11 0.01 0.87
SW13 | am 11/6/19 | 2028 | 3571 | 0.01 0.00 0.10 0.11 0.01 0.79
SW2.1 | am 11/6/19 | 19.30 0.03 0.01 0.15 0.25 0.02 0.96
SW2.2 | am 11/6/19 | 2026 | 35.64 | 0.01 0.01 0.13 0.10 0.01 0.88
SW2.3 | am 11/6/19 | 20.11 | 35.56 | 0.01 0.01 0.13 0.13 0.01 0.86
SW4.1 | am 11/6/19 | 18.73 0.02 0.01 0.22 0.19 0.01 043
SW4.2 | am 11/6/19 | 1995 | 3552 | 0.01 0.01 0.14 0.14 0.01 0.82
SW4.3 | am 11/6/19 | 20.15 | 3576 | 0.01 0.01 0.17 0.13 0.01 0.75
SW5.1 | am 11/6/19 | 19.63 0.01 0.01 0.33 0.29 0.01 0.75
SW5.2 | am 11/6/19 | 20.16 | 35.60 | 0.01 0.01 0.11 0.14 0.01 0.86
SW5.3 | am 11/6/19 | 20.17 | 35.60 | 0.01 0.00 0.13 0.13 0.01 0.93
SW6.1 | am 11/6/19 | 2027 | 35.16 | 0.01 0.01 0.14 0.14 0.01 0.80
SW6.2 | am 11/6/19 | 20.14 | 3561 | 0.01 0.01 0.12 0.11 0.01 0.89
SW6.3 | am 11/6/19 | 20.15 | 3571 | 0.01 0.01 0.14 0.11 0.01 0.71
SW7.1 | am 11/6/19 | 2128 | 3524 | 0.01 0.01 0.15 0.13 0.01 0.59
SW7.2 | am 11/6/19 | 2024 | 3557 | 0.01 0.01 0.10 0.12 0.01 1.00
SW7.3 | am 11/6/19 | 2026 | 35.81 | 0.01 0.01 0.11 0.11 0.01 0.94
SW8.1 | am 11/6/19 | 2049 | 3451 | 0.01 0.01 0.12 0.17 0.01 1.04
SW8.2 | am 11/6/19 | 20.18 | 35.66 | 0.01 0.01 0.10 0.10 0.01 0.98
SW8.3 | am 11/6/19 | 2023|3575 | 0.01 0.01 0.11 0.10 0.01 0.87
SW9.1 | am 11/6/19 | 19.75 | 34.82 | 0.01 0.01 0.16 0.16 0.01 043
SW9.2 | am 11/6/19 | 20.10 | 35.63 | 0.01 0.01 0.13 0.14 0.01 0.41
SW9.3 | am 11/6/19 | 2029 | 34.85 | 0.01 0.01 0.11 0.13 0.01 0.82
TLI am 11/6/19 | 19.50 | 28.32 | 0.09 0.00 0.33 0.40 0.01 1.24
TL2 am 11/6/19 | 17.98 | 32.08 | 0.10 0.01 0.29 0.33 0.01 2.30
TL3 am 11/6/19 | 19.80 | 33.17 | 0.07 0.01 0.22 0.28 0.02 0.90
TL4 am 11/6/19 | 19.64 | 33.62 | 0.08 0.01 0.25 0.29 0.02 3.74
TLS am 11/6/19 | 1848 | 3348 | 0.06 0.01 0.24 0.27 0.01 1.02
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Table 4. Enterococci data taken over the course of the experiment. Blank spaces indicate data

which could not be taken due to weather conditions.

Site 20/5/19 31/5/19 4/6/19 06/06/19 AM | 06/06/19 11/06/19
PM
SWO0.1 <10 10 10 <10
SWO0.2 <10 <10 <10
SW0.3 <10 <10 <10 <10
SWI1.1 30.6 10 <10 10
SW1.2 <10 <10 <10 <10
SW1.3 <10 <10 10 <10
SW2.1 <10 9803.9 51.2 20.2 <10
SW2.2 <10 <10 10 10 <10
Sw2.3 <10 <10 9.9 <10 10
SW4.1 <10 17328.9 <10 10 10
SW4.2 <10 10 <10 <10
Sw4.3 <10 <10 10
SW5.1 <10 1726 10 <10 <10
SW5.2 <10 <10 <10 <10 10
SW5.3 <10 <10 10 10 <10
SW6.1 <10 427.5 <10 262.1 <10
SW6.2 <10 <10 <10 413 <10
SW6.3 <10 <10 <10 10 <10
SW7.1 <10 <10 <10 <10
SW7.2 <10 <10 10 20.2 <10
SW7.3 <10 <10 10 10 <10
SW8.1 <10 <10 10 <10
SW8.2 <10 <10 <10
SW8.3 <10 <10 <10 <10
SWO.1 <10 1515.2 <10 10
SW9.2 <10 <10
SW9.3 <10 <10 <10 <10
Drain | >24196
Drain 2 >24196 626.3 880.3
Drain 4 >24196
Lagoon 1 <10 <10 4611.1 119.9
Lagoon 2 20.1 <10 10462.4 40.9
Lagoon 3 20.1 <10 2841.4 <10
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Lagoon 4

62.6

10

657.5

<10

Lagoon 5

20.2

30.4

2809.2

6488.2

669.5

41.3
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Table 5. qPCR data in copies/100mL

Date Site Lachno3 intl-1 Acro GFD sull tetA dfirA gnrS

20/5/19 L.14 0.00E+00 | 4.70E+02 | 1.41E+05 | 42280 0.00E+00 | 5.10E+05 | 0.00E+00 | 8.26E+03
20/5/19 L24 2.29E+03 | 0.00E+00 | 0.00E+00 | 69219 1.96E+03 | 1.52E+05 | 0.00E+00 | 3.67E+03
20/5/19 L34 0.00E+00 | 1.10E+03 | 0.00E+00 | 16812 2.41E+03 | 2.09E+05 | 0.00E+00 | 4.71E+03
20/5/19 L44 0.00E+00 | 1.06E+03 | 9.20E+05 | 69575 0.00E+00 | 3.75E+05 | 0.00E+00 | 0.00E+00
20/5/19 L54 0.00E+00 | 1.11E+03 1.63E+06 | 146704 1.88E+03 | 1.99E+05 | 2.91E+04 | 0.00E+00
20/5/19 SW.0.1 | 0.00E+00 | 1.08E+02 | 1.77E+04 | 22457 0.00E+00 | 8.01E+04 | 0.00E+00 | 8.95E+03
20/5/19 SW.0.2 | 0.00E+00 | 1.75E+02 | 3.21E+04 | 31713 8.78E+02 | 4.43E+04 | 0.00E+00 | 3.98E+02
20/5/19 SW.0.3 | 0.00E+00 | 2.18E+02 | 2.51E+04 | 41512 0.00E+00 | 4.99E+04 | 0.00E+00 | 0.00E+00
20/5/19 SW.1.1 | 0.00E+00 | 1.97E+03 | 8.94E+04 | 21643 5.49E+03 | 6.39E+04 | 5.93E+05 | 3.08E+04
20/5/19 SW.1.1 | 0.00E+00 | 3.13E+02 | 9.56E+04 | 10793 6.22E+02 | 4.00E+04 | 0.00E+00 | 5.69E+04
20/5/19 SW.1.3 | 2.05E+03 | 2.49E+02 | 5.23E+04 | 70413 1.18E+03 | 6.33E+04 | 0.00E+00 | 4.12E+04
20/5/19 SW.2.1 | 0.00E+00 | 2.21E+02 | 1.24E+05 | 53237 1.02E+03 | 4.31E+04 | 0.00E+00 | 3.50E+04
20/5/19 SW.2.2 | 1.73E+03 | 5.90E+02 | 7.62E+04 | 78290 0.00E+00 | 3.13E+04 | 0.00E+00 | 2.28E+04
20/5/19 SW.2.3 | 0.00E+00 | 7.02E+01 | 3.26E+04 | 44301 0.00E+00 | 3.17E+04 | 0.00E+00 | 2.69E+02
20/5/19 Sw.4.1 | 3.52E+03 | 2.63E+03 1.52E+05 | 21217 0.00E+00 | 3.66E+04 | 0.00E+00 | 6.07E+04
20/5/19 SW.4.2 | 7.18E+03 | 3.94E+02 | 6.51E+04 | 43358 0.00E+00 | 4.92E+04 | 0.00E+00 | 1.36E+04
20/5/19 SW.4.3 | 0.00E+00 | 1.51E+02 | 0.00E+00 | 17120 0.00E+00 | 5.48E+04 | 0.00E+00 | 2.62E+04
20/5/19 SW.5.1 | 7.80E+03 | 9.30E+02 | 2.87E+04 | 30847 7.60E+02 | 1.08E+05 | 0.00E+00 | 8.43E+03
20/5/19 SW.5.2 | 1.60E+04 | 2.31E+02 | 1.55E+04 | 19179 0.00E+00 | 1.62E+05 | 0.00E+00 | 2.16E+04
20/5/19 SW.5.3 | 0.00E+00 | 8.47E+02 | 0.00E+00 | 31974 0.00E+00 | 6.12E+04 | 0.00E+00 | 1.31E+04
20/5/19 SW.6.1 | 5.17E+03 | 7.60E+01 | 3.50E+04 | 82927 0.00E+00 | 1.05E+05 | 0.00E+00 | 0.00E+00
20/5/19 SW.6.2 | 0.00E+00 | 3.02E+01 | 2.11E+04 | 91650 0.00E+00 | 6.02E+04 | 0.00E+00 | 1.10E+04
20/5/19 SW.6.3 | 0.00E+00 | 2.38E+02 | 1.58E+04 | 40045 0.00E+00 | 6.37E+04 | 0.00E+00 | 1.02E+04
20/5/19 SW.7.1 | 0.00E+00 | 5.58E+02 | 1.55E+04 | 16626 0.00E+00 | 8.67E+04 | 0.00E+00 | 1.51E+04
20/5/19 SW.7.2 | 0.00E+00 | 2.98E+02 | 2.53E+04 | 33650 0.00E+00 | 5.15E+04 | 0.00E+00 | 8.41E+03
20/5/19 SW.7.3 | 0.00E+00 | 3.13E+02 | 2.36E+04 | 34388 0.00E+00 | 5.60E+04 | 0.00E+00 | 5.53E+03
20/5/19 SW.8.1 | 0.00E+00 | 1.38E+02 | 9.03E+03 | 52564 0.00E+00 | 8.20E+04 | 0.00E+00 | 2.65E+04
20/5/19 SW.8.2 | 0.00E+00 | 9.58E+01 1.64E+04 | 2445 0.00E+00 | 5.99E+04 | 0.00E+00 | 1.33E+04
20/5/19 SW.8.3 | 0.00E+00 | 4.74E+01 1.30E+04 | 6396 0.00E+00 | 5.32E+04 | 0.00E+00 | 3.83E+03
20/5/19 SW.9.1 | 0.00E+00 | 6.30E+02 | 1.58E+05 | 7351 3.77E+03 | 1.01E+05 | 0.00E+00 | 2.66E+04
20/5/19 SW.9.2 | 0.00E+00 | 6.29E+02 | 1.44E+05 | 0 0.00E+00 | 3.53E+04 | 0.00E+00 | 2.92E+04
20/5/19 SW.9.3 | 0.00E+00 | 3.82E+02 | 2.46E+04 | 1235 0.00E+00 | 5.28E+04 | 0.00E+00 | 1.06E+04
31/5/19 L.14 0.00E+00 | 1.42E+02 | 3.41E+05 | 47581 0.00E+00 | 4.98E+05 | 0.00E+00 | 0.00E+00
31/5/19 L24 0.00E+00 | 8.90E+01 | 7.38E+05 | 4945 1.28E+03 | 3.12E+05 | 0.00E+00 | 3.64E+03
31/5/19 L34 0.00E+00 | 1.56E+01 | 4.37E+05 | 1645 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
31/5/19 L44 0.00E+00 | 4.18E+02 | 2.79E+05 | 3062 0.00E+00 | 3.27E+05 | 0.00E+00 | 0.00E+00
31/5/19 L54 0.00E+00 | 6.33E+01 1.98E+05 | 10027 0.00E+00 | 1.25E+05 | 0.00E+00 | 0.00E+00
31/5/19 SW.0.1 | 0.00E+00 | 0.00E+00 | 6.07E+03 | 8810 4.15E+03 | 2.00E+05 | 0.00E+00 | 1.92E+04
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31/5/19 SW.0.2 | 5.51E+01 1.08E+01 1.97E+04 | 4214 0.00E+00 | 2.18E+04 1.25E+03 | 0.00E+00
31/5/19 SW.0.3 1.73E+02 | 2.88E+01 2.34E+04 | 2166 6.16E+02 1.76E+04 | 6.99E+02 | 0.00E+00
31/5/19 SW.1.1 | 0.00E+00 | 3.30E+01 9.96E+03 | 2735 1.23E+03 | 3.82E+04 | 0.00E+00 | 3.93E+04
31/5/19 SW.1.1 | 0.00E+00 | 4.58E+01 242E+05 | 7577 0.00E+00 | 2.91E+04 | 4.71E+02 1.20E+05
31/5/19 SW.1.3 | 0.00E+00 | 3.57E+00 | 8.59E+03 | 5087 6.14E+02 1.91E+04 | 0.00E+00 | 4.46E+03
31/5/19 SW.2.1 | 4.76E+02 | 9.64E+01 7.32E+04 | 6120 0.00E+00 0.00E+00 | 5.91E+04
31/5/19 SW.2.2 | 5.87E+01 | 4.18E+01 2.54E+05 1600 0.00E+00 | 2.29E+04 1.85E+03 1.27E+05
31/5/19 SW.2.3 | 0.00E+00 | 0.00E+00 1.76E+04 | 4022 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.42E+03
31/5/19 SW.4.1 6.75E+01 | 2.28E+02 | 7.52E+05 1666 1.72E+03 | 0.00E+00 | 0.00E+00 | 2.75E+05
31/5/19 SW.4.2 | 0.00E+00 | 4.29E+00 | 3.68E+04 | 438 0.00E+00 | 3.21E+04 | 2.79E+04 | 7.37E+04
31/5/19 SW.4.3 | 0.00E+00 | 4.90E+00 | 4.78E+04 | 2142 0.00E+00 | 5.37E+04 | 0.00E+00 | 2.36E+04
31/5/19 SW.5.1 | 0.00E+00 1.44E+02 | 7.90E+04 | 2381 1.20E+03 | 0.00E+00 1.03E+05 | 3.04E+04
31/5/19 SW.5.2 | 0.00E+00 | 4.87E+00 1.16E+05 1418 0.00E+00 | 2.54E+04 | 0.00E+00 1.84E+04
31/5/19 SW.5.3 | 0.00E+00 1.56E+01 1.16E+04 11522 0.00E+00 | 4.04E+04 | 4.29E+03 1.07E+04
31/5/19 SW.6.1 | 0.00E+00 | 2.30E+01 8.31E+03 | 6236 0.00E+00 | 6.61E+04 | 4.09E+03 | 2.88E+03
31/5/19 SW.6.2 | 0.00E+00 | 0.00E+00 | 3.98E+03 | 4714 0.00E+00 | 4.96E+04 | 0.00E+00 | 4.31E+03
31/5/19 SW.6.3 | 0.00E+00 | 0.00E+00 | 7.59E+03 1761 0.00E+00 | 4.40E+04 | 5.32E+03 | 2.05E+03
31/5/19 SW.7.1 | 0.00E+00 1.15E+04 | 2335 0.00E+00 | 3.74E+04 | 0.00E+00 | 6.26E+03
31/5/19 SW.7.2 | 0.00E+00 | 2.32E+01 3.16E+03 | 777 0.00E+00 | 3.80E+04 | 0.00E+00 | 7.11E+03
31/5/19 SW.7.3 | 0.00E+00 | 6.25E+00 1.82E+04 | 27052 0.00E+00 | 4.19E+04 | 7.17E+02 1.04E+04
31/5/19 SW.8.1 | 0.00E+00 | 7.59E+01 1.39E+04 | 31930 1.16E+03 | 4.89E+04 | 0.00E+00 | 2.27E+04
31/5/19 SW.8.2 | 0.00E+00 | 0.00E+00 1.10E+04 | 6887 0.00E+00 | 6.73E+04 | 2.15E+03 | 0.00E+00
31/5/19 SW.8.3 | 0.00E+00 | 0.00E+00 | 6.24E+03 | 3952 7.71E+02 | 4.28E+04 | 0.00E+00 | 4.53E+03
31/5/19 SW.9.1 | 0.00E+00 | 0.00E+00 | 3.52E+05 | 69992 0.00E+00 | 9.58E+04 | 4.87E+03 | 4.09E+04
31/5/19 SW.9.3 | 0.00E+00 | 6.02E+00 1.80E+04 | 6266 0.00E+00 | 6.79E+04 | 0.00E+00 | 0.00E+00
4/6/19 D.1.0 3.97E+05 1.46E+04 1.01E+06 | 9261 1.25E+05 1.36E+06 | 0.00E+00 | 0.00E+00
4/6/19 D.2.0 4.04E+04 | 3.10E+04 | 2.08E+07 | 0 1.42E+05 | 0.00E+00 | 2.31E+08 | 6.90E+03
4/6/19 D.4.0 5.15E+05 | 5.25E+05 1.90E+07 | 47929 1.09E+06 1.16E+06 1.49E+08 | 4.49E+05
4/6/19 L.14 2.34E+04 | 6.90E+03 | 4.76E+06 12964 3.74E+04 0.00E+00 | 2.52E+04
4/6/19 L24 5.07E+04 | 0.00E+00 1.O7E+05 | O 5.89E+04 | 0.00E+00 | 0.00E+00 | 2.26E+04
4/6/19 L34 2.34E+04 | 4.02E+03 1.90E+05 | 48751 3.05E+04 | 7.34E+04 | 0.00E+00 | 0.00E+00
4/6/19 L44 1.17E+05 | 2.98E+04 | 3.01E+06 | 32295 7.87E+04 | 0.00E+00 | 0.00E+00 | 0.00E+00
4/6/19 L54 3.47E+04 1.44E+04 1.40E+06 | 63525 0.00E+00 | 0.00E+00 1.55E+07 | 2.14E+05
4/6/19 SW.0.1 | 0.00E+00 | 0.00E+00 | 9.21E+05 1024021 7.20E+04 | 0.00E+00 | 0.00E+00 | 4.02E+05
4/6/19 SW.1.1 | 2.57E+04 | 6.06E+03 1.47E+06 18702 2.66E+04 | 4.16E+04 | 0.00E+00 1.27E+05
4/6/19 SW.2.1 5.08E+03 | 2.51E+03 6.00E+05 | 30689 8.79E+03 | 5.30E+04 | 0.00E+00 1.67E+05
4/6/19 SW.4.1 3.99E+05 | 9.79E+04 | 4.98E+06 10511 2.00E+05 1.23E+05 | 6.93E+06 | 3.06E+05
4/6/19 SW.5.1 | 0.00E+00 | 7.13E+02 | 7.68E+05 | 24645 1.29E+04 | 0.00E+00 | 0.00E+00 | 3.58E+05
4/6/19 SW.6.1 | 2.77E+04 | 3.35E+03 7.85E+05 19090 1.72E+04 | 5.20E+04 | 0.00E+00 1.10E+05
4/6/19 SW.7.1 | 0.00E+00 | 7.11E+01 5.78E+05 | 83520 1.91E+04 | 4.85E+04 | 0.00E+00 | 5.12E+05
4/6/19 SW.8.1 | 0.00E+00 | 0.00E+00 | 4.59E+05 | 91002 3.73E+04 | 0.00E+00 | 0.00E+00 | 3.33E+05
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4/6/19 SW.9.1 | 0.00E+00 | 0.00E+00 1.35E+06 | 8226 5.94E+04 | 5.49E+04 | 0.00E+00 | 2.45E+05
6/6/19 D.2.0 9.62E+03 1.70E+04 | 9.82E+06 121838 8.63E+03 1.09E+06 1.28E+06 1.11E+04
6/6/19 D.4.0 1.36E+05 1.81E+04 | 3.31E+06 | 37562 3.85E+04 | 2.56E+05 1.20E+06 | 2.38E+04
6/6/19 L.14 5.43E+04 | 9.06E+03 1.03E+07 | 27951 0.00E+00 | 7.87E+05 | 2.91E+06 | 0.00E+00
6/6/19 L24 4.65E+04 | 3.70E+04 | 2.08E+07 | 24108 7.83E+04 | 3.15E+06 | 2.45E+06 | 0.00E+00
6/6/19 L34 6.92E+04 1.22E+04 1.59E+07 | 28328 0.00E+00 1.37E+06 | 2.50E+06 | 0.00E+00
6/6/19 L4.4 9.83E+04 | 5.84E+03 1.02E+07 | 20131 4.78E+04 | 8.46E+05 1.56E+06 1.51E+04
6/6/19 L54 1.23E+05 1.06E+04 1.01E+07 | 39408 4.30E+04 1.66E+06 | 3.36E+06 | 0.00E+00
6/6/19 SW.0.1 5.83E+03 | 428E+02 | 4.05E+05 | 28935 3.71E+03 | 5.85E+04 | 0.00E+00 | 2.13E+05
6/6/19 SW.0.3 | 8.90E+02 | 2.21E+02 | 4.06E+05 16595 1.93E+03 | 5.02E+04 | 0.00E+00 | 7.43E+04
6/6/19 SW.1.1 1.71E+03 | 2.78E+02 1.87E+06 | O 2.75E+03 | 2.93E+04 | 0.00E+00 1.86E+05
6/6/19 SW.1.1 1.06E+05 1.37E+05 | 2.32E+06 | 44069 1.21E+03 | 0.00E+00 | 0.00E+00 | 2.53E+05
6/6/19 SW.1.3 | 7.75E+02 | 0.00E+00 | 2.35E+05 | 0 2.88E+03 | 9.49E+04 | 0.00E+00 | 7.49E+04
6/6/19 SW.2.1 5.69E+04 | 3.66E+04 | 2.47E+06 | O 2.51E+05 | 4.26E+05 | 0.00E+00 1.44E+05
6/6/19 SW.2.2 1.67E+03 | 2.02E+02 | 4.32E+05 | 55092 2.49E+03 1.18E+04 | 0.00E+00 1.82E+05
6/6/19 SW.2.3 1.25E+03 | 2.97E+02 | 3.64E+05 | 21614 2.87E+03 | 0.00E+00 | 0.00E+00 | 8.72E+04
6/6/19 SW.4.1 | 0.00E+00 1.09E+02 | 4.06E+05 | 0 3.36E+03 | 0.00E+00 | 0.00E+00 | 2.13E+05
6/6/19 SW.42 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7304 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
6/6/19 SW.4.3 | 6.94E+02 1.71E+02 | 3.93E+05 | 46868 0.00E+00 | 7.15E+04 | 0.00E+00 | 7.69E+04
6/6/19 SW.5.1 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 38834 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
6/6/19 SW.5.2 1.97E+02 1.80E+02 1.07E+06 17155 0.00E+00 1.87E+05 | 0.00E+00 1.77E+05
6/6/19 SW.5.3 | 2.66E+03 1.30E+02 | 4.21E+05 | 24829 0.00E+00 | 5.32E+04 | 0.00E+00 | 3.88E+04
6/6/19 SW.6.1 | 240E+03 | 4.36E+02 | 4.45E+05 11882 0.00E+00 1.44E+05 | 0.00E+00 1.56E+05
6/6/19 SW.6.2 | 3.29E+03 | 3.18E+02 | 6.44E+05 12609 0.00E+00 1.34E+05 | 0.00E+00 1.61E+05
6/6/19 SW.6.3 | 2.54E+03 | 2.12E+02 | 3.40E+05 | 25471 0.00E+00 | 7.66E+04 | 0.00E+00 | 3.15E+04
6/6/19 SW.7.1 | 4.78E+03 1.26E+03 1.26E+06 | 31977 8.70E+03 | 4.06E+05 | 0.00E+00 1.99E+05
6/6/19 SW.7.2 1.65E+03 | 3.36E+02 | 3.23E+05 13618 0.00E+00 | 9.04E+04 | 0.00E+00 | 3.78E+04
6/6/19 SW.7.3 | 9.92E+02 | 2.45E+02 | 3.97E+05 | 52047 0.00E+00 1.44E+05 | 0.00E+00 | 3.72E+04
6/6/19 SW.8.1 7.48E+02 1.01E+03 7.14E+05 | 45700 6.37E+03 | 2.51E+05 | 0.00E+00 | 7.97E+04
6/6/19 SW.8.3 1.09E+03 | 8.99E+01 2.62E+05 | O 0.00E+00 | 7.78E+04 | 0.00E+00 | 9.89E+03
6/6/19 SW.9.1 | 0.00E+00 | 5.19E+02 | 6.15E+05 | 54597 4.84E+03 | 3.28E+05 | 0.00E+00 | 9.91E+04
6/6/19 SW.9.3 1.01E+03 1.25E+02 | 2.84E+05 | 48375 0.00E+00 | 4.09E+04 | 0.00E+00 | 2.04E+04
6/6/19 pm SW.0.1 1.46E+04 | 6.00E+02 1.25E+06 | 46698 6.80E+03 1.95E+05 | 0.00E+00 1.55E+05
6/6/19 pm SW.1.1 3.15E+03 1.13E+03 7.36E+05 | 77934 0.00E+00 1.17E+05 | 0.00E+00 | 2.95E+05
6/6/19 pm SW.2.1 | 476E+03 | 7.85E+02 1.46E+06 193841 0.00E+00 | 4.06E+05 | 0.00E+00 | 4.28E+05
6/6/19 pm SW.2.2 | 9.64E+03 | 5.23E+02 | 9.33E+05 | 22480 0.00E+00 | 8.67E+04 | 0.00E+00 | 2.98E+05
6/6/19 pm SW.2.3 | 3.19E+03 | 3.71E+02 | 4.55E+05 | 79561 0.00E+00 1.52E+05 | 0.00E+00 1.15E+05
6/6/19 pm SwW.4.1 6.09E+03 | 8.02E+02 1.19E+06 16661 0.00E+00 | 2.30E+05 | 0.00E+00 | 4.20E+05
6/6/19 pm SW.5.1 5.09E+03 | 8.20E+02 | 6.35E+05 | 7880 0.00E+00 | 9.02E+04 | 0.00E+00 | 3.97E+05
6/6/19 pm SW.5.2 | 6.73E+03 | 3.52E+02 | 4.93E+05 | 32028 0.00E+00 | 7.88E+04 | 0.00E+00 1.00E+05
6/6/19 pm SW.5.3 1.37E+03 1.78E+02 | 8.32E+05 | 36511 0.00E+00 1.58E+05 | 0.00E+00 1.06E+05
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6/6/19 pm ‘ISW.6.1. 5.50E+04 1.15E+05 1.02E+07 | 49921 2.71E+04 | 8.99E+05 | 2.78E+05 | 2.07E+04
6/6/19 pm SW.6.2 | 2.49E+03 | 4.76E+03 9.28E+05 | 45314 0.00E+00 | 2.22E+05 | 0.00E+00 1.17E+05
6/6/19 pm ‘ISW.6.2. 3.65E+04 | 3.28E+04 | 2.23E+06 | 32784 5.98E+04 | 6.90E+05 0.00E+00
6/6/19 pm SW.6.3 | 3.40E+03 | 2.70E+03 9.39E+05 | 47247 0.00E+00 1.42E+05 | 0.00E+00 1.33E+05
6/6/19 pm ‘ISW.6.3. 5.01E+04 1.14E+05 | 8.52E+06 | 9185 7.48E+04 1.34E+06 | 3.39E+05 | 2.41E+04
6/6/19 pm ‘ISW.6.4. 6.90E+04 | 5.14E+04 | 7.82E+06 | 21098 5.16E+04 | 9.02E+05 | 8.15E+05 | 0.00E+00
6/6/19 pm SW.7.1 | 2.85E+03 | 5.29E+03 8.11E+05 | 22854 0.00E+00 | 2.31E+05 | 0.00E+00 | 7.09E+04
6/6/19 pm SW.7.2 1.73E+03 | 5.47E+03 8.36E+05 | 32986 0.00E+00 | 3.48E+05 | 0.00E+00 1.16E+05
6/6/19 pm SW.7.3 1.90E+03 | 2.30E+03 5.74E+05 | 29114 0.00E+00 1.16E+05 | 0.00E+00 | 6.98E+04
6/6/19 pm SW.8.1 6.81E+02 | 7.16E+03 7.12E+05 | 33189 0.00E+00 1.81E+05 | 0.00E+00 | 2.16E+04
6/6/19 pm SW.9.1 | 0.00E+00 1.91E+02 | 4.34E+04 | 63172 0.00E+00 1.13E+04 | 0.00E+00 | 0.00E+00
11/6/19 D.4.0 2.46E+06 | 6.11E+05 53203 2.18E+05 1.O6E+05 | 5.09E+04 | 5.00E+03
11/6/19 L.14 0.00E+00 1.08E+04 1.08E+07 | 59779 5.62E+03 | 5.63E+05 | 0.00E+00 | 8.33E+03
11/6/19 L24 1.24E+03 | 4.44E+03 3.00E+06 | O 0.00E+00 | 3.18E+05 | 0.00E+00 | 6.73E+03
11/6/19 L34 0.00E+00 | 3.84E+04 1.68E+06 | 30413 5.13E+03 | 2.88E+05 | 0.00E+00 | 8.40E+03
11/6/19 L4.4 0.00E+00 1.83E+04 1.97E+06 17290 0.00E+00 | 4.50E+05 | 0.00E+00 | 5.96E+03
11/6/19 L54 1.40E+06 | 2.99E+05 | 3.90E+06 | 68150 1.62E+05 1.18E+05 1.22E+05 | 3.07E+03
11/6/19 SW.0.1 6.72E+03 | 3.38E+02 1.23E+07 | 35612 0.00E+00 1.69E+05 | 0.00E+00 | 7.99E+03
11/6/19 SW.0.2 | 3.20E+03 1.94E+02 | 4.26E+05 | 22286 0.00E+00 | 4.05E+04 | 0.00E+00 | 5.33E+03
11/6/19 SW.0.3 | 2.25E+03 | 4.26E+03 5.77E+05 | 37802 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.16E+03
11/6/19 SW.1.1 | 2.23E+03 1.46E+02 | 2.80E+05 18392 0.00E+00 | 8.93E+04 | 0.00E+00 1.62E+04
11/6/19 SW.1.1 1.26E+04 | 2.76E+03 1.98E+05 | 53166 0.00E+00 | 3.68E+04 | 0.00E+00 | 5.81E+04
11/6/19 SW.1.3 | 2.99E+03 | 9.29E+01 2.71E+05 | 24125 0.00E+00 1.22E+05 | 0.00E+00 | 7.97E+03
11/6/19 SW.2.1 3.12E+03 | 4.22E+02 1.49E+05 | 42463 0.00E+00 | 6.58E+04 | 0.00E+00 | 3.37E+04
11/6/19 SW.2.2 | 5.85E+03 1.94E+02 | 2.09E+05 | 43522 0.00E+00 | 4.75E+04 | 0.00E+00 | 5.07E+03
11/6/19 SW.2.3 | 2.08E+03 | 4.83E+02 | 4.11E+05 | 21432 0.00E+00 1.88E+05 | 0.00E+00 | 5.15E+03
11/6/19 SW.4.1 8.72E+04 1.10E+04 | 3.82E+05 | 42216 0.00E+00 | 5.21E+04 | 0.00E+00 | 5.68E+04
11/6/19 SW.4.2 | 599E+03 | 3.79E+02 | 4.81E+05 | 39510 0.00E+00 1.51E+05 | 0.00E+00 | 8.86E+03
11/6/19 SW.43 | 449E+03 | 3.21E+02 | 3.01E+05 | 26058 0.00E+00 | 9.01E+04 | 0.00E+00 | 6.52E+03
11/6/19 SW.5.1 3.38E+03 | 5.91E+02 1.89E+05 | 21155 0.00E+00 | 9.23E+04 | 0.00E+00 1.64E+04
11/6/19 SW.5.2 1.84E+03 | 6.20E+02 | 6.09E+05 16302 0.00E+00 1.82E+05 | 0.00E+00 | 6.29E+03
11/6/19 SW.5.3 | 3.59E+03 1.82E+02 | 3.01E+05 | 8508 0.00E+00 | 8.16E+04 | 0.00E+00 | 7.57E+03
11/6/19 SW.6.1 1.65E+03 | 3.41E+02 | 2.65E+05 | 23409 0.00E+00 | 8.20E+04 | 0.00E+00 | 8.84E+03
11/6/19 SW.6.2 | 2.98E+03 1.06E+02 | 2.07E+05 | 22398 0.00E+00 1.30E+05 | 0.00E+00 | 7.52E+03
11/6/19 SW.6.3 | 5.71E+03 1.22E+02 | 2.74E+05 | 22527 0.00E+00 | 4.98E+04 | 0.00E+00 | 5.72E+03
11/6/19 SW.7.1 | 2.49E+03 1.86E+02 | 2.04E+05 | 34220 0.00E+00 1.21E+05 | 0.00E+00 | 4.80E+03
11/6/19 SW.7.2 1.60E+03 1.41E+03 | 2.53E+05 15160 0.00E+00 | 7.67E+04 | 0.00E+00 1.24E+03
11/6/19 SW.7.3 | 741E+03 | 0.00E+00 | 2.11E+05 11119 0.00E+00 | 6.16E+04 | 0.00E+00 | 0.00E+00
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11/6/19 SW.8.1 | 2.93E+03 | 5.28E+03 | 4.00E+05 | 3713 1.31E+03 1.25E+05 | 0.00E+00 | 4.51E+03
11/6/19 SW.8.2 | 2.62E+03 1.65E+02 | 2.30E+05 12098 1.05E+03 | 8.35E+04 | 0.00E+00 | 0.00E+00
11/6/19 SW.8.3 | 3.85E+03 | 6.72E+02 1.88E+05 | 32210 6.93E+02 | 6.41E+04 | 0.00E+00 | 3.54E+03
11/6/19 SW.9.1 1.23E+03 | 0.00E+00 1.41E+06 | 67416 0.00E+00 | 4.88E+04 | 0.00E+00 1.39E+04
11/6/19 SW.9.2 | 3.53E+02 1.24E+02 | 2.12E+05 | 65984 5.21E+02 | 3.94E+04 | 0.00E+00 1.60E+04
11/6/19 SW.9.3 | 2.71E+03 1.46E+02 1.46E+05 | 50535 8.60E+02 | 6.25E+04 | 0.00E+00 | 4.19E+03
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b) dfrAl, c) qnrS, d) sull, e) tetA and f) the Lachno3 human sewage marker after the lagoon
was manually opened on the afternoon of the 6/6/21. A sample was taken at L5 just inside the
lagoon mouth, and every hour at site SW6.1 (SW6.1 — 1hr, SW6.1 — 2hr, SW6.1 — 3hr,
SW6.1 — 4hr) which is located in the ocean at the lagoon mouth.
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Appendix 4 - Defining the importance of natural environmental
variability and anthropogenic impacts on bacterial assemblages

within intermittently opened and closed lagoons
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Table 1. Site latitude and longitude

Site Latitude (Decimal Degrees) Longitude (Decimal Degrees)
\A! -33.4159 151.4558
w2 -33.41965 151.4529
W3 -33.42238 151.45013
w4 -33.42379 151.44539
W5 -33.42795 151.44742
Tl -33.43227 151.43855
T2 -33.43673 151.44174
T3 -33.439 151.43958
T4 -33.43935 151.43721
TS -33.44188 151.4413
Al -33.45603 151.43326
A2 -33.45853 151.42683
A3 -33.4613 151.42474
A4 -33.46228 151.43021
AS -33.46298 151.43452
A6 -33.46539 151.42995
A7 -33.469 151.42747
Cl -33.48969 151.41748
C2 -33.48857 151.4212
C3 -33.4915 151.41997
C4 -33.4916 151.42542
C5 -33.4929 151.42697

1.1 Enterococci Analysis

As per the local governments methods, water samples (10 ml) were diluted with 100 ml of
sterile deionized water (1:10 dilution) in a sterile polystyrene vessel and powdered Enterolert
reagent mixed, and the sample-reagent combination added and mixed. The sample and reagents
were then poured into a Quanti-Tray, a sterile panel with 51 wells containing indicator
substrate, 4-methylumbelliferone-b-D-glucoside, that fluoresces when metabolized by
Enterococci. Quanti-Trays were then sealed and incubated for 24 hrs at 41°C + 0.5°C. The
count of total fluorescent wells after 24 hrs (using a 365-nm-wavelength UV light with a 6-W

bulb) was taken and then referred to a most probable number (MPN) table.
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1.2 gPCR genes targeted

As described by Williams et al. (2022), these assays included Lachno3 assay (Feng et al.,
2018), which targets human gut microbiome associated Lachnospiraceae, and the HF183 assay
(Templar et al., 2016) which targets human gut microbiome associated Bacteroides. I also
wished to determine levels of animal faeces which may be contributing to contamination within
the Central Coast Lagoons. To determine the presences of dog faeces, I used the DG3 assay
(Green et al., 2014), which targets dog-specific Bacteroidales, and to detect faeces from birds

I used the GFD assay (Green et al., 2012), which targets bird-specific Heliobacter.

The gene sull confers to sulphonamide resistance, a widely used clinical antibiotic (Pei et al.,
2006); tetA encodes tetracycline resistance, an antibiotic which is used in both hospitals and
vet clinics(Borjesson et al., 2009); gnrS confers to quinolone resistance, which are a group of
antibiotics used in clinical settings (Berglund et al., 2014); dfrA 1 which encodes trimethoprims
resistance (Grape et al., 2007), and these antibiotics are used to treat urinary tract infections;
vanB which confers to vancomycin resistance (Berglund et al., 2014), vancomycin being a last

line of defence antibiotic (Berglund et al., 2014).
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Table 2. Primers used in study.

Target qPCR Standard Size Primers Primer Sequences qPCR Conditions Efficiency Ref
(BP)
168 G-Block  synthesised  from BACTI1369F Forward: 5° CGG TGA ATA CGT TCY CGG 3’
NR_044853.1 by IDT o foo 2 50,
- 466 PROKI492R  Reverse: ' GGW TAC CTT GTT ACG ACT T 3’ ggg i‘;ﬁ s 40cyclesof: 95°Cfor30sec, gy, _gg 504 (Suzuki et al., 2000)
TM1389F Probe: [FAM] 5° CTTGTACACACCGCCCGTC 3’
Human G-Block  synthesised from HF183 Forward: 5' ATCATGAGTTCACATGTCCG 3'
Bacteroidales AY618282.1 by IDT o in- s of* 950 y
167 BFDRev Reverse: 5' CGTAGGAGTTTGGACCGTGT 3' 2308 f‘éi 31 N 45 cycles of: 95°Cfor 10see, g0, 1040, (Templar et al., 2016)
BFDFAM Probe: [FAM] 5' CTGAGAGGAAGGTCCCCCACATTGGA 3'
Human G-Block  synthesised  from Lachno3F Forward: 5' CAACGCGAAGAACCTTACCAAA 3'
Lachnospirac EF036467.1 by IDT o . © 950
eae 187 Lachno3R Reverse: 5' CCCAGAGTGCCCACCTTAAAT 3' oon for 3 min; 43 cycles o 9F°Cor 10sec 9304 102.6% (Feng et al., 2018)
Lachno3P Probe: [FAM] 5° CTCTGACCGGTCTTTAATCGGA 3' [MGB]
Dog G-Block  synthesised from DG3F Forward: 5' TTTTCAGCCCCGTTGTTTCG 3'
Bacteroidales DogGFE by IDT o in- < of 959 §
185 DG3R Reverse: 5' TGAGCGGGCATGGTCATATT 3' 2308 f‘éi z 6“:;45 cycles of: 95°Cor 15see, g0, 1050, (Green et al., 2014)
DG3P Probe: [FAM] 5' AGTCTACGCGGGCGTACT 3' [MGB]
Bird G-Block synthesised from GFDF Forward: 5' TCGGCTGAGCACTCTAGGG 3' oC fi in: 4 les of: 95°C for 1
Heliobacter JN084061.1 by IDT 163 g;g f?; 31 n{:}f}; Scyclesof: 95°Cfor 15sec, o< 50, 102 50, (Green et al., 2012)
GFDR Reverse: 5' GCGTCTCTTTGTACATCCCA 3'
intl 1 Plasmid insert amplified from intl.F Forward: 5' GGGTCAAGGATCTGGATTTCG 3' o i » 950 .
Sydney samples 484 Oo7C for 3 min; 43 cycles of: 95°CHor I3see 900, _ 904 (Mazel et al., 2000)
intl.R Reverse: 5' ACATGCGTGTAAATCATCGTCG 3' ©
Sull Plasmid insert amplified from sull-FW Forward: 5' CGCACCGGAAACATCGCTGCAC 3' o . © 950
o — 163 s o Jamin: 43 cyclesof: 95°CHor 15 see, o5 cor 102.7% (Pei et al., 2006)
sull-RV Reverse: 5' TGAAGTTCCGCCGCAAGGCTCG 3' orobsee
tetA Plasmid insert amplified from tetA-F2-L Forward: 5' CAG CCT CAA TTT CCT GAC GGG CTG A 3' o . 020, .
Sydney samples 96 22"8 ior 31 min; 43 cyeles of: 95°C for 15 sec, 90% - 99.9% (Borjesson et al., 2009)
tetA-R2 Reverse: 5' GAA GCG AGC GGG TTG AGA G 3' or 1 mmn
VanB Plasmid, bacteria w/plasmid VB-F Forward: 5' AAT CTT AAT TGA GCA AGC GAT TTC 3'
pGEM-T with vanB cloned 3300 VB-R Reverse: 5' CCT GAT GGA TGC GGA AGA TA 3 z(s)og igrr g (I)nsl:; 45 cycles of: 95°C for 15 sec, 92.9% - 97.8% (Berglund etal., 2014)
VB-P Probe: [FAM] 5’ CCG GAT TTG ATC CAC TTC GCC GAC AAT
CA3
qnrS Plasmid pGEM-T with qnrS QnrS-F Forward: 5° ATC AAG TGA GTA ATC GTA TGT ACT 3” o . f 050, .
cloned 3200 3308 ff" z g‘"" 45 cyclesof: 95°Cfor 15 see, g5 9.0, 97,89 (Berglund et al., 2014)
QnrS-R Reverse: 5’ CAC CTC GACTTAAGTCTGAC 3’ or>bsee
dfirA Plasmid, bacteria w/plasmid dfrls-f Forward: 5’ATG GAG TGC CAA AGG TGA AC 3’ o . © 950
3500 2;5 i"fl o 45 cycles of: 95°Cor 15sec, — gao 109.5% (Grape et al., 2007)
dfrlsr Reverse: 5° TAT CTC CCC ACC ACC TGA AA 3’ o !
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1.3 qPCR technical methods.

Prior to all qPCR analyses, I performed inhibition testing using the 16S qPCR assay.
When performing the inhibition testing, I tested samples from Drains 3 and 5 along with
immediately adjacent to these drains SW3.1 and SW5.1, as well as samples from the middle of
Rose Bay (RBE.2) for all sampling days. These samples were chosen based on the enterococci
data, which was employed as a proxy indicator for levels of contamination. The Drain 3 and 5
samples along with the SW3.1 and SWS5.1 samples were chosen as representative
‘contaminated samples’ and the RBE.2 sample represented a relatively uncontaminated
sample. I then performed a series dilution using these samples, incorporating dilution factors
of 1:2, 1:5, 1:10, 1:20, 1:50 and 1:100, with 16S rRNA qPCR performed on all dilutions. I then
calculated the copies of the 16S gene per 100 ml in each sample, which revealed identical copy
numbers in the 1:10, 1:20, 1:50 and 1:100 dilutions for all sample types tested. Based on these

results, I chose to dilute all samples to 1:20.

For SYBR Green based detection assays, reaction mixtures (5 pl) consisted of 2.5ul
BIO-RAD iTaq Univeral SYBR® Green Supermix, 1.1 pl nuclease free water, 0.2 pl of each
forward and reverse primer (10 mM) and 1 pl of diluted DNA template. The reaction mixes for
analyses using probe assays (5 pl) consisted of 2.5 ul BIO-RAD iTaq UniversalProbes®
Supermix, 1 pl nuclease free water, 0.2 pl of each forward and reverse primer (10 mM), 0.1 pl
of probe (10 mM) and 1 pl of diluted (1:20) DNA. For all samples, plate preparation was
performed using an epMotion® 5075 I Automated Liquid Handling System.

Quantitative PCR cycling conditions consisted of an initial denaturation step at 95°C
for 3 minutes and then 45 cycles of: 95°C for 15 seconds and then variable annealing
temperatures according to assay (see Table 2) for 1 minute, with the exception for intI1 and
vanB which had annealing times of 1 minute. Melt curves were included in all SYBR Green
based detection assays to confirm the amplification of a single, correctly sized product. To
ensure the quality of CT values, I calculated the coefficient of variation % of each assay,

removing samples with CV below 2.5%.

In qPCR, gene copies were calculated for each target, using a (6-7 point) standard curve
using BIO-RAD's CFX MAESTROTM software version 1.1. Standard curves were generated
from known concentrations of a synthesised DNA fragment of each targeted gene, with a
standard curve run with each plate. Samples outside of the calibration curve were considered

below the limit of detection and included in the analysis as 0. Each DNA fragment for the
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standard curve was checked using MEGA?7 to ensure they matched both primers, the probe (if
applicable) and target gene and blasted in the NCBI database to ensure it was from the correct
target gene. Along with standard curves, a no template control (NTC) was added to each qPCR

run.
1.4 16S rRNA gene amplicon sequencing pipeline

Paired R1 and R2 reads were subsequently processed using the DADA2 pipeline
(Callahan et al., 2016). Reads with any ‘N’ bases were removed and bacterial V3-V4 primers
were truncated using cutadapt (Martin, 2011). Reads were trimmed to remove low quality
terminal ends (trunc (R1= 280; R2= 250)). To produce the highest number of merged reads
after learning error rate and removing chimeric sequences, I used the dada2
removeBimeraDenovo program at the default threshold stringent
minFoldParentOverAbundance=1. ASVs were annotated against the SILVA v138 database
with a 50% probability cut-off. The ASV table was subsequently filtered to remove ASVs not
assigned as kingdom Bacteria, as well as any ASVs classified as chloroplast or mitochondria.

Finally, the dataset was rarefied to 20,000 reads using vegan (Dixon, 2003).
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