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e Levels of human sewage markers were elevated during rainfall.

e Levels of ARGs correlated significantly with markers for human sewage.

e Not all ARGS displayed the same spatiotemporal distribution patterns.

e ARG:s significantly correlated with stormwater drain indicator bacteria.

e Some ARGs were correlated with known human pathogens.



Abstract

Anthropogenic waste streams can be major sources of antibiotic resistant microbes within the
environment, creating a potential risk to public health. We 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
gqPCR 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.



1.0 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, we aimed to determine whether sewage

contamination has the potential to transmit AbR pathogens into the environment.

Here we 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. We 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.

2.0 Methods
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 (DPIE, 2020). 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.



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 5Sm (~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
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.

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 (supplementary 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 2L
of sample. The volume of sample water filtered was recorded for later normalisation and 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.

2.3 Quantitative PCR (qPCR) analysis

To determine the presence of human faeces, indicative of sewage contamination, we
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. We 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, we 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
anthropogenic pollution within natural environments (Gillings et al., 2015). To quantify int/]
gene abundances, we used the int/] primer set (Mazel et al., 2000) (Table 1, Supplementary
Material).

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

(Table 1, Supplementary Material).



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, tetd, 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); dfrA1 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
gqPCR assays are provided in table 1, supplementary material and details on qPCR methods are

provided in supplementary material section 1.4.

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 (Illumina, 2013). 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 1.5.

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 we used the Adonis function from Vegan (Dixon, 2003) and the
pairwise.adonis function from the PairwiseAdonis (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).

3.0 Results
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=1.36x10"], total phosphate (TP) [p=8.10x10"], total dissolved nitrogen
(TDN) [p=1.19x10"%], 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 20.4mm 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).

3.2 Sewage signals - (PCR markers Lachno3, Arcobacter and intl1
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Throughout the study, there was both a statistically significant correlation between
Lachno3, intll and Arcobacter [Lachno3:rs>0.59; p<0.01] as well as between each of these
markers and Enterococci [Arcobacter: 1~0.33; p<0.01; Lachno3:rs=0.67,p<0.001;
intl1:1~0.28;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 int/]
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+433copies/100ml] and intl/l [mean=7005+9147copies/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+433copies/100ml, int/] mean=501+488copies/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
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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*t4.1x10*copies/100ml] and Arcobacter
[mean=1.47x107+6.03x10°copies/100ml] increased significantly [p=0.02, 0.0006 respectively]
within Terrigal Lagoon compared to the 4/6/19 [Lachno3, mean=51860+433copies/100ml,
Arcobacter, mean=1.69x10%+1.99x10°], (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= 1.25x10], int/l [p=0.0019] and Arcobacter
[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 300m
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 3.46x107 respectively] from those observed during the
peak rainfall events, but remained significantly [p=2.69x10* and 2.81x10”, 3.32x10"?! and
2.81x10°" 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// 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.

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
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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.

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 1<>0.32, intll r:>0.41,
p<0.05]. Levels of the gnrS gene were significantly positively correlated with Arcobacter
[r=0.28; p<0.05], but not Enterococci or Lachno3, nor any other ARGs, while levels of the
dfrA1 gene were positively correlated with levels of Enterococci and sull [ Enterococci 15=0.36,
sull 1:=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 dfrA1 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 100m and
300m offshore. The ARGs tet4 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=8x107'9],
with levels of su/l increasing by almost three orders of magnitude within the nearshore samples.
In contrast, dfr4 1 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
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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=6.66x10-°] levels of sull and dfiA1 than any other
drain. Levels of both dfr4l and sull increased significantly [p=0.0002] in Terrigal Lagoon
relative to conditions before the rain event. The ARG fetd, 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 tetA 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 dfr4/ 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'A 1 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, Supplementary

Figure 1), while levels of tet4 doubled in the seawater samples near to the mouth of the lagoon
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(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 sul/l and gnrS
levels dropped significantly [p=3.57x10"2, p=3.77x10"''] 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 tet4 and sull remained high and were statistically indistinguishable
from those observed on the 4/6/19, while gnrS levels increased significantly [p=0.003]. The
dfrA 1 gene was detected within a single lagoon sample (L5), but levels were 26-fold lower than

those observed on the 6/6/19.

3.5 Bacterial Community Analysis
3.5.1 Patterns in bacterial community diversity and composition

Throughout the study period, bacterial diversity (Shannon’s) 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
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beach seawater samples. Bacterial composition was also significantly different between drains

[F=5.04, p=0.001].

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,
we 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%), tetd (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 tamily, including
317 positive correlations with intl1. We also observed 319 Comamonadaceae ASVs displaying
positive correlations with sull, along with 150 with dfr41, 149 with tet4 and 71 with gnrS.
Within the Comamonadaceae family, discrete ASVs identified as C. testosteroni, displayed
four positive relationships with int/1 [p<0.05, r:=0.77,0.44,0.40,0.33], five with sull [p<0.05,
1:=0.78,0.66,0.36,0.09,0.07], three with dfr41 [p<0.05, 1:=0.56,0.50,0.36] and three with gnrS
[p<0.05, 1:=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
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here. Bacteroides ASVs in fact had the most (40) positive correlations with int/1, followed by
38 correlations with sull, 8 with dfr41, 8 with tetA and 6 with gnrS. Of note, B. fragilis,
correlated with int/l and sull [p<0.05, 1=0.76,0.08]. intl] levels were also correlated with 12
Arcobacter ASVs, the strongest being with A. butzleri (B1000019013) [p<0.05, r=0.82].
Levels of the ARGs sull, dfrAl and gnrS were also positively correlated with 4. butzleri

(B1000019013) [p<0.05, r,=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 family, 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 fet4 (1080) int/]
(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.

4.0 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
ARGs in coastal environments. We 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
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periodically opened to the ocean during heavy rain events. We hypothesised that these features

may act as conduits for ARG contamination at Terrigal beach.

4.1 Sewage contamination of a beach leads to elevated ARGs
To determine if sewage contamination was linked to ARG abundance at Terrigal Beach, we
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 20.4mm 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 illness
transmission (WHO 2009) and levels of Lachno3 were only an order of magnitude lower than
levels that have been detected within human faeces (Ahmed et al., 2019).

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, intl/l and Arcobacter levels
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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 gnrS),
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, we 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

19



40.8mm 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 dfrA 1 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
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 dfr41
and sull. In general, detectable and sometimes relatively high levels of fet4 and gnrS occurred
during dry weather both before and after the rain event, whereas dfrA1 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 (supplementary
material 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

20



displayed different patterns. On the 4/6/19, high levels of both sull and fet4d were detected
within Drain 1, but gnrS and dfrA1 were undetectable, and from the 4/6/19-6/6/19 sull and
dfrAl levels decreased substantially within Drain 2, while gnrS and fetA 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, we wanted to
explore the possible vehicles for ARGs entering the environment. To do this, we 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. We 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
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 tet4

compared to sull and dfrA1, as discussed above.
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Considering that many Arcobacter ASVs were correlated to levels of tet4, we examined
levels of Arcobacter determined via qpCR finding strong correlations between tet4 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, we found both tet4 and Arcobacter to be at levels more than double
than Drain 4 which had the highest levels of both markers for faccal contamination. An
explanation for this is that Arcobacter may have been a vehicle for fetd entering the
environment, indeed, of all the ARGs, fetA4 shared the strongest positive correlation (rs=0.45)
with Arcobacter detected via qPCR. This pattern is in line with previous research identifying
tetA resistant A. butzleri (Jasim et al., 2020), however it should be noted that other bacteria may
harbour tetA but weren’t detected in this analysis.

In this study, we have shown a significant relationship between sewage markers and
ARG s in the environment. We have also shown that both sewage and ARG contamination enter
from two major sources, Drain 4 and Terrigal Lagoon, and we 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 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 we detected 4. butzleri, which is a known human enteric pathogen
(Levican et al., 2013). Relative abundances of this bacteria were correlated with the ARGs sull,
dfrAl and gnrS. ASVs identified as Comamonadaceae testosteroni, and Bacteroides fragilis,
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
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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.

5.0 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, we 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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