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Abstract: In Tasmania, Australian fur seals (Arctocephalus pusillus doriferus) regularly interact with
Atlantic salmon (Salmo salmar L.) aquaculture lease operations and opportunistically consume fish.
The microbial communities of seals and aquaculture salmon were analyzed for potential indicators
of microbial sharing and to determine the potential effects of interactions on wild seal microbiome
composition. The high-throughput sequencing of the V1–V3 region of the 16S rRNA genes from
the gut microbial communities of 221 fur seals was performed: 41 males caught at farms, 50 adult
scats from haul-outs near farms, 24 necropsied seals, and controls from Bass Strait breeding colonies,
encompassing 56 adult scats and 50 pup swabs. QIIME2 and R Studio were used for analysis.
Foraging at or near salmon farms significantly shifted seal microbiome biodiversity. Taxonomic
analysis showed a greater divergence in Bacteroidota representatives in male seals captured at farms
compared to all other groups. Pathogens were identified that could be monitoring targets. Potential
indicator amplicon sequence variants were found across a variety of taxa and could be used as
minimally invasive indicators for interactions at this interface. The diversity and taxonomic shifts
in the microbial communities of seals indicate a need to further study this interface for broader
ecological implications.

Keywords: Australian fur seal; microbiome; aquaculture; Tasmania; One Health; microbial source
tracking; Atlantic salmon

1. Introduction

In marine and coastal systems, humans have historically been directly connected to
the wild through the fisheries of wild fish stocks and direct interaction with wild animals
via recreational activities, fisheries’ competition for fish stocks, and aquaculture [1–3].
However, the more indirect connections are often more insidious and easily overlooked.
The interconnectedness of the wild system to humans, both directly and indirectly, has
become more evident as aquaculture management in nearshore systems is improved upon.

In Tasmania, an island state of Australia, the farmed Atlantic salmon (Salmo salar L.)
industry produced 51,298 tonnes of salmon in 2016–2017, and production has continued to
increase annually. The industry in Tasmania alone produces around AUD $739 million of
profit and has become the single most important aquaculture commodity in Australia [4,5].
Meanwhile, in the same region, the Australian fur seal (Arctocephalus pusillus doriferus)
populations have rebounded since the sealing era [6]. It is the most abundant breeding
fur seal in the region, and males regularly attempt to forage on the farmed salmon in the
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estuarine net pens and also forage on wild native fish species in the region, such as jack
mackerel (Trachurus declivis) and rebait (Emmelichthys nitidus) [7,8]. The population remains
reduced post-sealing, and their continued recovery remains tenuous as they face modern
human influences on their ecosystem.

One of these is that the interactions between male fur seals and aquaculture leads
directly to increased risk for the safety of fish, human, and marine mammals in many
similar systems around the world [3,9,10]. Often, the Australian fur seals in Tasmania
predate on farmed salmon through the nets of the net pens holding salmon in the estuarine
habitat. This can lead to a reduction in salmon stock, risk to farm workers, and occasionally,
these interactions can lead to the injury, entanglement, and mortality of the seals [11,12].
Direct impacts (entanglement, seal–human interactions, etc.) are currently being mitigated
through regulation and by the industry improving pen infrastructure; however the extent of
indirect effects, such as bio-contamination risks, are largely unknown. At this interface, little
is known about the indirect effects, such as the microbial connections between aquaculture
and wildlife, as no research has been conducted on fur seals’ microbial communities in the
regions around farms.

Microbial source tracking (MST) systems have been employed to follow sources of
pollution and pathogens into the aquatic and marine ecosystems [13,14]. Historically,
MST systems have relied on fecal coliforms and other indicator bacteria, such as E. coli, to
follow terrestrial contamination through aquatic and marine systems, as well as determine
water quality/safety [13,15]. However, these techniques are labor-intensive and have many
limitations in their ability to discern point sources or the interplay between multiple sources,
so the use of genetic markers and genetic libraries have been adopted as being more precise
in measuring point sources as molecular methodologies continue to advance [16–19]. With
advances in technology, the ability to track multiple taxa in microbial communities through
systems has become possible [20–23]. Metacommunity analysis utilizes the knowledge of
the diversity of species and changes in community structures to elucidate the extent of
interactions within and between species assemblages, including microbial communities
found in nature [16,24–27]. Comparing full microbial communities using microbiome
analysis between geographic regions and trophic levels as a way of analyzing bacterial
movements is an up-and-coming field of research [23,28,29]. Such work at the interface
between wild fur seals, aquaculture, and human development would be very useful in
laying the groundwork for biocontamination monitoring and management.

Microbiota are communities of microbial organisms living in and interacting with a
distinct environment, for example, the gut or the skin of another organism [30,31]. Microbes,
such as bacteria and fungi, thrive in a wide variety of environments, depending on their
specific growth requirements and characteristics. Many are shared through trophic systems,
from prey to predator, and up the food chain [32,33]. Some microbes are geographically
more or less abundant, and their presence in a host can indicate whether that animal has
spent time in that region [34,35]. Studying microbiota differences is minimally invasive and
has the capability of indicating host lifestyle, what environments the host encounters, and
what pathogen exposure is occurring, all in one detailed analytical study when variables
such as spatial and temporal variability are well characterized [34,36].

It is known that a shift in diet and the consistent use of new environments can alter the
microbial community in the gut as well [37]. Differences in nutrition, age, and regionality
are also known to affect microbiome structure and diversity in many species, including
pinnipeds [38–40]. It is understood that as an animal matures through life stages, their
microbiome shifts with increasing microbial input from the environment and their changing
diet [41]. However, in adult animals, the microbiome is considered remarkably stable [42].
Therefore, differences seen in adult pinnipeds’ microbiota in the same population are
expected to be minimal and, if existent, to be related to novel prey or habitat use.

As there are no native salmonids in Tasmania, salmon are not a natural prey item
for wildlife here, and their potentially novel microbial communities are now entering the
ecosystem and native predators’ gastrointestinal tracts [43,44]. The microbes in farmed
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salmon may be transferred to the ecosystem, wild animals, and people in the region through
biocontamination, predation, or direct interaction with salmon farms and farmed salmon.
The aquaculture of Atlantic salmon is known to introduce pathogens into natural ecosys-
tems, so a monitoring scheme would be very useful for the early detection of pathogen
spread [43,44]. As many male fur seals frequent the farms during the non-breeding seasons
and haul out on nearby rocky islands to rest with other seals that are foraging in the region,
it is likely that shifts in microbiota would be most pronounced in the males that frequent
the farms and would be most like those found in other adults that forage and haul out in
the region.

This study aimed to elucidate any potential microbial community differences in
seal gut microbial communities associated with foraging on or near non-native farmed
salmon. This study provides a baseline understanding of the microbial community of
Australian fur seal guts across Tasmania, and what potential life history and external
variables lead to changes in microbiomes in this recovering pinniped population. The
microbiomes of Australian fur seals found in Tasmania were compared across age class,
location of sampling, and proximity to salmon farms to determine diversity differences
and detect the amplicon sequence variants (ASV)s, which drive the community diversity
changes found. Differentially abundant ASVs in the seal microbiomes were identified using
compositional analysis and then compared to a representative sampling of the farmed
salmon gut microbiome ASVs to determine whether seals in regions around farms shared
ASVs with salmon gut microbiomes. The identified ASVs could prove to be useful indicator
species for interactions between seals and salmon farms. The data from this project will aid
in future pinniped microbiome studies and metacommunity analyses.

2. Materials and Methods
2.1. Sample Collection

Male fur seals (n = 41) were trapped at three salmon farm leases in the southern region
of the state by the farm managers (who were permitted to do so) following the protocol
set by the state government animal ethics committee and were then handled between
May and November in both 2017 and 2018. Only males were trapped, as they are the
only demographic that forage at the farms. Seals were trapped both inside and outside of
salmon pens using baited pens, which close after a seal has grabbed the bait at the back of
the trap, and were held overnight or up to 36 h in pens on land until sampling occurred
under permits from the Department of Primary Industries, Parks, Water and Environment
(2017/18: FA 17158 and 2018/19: FA 18114), and all handling of animals occurred under
University of Tasmania Animal ethics (UTAS AEC project number: A0016754). At the time
of collection, seals were sedated with Hypnovel (5 mg/mL Midazolam) (Roche products
Pty Limited, Sydney, NSW, Australia) at a dose rate of 0.35–0.6 mg/kg, depending on the
size of animal and its state of excitement. Rectal swabs were taken from each male, two
were placed in RNAlater-like preservation buffer (40 mL of 0.5 M disodium EDTA (pH 8.0),
25 mL 1 M sodium citrate, 700 g ammonium sulfate, and 935 mL of sterile distilled water
filtered through a 0.2 micron filter). The swabs/feces in the preservation buffer were frozen
at −20 ◦C for later extraction.

For control samples, we sampled feces from adult animals that were present on
haul-outs both in the region around farms and at rookery islands in the Bass Strait and
took rectal swabs from pups handled at those same rookery islands (Figure 1). These
controls were appropriate for our study considering the limitations related to fur seal life
history/behavior, permissions, and resources available. Pups were swabbed at Tenth Island
in January 2018 (n = 50). The sample handling and storage were the same as the above
for males sampled at the farms. Feces from adults on Tenth Island and Judgement Island
in January 2018 were also collected (n = 56) in 0.9% saline and preservation buffer as per
the swab methods, fecal samples were collected by swabbing the outside of fresh feces to
obtain approximately 500–800 mg of feces. In September and October (2018), whole fecal
samples were collected and frozen by collaborators, and then 50 random samples of fresh
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scats from islands in the southeast of Tasmania were subsampled in preservation buffer to
be included in the dataset. Necropsies were performed on freshly dead and moderately
decomposed carcasses of fur seals from around Tasmania during this study, and fecal
samples were collected in preservation buffer to be included in this study (n = 24), these
were then assigned to the appropriate seal group based on the location of stranding.
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Figure 1. Map of sampling sites of fur seals around Tasmania, with colors representing seal groups
sampled: control adults (Control Ad., n = 57), control juveniles (Control Juv., n = 51), adults samples
from the region near farms (In Region Ad., n = 52), and male seals caught and samples at fish
farms (Males at FF, n = 56). The size of the circle represents the number of animals sampled in that
location. Red shapes show aquaculture leases of all types, including Atlantic salmon, other fin fish,
and bivalves. The red square denotes the region studied, which includes the major urban region of
Hobart, Tasmania.

2.2. DNA Extraction and Sequencing

The extraction of DNA from swab and fecal samples (180–200 mg feces/sample) was
performed as per manufacturer protocol using the Qiagen DNeasy mini stool kit (Qiagen,
Hilden, Germany) or the updated version of the same kit, Qiagen Fast stool mini kit
(Qiagen, Hilden, Germany), using sterile techniques and was not carried out on days when
salmon samples were processed in order to avoid contamination. A negative control was
extracted and confirmed as negative via the PCR of the V1–V3 region of the 16S rRNA
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gene using 27F/519R universal primers. After extraction, DNA was stored at −20 ◦C
until preparation for sequencing. Samples were tested for nucleic acid content and quality
using the Nanodrop 8000 spectrophotometer (Thermo Scientific, Waltham, MA, USA)
before sequencing. The sequencing was carried out at the Ramaciotti Centre for Genomics,
Sydney, NSW, Australia, on the amplified product along with a sequencing control from
implementation of the 27F/519R universal primers for the V1–V3 region of the 16S rRNA
gene in order to compare the previously sequenced farmed salmon microbiomes directly,
which also utilized the V1–V3 region gene target, and to increase resolution at the genus
and species level in gut microbiome analysis [45,46]. The representative farmed Atlantic
salmon gut microbiome sequences from the different farm leases in southern Tasmania,
which are included in the analysis here, can be found in National Center for Biotechnology
Information (NCBI) Sequence Read Archive under accession number SRP133157; these
have been analyzed and have revealed no difference to salmon gut microbiomes from
the same farms the seals were captured from and were determined to be representative
of farmed salmon in Tasmania ([47] unpublished data are available through GenBank).
Quality control, library preparation, and normalization was carried out before sequencing
amplicons was carried out with a MiSeq v3 kit (Illumina, San Diego, CA, USA) for paired-
end 300bp sequences on the Illumina MiSeq platform.

Groups for the seal and salmon combined analysis are as follows: salmon; males
sampled at fish farms (FF); seals sampled in the region around salmon farms (InRegAd),
which includes necropsied animals and feces collected from haul-outs in the same region
of fish farms (<50 km away); control adults (feces and necropsied animals sampled from
>50 km away from fish farms); and control juveniles (pups sampled at Tenth Island in
the Bass Strait). The regions around FF and the sampling sites are shown on the map of
Tasmania (Figure 1).

2.3. PCR and Sanger Sequencing of Enteric Isolates for Comparison to ASV Classification
Post-Processing

The swabs and feces from the seals that were caught were lightly vortexed in 0.9%
saline to suspend any bacteria on the swab in the solution, then the solution was serially
diluted in sterile 0.9% saline to 10−1 and 10−2. These dilutions were then plated on brain
heart infusion (BHI) agar, marine agar, thiosulfate–citrate–bile salts–sucrose agar (TCBS),
xylose lysine deoxycholate (XLD), and eosin methylene blue agar (EMB) and grown for 48 h
at 37 ◦C. After 48 h, morphologically distinct colonies from each agar type were lifted for
isolation on BHI agar or marine agar dependent on the initial growth media. Isolate DNA
was extracted for PCR and identification via Sanger sequencing by aseptically transferring
a pure colony into 400 µL of sterile double-distilled water and heating at 100 ◦C for 10 min,
then centrifuged for 1 min at 12,000 rpm to pellet cell particles. The supernatant was used
as the genomic DNA in PCR reactions. The bacterial 16S rRNA V1–V3 region amplicon
was amplified using conventional PCR methodologies with MyTaq red mix, 27F and 519R
universal primers at 10 µM, genomic DNA, and sterile double distilled water (10 µL, 1 µL,
1 µL, and 11 µL, respectively, with water added to fill reactions to 25 µL) reactions were run
on a Biorad thermocycler with the following parameters: 95 ◦C for 1 min, then 30 cycles
of 95 ◦C for 1 min, 55 ◦C for 1 min, and 72 ◦C for 1 min, then final extension at 72 ◦C for
1 min and held at 10 ◦C until taken off the thermocycler. Sanger sequencing was used to
sequence the 16S rRNA gene PCR product at Macrogen Inc., Seoul, Republic of Korea.

2.4. Microbiome Analysis

All analysis of bacterial 16S rRNA gene amplicon sequence data was carried out
using QIIME 2 ver. 2021.8 (https://qiime2.org/ accessed 15/06/2023) and the R packages
‘tidyverse’, ‘qiime2R’, ‘vegan’, ‘scales’, ‘phyloseq’, ‘microbiome’, ‘ancom’, and ‘indicspecies’
in RStudio (https://posit.co/products/open-source/rstudio/ accessed 15/06/2023), em-
ploying R v.3.6.1 [48,49]. Seal samples and salmon samples were processed through Qiime2
separately due to their being processed and sequenced separately. For both, the bioinfor-

https://qiime2.org/
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matic pipeline is as follows. Forward and reverse reads had primers and adapters removed
using ‘cutadapt’ then were denoised, edited for quality, and joined using DADA2 (ver 1.14)
before classification using ‘sklearn’ and the SILVA 138 16S reference database at the default
confidence threshold of 70% [50]. To avoid a loss of data, no rarefaction was used—only
samples with more than 1000 sequences were utilized. Alpha and beta diversity were
calculated for within-sample and between-sample diversity. Seal samples were analyzed
for richness and Shannon diversity metrics, and differences between factors were tested for
significance using pair-wise Wilcoxon rank-sum tests. Specifically, any potential diversity
difference due to sample type were tested for in order to identify any bias due to swab
or feces. The beta diversity metrics calculated were Bray–Curtis distances. To visualize
and cluster samples, a principal component analysis (PCoA) of Bray–Curtis distances was
used and to measure between group differences, a PERMANOVA of Bray–Curtis distances
was used. Due to the expected high level of diversity differences between salmon and seal
microbiomes and the lack of information this would add to testing our hypothesis, we
did not test the diversity differences between seals and salmon. Alpha and beta diversity
metrics were calculated in R using ‘vegan’ and ‘phyloseq’ packages and visualized using
‘ggplot2’ and ‘ggpubr’ [48,51,52].

2.5. Compositional Taxonomic Diversity Analysis

The analysis of taxonomic diversity was carried out in R v.3.6.1 using the packages
‘qiime2R’, ‘phyloseq’, ‘ancom’, ‘indicspecies’, ‘vegan’, ‘ape’, ‘exactRanktests’, ‘nlme’, ‘com-
positons’, ‘readr’, and dependent packages. Compositional differences in microbiomes
between seal groups were determined using an analysis of the composition of microbiomes
(ANCOM) using ANCOM v.2 in R. This is the preferred way to handle microbiome data
due to the compositional nature of the data [53]. A random intercept model adjusted for
other covariates was employed for the ANCOM analysis to account for random variation
within samples and for the effects of covariates in seal samples (age class, region, animal
status/sample type) [54]. The ASVs identified as significantly different between seal groups
were then compared to the ASVs in salmon microbiomes to find any ASVs found in the
salmon microbiome that were also found as differentially abundant across seal groups.

2.6. Isolate Sequence Database Construction and Utilization

To account for the novelty witnessed through the preliminary analysis of the taxonomic
classifications of the ASVs in seal gut microbiomes, a local and species specific database
was constructed using the isolates cultured from a subset of the same seals used in this
comparative microbiome study. The V1–V3 region sequences from the isolates cultured and
sequenced via Sanger sequencing, which has low error rates and high-quality reads, were
annotated via NCBI nucleotide BLAST (blastn) and the top ten best hits for the sequences
were identified. These higher quality sequences and their taxonomic assignments were
used to classify the ASVs that were differentially abundant between seal groups via BLAST
in Python to determine whether their assignment from the global reference database was
accurate for assignment compared to a reference database from cultured isolates from
seal microbiomes. All further analysis was carried out in R using the following packages:
‘taxonomizr’, ‘tibble’, and ‘tidyverse’. The BLAST results of the isolate sequences were
reduced to one taxonomic assignment by selecting the highest percent identity, and when
multiple accession numbers had the same percent identity, the least common ancestor was
used. These classifications of ASVs were compared to the classification of the same ASVs
via the Silva 138 reference database and sklearn classification. For each ASV, the higher
percent identity taxonomic classification from the two reference databases was assigned to
that ASV for the analysis of taxonomy presented for the differentially abundant ASVs.
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3. Results
3.1. Seal Sample Alpha and Beta Diversity

For all seal samples (n = 216), after quality filtration, the mean of reads per sample
was 11,521 reads (min: 1321; max: 65,245). The richness and the Shannon diversity indices
were tested for differences between groups by testing with Wilcoxon rank-sum pairwise
comparisons. There was no significant difference in richness or Shannon diversity be-
tween swabs and feces (p-values = 0.13 and 0.64, respectively), nor were there significant
differences found between the scats collected at haul-outs, the live-captured seals, or the
necropsy seals for either richness or Shannon diversity indices. There was a significant
difference in richness between adults sampled and the juveniles sampled, as expected
(p-value < 0.001), but not in the Shannon diversity index (p-value = 0.14) (Supplementary
Material, Figures S1–S3). Some diversity differences were seen for richness and Shannon
diversity when comparing all seal groups (control juveniles, control adults, in region adults,
and males captured at farms). The Shannon diversities seen in each group are shown
in Figure 2a, and the ASV richness is shown in Figure 2b. Significant differences existed
between males from farms and control juveniles (p-value = 0.028) and scats collected from
haul-outs in the region around farms and control adults (p-value = 0.0024) and control
juveniles (p-value = 0.00027), but the in-region scats were not significantly different to
swabs from males captured at the farms (p-value = 0.239) (Figure 2). As these groups were
defined as distinct through the study design and the potential confounding factors showed
minimal impact on the alpha diversity, we proceeded while using the groups assigned
through the taxonomic diversity analysis.
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Figure 2. (a) The Shannon diversity indices and (b) the ASV richness found in each group of seals
sampled: males at fish farms (MaleFF, n = 56), adults/scats sampled in the region directly around
salmon (InRegAd, n = 52), juveniles sampled outside of the regions around farms (CtrlJuv, n = 51),
adults/scats sampled outside the regions around farms (CtrlAd, n = 57). Significant differences are
represented as *** p-value < 0.001 and ** p-value < 0.05.

The PERMANOVA of Bray–Curtis distances revealed significant community differ-
ences between multiple groups of seals. Significant differences between seal groups sam-
pled were found (pseudo-F = 8.663, p = 0.001), while seals sampled in different regions of
Tasmania also had significantly different community diversity (pseudo-F = 6.391, p = 0.001).
In addition, juveniles and adult seals had significantly different community diversity
(pseudo-F = 8.125, p = 0.001). To account for potentially confounding effects, we tested a
PERMANOVA model using backwards selection, and the final model was selected, in which
the significant variables included seal group, animal status (live captured and swabbed,
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haul-out scat, and necropsied animal samples), month, and region; this demonstrated
significant differences between groups and, to a slightly lesser degree, the other variables
(seal groups: pseudo-F = 9.008, p = 0.001; animal status: pseudo-F = 2.243, p = 0.001; month:
pseudo-F = 1.674, p-value = 0.001; and region: pseudo-F = 1.414, p-value = 0.028). The
Bray–Curtis dissimilarity distances show community differences between groups at the
ASV level rather than the taxonomic level, with many males at fish farms forming an appar-
ent cluster on PC1, as well as overlap seen in all group of seals with juveniles specifically
showing similarity to all groups sampled (Figure 3).

Oceans 2023, 4, FOR PEER REVIEW 8 
 

 

groups at the ASV level rather than the taxonomic level, with many males at fish farms 
forming an apparent cluster on PC1, as well as overlap seen in all group of seals with 
juveniles specifically showing similarity to all groups sampled (Figure 3). 

 
Figure 3. An NMDS plot of the Bray–Curtis distances between samples. Color groups of fur seals 
sampled in Tasmania: males at fish farms (MaleFF), adults/scats sampled in the region directly 
around salmon (InRegAd), juveniles sampled outside of the regions around farms (CtrlJuv), and 
adults/scats sampled outside the regions around farms (CtrlAd). Shapes represent the animal status 
upon sampling which accounts for different sample types. 

3.2. Taxonomic Diversity Differences within the Seals in Tasmania 
Taxonomic differences between groups of seals sampled were analyzed for common 

and significantly different ASVs found within and between seals sampled. As multiple 
subsets of adults were sampled, the relative abundance of bacterial phyla represented in 
the four groups of seals are shown in Figure 4. Overall, the males sampled at the farms 
and the animals sampled in the regions around farms had more diversity within the phy-
lum Bacteroidota than the other groups of seals. There were other phyla that appeared di-
vergent, but this phylum was the most apparently different. 

The proportions of families represented in Bacteroidota showed that the males cap-
tured on the farms were had a larger variation in the families represented (Figure 5). 

The ANCOM analysis of seal microbiomes revealed 336 ASVs that were significantly 
different at a W-statistic threshold of 0.6 (W-statistic is a count of the sub-hypotheses 
passed during all of the pair-wise tests that make up the ANCOM) between seal groups 
when using sample-type as a covariate based on the sample-type being a confounding 
factor which would limit interpretation. Of the 336 ASVs, 80 ASVs were more abundant 
in males at fish farms than other groups of seals. Of the 202 ASVs that were differentially 
abundant at a stricter W-statistic threshold of 0.7, 61 were associated with males captured 
at the farms (Figure 6). ASVs that were found to be more significantly associated with 
salmon farm frequenting seals were a Weeksellaceae unclassified genus, Photobacterium 
damselae, Neisseria sp., Psychrobacter spp., Porphyromonas spp., Providencia alcalifaciens, and 
Campylobacter balseri; the rest are identified in Figure 6. The heatmap representing 79 dif-
ferentially ASVs found most abundantly in adult scats sampled from the same region as 
the farms had several Bacillota (Firmicutes) and Actinomycetota (Actinobacteria) 

Figure 3. An NMDS plot of the Bray–Curtis distances between samples. Color groups of fur seals
sampled in Tasmania: males at fish farms (MaleFF), adults/scats sampled in the region directly
around salmon (InRegAd), juveniles sampled outside of the regions around farms (CtrlJuv), and
adults/scats sampled outside the regions around farms (CtrlAd). Shapes represent the animal status
upon sampling which accounts for different sample types.

3.2. Taxonomic Diversity Differences within the Seals in Tasmania

Taxonomic differences between groups of seals sampled were analyzed for common
and significantly different ASVs found within and between seals sampled. As multiple
subsets of adults were sampled, the relative abundance of bacterial phyla represented in
the four groups of seals are shown in Figure 4. Overall, the males sampled at the farms and
the animals sampled in the regions around farms had more diversity within the phylum
Bacteroidota than the other groups of seals. There were other phyla that appeared divergent,
but this phylum was the most apparently different.

The proportions of families represented in Bacteroidota showed that the males captured
on the farms were had a larger variation in the families represented (Figure 5).



Oceans 2023, 4 208

Oceans 2023, 4, FOR PEER REVIEW 9 
 

 

representatives, along with ASVs identified as Edwardsiella tarda (Supplementary Figure 
S4). From the culture results, which were used to create the local and specific reference 
database, a novel genus was identified. We sequenced the genome of a representative 
strain called Ap9-02, which is under the NCBI accession code GCA_009835005.1 (as part 
of bioproject PRJNA594230, the 16S rRNA sequence is on WTFG01000017.1). A full length 
16S rRNA gene sequence retrieved from the draft genome confirms the closest relatives 
as the genera Ornithinobacterium, Moheibacter, and Faecalibacter in the family Weeksellaceae 
(phylum Bacteroidota) at a similarity of approximately 89–91% (using a full length 16S 
rRNA gene). 

 
Figure 4. The relative abundance of bacterial phyla represented in the microbiomes of all four 
groups of fur seals sampled in Tasmania: males at fish farms (MaleFF), adults/scats sampled in the 
region directly around salmon (InRegAd), juveniles sampled outside of the regions around farms 
(CtrlJuv), adults/scats sampled outside the regions around farms (CtrlAd), NA refers to other/uni-
dentified phylum. 

Figure 4. The relative abundance of bacterial phyla represented in the microbiomes of all four
groups of fur seals sampled in Tasmania: males at fish farms (MaleFF), adults/scats sampled in
the region directly around salmon (InRegAd), juveniles sampled outside of the regions around
farms (CtrlJuv), adults/scats sampled outside the regions around farms (CtrlAd), NA refers to
other/unidentified phylum.
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Figure 5. The families represented in the phylum in Bacteroidota in the microbiomes of all four groups
of fur seals sampled in Tasmania: males at fish farms (MaleFF), adults/scats sampled in the region
directly around salmon (InRegAd), juveniles sampled outside of the regions around farms (CtrlJuv),
and adults/scats sampled outside the regions around farms (CtrlAd). NA refers to other/unidentified
families in Bacteroidota.

The ANCOM analysis of seal microbiomes revealed 336 ASVs that were significantly
different at a W-statistic threshold of 0.6 (W-statistic is a count of the sub-hypotheses passed
during all of the pair-wise tests that make up the ANCOM) between seal groups when
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using sample-type as a covariate based on the sample-type being a confounding factor
which would limit interpretation. Of the 336 ASVs, 80 ASVs were more abundant in males
at fish farms than other groups of seals. Of the 202 ASVs that were differentially abundant
at a stricter W-statistic threshold of 0.7, 61 were associated with males captured at the farms
(Figure 6). ASVs that were found to be more significantly associated with salmon farm
frequenting seals were a Weeksellaceae unclassified genus, Photobacterium damselae, Neisseria
sp., Psychrobacter spp., Porphyromonas spp., Providencia alcalifaciens, and Campylobacter balseri;
the rest are identified in Figure 6. The heatmap representing 79 differentially ASVs found
most abundantly in adult scats sampled from the same region as the farms had several
Bacillota (Firmicutes) and Actinomycetota (Actinobacteria) representatives, along with ASVs
identified as Edwardsiella tarda (Supplementary Figure S4). From the culture results, which
were used to create the local and specific reference database, a novel genus was identified.
We sequenced the genome of a representative strain called Ap9-02, which is under the
NCBI accession code GCA_009835005.1 (as part of bioproject PRJNA594230, the 16S rRNA
sequence is on WTFG01000017.1). A full length 16S rRNA gene sequence retrieved from
the draft genome confirms the closest relatives as the genera Ornithinobacterium, Moheibac-
ter, and Faecalibacter in the family Weeksellaceae (phylum Bacteroidota) at a similarity of
approximately 89–91% (using a full length 16S rRNA gene).
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Figure 6. Heatmap of proportion of reads in each group of the 61 ASVs aggregated at the taxon level
(46 taxa) found in significantly higher abundance in male seals sampled at fish farms (MaleFF) than
any of the other three groups of seals tested, i.e., in region adults (InRegAd), control adults (CtrlAd),
or control juveniles (CtrlJuv). These ASVs were found to be differentially abundant through the
ANCOM analysis of ASVs in all seals sampled when assessing variability between groups and region
as a co-variate in the model and using a W-statistic threshold of 0.7.
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Six ASVs determined as differentially abundant between seal groups via ANCOM were
assigned to an unclassified genus (16S rRNA gene sequence 91% similar to Ornithobacterium
rhinotracheale (family Weeksellaceae, phylum Bacteroidetes), which had multiple isolates
cultured from the seals captured at fish farms during this study; these ASVs were found
significantly more frequently in the males from salmon farms (Figure 6). As the taxonomic
evaluation of this unclassified Weeksellaceae genus (genome of representative strain Ap0902
is deposited under accession GCA_009835005.1) is ongoing due to its difficulty in being
cryopreserved and revived, it will be referred to from hereon as “unclassified Weeksellaceae
genus” in this study. All ASVs identified through ANCOM as differentially abundant
that were classified as representing the unclassified Weeksellaceae genus were significantly
related to males captured at fish farms compared to all other groups sampled, except one
ASV, which was represented by 89 more reads in adult scats sampled in the same region
as the farms than the males that were captured on the farms, and this ASV also had the
lowest W-statistic of all six ASVs assigned to this unclassified Weeksellaceae genus.

3.3. Differentially Abundant ASVs Also Present in Salmon

Salmon microbiome sequencing data had a mean read depth of 85,953 reads/sample
(range 34–239,832 reads/sample), as this mean sampling depth is much higher than the
seals, as was the range, and the comparisons of diversity between seals and salmon
were deemed inappropriate for extensive analysis. Briefly, after removing samples with
<1000 reads/sample to compare to the seal microbiomes, there were no significant differ-
ences in richness between salmon and any group of seals; however, the Shannon diversity in
salmon microbiomes were significantly lower than in all groups of seals (p-value < 0.00001)
(Supplementary Figure S5). In the beta diversity measured via Bray–Curtis distances,
differences were extremely apparent between salmon microbiomes and seal microbiomes,
forming two distinct clusters, one of seals and one of salmon, with no overlap (Figure 7).
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Figure 7. The nMDS plot of Bray–Curtis distances between all seal and salmon samples with colors
representing seal groups and salmon: males at fish farms (MaleFF), adults/scats sampled in the
region directly around salmon (InRegAd), juveniles sampled outside of the regions around farms
(CtrlJuv), adults/scats sampled outside the regions around farms (CtrlAd), and salmon.
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To demonstrate why this may be the case taxonomically, the relative abundance of
ASVs at the phyla level in salmon and the different seal groups are shown in Figure 8. These
results illustrate how different the phyla represented are in the GI tracts of these two species,
and that salmon have microbiota that are dominated by Pseudomonadota (Proteobacteria)
(Figure 8).
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Figure 8. The relative abundance of the phyla represented in seals and farmed salmon in Tasmania
for each group of seals sampled: males at fish farms (MaleFF), adults/scats sampled in the region
directly around salmon (InRegAd), juveniles sampled outside of the regions around farms (CtrlJuv),
adults/scats sampled outside the regions around farms (CtrlAd), and farmed salmon.

We used the ASVs, identified through the ANCOM analysis, to determine whether any
were also found in the GI microbiomes of farmed salmon. There were 18 ASVs found using
ANCOM that were differentially abundant in seals and were also found in salmon gut
microbiomes (Table 1). Of the 18 ASVs, 11 were most associated with scats sampled from
seals in the region around farms and 2 were from the males at the farms. The remaining
five were split between control juveniles and control adult scats. Interestingly, there were
a number of potential pathogens that were found in both species: Providencia alcalifaciens,
Photobacterium damselae subsp. damselae, and members of Clostridium sensu stricto 1 (Table 1).
The ASVs assigned to the family Weeksellaceae found in salmon were not in the same genus
as the novel ASVs found in seals. As the phylum Bacteroidota was the phylum with the
greatest divergence among the groups of seals, we visualized the relative abundance of
families in this phylum in the seal groups and salmon as well, which revealed more ASVs
of the Flavobacteriaceae, Porphyromonadaceae, and Dysgonomonadaceae families in the males
sampled from farms that were also found in farmed salmon (Supplementary Figure S6).
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Table 1. The ASVs and their taxonomic assignment of the significantly differentially abundant ASVs
between groups of seals determined through ANCOM and the number of reads assigned to them in
the farmed salmon microbiome data, as well as in each group of seal, and the group which had the
most reads of each ASV. W-statistic represents the number of sub-hypotheses that were significant in
the ANCOM model (threshold at 0.6).

Phylum; Taxon W * CtrlAd CtrlJuv InRegAd MaleFF High Group Salmon
Reads

Pseudomonadota; Photobacterium
damselae subsp. damselae 1073 44,141 3 5673 152 CtrlAd 664

Fusobacteriota; Cetobacterium ceti 1054 10,070 0 3029 252 CtrlAd 401
Pseudomonadota;
Neisseria;uncultured bacterium 1033 244 212 3436 926 InRegAd 1751

Pseudomonadota; Escherichia-Shigella 1013 0 2776 580 18 CtrlJuv 161
Bacillota; Bacillus 1008 1381 719 1679 203 InRegAd 206
Bacillota; Clostridium sensu stricto 1 1007 0 16 1285 282 InRegAd 477
Bacillota; Bacilli 991 375 0 2757 28 InRegAd 41
Pseudomonadota; Plesiomonas 956 0 0 1568 72 InRegAd 179
Bacillota; Bacillus 932 296 365 4247 337 InRegAd 183
Pseudomonadota; Providencia
alcalifaciens DSM 30120 926 32 26 1460 64 InRegAd 38

Bacillota; Peptostreptococcaceae 889 0 0 2723 0 InRegAd 707
Pseudomonadota; Providencia
alcalifaciens DSM 30120 889 0 0 0 900 MaleFF 32

Bacillota; Clostridium moniliforme 819 0 0 884 207 InRegAd 63
Pseudomonadota; Escherichia coli
UMEA 4075-1 767 0 118 0 0 CtrlJuv 29

Pseudomonadota; Psychrobacter 692 0 0 992 0 InRegAd 42
Pseudomonadota; Escherichia-Shigella 690 0 153 0 7 CtrlJuv 10
Pseudomonadota; Providencia
alcalifaciens DSM 30120 665 3 0 0 410 MaleFF 74

* Abbreviation for the ANCOM W-value, which is an estimate of the number of sub-hypotheses that have passed
for a given species.

4. Discussion

This study documents taxonomic community and biodiversity differences in microbial
communities in a wild pinniped gut in relation to presence at/near marine salmon aqua-
culture activity and a shared habitat with human development. Overall, alpha diversity
differences seen between male seals sampled near or at fish farms and all other seals,
suggest that microbiome biodiversity shifts seen in the males foraging at salmon farms and
seals in the region may play a larger role in shaping fur seal gut microbiomes than age class
does. However, beta diversity differences suggest that community makeup, rather than
overall biodiversity, was implicated in the community diversity difference seen between
groups of seals. The differences between pups and all adults were minor compared to the
regionality or their foraging at or near farms, the differences witnessed were expected based
on previous research indicating the community shifting as an animal ages [41]. The analysis
of composition revealed several differentially abundant ASVs. Of the ones most associated
with males captured at the farms or from the seal scats collected in the region around farms,
one was an apparently a novel genus and a few others were potential pathogens, which
could be used as microbes for biocontamination source tracking efforts.

One phylum where the differences between the males captured at the farms and
the rest of seal groups was most obvious was Bacteroidota. At the family level within the
Bacteroidota phylum, the differences between all adult groups sampled, indicating that the
lower taxonomic differences in the present phyla was very different between seal groups,
with males captured on the farms having higher diversity. This suggests that pups have a
more basal microbial community which then shifts as a seal ages. Previously published
work on fur seal pup gut microbiota in the region supports this and shows a change in
microbial community between pup and adult fur seals [41,55]. We also noticed a similar
proportion of AVSs in Campylobacterota between males captured at the farms and control
juveniles; in all other aspects, the community diversity of pups overlapped with all other
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groups of seals. This may be an artifact of the representative bacteria in this phylum
possibly degrading outside of the host faster than others and, therefore, the swabs from
males at the farms and the live control pups were able to pick up this phylum up more
readily. This limitation of comparing scat to swabs was unavoidable, but from our results,
this difference appears minimal compared to the impacts of variables related to the seal
groups tested.

Foraging on/near farmed salmon appears to have some effect on the biodiversity
and taxonomic community of the seal microbiome, as seen by the differences in ASV
richness, Shannon diversity index, Bray–Curtis dissimilarity distances, and the ANCOM
results. Even when accounting for confounding factors, this trend appeared throughout
the results. Due to the nature of sampling wild seals, we attempted to correct for the
major confounding effects of sample type in all analysis, including the ANCOM model.
It appears that taxonomic and bio-diversity differences transcend the effect of swabs vs.
scat collection, and we found that the Bray–Curtis distances were partially explained by
including animal status/sample type in the final model along with region and month
(Figure 3). This suggests that sampling scat from haul-outs, feces from necropsied seals,
and swabs from live handled seals does have some effect on the microbial community
found via microbiome analysis. However, as the majority of samples cluster together,
overlapping through their demographic groups regardless of sample type, with divergence
in some samples from males captured at the farms and from scats collected in the region
around farms, we believe that the driving factor is related to biological differences, not
sample type/animal status. The majority of samples clustering together is expected as these
groups annually intermix at the rookery islands, and even males captured at the farms
spend different amounts of time in the region. When observing the Bray–Curtis distances
via the NMDS ordination plot, there was a group of males caught at the farms that were
more divergent from the rest of seal groups, regardless of sample type, and a group of scat
samples of both control adults and adults in the regions around farms diverged from the
main cluster. The diversity of these particular samples could be due to the life history of
those seals, sample type, or a biological factor, such as age, sex, or other factor that we were
not able to measure and account for due to the nature of sampling wild animals in a wild
system. In the future, maintaining the same sample type from all individuals would be
preferred, when possible, and sampling across the entire year and evenly across the sexes
or limiting samples to males only would strengthen future results.

While this study included samples across the Tasmanian habitat, age range, and
variable distances from salmon farms, it was limited to seals from the end of 2017 through
the beginning of 2019. Therefore, changes over time and sex-specific differences were not
captured, and as it is possible that seasonality could play a role, we included month in the
PERMANOVA model selection, and it was significantly related to diversity differences;
however, its inclusion had a smaller effect than seal group or animal status/sample type.
Due to the life histories of Australian fur seals, it is impossible to separate seasonality
or month from sampling groups other than haul-out scats, as pups can only be sampled
during summer during pupping season when females leave them on the rookeries while
foraging [56]. It is likely that male seals are over-represented compared to females in the
haul-out samples in regions around farms, due to their natural behavior to forage in more
southerly regions for most of the year [57]. However, as they are the only sex that forage at
the farms, this limitation may have led to capturing of more fine-scale changes based on
male diet and regionality rather than overall differences between sexes. Not knowing the
sex from scat samples could lead to confounding results, but sex-biased results were not
analyzed in this study. Further work should also include multiple years, representative
samples from the rest of the species range, the targeted sampling of adult females and
males in known proportions, and/or the pair metabarcoding of microbiomes with sex
identification molecular methods [58].

The salmon microbiota samples included in this study were a representative sampling
of all farmed salmon in Tasmania in net pens, as known from previous research on the entire
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salmon population; therefore, the differences seen between the seals and salmon are likely
representative of overall differences between these two populations in the region, but likely
would be improved if salmon gut microbiota could be sampled from the same seals that
were captured over the same time period from the farms [59,60]. Such work would improve
the ability to determine fine-scale taxonomic diversity similarities between seal and salmon
microbial communities, which we were not able to do during this study. More broadly,
the taxonomic analysis we performed revealed one phyla which was over-represented
and more diverse in seals foraging at fish farms, compared to all other groups of seals.
The increase in Bacteroidota indicates that these bacteria may be more prevalent in the area
around farmed salmon leases and/or urban areas either from exposure through predation
or merely through environmental exposure.

Community differences were analyzed further by ANCOM and these results were
compared to ASVs in farmed salmon microbiomes. This revealed that male seals from
fish farms appear to have bacterial taxa that are not typical in the rest of the fur seal
population sampled during this study. An unclassified genus of bacteria designated as
the unclassified Weeksellaceae genus was also successfully cultured and was found to be
considerably more prevalent in the males sampled from fish farms. This taxon belongs
to the family Weeksellaceae within Bacteroidota and clearly represents a novel group that
potentially could have biological significance in seals but requires further study. Currently
there are no known sequences that have a greater than 90% similarity in the SILVA database
for the 16S rRNA V1-V3 region; therefore, the taxonomy is completely novel. The most
similar species, O. rhinotracheale, is interestingly an aerobic respiratory pathogen of birds
and not at all plausibly found in seal guts, nor was the percent identity high enough for us
to consider it to be the same genus. The relatedness to genus Faecalibacter (F. macacae—Chen
et al. IJSEM 2020), which includes strains from the Assam macaque, suggests that the
general group the novel seal sequences falls into includes gut microbiome taxa, which
remain so far unstudied in any detail. Through ANCOM, it was revealed the ASVs assigned
to the cultured isolate sequences of the novel unclassified Weeksellaceae genus were also
found more prevalently in males from salmon farms than any other group of seal and were
only found in limited numbers in both adults in and outside of the regions around salmon
farms. While it is interesting that the unclassified Weeksellaceae genus sequences appear
over-represented in the males sampled at fish farms, it should be noted that none of the
ASVs in salmon gut samples assigned to this family were in the same novel genus. This
suggests that while this novel genus is more likely to be present in male seals foraging at
the farms, it is highly unlikely to be derived from the salmon gut microbiota. Therefore, it
is unclear where this novel genus identified in males at the farms is derived from. It may
be from the environment, another form of prey, from the seal microbiomes themselves, or
potentially predating on farmed salmon, but if the latter is the case, more evidence of it
being associated with skin or gill microbiota would be required.

There were 13 ASVs that were conserved specifically between seals foraging near
salmon farms and salmon microbiomes identified through the ANCOM compared to
all ASVs found in the salmon gut microbiomes. None of these were of the unclassified
Weeksellaceae, but several other species of Pseudomonadota were found as being shared
between salmon and seals differentially. Specifically, ASVs representing Neisseria spp.,
Providencia alcalifaciens, Psychrobacter spp., and members of the genus Clostridium sensu
stricto (cluster 1) were significantly more frequently found in seals sampled at the farms or
in the regions around the farms than in the control seals. Providencia alcalifaciens, a Gram-
negative bacterium, sometimes associated with diarrheal infections in animals and humans,
was found to be more abundant in seals at or near farms and also in the gut microbiomes
of salmon [61]. As this bacterium was isolated from soil, its presence both in aquaculture
salmon and wild fur seals may be due to multi-species fecal run-off from terrestrial sources
nearby, but more research, for instance, involving using environmental DNA to identify it
in water and terrestrial sources, would be necessary [61]. Another differentially abundant
taxa worth noting was the Gram-negative genus Psychrobacter, which includes species
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commonly found in saline environments and usually grows at low temperatures [62,63].
Since certain species of Psychrobacter have been identified as opportunistic, and in some
cases virulent, pathogens in humans and animals, including opportunistic infections in
farmed salmonids, the further identification of these species in seals could lead to a better
understanding pathogens and transmission risk at this interface [63–65]. None of the ASVs
that were assigned to the genus Psychrobacter had a species assignment, which may suggest
the existence of a novel species that have yet to be cultured and speciated, occurring in
fur seal microbiomes. The V1–V3 region of the 16S rRNA gene, does not allow for species
resolution for all members of this genus.

Among these ASVs, the fish pathogen Photobacterium damselae subsp. piscicida was
identified, along with members of Clostridium-assigned ASVs, as differentially abundant
and present in both seals and salmon [66]. These species may be of concern for the health
of wild and aquaculture fish populations, and potentially the marine mammals and the
humans that interact with them, as all are at risk of the incidental infection of virulent strains
in other regions where these bacteria are found; however, little evidence was obtained
during this study to ascertain the level of risk [67–72].

The potential for pathogen transmission to and from aquaculture salmon and human
development should be studied further. This study was limited to only one wild population
of fur seals, which are known to forage regularly on farmed salmon stocks, while other
seabird, marine mammal, shark, and wild fish species also interact with farmed salmon.
Other limitations arose from the nature of sampling wild fur seals, as we could only swab
captured seals and were permitted only to sample pups during pup surveys and the males
that were already being captured at the farms for transport; therefore, we relied on scats
for the rest of the microbiome analysis. While the majority of the diversity differences
appeared to be related to proximity to farms, there certainly were differences which arose
from this different type of sampling. It does appear in our study that those differences were
likely minimal, which is useful for researchers in the field.

The full extent of risk from urban runoff and/or aquaculture activities to wildlife is not
known from this study, and the risk to salmon exposed to regular wild seal predation and
runoff from human development is largely unknown, beyond what potential pathogens
may be carried and shed by fur seals in the region. This study suggests that foraging on
farmed salmon and in the region around fish farms and urban areas affects the diversity
and taxonomic make-up of microbial communities in seals. The full extent of bacterial
sharing between fur seals and farmed salmon is not currently known and could not be
elucidated by this study. Further monitoring of potential pathogens in this system should
be undertaken at this interface in Tasmania and at similar wild predator and aquaculture
interfaces globally.
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and salmon.
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