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Marine mammals are frequently considered good sentinels for human, animal and

environmental health due to their long lifespan, coastal habitat, and characteristics

as top chain predators. Using a One Health approach, marine mammals can provide

information that helps to enhance the understanding of the health of the marine and

coastal environment. Antimicrobial resistance (AMR) is the quintessential One Health

problem that poses a well-recognised threat to human, animal, and ecosystem health

worldwide. Treated and untreated sewage, hospital waste and agricultural run-off are

often responsible for the spread of AMR in marine and freshwater ecosystems. Rescued

seals (n = 25) were used as sentinels to investigate the levels of AMR in the Irish

coastal ecosystem. Faecal swabs were collected from these animals and bacterial

isolates (E. coli and cefotaxime-resistant non-E. coli) from each swab were selected for

further investigation. E. coli isolates were characterised in terms of phylogenetic group

typing, AMR, and virulence factors. All E. coli isolates investigated in this study (n = 39)

were ampicillin resistant while 26 (66.6%) were multi-drug resistant (MDR). Resistance

genes blaOXA−1 and blaTEM−1 were detected in 16/39 and 6/39 isolates, respectively.

Additionally, virulence factors associated with adhesion (sfa, papA, and papC) and

siderophores (fyuA and iutA) were identified. An additional 19 faecal cefotaxime-resistant

non-E. coli isolates were investigated for the presence of β-lactamase encoding genes.

These isolates were identified as presumptive Leclercia, Pantoea and Enterobacter,

however, none were positive for the presence of the genes investigated. To the authors

knowledge this is the first study reporting the detection of blaOXA−1 and blaTEM−1 in

phocid faecal E. coli in Europe. These results highlight the importance of marinemammals

as sentinels for the presence and spread of AMR in the marine and coastal environment.

Keywords: antimicrobial resistance, β-lactamases, One Health, seals, virulence factors, E. coli

INTRODUCTION

Located in the North Atlantic region, Ireland offers an important habitat for marine mammals
including harbour seals (Phoca vitulina) and grey seals (Halichoerus grypus) in search of haul-out
sites during breeding and moulting (1). Grey seals are known to migrate between countries, but
harbour seals tend to travel less widely. Nonetheless, both species usually return to their breeding
areas (2).
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Marine mammals are frequently considered good sentinels
for human and environmental health because their position at
the top of the food chain, their long-life span and their coastal
habitat can provide an early warning system for public health
issues (3, 4). Using a One Health approach, marine mammals
can be seen as an important source of information that helps
to enhance our understanding of the health of the marine and
coastal environment (3).

Antimicrobial resistance (AMR) is the quintessential One
Health problem (5) that poses a well-recognised threat to human,
animal and ecosystem health worldwide (6). Much of this
problem has been associated with the misuse of antimicrobials
in human, veterinary and agricultural settings (7) leading
to the increased emergence of antimicrobial-resistant bacteria
(ARB) in marine and fresh water ecosystems (8). Treated and
untreated sewage, hospital waste and agricultural run-off are
often responsible for the spread of AMR in these ecosystems
(9–11). Studies have shown that natural environments, such as
soils, sediments, and surface waters have complex microbiomes
which include clinically important ARBs and antimicrobial-
resistant genes (ARGs) (12). ARGs can be transferred into soils
and leached to groundwater or carried by runoff and erosion
to surface water (13). In addition, dense bacterial populations
in treatment plants facilitate frequent genetic exchange through
mobile genetic elements (MGE), such as plasmids, integrons,
and transposons (8, 14). For example, the spread of β-
lactamases, enzymes responsible for decreasing the efficacy
of critically important β-lactam antimicrobials against Gram
negative bacteria, is frequently due to MGEs (15). These enzymes
are currently the most important mechanism of resistance
in Gram negative pathogens with more than 2,600 enzymes
described to date. The most frequently described enzymes in E.
coli include CTX-M, TEM and SHV, Ambler class A enzymes,
and OXA, Ambler class D enzymes (16). Also disseminated by
MGEs, virulence factors including adherence factors, invasion
factors, iron acquisition systems, capsules and toxins facilitate
bacterial colonisation of the host (17).

An Irish technical report identified high levels of resistant E.
coli in urban wastewater (18). More recently, Mahon et al. were
the first in Europe to report the isolation of New Delhi metallo-
beta-lactamase (NDM)-producing Enterobacteriaceae from both
fresh water and seawater sampled on 2 Irish beaches located
near an untreated human sewage ocean discharge (19). This
finding raises concerns regarding the potential of sewage
discharges to contribute to the spread of ARBs and ARGs in
the environment, especially when recent studies have shown that
resistant bacteria can be selected at extremely low antibiotic
concentrations, similar to concentrations found in some aquatic
and soil environments (20, 21). Although it is recognised that
proximity to human activities shapes the AMR profile of the
gastrointestinal microbiome of wild mammals, the presence of
ARBs and ARGs in the intestinal microbiota of wild animals has
not been thoroughly investigated (8, 22, 23). Additionally, the
role played by wildlife colonised with ARB in the dissemination
of ARGs worldwide needs to be addressed (24, 25).

In light of the recent findings of ARB in Irish coastal waters
and the complexity of the factors governing dissemination of

AMR in the environment, a pilot study was conducted to
characterise the faecal E. coli populations of pinnipeds living
in coastal waters surrounding Ireland, and investigate the
presence of β-lactamase encoding genes and virulence factors.
Furthermore, the presence of β-lactamase encoding genes was
examined in cefotaxime-resistant non-E. coli isolates.

MATERIALS AND METHODS

Animals
In the summer breeding season of 2017, collection of faecal
swabs from 23 harbour seals (P. vitulina) and two grey seals (H.
grypus) was attempted at the premises of Seal Rescue Ireland
(SRI), the only marine rehabilitation centre in the Republic of
Ireland; however, three animals did not defecate during the visit.
Convenience sampling was conducted on two occasions in July
2017, 22 days apart, to sample as many individual animals as
possible (Table 1). Fourteen and eleven animals were sampled on
the first and second sampling-days, respectively, which made up
the total number of animals housed at SRI at the time (Table 1).

Sterile cotton swabs were used to collect freshly voided faeces
from each animal’s enclosure (individual pens with covered roof)
without contacting the floor. Enclosures at SRI are cleaned daily;

thorough washing and disinfection with bleach and Virkon© are
performed before any new animal is moved into an enclosure.

Faecal swabs were kept refrigerated for a period no longer than
24 h before being processed in the laboratory.

At time of sampling, the age of animals ranged from 9 days to
10 months approximately. Samples were collected from animals
between 24 h and 8 months after their arrival at the SRI facilities.

Faecal Swab Processing and E. coli

Isolation
In the microbiology laboratory, the faecal swabs were placed into
20mL sterile plastic tubes filled with 5mL of buffered peptone
water (BPW, Lab M) and vortexed for 10 s.

Aliquots of 0.1mL of each initial suspension were plated
onto the chromogenic selective medium Tryptone Bile X-
glucuronide (TBX, Fisher Scientific) and TBX supplemented
with cefotaxime (sc-202989 Cefotaxime Sodium Salt;
0.250 mg/L according to EUCAST epidemiological cut-
off value (ECOFF) at the time of the study). TBX and
TBX supplemented with cefotaxime were used to detect
cefotaxime-susceptible and cefotaxime-resistant E. coli colonies
(blue/green colonies), respectively. Sterile spreaders were
used to evenly distribute the faecal suspension across the
plates and then all plates were incubated at 37◦C for a
period of 20–24 h. Two to three colonies were isolated from
each plate/sample if colonies differed phenotypically. E. coli
ATCC 25922 and extended spectrum β-lactamase (ESBL)-
producing isolate R5S (26) were used as negative and positive
controls, respectively.

Antimicrobial Susceptibility Testing of E.
coli
Thirty-nine E. coli isolates (selected from TBX and
TBX supplemented with cefotaxime media) were
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TABLE 1 | Sampling details including animal identification, sampling day and bacteria isolated from faeces; E. coli isolated from TBX supplemented with cefotaxime

(REC), E. coli isolated from TBX (EC) and non- E. coli isolated from TBX supplemented with cefotaxime (RC) according to sampling-day (3rd of July and 25th of July).

Seal

ID

Isolate ID Sampling

day

Bacterial

species

Phylogenetic

group

typing

Resistance

phenotype

Resistance

genotype

Virulence

factors

Previous

antibiotic

treatment

No. days

between

treatment

and sampling

1 1EC1 1 E. coli B1 AMP, PIP, ENR, TET sfa N.A. N.A.

1EC2 1 E. coli N.A. N.A.

2 2EC1 1 E. coli B1 AMP N.A. N.A.

2EC2 1 E. coli N.A. N.A.

3 3EC1 1 E. coli N.A. N.A.

3EC2 1 E. coli B1 AMP, PIP, ENR, TET blaTEM−1 Marbofloxacin 39

4 4EC1 1 E. coli B1 AMP, CHL N.A. N.A.

4EC2 1 E. coli N.A. N.A.

5 5EC1 1 E. coli B1 AMP, CHL N.A. N.A.

5EC2 1 E. coli N.A. N.A.

6 6EC1 2 E. coli B1 AMP, PIP, TOB, SXT blaTEM−1 fyuA, iutA,

sfa, papC

N.A. N.A

6EC2 1 E. coli B1 AMP, PIP, TOB, STX blaTEM−1 fyuA, iutA,

papA

N.A N.A.

6EC3 1 E. coli B1 AMP, CEV, CHL N.A. N.A.

7 7EC1 1 E. coli B1 AMP, CHL N.A. N.A.

7EC2 N.A. N.A.

9 9EC1 1 E. coli A/Ca AMP N.A. N.A.

9EC2 1 E. coli B1 AMP, PIP, ENR, TET blaTEM−1 N.A. N.A.

10 10EC1 1 E. coli A AMP N.A. N.A.

10EC2 1 E. coli B1 AMP N.A. N.A.

13 13EC1 1 E. coli B1 AMP, PIP, ENR, TET blaTEM−1 N.A. N.A.

13EC2

14 14EC1 1 E. coli B2 AMP N.A. N.A.

14EC2

12 12REC1 2 E. coli A/Ca AMP, AMC, PIP, CEF,

GEN, TOB, ENR, MAR,

CHL, STX

blaOXA−1 fyuA, iutA,

sfa, papC

N.A. N.A.

12REC2

16 16REC1 2 E. coli A/Ca AMP, AMC, PIP, CEF,

GEN, TOB, ENR, MAR,

CHL, STX

blaOXA−1 fyuA, iutA,

papA

Enrofloxacin

Amoxicillin/

Clavulanate

202

192

16REC2 2 E. coli A/Ca AMP, AMC, PIP, CEF,

AMK, GEN, TOB, ENR,

MAR, CHL, STX

blaOXA−1 fyuA, iutA,

papA

17 17REC1 2 E. coli A/Ca AMP, AMC, PIP, LEX,

CPD, CEF, GEN, TOB,

ENR, MAR, CHL, STX

blaOXA−1 fyuA, iutA,

sfa, papC,

papA

N.A. N.A.

17REC2 2 E. coli A/Ca AMP, AMC, PIP, LEX,

CPD, CEF, GEN, TOB,

ENR, MAR, CHL, STX

blaOXA−1 fyuA, iutA,

papC, papA

18 18REC1 2 E. coli A/Ca AMP, AMC, PIP, CEF,

GEN, TOB, ENR, MAR,

CHL, STX

blaOXA−1 fyuA, papA Marbofloxacin 0

18REC2 2 E. coli A/Ca AMP, AMC, PIP, GEN,

TOB, ENR, MAR, CHL,

STX

blaOXA−1 fyuA, papA

19 19REC1 2 E. coli A/Ca AMP, AMC, PIP, CEF,

GEN, TOB, ENR, MAR,

CHL, STX

blaOXA−1 fyuA, iutA,

papC, papA

Marbofloxacin 1

19REC2

(Continued)
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TABLE 1 | Continued

Seal

ID

Isolate ID Sampling

day

Bacterial

species

Phylogenetic

group

typing

Resistance

phenotype

Resistance

genotype

Virulence

factors

Previous

antibiotic

treatment

No. days

between

treatment

and sampling

20 20REC1 2 E. coli A/Ca AMP, AMC, PIP, CEF,

GEN, TOB, ENR, MAR,

CHL, STX

blaOXA−1 fyuA, iutA,

papC, papA

Marbofloxacin 1

20REC2

23 23REC1 2 E. coli A/Ca AMP, AMC, PIP, CEF,

GEN, TOB, ENR, MAR,

CHL, STX

blaOXA−1 fyuA, iutA,

papC, papA

N.A. N.A.

23REC2

24/25 24/25REC1 2 E. coli A/Ca AMP, AMC, PIP, CEF,

ENR, MAR, CHL, STX

blaOXA−1 fyuA, iutA,

papC, papA

Marbofloxacin 2

24/25REC2 2 E. coli A/Ca AMP, AMC, PIP, CEF,

GEN, TOB, ENR, MAR,

CHL, STX

blaOXA−1 fyuA, iutA,

papC, papA

1–10

and

13–14

1RC1

1RC2

2RC1

2RC2

3RC1

3RC2

4RC2

5RC1

5RC2

6RC1

7RC1

7RC2

8RC1

8RC2

9RC2

10RC1

13RC2

13RC3

14RC3

1 Non-E. coli N.A. N.A. N.A. N.A. N.A.

Characterisation of faecal E. coli isolated from seals according to their phylogenetic group typing, virulence factors, antimicrobial resistance genes (genotype), and antimicrobial

susceptibility profile (phenotype) given by Vitek2. For the purpose of this study intermediate antimicrobial susceptibility was interpreted as resistant. Antimicrobials tested: AMP,

Ampicillin; AMC, Amoxicillin/Clavulanic Acid; PIP, Piperacillin; LEX, Cefalexin; CPD, Cefpodoxime; CEV, Cefovecin; CEF, Ceftiofur; IPM, Imipenem; AMK, Amikacin; GEN, Gentamicin; TOB,

Tobramycin; ENR, Enrofloxacin; MAR, Marbofloxacin; TET, Tetracycline; NIT, Nitrofurantoin; CHL, Chloramphenicol; PMB, Polymyxin B; SXT, Trimethoprim/Sulfamethoxazole. Additional

information on antimicrobial use, number of days between antimicrobial treatment and sampling-time for the samples with antimicrobial resistance genes. N.A., not applicable.
aPhylogenetic groups A and C could not be differentiated.

grown on blood agar plates for 18 h at 37◦C before
testing for antimicrobial susceptibility by the VITEK 2

automated system (Biomerieux©), as recommended by
the manufacturer (Table 1). Vitek 2 AST-GN65 cards
(Biomerieux©) were used to investigate the susceptibility
of the isolates to amoxicillin, ampicillin, amoxicillin
and clavulanic acid, piperacillin, cefalotin, cefalexin,
cefpodoxime, cefovecin, ceftiofur, imipenem, amikacin,
gentamicin, tobramycin, enrofloxacin, marbofloxacin,
tetracycline, nitrofurantoin, chloramphenicol, and
trimethoprim/sulfamethoxazole. Results were interpreted
according to the Clinical and Laboratory Standards Institute
(CLSI) guidelines. E. coli ATCC 25922 was used as control
strain (27–31).

Rapid DNA extraction was performed on all isolates by the
boiling method (32).

Investigation of Phylogenetic Group Typing
and Virulence Factors of E. coli
The phylogenetic group of 33 E. coli was investigated using
an adapted version of the Clermont method (Table 2) (33).
Each isolate was assigned to a group (A, B1, B2, C, D, E,
F) according to the presence or absence of genes arpA, chuA,
yjaA, and the DNA fragment TSPE4.C2 (33). Positive controls
were provided by the Galway University Hospital National
Microbiology Reference Laboratory.

Briefly, all PCR reactions were performed in a final volume
of 25 µl containing 1× master mix [2× Qiagen Multiplex
PCR Master Mix, final primer concentrations of 0.2–0.7µM as
appropriate (Table 2), PCR grade water] and 1.5 µl of bacterial
lysate. PCR reactions were performed as follows: denaturation
15min at 95◦C, followed by 30 cycles of 20 s at 94◦C, 20 s at 60◦C,
and 30 s at 72◦C with a final extension step of 5min at 72◦C. PCR
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TABLE 2 | List of primers, target genes, primer sequences, annealing temperatures, and primer concentrations used for E. coli phylogenetic group typing in this study.

Primer ID Target Primer sequence (5
′

- 3
′

) Annealing

T (◦C)

Final concentration

(µM)

PCR product

(bp)

PCR reaction References

chuA.1b chuA ATGGTACCGGACGAACCAAC 60 0.3 288 Quadruplex (a)

chuA.2 TGCCGCCAGTACCAAAGACA 0.3

yjaA.1b yjaA CAAACGTGAAGTGTCAGGAG 0.6 211

yjaA.2b AATGCGTTCCTCAACCTGTG 0.6

TspE4C2.1b TspE4.C2 CACTATTCGTAAGGTCATCC 0.7 152

TspE4C2.2b AGTTTATCGCTGCGGGTCGC 0.7

AceK.f arpA AACGCTATTCGCCAGCTTGC 0.3 400

ArpA1.r TCTCCCCATACCGTACGCTA 0.3

trpAgpC.1 trpA AGTTTTATGCCCAGTGCGAG 59 0.2 219 Group C duplex (b)

trpAgpC.2 TCTGCGCCGGTCACGCCC 0.2

ArpAgpE.f arpA GATTCCATCTTGTCAAAATATGCC 57 0.2 301 Group E duplex

ArpAgpE.r GAAAAGAAAAAGAATTCCCAAGAG 0.2

trpBA.f trpA CGGCGATAAAGACATCTTCAC 59/57 0.2 489 Internal control group C and E (c)

trpBA.r GCAACGCGGCCTGGCGGAAG 0.2

Adapted from (a) Clermont et al. (33) and Tim Julian (Eawag, Switzerland), (b) Lescat et al. (34), and (c) Clermont et al. (35).

products were loaded on 2% agarose gels with SYBR R© Safe DNA
gel stain and run for 60min at 100V. DNA bands were visualised
using a UV-transilluminator. For groups C and E, two further
PCRs were performed using the previous protocol with 5× Q-

Solution (Qiagen©) included in the master mix. PCR reactions
were performed as follows: denaturation 15min at 95◦C, 30
cycles of 20 s at 94◦C, 20 s at 59◦C (group C) or 57◦C (group E),
respectively and 30 s at 72◦C, with a final extension step of 5min
at 72◦C.

Selected genes encoding virulence factors associated with
adhesion (afaE8, papA, papC, and sfa), capsular antigen
(kpsMFII), toxins (CNF1), and siderophores (fyuA and iutA)
were also investigated as previously published (36–40). Positive
PCR products were Sanger sequenced for identification of gene
variants. The nucleotide sequence queries were loaded into the
Virulence Factor Database (VFDB) (41).

Identification of Cefotaxime-Resistant
Non-E. coli
Faecal samples collected on the first-sampling day did not
yield any E. coli colonies that grew on medium supplemented
with cefotaxime. However, 19 other colonies that were not
E. coli were selected from this medium for further analysis
(Table 1). Identification of these colonies was carried out by
performing 16s rRNA PCR according to Marchesi et al. (42).
PCR products (1,300 bp) were Sanger sequenced and the
nucleotide sequence queries were loaded into the National
Centre for Biotechnology Information (NCBI) Basic Local

Alignment Search Tool (BLAST©). The highest query cover,
identity and max score were used to determine the best fit for
sequence alignment.

Investigation of β-Lactamase-Encoding
Genes
Thirty-three E. coli isolates yielding a phenotype of resistance
to ampicillin (Table 1) were tested to see if they contained

β-lactamase-coding genes SHV, TEM, and OXA (Multiplex I)
while 16 isolates with susceptibility reported as intermediate or
resistant to 3rd generation cephalosporins (Table 1) were further
investigated for the presence of ESBL (CTX-M) (Multiplex II)
and plasmid-mediated AmpC (ACC, FOX, MOX, CMY, DHA,
LAT, ACT, BIL, MIR) (Multiplex III) encoding genes (32).
Additionally, 19 cefotaxime-resistant non-E. coli isolates were
investigated for the presence of β-lactamases. Positive controls
were provided by the Galway University Hospital National
Microbiology Reference Laboratory.

Briefly, for multiplex PCRs I, II and III, reactions were carried
out in 25 µl of reaction mix containing master mix (2× Qiagen
Multiplex PCR Master Mix, 5× Q-Solution (Qiagen), primers at
concentration of 0.2–0.5µM as appropriate, PCR grade water)
and 1.0 µl of bacterial lysate. PCR reactions were performed as
follows: denaturation 15min at 95◦C, 30 cycles of 30 s at 94◦C,
90 s at 60◦C, and 90 s at 72◦Cwith a final extension step of 10min
at 72◦C.

Agarose gels ranging between 1.2 and 2% (according to the
size of PCR product) were run at 100V for 60min. A UV-
transilluminator was used to visualise the PCR products.

Positive PCR products were Sanger sequenced. The nucleotide
sequence queries were loaded into the Comprehensive Antibiotic
Resistance Database (CARD) (43).

RESULTS

Cefotaxime Resistant E. coli
Faecal samples from 22 seals were collected over two sampling
days. Samples were plated onto TBX and TBX supplemented with
cefotaxime. After overnight incubation, samples were examined
for growth and the results are shown in Table 1. E. coli were not
retrieved from faeces sampled from 2 animals, while there was no
E. coli growth on TBX supplemented with cefotaxime on samples
collected on day 1. E. coli was recovered from all faecal samples
from day 2 plated on TBX supplemented with cefotaxime.
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Antimicrobial Susceptibility Testing of E.
coli
In total, 39 E. coli isolates were investigated in the present
study; 23 from the faeces collected on sampling-day 1 and
16 from sampling-day 2. All isolates were ampicillin-resistant,
16 of them were also resistant to amoxicillin and clavulanic
acid (Table 1), while 22 of the isolates were intermediately
susceptible or resistant to fluoroquinolones. From day 1 E. coli
isolates, 10 (43.5%) were multidrug resistant (MDR) showing
resistance to 3–4 different antimicrobial classes (penicillins,
cephalosporins, tetracyclines, and potentiated sulphonamides)
(44). In contrast, all E. coli isolates from sampling-day 2
were MDR, displaying resistance to 4–6 different antimicrobial
classes including penicillins, fluoroquinolones, amphenicols, and
potentiated sulphonamides (Table 1).

Molecular Investigation of E. coli
From a total of 39 E. coli isolates, 33 were selected for analysis by
PCR and sequencing. Twenty-two carried β-lactamase encoding
genes; blaTEM−1 was detected in six E. coli isolated from four seals
on Day 1 while blaOXA−1 was detected in 16 E. coli isolated from
nine animals on Day 2. Of four seals shedding TEM-1 E. coli,
two originated from county Galway and one had been treated
at SRI with marbofloxacin, 39 days before sampling. Of nine
seals shedding E. coli carrying blaOXA−1, five had been medicated
with marbofloxacin (Table 1). Reasons for medication included
wounds, otitis, and umbilical abscess.

Additionally, the presence of CTX-M and AmpC encoding
genes was investigated in the 16 isolates from day 2 (cefotaxime-
resistant E. coli) using multiplex II and multiplex III PCRs;
however, none of these genes was detected.

E. coli isolates belonged to phylogenetic groups A (n = 1),
B1 (n = 13), B2 (n = 2), and A/C (n = 17) with the all
16 isolates from Day 2 belonging to group A/C. For isolates
characterised as A/C it was not possible to further determine their
phylogenetic group.

To further characterise the E. coli isolates investigation of
selected virulence factors was performed. From day 1 samples, 3
of 17 E. coli isolates carried at least one virulence factor associated
with adhesion (sfa, papA, and papC) and/or siderophores (fyuA
and iutA) while all E. coli (16) isolated on the second sampling
day carried at least two virulence factors. Some isolates carried
multiple virulence factors including isolate 17REC1 that carried
five of the eight virulence factors investigated.

Investigation of Non-E. coli
Cefotaxime-resistant non-E. coli isolates were grown from
samples collected on both sampling-days and 19 colonies
recovered on the first sampling-day were selected for further
investigation based on colony morphology.

16s rRNA PCR was used to amplify a specific region of the
genome of each isolate. Despite the limitations of this method,
sequence homology suggests that most of the isolates belong to
the genera Leclercia, Enterobacter, Pantoea, and/or Psychrobacter
(Supplementary File). Definitive species identification was not
established. None of these isolates carried any of the β-lactamase
encoding genes investigated (Table 1).

DISCUSSION

To the authors’ knowledge this is the first study reporting
the detection of blaOXA−1 and blaTEM−1 in phocid faecal E.
coli in Europe. The presence of β-lactamase producing E.
coli in the microbiota of wild seals, some of which had not
been previously medicated with antimicrobials is a cause for
concern and highlights their potential to serve as One Health
sentinels when investigating AMR. There is also scope to explore
zoonotic diseases including avian influenza and environmental
contamination by heavy metals and domoic acid, among other
things, using these species as sentinels.

All 39 E. coli isolated from seal faeces at the SRI marine
rehabilitation centre were ampicillin resistant and 26 of 39
(66.6%) were MDR, which highlights the presence of MDR
bacteria in themicrobiome ofmarinemammals. Despite rigorous
cleaning and disinfection protocols at the SRI centre, it cannot
be proven that faecal isolates were not simply representative of
the in-house flora of the centre however, the isolation of MDR
E. coli from animals only recently arrived in the rescue centre
strongly suggests that the organisms may have been present in
the gastrointestinal tract of at least some of the seals before arrival
at the centre. It is noteworthy that all E. coli (16) isolated on the
second sampling-day wereMDRwhich contrasts with 10MDR E.
coli of 23 E. coli recovered on the first sampling-day. Interestingly,
the number of MDR E. coli isolates sampled on these two
sampling-days differs considerably. The only major difference
recorded between the 2 days was an outbreak of disease due to
phocid herpes virus diagnosed soon after the second sampling-
day. Whether this bears any relationship with the findings of
this study is unclear. Research has shown that neurohormones
released in the gut as a result of stressful events can increase the
rate of horizontal gene transfer of genes encoding for AMRwhich
can lead to an increase in shedding of resistant bacteria (45–47).
Although little is known about the impact of acute viral infections
on the composition and kinetics of the microbiome, these types
of infections could be classified as systemic stressful events and
therefore one could hypothesise that an increase in horizontal
gene transfer may occur (48, 49). Fifty-six per cent of E. coli
investigated showed resistance to fluoroquinolones, which may
be associated with the use of marbofloxacin at the SRI, although
not all isolates with resistance to fluoroquinolones came from
animals with a history of marbofloxacin treatment.

In Ireland, a wide range of β-lactamases has been reported in
bacteria isolated from humans, companion animals, production
animals and wastewaters (26, 50–54). Karczmarczyk et al. (52)
identified blaTEM in 89.2% of the E. coli examined in their study
while blaOXA were detected in 1.35%. Additionally, Carroll et al.
(55) identified blaTEM in faecal E. coli sampled from one Irish
herring gull and one Irish black-headed gull while another study
identified blaCTX−M group 1 in 4.5% of the samples collected
from Irish gulls (55, 56). In line with this, isolates with either
blaOXA or blaTEM were identified in the faecal samples collected,
suggesting these genes are circulating in the marine environment
also. ESBL-producing E. coli have been identified in more than
30 wild animal species (11) but none were identified in the E. coli
or non-E. coli isolates investigated in this study. While this does
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not rule out their presence, it may suggest that these genes are
not as prevalent in the environment of these seals as the ones that
were identified.

This study further characterised E. coli isolated from seals
in terms of phylogenetic groups and virulence factors. Due to
the lack of information in the literature, a subset of virulence
factors was selected for investigation, based on data available for
E. coli isolated from domestic animals. In this study, virulence
factors associated with adhesion and siderophores were detected
in many isolates. Despite the constraints of the small number
of animals investigated and further bias by the selection criteria
of E. coli (1, 2, or 3 colonies per sample according to colony
phenotype), a difference between the number of E. coli carrying
virulence genes on each sampling day is clear. Horizontal gene
transfer is an essential mechanim for the spread of virulence
determinants between different bacterial strains and species
(57). Moreover, studies have shown that stress can induce the
release of norepinephrine in the gut and this catecholamine can
promote horizontal gene transfer by conjugation and influence
the production of virulence factors including toxins and adhesins
in E. coli (46, 58–61). It is possible that the differences reported
between sampling day 1 and day 2 were triggered by the herpes
virus infection that was subsequently diagnosed (48, 62).

Studies have shown that ecological niches and life events
impact the phylogenetic group dynamics and diversity of E.
coli (63, 64). In the present study, phylogenetic groups A,
B1, B2, and A/C were detected on the first sampling day
while on the second sampling day only A/C E. coli were
detected. Further characterisation of A/C isolates was not
possible due to non-specific DNA amplification. Differences
in the antimicrobial susceptibility profile and virulence factors
exclude the possibility of clonal spread of A/C E. coli on
the second sampling day. These suprising findings, including
the number of MDR isolates, number of E. coli carrying β-
lactamases and virulence factors and phylogenetic diversity
detected on two different sampling days suggest differences
in the population sampled on these two occasions again
pointing to the impact a natural herpesvirus infection could
have had on the profile of the samples. These data highlight
the importance of examining the resistome of sentinal species
throughout time.

Phocid faecal cefotaxime-resistant non-E. coli isolates were
homologous to members of the Enterobacterales: Leclercia,
Pantoea, and Enterobacter. Leclercia adecarboxylata is an
opportunistic pathogen associated with water affecting both
immunocompromised and immunocompetent patients (65).
Studies have reported Leclercia adecarboxylata susceptibility to
cephalosporins and blaSHV−12 has been identified in Leclercia
adecarboxylata clinical samples (66, 67). Pantoea agglomerans
may cause infections in humans and is variably susceptible to
antimicrobials while Enterobacter ludwigii, previously included
in the Enterobacter cloacae complex, is a MDR bacterium that
can carry β-lactamase encoding genes (68–71). Because all the
above bacteria belong to the Enterobacterales order, distinction
between species is complex. For more accurate identification,
PCR protocols investigating genetic characteristics other than
16S rRNA would be required.

Despite the fact that animals sampled in this study represented
all live stranded seals in Ireland housed at SRI during the period
of the trial, the relatively small sample size is a limitation of this
study. A larger population would have given a better idea of the
magnitude of the problem, but it is clear that even with a small
sample size, this study has pinpointed issues and has provided
justification and a roadmap for future studies in this area.
Stringent cleaning and disinfection and other infection control
protocols in place at SRI and a rigorous sampling technique
greatly reduced the possibility of cross-contamination between
different enclosures/pens.

It is difficult to determine the exact origin of β-lactamase
encoding genes circulating in the population of young Irish
seals as they share their costal habitat with different species,
but the fact that blaTEM−1 and blaOXA−1 were present in
their faeces and MDR E. coli were frequently detected, is
concerning. The presence of β-lactamases jeopardises the use
of critically important antimicrobials including penicillins and
cephalosporins and the findings of this study indicate the spread
of AMR mechanisms to bacteria in coastal areas.

Marine mammals can act as reservoirs, vectors, and
bioindicators of resistant bacteria and AMR genes in the
environment (72, 73). Treated and untreated sewage, hospital
waste, aquaculture discharges and agricultural runoff provide
means to deliver antibiotics, pollutants and resistant bacteria to
the aquatic environment, thus playing a major role in driving
ARG transfer, ecology, and evolution (14). Additionally, seals
can interact with other marine wildlife and birds and engage
in the transfer of ARB between populations across large parts
of the world. Future investigations should acknowledge the
presence of these issues and seek to understand the movement
of ARGs between populations and the extent to which global
spread of ARGs in human populations is reflected in wild
animal populations.

This study shows that some isolates of E. coli carried β-
lactamase encoding genes (blaOXA−1 or blaTEM−1) as well as
virulence factors associated with adhesion (sfa, papA, and papC)
and/or siderophores (fyuA and iutA). While harbour seals have
the potential to migrate to different locations, they tend to return
to the same breeding grounds (2) and young pups similar to the
ones sampled in this study do not tend to migrate long distances.
The presence of MDR bacteria in the seal pups indicates that
were probably acquired locally, however, it is also possible that
the adult seals or other migratory wildlife in the area may have
acquired these resistant bacteria elsewhere, brought them to
Ireland and passed them to the pups. At this point, although
it is difficult to identify the geographic source exactly, the data
presented in this study clearly establishes the presence of MDR
E. coli circulating in the Irish marine environment at the time
of sampling.
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