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H I G H L I G H T S

• Antibiotic resistant Enterobacterales were
compared fromwater and sewage sources.

• Genetically identical isolates obtained
from sewage sources and surrounding wa-
ters.

• One or more carbapenemase producers
identified at 23 sampling sites.

• This included blaOXA-48 (n = 18), blaNDM
(n = 14), blaKPC (n = 4) and blaOXA-484
(n = 1).

• Harmonised monitoring approach needed
for environmental resistance surveillance.
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The natural environment represents a complex reservoir of antibiotic-resistant bacteria as a consequence of different
wastewater discharges including anthropogenic and agricultural. Therefore, the aim of this studywas to examine sew-
age andwaters across Ireland for the presence of antibiotic-resistant Enterobacterales. Samples were collected from the
West, East and South of Ireland. Two periods of sampling took place between July 2019 and November 2020, during
which 118water (30 L) and 36 sewage samples (200mL) were collected.Waters werefiltered using the CapEmethod,
followed by enrichment and culturing. Sewage samples were directly cultured on selective agars. Isolates were identi-
fied by MALDI-TOF and antibiotic susceptibility testing was performed in accordance with EUCAST criteria. Selected
isolates were examined for blaCTX-M, blaVIM, blaIMP, blaOXA-48, blaNDM, and blaKPC by real time PCR and whole genome
sequencing (n=146). A total of 419 Enterobacterales (348water, 71 sewage) were isolated from all samples. Hospital
sewage isolates displayed the highest percentage resistance to many beta-lactam and aminoglycoside antibiotics.
Extended-spectrum beta-lactamase-producers were identified in 78% of water and 50% of sewage samples. One or
more carbapenemase-producing Enterobacteraleswere identified at 23 individual sampling sites (18water, 5 sewage).
This included the detection of blaOXA-48 (n = 18), blaNDM (n = 14), blaKPC (n = 4) and blaOXA-484 (n = 1). All NDM-
producing isolates harbored the ble-MBL bleomycin resistance gene. Commonly detected sequence types includedKleb-
siella ST323, ST17, and ST405 as well as E. coli ST131, ST38 and ST10. Core genomeMLST comparisons detected iden-
tical E. coli isolates fromwastewater treatment plant (WWTP) influent and nursing home sewage, and the surrounding
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waters. Similarly, one Klebsiella pneumoniae isolated from WWTP influent and the surrounding estuarine water were
identical. These results highlight the need for regular monitoring of the aquatic environment for the presence of
antibiotic-resistant organisms to adequately inform public health policies.

1. Introduction

Antibiotics are essential in the treatment of a range of infections respon-
sible for morbidity and mortality in humans and animals. The introduction
of more potent and structurally advanced antibiotics in to clinical practice
is continuously met with the evolution of newmechanisms of antibiotic re-
sistance (Ventola, 2015). This continuous cycle makes it difficult to ensure
successful treatment options are available in cases of multi-drug resistant
infections. Mechanisms of antibiotic resistance vary widely from bacterial
structural antibiotic target alterations, to the production of enzymes that di-
rectly cleave the antibiotic prior to bacterial cell entry (Reygaert, 2018).
Often a culmination of mechanisms reduces bacterial susceptibility to a
range of antibiotics. A significant factor that increases the difficulty in con-
taining the spread of antibiotic resistance is the ability of bacteria to dissem-
inate mobile genetic elements (e.g. plasmids), often harboring a multitude
of resistance genes (Partridge et al., 2018).

Different bacterial species and resistance to distinct antibiotic classes
have varying priority rankings. According to the World Health Organization
(WHO), Enterobacteriaceae that are carbapenem resistant or extended-
spectrum beta-lactamase-producing (ESBL) are of critical priority for the de-
velopment of new and effective antibiotics (WHO, 2017). These ranked
above vancomycin-resistant Enterococcus faecium as well as methicillin and
vancomycin-resistant Staphylococcus aureus. On a European scale, an assess-
ment was carried out on data from 2018 evaluating the incidence and distri-
bution of carbapenemase-producing Enterobacteriaceae (CPE), inclusive of

infections and carriage (European Centre for Disease Prevention and Control,
2019). This report categorised the Republic of Ireland as having inter-
regional spread, which is stage 4 on a 5-point scale. A further 11 European
countries also reported inter-regional spread including Spain, France and
Croatia. A total of four European countries were classed as endemic (stage
5) including Italy, Greece, Turkey, and Malta.

Many reports in relation to antibiotic resistance reference clinical data,
but there are large knowledge gaps in relation to the environment as a reser-
voir and potential transmission route of antibiotic resistance. Therefore, there
is an increasing need to apply a One Health approach to the problem of anti-
biotic resistance. The One Health approach recognises the nexus between
humans, animals, and the natural environment (Hernando-Amado et al.,
2019). This was highlighted within objective 2 of the WHO's Global Action
Plan on Antimicrobial Resistance, which stated the need for a deeper under-
standing of howantibiotic resistance circulates ‘between humans and animals
and through food, water and the environment’ (WHO, 2015). This was ech-
oed in Ireland's national action plan published in 2017 (Department of
Health, 2017). Under the current EU bathing water monitoring criteria, wa-
ters aremonitored during the bathing water season for the levels of intestinal
enterococci and E. coli with no further bacterial characterisation (Directive
2006/7/EC). Therefore, consistentmonitoring data relating to environmental
antibiotic resistance is lacking, although it has been highlighted as a potential
transmission route of multi-drug resistant pathogens to humans via recrea-
tional exposure (O'Flaherty et al., 2019; Leonard et al., 2018).

Environmental antibiotic resistance is largely a culmination of the natural
resistome, present as a result of antibiotic production by environmental or-
ganisms (Hooban et al., 2020), and resistance introduced via wastewater
from human and animal sources (He et al., 2020; Pazda et al., 2019). Accord-
ingly, this study was carried out subsequent to the initial point prevalence
survey (Hooban et al., 2021) in order to further evaluate the presence of
antibiotic-resistant Enterobacterales circulating in sewage and aquatic envi-
ronments in Ireland. Water bodies receiving multiple anthropogenic dis-
charges as well as those free from them were included for comparison. The
results of this study were evaluated against previous findings to examine
the effects of seasonality on the presence of resistant organisms. The nexus
between anthropogenic wastewater and the natural aquatic environment
was established by comparing isolates obtained from both at a genetic level.

2. Materials and Methods

2.1. Sample collection sites

Two periods of sample collection were carried out across four local au-
thority areas including Galway City, Galway County, Fingal and Cork County
Council as previously described by Hooban et al. (2021). The first sampling
period, known as longitudinal survey 1 (LS1), was carried out between Au-
gust 2019 and January 2020, while the second period (longitudinal survey
2 (LS2)) began in February 2020 and was completed by November 2020.
The culmination of both sampling campaigns resulted in the collection and
processing of 118 water samples and 36 sewage samples (Supplementary
Table 1). Sample collection points were chosen based on the findings of the
point prevalence survey (Hooban et al., 2021). A total of 28 water and 7 sew-
age sampling points were retained across both sampling periods from the ini-
tial point prevalence survey. Additional sampling points were added in areas
of interest in which carbapenem resistant, ESBL or carbapenemase-producing
Enterobacterales were previously detected in water bodies. This comprised of
an additional 35 water sampling points, which included 27 locations that
were sampled twice and 8 areas that were sampled once. The naming desig-
nation for these new locationswere linked to previous collection sites through
the addition of a numerical value following the sample name. For example,

Abbreviations

MALDI-TOF
Matrix-Assisted Laser Desorption/Ionization Time of Flight
EUCAST European Committee onAntimicrobial Susceptibility Test-

ing
PCR Polymerase Chain Reaction
WWTP Wastewater treatment plant
WHO World Health Organization
ESBL Extended-Spectrum Beta-Lactamase
CPE Carbapenemase-Producing Enterobacterales
LS1 Longitudinal Survey 1
LS2 Longitudinal Survey 2
MPN Mean Probable Number
CLSI Clinical & Laboratory Standards Institute
ATCC American Type Culture Collection
DNA Deoxyribonucleic Acid
Minlen Minimum length
PE Paired end
MLST Multi Locus Sequence Type
PP Point Prevalence
UWWD Urban Wastewater Discharge
DWTP Drinking water treatment plant
cgMLST Core Genome Multi Locus Sequence Type
ST Sequence Type
DDD Defined Daily Dose
BDU Bed Day Units
PNEC Predicted No-Effect Concentration
ESKAPE Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species
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estuary C1was an additional sample collected in close proximity to estuary C.
Water samples included seawaters, lakes, rivers, estuaries, untreated water
supplying drinking water treatment plants and an estuarine lagoon. Sewage
samples encompassed hospitals, nursing homes, airports and the influent
and effluent of wastewater treatment plants.

2.2. Collection and processing of water and sewage samples

A total of 30 L was collected for each water sample. Faecal indicator or-
ganisms were quantified using the Colilert-18 (IDEXX) test, for which sea-
water samples were diluted 1/10 to decrease the salt concentration,
prolonging bacterial survival. The processing of water samples was carried
out using filtration and enrichment as previously described (Hooban et al.,
2021;Morris et al., 2016). Following enrichment, sampleswere cultured on
CHROMagar™ mSuperCARBA™ (CHROMagar), Brilliance™ ESBL agar
(Oxoid) and McConkey agar (Oxoid) with a 5 μg ciprofloxacin disc
(Oxoid) to screen for fluoroquinolone resistance. Due to the higher concen-
tration of bacteria in sewage, direct swab plating was employed for waste-
water samples on to the same agars. Bacterial species identification was
achieved using matrix-assisted laser desorption ionization time of flight
(MALDI-TOF) mass spectrometry (Bruker microflex).

2.3. Antibiotic susceptibility testing

Antibiotic susceptibility testing was performed on all Enterobacterales
identified from sewage and water samples according to EUCAST guidelines
(EUCAST version 11.0, 2021). Antibiotics included ampicillin (10 μg),
cefoxitin (30 μg), cefpodoxime (10 μg), cefpodoxime/clavulanic acid (10
μg/1 μg), ceftazidime (10 μg), cefotaxime (5 μg), ertapenem (10 μg),
meropenem (10 μg), gentamicin (10 μg), kanamycin (30 μg), streptomycin
(10 μg), tetracycline (30 μg), chloramphenicol (30 μg), nalidixic acid (30
μg), ciprofloxacin (5 μg) and trimethoprim (5 μg). EUCAST breakpoint
were used to interpret the results with the exception of nalidixic acid, strep-
tomycin, tetracycline and kanamycin for which CLSI breakpoints were ap-
plied. Klebsiella pneumoniae ATCC 700603 and E. coli ATCC 25922 were
used in each batch as quality controls.

Antibiogram profiling was followed by real time PCR. Phenotypic ESBL
producers were screened for the presence of ESBL genes including blaCTX-M-

group1, blaCTX-M-group2 and blaCTX-M-group9 (Birkett et al., 2007). Real time
PCR was also performed on isolates that displayed reduced susceptibility
to the carbapenem antibiotics. This included testing for the presence of
blaOXA-48, blaKPC and blaNDM (Manchanda et al., 2011; Swayne et al.,
2011). Additionally, the presence of blaVIM and blaIMP were also assessed
using a duplex assay from the National Carbapenemase-producing
Enterobacterales Reference Laboratory Service, Ireland (Unpublished
data). All primer and probe sequences, as well as the cycling conditions
used are outlined in Supplementary Table 2. Potential duplicate isolates
were removed at this point by comparing the antibiograms and PCR results
of bacteria of the same species from the same sample.

2.4. Whole genome sequencing

A total of 146 individual bacterial isolates were selected for whole ge-
nome sequencing. This encompassed 114 isolates originating from waters
and 32 isolates from sewage sources. All carbapenemase-producing
Enterobacterales were selected for sequencing irrespective of sample origin
(n=37). The selection basis for the remaining 109 isolates included the cre-
ation of four heatmaps displaying antibiotic susceptibility data for all isolates
from each of the four local authority areas. Using cluster analysis, isolates of
the same species and highly similar antibiograms from waters and sewage
sources were flagged. These isolates were separated out into carbapenem
non-susceptible (resistant and intermediate) isolates, phenotypic ESBL pro-
ducers and those without either type of beta-lactam resistance. This enabled
the selection of further isolates of interest for sequencing including ESBL pro-
ducers (87 blaCTX-M positive, 3 phenotypic ESBL producers but blaCTX-M neg-
ative) and carbapenem resistant (n= 16) Enterobacterales, in addition to a

small subset of isolates that did not display ESBL production or reduced sus-
ceptibility to carbapenems (n= 3).

DNAextractionwas carried out using the EZ1AdvancedXLmachinewith
the EZ1 DNA tissue kit (Qiagen) on 48 isolates. The majority (n = 35) in-
cluded a pre-enrichment, which involved the addition of 2–3 colonies from
a pure culture to 2 mL of buffered peptone water, incubated shaking at 37
°C overnight. This enrichment broth was subsequently centrifuged at
7500 rpm for 5 minutes. The pellet was resuspended in buffer G2 and the
protocol was followed according to the manufacturer's instructions. These
isolates were sequenced using the Illumina NovaSeq 6000 in Oxfords Geno-
mics Centre (PE150). The remaining 13 isolates had no pre-enrichment step
and were sequenced using the IlluminaMiSeq (PE300). Due to supply issues,
DNA extraction was also carried out using the QIAamp DNA Mini Kit
(Qiagen) for the majority of isolates (n = 98). This process also included a
pre-enrichment step as described previously. The concentrated pellet was re-
suspended in buffer ATL and the protocol was followed according to the
manufacturer's instructions. These isolates were also sequenced using the
Illumina NovaSeq 6000 platform (PE150).

The bacterial genomes were assembled and analysed bioinformatically
using the tormes pipeline (v1.2.1) (Quijada et al., 2019). Trimmomatic
(v0.39) was used to remove any sequencing adapters and filter the reads
per quality (Leading: 25, Trailing: 25) and size (minlen: 125 for PE150,
minlen: 225 for PE300) (Bolger et al., 2014). The average cleaned data
size for the bacterial strains analysed on the Illumina Novaseq 6000 (n =
133) was 1.33 ± 0.17 Gb. The average cleaned data size for the bacterial
strains analysed on the Illumina MiSeq (n= 13) was 0.31± 0.06 Gb. Bac-
terial genome assembly was carried out using SPAdes (v3.15.3) (Prjibelski
et al., 2020). The assembled draft genomeswere of an average depth of 254
± 34x and 59 ± 11x for the bacterial strains sequenced on the Illumina
Novaseq 6000 and the Miseq respectively. Taxonomic identification was
calculated based on k-mers, using Kraken2 (v2.1.1) with the MiniKraken2
database (v.1) (Wood and Salzberg, 2014). In the case of isolates with a
low percentage identity at species level, the 16S gene was isolated using
ContEst16S (Lee et al., 2017) and identity was confirmed using BLAST Nu-
cleotide with the default parameters. The assembled genomes were
assigned multilocus sequenced types (MLST) using the tool mlst (v2.19.0)
(Seemann, https://github.com/tseemann/mlst), based on scanning the
contigs against the PubMLST database (Jolley et al., 2018). The assembled
contigs were scanned for the presence of antibiotic resistance genes using
the tool Abricate (v0.9.9) against the CARD (McArthur et al., 2013),
ResFinder (Zankari et al., 2012) and ARG-ANNOT (Gupta et al., 2014) da-
tabases. Only hits with coverage and identity >90% were considered.
Using Abricate, the assembled genomes were also screened against the
PlasmidFinder (Carattoli et al., 2014) databases for the identification of
plasmids. As before, only hits with >90% identity and coverage were
kept. All databases used with Abricate were most recently updated on the
27th of March 2021 (Seemann, https://github.com/tseemann/abricate).

E. coli andKlebsiella isolateswith repeated sequence typeswere compared
using the genome comparator tool on the BIGSdb platform (Jolley et al.,
2018). This tool performs pairwise allele alignments at 2513 loci for E. coli
and 694 loci for Klebsiella between the submitted genomes. The ‘GrapeTree’
tool (Zhou et al., 2018)was used to visualise core genomeMLST comparisons
through creation of minimum spanning trees. All sequenced E. coli genomes
are housed on the Escherichia database on PubMLST (v1) (https://pubmlst.
org/organisms/escherichia-spp/), while the sequenced Klebsiella isolates
were uploaded to the BIGSdb Klebsiella Pasteur MLST database (v1.30.0)
(http://bigsdb.pasteur.fr/klebsiella). The identifier number for each of the
sequenced isolates on these databases, along with the European nucleotide
achieve database are outlined in Supplementary Table 9.

3. Results

3.1. Faecal indicator organisms

Examination of the Colilert results was carried out in conjunction with
potential contributing factors including distance to discharges, average
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rainfall over a 7-day period prior to sample collection and agricultural ac-
tivity (Fig. 1, Supplementary Table 3). The data was categorised as low
(green), medium (yellow) and high (red) for each of the variables. Rainfall,
coliforms and E. colimeasurements were categorised based on low to high
numerical values. In contrast, the distance to discharges were categorised
based on risk, with smaller distances receiving high risk designation (red)
versus longer distances being regarded as low risk (green). Agricultural ac-
tivity was categorised at an electoral district level as low, medium and high
based on maps of potential contributing sources of antibiotic resistance dis-
semination, created previously by Chique et al. (2019). The data generated
during the initial point prevalence sampling campaign was also included
for seasonal comparison (Hooban et al., 2021).

Cork local authority area harbored many discharges in close proximity
to samples collected with three sampling sites identified as having 4

different discharges nearby. Although the rainfall levels were classified as
low (<5 mm) for both the point prevalence (PP) and longitudinal survey
2 (LS2) samples, the seasonal aspects largely differed. This was reflected
in the overall lower levels of coliforms and E. coli detected in the PP samples
collected in May/June 2019 versus the LS2 samples obtained in October/
November 2019. Collection of the longitudinal survey 1 (LS1) samples
took place in November 2020 with medium rainfall (5.0–9.9 mm) for all
samples. Direct comparison with the LS2 data revealed that the faecal indi-
cator levels varied between the 14 sites collected across both periods. A
total of 10 samples from the LS1 contained very high coliform levels
(≥1000 MPN/100 mL) versus 6 collected during LS2.

Fingal had the lowest number of discharges deemed in close proximity to
the sample collection sites. Seawater and estuarine waters were the only nat-
ural water types included in this region, with the latter harboring much

Fig. 1. Tile plot displaying categorical data of potential contributing sources versus coliform and E. coli results. Grey tiles indicate the absence of data. Red tiles indicate
≥1000 MPN/100 mL coliforms/E. coli, ≥10 mm rainfall average, high agricultural activity and ≤0.5 km from the sample collection point to a discharge/storm water
overflow. Yellow tiles indicate between 251 and 999 MPN/100 mL coliforms/E. coli, 5.0–9.9 mm rainfall average, medium agricultural activity and between 0.6 and
1 km from the sample collection point to a discharge/storm water overflow. Green indicates ≤250 MPN/100 mL coliforms/E. coli, <5 mm rainfall average, low
agricultural activity and ≥1.1 km distance from the sample collection point to a discharge/storm water overflow. UWWD = Urban wastewater discharge. Raw data
relating to this figure is outlined in Supplementary Table 3.
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higher coliform and E. coli levels overall. Sample collection was carried out
across different seasons with the PP survey completed in April 2019, LS1 in
October 2019 and LS2 in September 2020. All samples within the PP and
LS1 sample collection periods had low average rainfall in the week prior to
sample collection. In contrast LS2 samples had low (n = 4) and medium (n
=8) rainfall levels. However, themedium rainfall only translated to categor-
ically higher faecal indicator levels in two samples across the longitudinal
survey periods.

Galway City had low agricultural activity and no raw sewage discharges
in close proximity to any of the samples collected. However, it harbored the
highest number of storm water overflows categorised as high risk (≤0.5
km, n = 10) across the four local authority areas. The average rainfall
over seven days prior to sample collection was categorised as medium for
each sample collected within LS1 (n = 14) and the majority of samples
collected in the PP survey (5/6), but varied from low (2/14) to high (4/
14) in LS2. The coliform levels detected in 11/17 (65%) of the sites across
one (n = 9) or both (n = 2) of the longitudinal survey sampling periods
were categorised as high (≥1000 MPN/100 mL). PP samples were
collected between November 2018 and January 2019, whereas the LS1
samples were collected in August 2019 and the LS2 in February/March
2020.

Galway County local authority area displayed low to medium agricul-
tural activity and contained the highest number of raw sewage discharges
in close proximity (≤0.5 km) to sampling points (n = 4). Coliform and
E. coli levels varied from low to high in samples located close to raw sewage
dischargeswith low tomedium rainfall across the three sampling periods. A
seasonal approach was applied through collection of the PP samples in
January/February 2019, LS1 in September 2019 and the LS2 in March
and July 2020.

3.2. Antibiotic-resistant Enterobacterales

A total of 419 antibiotic-resistant Enterobacterales (348 water, 71 sew-
age) were isolated from all samples. The majority of isolates were E. coli (n
=346) followed by Klebsiella spp. (n=40), Enterobacter spp. (n=13) and
Citrobacter spp. (n = 13). The remaining isolates included 3 Morganella
morganii, 3 Raoultella ornithinolytica and 1 E. albertii.

Multi-drug antibiotic resistance was widely detected across all sample
types (Fig. 2). Isolates originating from hospital sewage displayed the
highest percentage of resistance to the majority of beta-lactam antibiotics
including cefpodoxime (86%), ceftazidime (71%), ertapenem (51%) and
cefoxitin (40%). Similarly, resistance to nalidixic acid (80%), gentamicin
(60%) and kanamycin (43%) also featured highest amongst hospital sew-
age isolates. Estuarine waters ranked highest for the percentage of resistant
isolates to cefotaxime (82%), ciprofloxacin (74%) and streptomycin (56%).
Direct comparison of isolates from waters versus sewage (Supplementary
Fig. 1), revealed a higher percentage of water isolates displayed resistance
to chloramphenicol (19% water, 9% sewage), streptomycin (41% water,
34% sewage) and tetracycline (50% water, 43% sewage). Conversely, sew-
age isolates showed predominant resistance to cefotaxime (76% sewage,
65% water) and ertapenem (36% sewage, 24% water). The lowest levels
of resistance across all sample types was evident for meropenem (3%
water, 6% sewage) and chloramphenicol (19% water, 9% sewage).

3.3. Extended-spectrum beta-lactamase-producing Enterobacterales

ESBL producers were identified by phenotypic ESBL production in 92/118
(78%) waters and 18/36 (50%) sewage samples. Many samples comprised of
more than one ESBL producer, which included 185 Enterobacterales that

Fig. 2.Percentage of isolates from each sample type that displayed a resistant phenotype to the panel of 15 antibiotics tested. DWTP=drinkingwater treatment plant,WWTP
= wastewater treatment plant.
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harbored blaCTX-M-group1 and 59 that contained blaCTX-M-group9. Whole genome
sequencing of a selection of ESBLs (n=92) revealed that blaCTX-M-15 (n=63)
was the most frequently detected ESBL gene, followed by 17 isolates that har-
bored blaCTX-M-27 (Fig. 4). Additional blaCTX-M genes were also identified to a
lesser extent including blaCTX-M-1 (n= 4), blaCTX-M-14 (n = 4), blaCTX-M-55 (n
= 3), blaCTX-M-3 (n = 3), blaCTX-M-32 (n= 1) and blaCTX-M-9 (n = 1). Further
ESBL types detected from sequenced isolates included blaSHV-12 (n = 5),
blaSHV-106 (n = 3) and blaOXA-17 (n= 2).

3.4. Carbapenem resistant Enterobacterales

A total of 83 water (24%) and 31 sewage isolates (44%) displayed resis-
tance to ertapenem alone or in combination withmeropenem. One or more
Enterobacterales harboring a carbapenemase gene were isolated from 18
water and 5 sewage samples. The majority of these isolates contained
blaOXA-48 (n = 18), followed by blaNDM (n = 14), blaKPC (n = 4) and
blaOXA-484 (n = 1) (Fig. 3). River water had the highest number of
carbapenemase-producing Enterobacterales detected (n=12) in 7 individ-
ual samples. NDM-producers were solely detected inwaters with the excep-
tion of one isolate from airport sewage.

3.5. Additional antibiotic resistances detected using whole genome sequencing

A total of 146 bacterial isolates were sequenced encompassing 114
water and 32 sewage isolates. The antibiogramprofiles alongwith the resis-
tance genes identified using ResFinder were combined in Fig. 4. Themajor-
ity of isolates (n = 138) harbored one or more beta-lactamase gene. This
included most commonly blaCTX-M-15 (48 water, 14 sewage), blaTEM-1B (43
water, 10 sewage) and blaOXA-1 (15 water, 6 sewage). Comparison of the
carbapenemase genes detected with the phenotypic data revealed that
blaOXA-48 (n = 18) and blaOXA-484 producers (n = 1) displayed resistance
to ertapenem in all isolates and an intermediate phenotype to meropenem
for the majority of isolates (n=17). Antibiotics against which bacteria dis-
play an intermediate phenotype are not normally prescribed due to

uncertainty surrounding therapeutic success. In contrast, blaNDM isolates
displayed resistance to both ertapenem and meropenem in 13/14 isolates.
Similarly, all four blaKPC producers showed dual resistance to both carba-
penem antibiotics. All NDM-producing isolates harbored the ble-MBL gene
which confers bleomycin resistance, identified using the CARD database.

Sulphonamide resistance genes sul1, sul2 and sul3 were the next most
common resistance type following the beta-lactamase genes, identified
within 92 isolates. The majority of isolates also harbored one or more ami-
noglycoside (n=86) and trimethoprim (n=80) resistance gene. The pres-
ence of these resistance geneswas reflected in the phenotypic datawith 79/
80 isolates that contained one or more dfrA genes displaying trimethoprim
resistance. Thirteen different resistance genes were detected that confer re-
duced susceptibility to aminoglycosides. One pattern that emerged through
comparison of the phenotypic and genotypic data was the presence the aph
(3″)-Ib gene alone or in combination with the aph(6)-Id gene conferred
streptomycin resistance in 49/52 isolates. However, many of these isolates
also harbored additional aminoglycoside resistance genes. The tetA, tetB
and tetD genes were detected in 71 sequenced isolates, of which 70
displayed tetracycline resistance. The fosA gene which reduces susceptibil-
ity to fosfomycin was identified in 37 of the sequenced Enterobacterales.
The majority of these isolates were Klebsiella spp. (n=27), followed by En-
terobacter spp. (n = 6), E. coli (n = 3) and 1 Raoultella.

Some of the rarer antibiotic resistance genes detected included the arr3
gene in one Klebsiella pneumoniae identified from hospital sewage and the
Inu(F) gene in an E. coli from seawater, which confer resistance to rifamycin
and lincomycin respectively. A total of four isolates also harbored mcr9 in-
cluding one E. coli from river water, along with two Enterobacter and one
Raoultella isolate from sewage.

3.6. Plasmid analysis

The majority of sequenced isolates harbored one or more plasmids
(140/146). Plasmid replicon types detected included many different Inc.
and Col types, including Inc. (FIA, FIB, FII) and Col (RNAI, MG828, 440I,

Fig. 3. Carbapenemase genes detected within Enterobacterales isolated from different water and sewage sources. WWTP = wastewater treatment plant.

B. Hooban et al. Science of the Total Environment 828 (2022) 154488

6

Image of Fig. 3


156). The most commonly detected plasmids across all sequenced isolates
included IncFIB (n = 104), followed by Col (n = 96) and IncFII (n = 84)
(Table 1). E. coli isolates harbored the largest diversity of plasmids (n =
18) with up to 9 plasmids detected within one E. coli isolate (B20115).
The breakdown of the plasmids detected within each individual sequenced
isolate is outlined in Supplementary Table 8.

Fig. 5 displays the number of different plasmid types identified within
isolates harboring a carbapenemase gene. The majority of OXA-48 isolates
contained the IncL plasmid (15/18). Of these, the IncL/M plasmid, com-
monly linked with OXA-48 carriage, was identified within three isolates.
The Raoultella ornithinolytica isolate (B20308), which harbored the blaOXA-
48 gene, contained a high number of plasmids, totaling 9. IncFIB was most
commonly identified in Enterobacterales harboring blaNDM (11/14), while
IncFIB and IncFII were the only plasmids identified in all four KPC-
producing isolates.

3.7. Core genome MLST comparison

Core genome multilocus sequence type (cgMLST) comparisons were
carried out on all Escherichia spp. (n = 105) and Klebsiella pneumoniae/
variicola (n=27) isolates that were selected for sequencing from the longi-
tudinal survey periods. The sequenced isolates collected through the initial
point prevalence sampling campaign (48 E. coli and 24 Klebsiella spp.) were
also included for comparison (Hooban et al., 2021).

Analysis of the Klebsiella isolates revealed 31 different sequence types,
of which 8 were repeated, highlighted by the circles in Fig. 6. The most fre-
quently detected sequence types included ST323 (n = 7), ST17 (n = 6),
ST405 (n = 4) and ST309 (n = 3). Comparison of isolates at 694 core ge-
nome loci revealed clusters of isolates from different waters across Galway
City indicated by light blue and Cork highlighted in light orange (Supple-
mentary Table 6). Sequence type ST309 included three identical isolates

Fig. 4. Antibiogram and resistance gene profile of the complete set of isolates chosen for whole genome sequencing (n = 146). The arr-3 and Inu(F) genes were
detected in one isolate from hospital sewage (B20091) and one isolate from seawater (B20273) respectively, which are not included in this figure. ant_2_Ia: ant
(2″)-Ia, aac_3_IIa: aac(3)-IIa, aac_3_IVa: aac(3)-IVa, aph_3_Ia: aph(3′)-Ia, aac_3_IId: aac(3)-IId, aph_3_VI: aph(3′)-VI, aph_3_Ib: aph(3″)-Ib, aph_6_Id: aph(6)-Id,
aac_6_Ib: aac(6′)-Ib, aac_6_IIc: aac(6′)-IIc.
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(B20338, B20377, B20384) that all harbored blaOXA-48 from waters which
spanned a 9.8 km distance in Cork. Similarly, the ST231 isolates were iden-
tical (B19819, B19846), and originated from aquatic samples collected
over 24 hours from two sites in the same region in Cork. Both isolates

harbored blaKPC-3 and the collection sites were located 3.3 km apart. The
collection of isolates belonging to sequence type ST323 encompassed iso-
lates from sewage (n = 4) and waters (n = 3) across Cork and Galway.
The smaller cluster within this group included two genetically

Table 1
Summarised results including number of isolates of individual species from different samples, sequence types and plasmids detected for all sequenced isolates.

Sample type Species No. of
isolates

Sequence type Plasmids

Seawater Escherichia
coli/albertii

38 – E.
coli
1 – E.
albertii

10 (3), 34 (2), 38 (2), 58 (1), 95 (1), 131 (8), 162 (2), 167 (2), 224
(1), 382 (1), 394 (1), 410 (2), 540 (1), 648 (3), 744 (1), 1015 (1),
1193 (1), 2659 (1), 4121 (1), 10,302 (1), unknown (3)

IncFIB (26), 2 IncFIB (1), IncFII (22), 2 IncFII (1), Col (13),
2 Col (6), 3 Col (6), 4 Col (2), 5 Col (1), IncFIC(FII) (11),
IncFIA (17), IncI (1), IncB/O/K/Z (1), 2 IncB/O/K/Z (1),
IncX (3), IncR (1), IncY (5), IncP1 (1), IncN (1), IncL (1), 0
plasmids (2)

Klebsiella
pneumoniae

9 8 (1), 17 (3), 289 (2), 307 (1), 323 (1), 1933 (1) IncFIB (8), 2 IncFIB (1), IncFIA (2), Col (3), 2 Col (1), IncFII
(5), IncL (4), IncR (3)

Enterobacter
hormaechei

1 190 (1) 2 Col (1)

River Escherichia coli 25 10 (3), 38 (3), 69 (1), 88 (1), 101 (2), 127 (1), 131 (2), 354 (1), 394
(2), 405 (3), 410 (2), 635 (1), 8530 (1), unknown (2)

IncFIB (16), 2 IncFIB (1), IncFII (13), 2 IncFII (1), Col (7), 2
Col (1), 3 Col (1) 4 Col (4), 5 Col (1), IncFIC(FII) (3), IncFIA
(8), IncI (8), IncB/O/K/Z (4), IncX (2), IncY (3), IncQ (1),
p0111 (3), 2 IncHI2 (1), RepA_pKPC-CAV1321 (1),
pENTAS02 (1), 0 plasmids (2)

Klebsiella
pneumoniae

9 8 (1), 17 (3), 289 (2), 307 (1), 323 (1), 1933 (1) IncFIB (4), 2 IncFIB (1), 3 IncFIB (1), IncFIA (2), Col (1), 2
Col (1), IncFII (1), 2 IncFII (1), IncHI (2), IncL (3), IncQ (1)

Estuary Escherichia coli 18 10 (2), 69 (1), 88 (1), 131 (3), 167 (1), 405 (5), 410 (1), 648 (1),
1193 (1), 1294 (1), 4213 (1)

IncFIB (12), 2 IncFIB (1), IncFII (11), 2 IncFII (1), Col (4), 2
Col (5), 3 Col (4), 5 Col (1), IncFIC(FII) (4), IncFIA (9), IncI
(6), IncX (2), p0111 (4)

Klebsiella
pneumoniae

5 17 (1), 231 (1), 309 (1), 323 (1), 5258 (1). IncFIB (4), 2 IncFIB (1), IncFIA (2), Col (2), 2 Col (1), IncFII
(2), 2 IncFII (1), IncHI (1), IncL (1), IncR (1)

Estuarine
lagoon

Escherichia coli 3 38 (1), 131 (2) IncFIB (2), IncFII (1), 2 IncFII (1), Col (1), 5 Col (1), IncFIA
(1), IncX (1), 0 plasmids (1)

Enterobacter
hormaechei

1 190 (1) IncL (1)

Lake Escherichia coli 2 59 (1), 224 (1) IncFIB (1), IncFII (1), 4 Col (1), IncFIC(FII) (1), IncI (1),
IncB/O/K/Z (1)

Drinking
water
treatment
plant
influent

Escherichia coli 3 131 (2), 348 (1) IncFIB (3), IncFII (3), Col (2), IncFIA (3), IncI (1), IncY (1)
Klebsiella
pneumoniae

1 17 (1) Col (1), IncFIA (1), IncFII (1)

Hospital
sewage

Escherichia coli 5 69 (1), 131 (2), 2562 (1), 6280 (1) IncFIB (4), IncFII (1), 2 IncFII (2), Col (2), 2 Col (1), 4 Col
(1), IncFIC(FII) (1), IncFIA (2), IncI (1), 0 plasmids (1)

Klebsiella
pneumoniae

1 17 (1) 2 Col (1), 2 IncFIB (1), IncFII (1), IncR (1), IncN (1)

Klebsiella oxytoca 3 2 (1), 88 (1), 135 (1) IncFIB (1), IncFII (1), 2 Col (2), IncR (1), IncL (1)
Enterobacter
kobei/cloacae

1 – E.
kobei
1 – E.
cloacae

E. kobei – 910 (1)
E. cloacae – unknown (1)

IncFIA (1), IncFII (1), IncL (1), IncR (1), 2 Col (2), 2 IncHI2
(1), pKPC-CAV1321 (1), RepA_pKPC-CAV1321 (1)

Citrobacter freundii 3 64 (1), 150 (1), 166 (1) IncL (1), 3 Col (1), IncFII (1), 2 IncFIB (2), 2 IncFII (1),
pKPC-CAV1321 (2)

Wastewater
treatment
plant
influent

Escherichia coli 7 131 (4), 602 (1), 607 (1), 1193 (1) IncFIB (5), IncFII (3), Col (4), 2 Col (2), IncFIC(FII) (2),
IncFIA (5), IncI (2), IncX (1), IncR (1) IncY (1)

Klebsiella
pneumoniae

2 37 (1), 323 (1) IncFIB (2), Col (1), IncFII (2), IncL (1), Inc R (1)

Enterobacter
cloacae/hormaechei

1 – E.
cloacae
1 – E.
hormaechei

E. cloacae – 910 (1)
E. hormaechei – 133 (1)

IncFIA (1), IncFII (1), IncL (1), IncR (1), Col (2), 2 IncHI2
(1), pKPC-CAV1321 (2)

Raoultella
ornithinolytica

1 Unknown (1) 3 Col (1), IncFIB (1), IncFII (1), 2 IncHI2 (1), IncL (1),
pKPC-CAV1321 (1)

Nursing Home Escherichia coli 1 167 (1) IncFIB (1), Col (1), IncFIC(FII) (1), IncFIA (1)
Klebsiella
pneumoniae

1 323 (1) 2 Col (1), IncFIA (1), IncFIB (1), IncFII (1)

Airport Escherichia coli 3 38 (1), 394 (1), 131 (1) IncFIB (2), IncFII (2), Col (2), IncFIC(FII) (1), IncFIA (1),
IncB/O/K/Z (1),

Klebsiella
pneumoniae

1 76 (1) IncFIA (1), IncFIB (1)

A number preceding the plasmid name indicates two different types, e.g. 2 IncQ: IncQ1 and IncQ2. The different plasmids that were identified using PlasmidFinder and
summarised are listed. Col: Col(MG828), Col(pHAD28), Col440II, Col440I, ColRNAI, Col8282, ColE10, ColpVC, Col(BS512), Col(MP18), Col(Ye4449), Col156. IncFIA:
IncFIA(HI1), IncFIA. IncFIB: IncFIB(K)(pCAV1099-114), IncFIB(K), IncFIB(pKPHS1), IncFIB(pNDM-Mar), IncFIB(pQil), IncFIB(K)_Kpn3, IncFIB(pB171), IncFIB(pHCM2),
IncFIB(pQil), IncFIB(AP001918). IncFII: IncFII(p14), IncFII(pECLA), IncFII(pKP91), IncFII(pRSB107), IncFII(Yp)_Yersenia, IncFII(pECLA), IncFII_pKP91, IncFII(29)
_pUTI89, FII(pBK30683), IncFII(pCRY), IncFII(pCoo), IncFII(pHN7A8), IncFII(pAMA1167-NDM-5), IncFII, IncFII_pSFO. IncHI: IncHI1B(CIT)_pNDM, IncHI1B(pNDM-
MAR), IncHI1B(R27), IncHI1A(CIT)_pNDM, IncHI1A. IncHI2: IncHI2A, IncHI2. IncL: IncL, IncL/M(pOXA-48). IncB/O/K/Z: IncB/O/K/Z_1, IncB/O/K/Z_2, IncB/O/K/
Z_4. IncQ: IncQ1, IncQ2. IncX: IncX1, IncX2, IncX3, IncX4.
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indistinguishable isolates with identical antibiograms from the same nurs-
ing home, collected 7 months apart (B19023, B19574). The larger cluster
included identical Klebsiella from river H1 in Cork (B19849) as well as
wastewater treatment plant influent (B19326) and an estuarine water (es-
tuary B) in Galway City (B19426).

The complete set of sequenced E. coli isolates (n=153) were also com-
pared using cgMLST (Fig. 7). A total of 47 different sequence types (STs)
were identified with 18 sequence types repeated by two or more isolates
(Supplementary Table 7). Five of the isolates could not be matched with a
known sequence type. The most commonly detected sequence types
amongst E. coli included ST131 (n = 39) followed by ST38 (n = 15) and
ST10 (n = 12). There were 9 clusters of two or more identical isolates
based on cgMLST comparisons at 2513 loci. Just two isolates belonging to
the large ST131 collection (B20400, B20369) were 100% identical and
originated from a wastewater treatment plant influent and a seawater lo-
cated 3.2 km apart in Cork. Similarly, another pair of identical isolates be-
longing to ST167 originated from sewage (nursing home E, B20148) and
waters (estuary B2, B20104) in Galway City. However, the sampling loca-
tions were further apart, with a distance of 14.5 km between them. A
total of four isolates were identical within the ST410 cluster (B19368,
B19398, B19421, B19441). These four isolates all originated from waters
around Galway City and spanned four different collection points across
5.6 km. There were two identical carbapenemase producers (B19818,

B19852) collected from waters in a highly polluted region in Cork, located
3.8 km apart. These isolates (ST405) both harbored blaNDM-5 and sample
collection took place one day apart.

4. Discussion

4.1. Comparison across sampling periods

Comparison of the longitudinal survey sampling periods to the initial
point prevalence survey was carried out at a quantitative level through
comparison of the coliforms and E. coli detected in waters (Fig. 1). Overall,
increased average rainfall over a 7-day period prior to sample collection
augmented the coliform levels in some but not all sampling sites. The ma-
jority of samples had low (<5 mm) to medium (5.0–9.9 mm) rainfall, mak-
ing it difficult to fully elucidate the significance of increased rainfall.
Conflicting evidence has been previously reported in relation to the impact
of heavy rainfall on coliform levels in natural waters. Sampson et al. (2006)
reported no relationship between rainfall levels and the concentration of
coliforms and E. coli detected at 15 beaches in the United States following
at least 6 mm of rain during a ‘rainfall event’ in the preceding 24 hours.
These beaches were monitored betweenMay to September over the course
of two years (2003–2004). In contrast, Kim et al. (2013) demonstrated a
correlation between the increased accumulative rainfall in the preceding

Fig. 5. Heatmap displaying the number of each type of plasmid detected within Enterobacterales harboring a carbapenemase gene.
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1 to 4 days, and the levels of faecal indicator organisms in 34 samples from
two sites along the Han River in Korea. These samples were collected be-
tween July 2010 and February 2011. Various contributing factors may be
responsible for these contrasting findings including the larger dilutional ef-
fect and higher salt concentration in seawater, the presence of faecal
sources (anthropogenic, agricultural, wildlife) surrounding the sample col-
lection site, and sample collection at varying times of the year.

During this study only four water samples were collected following a pe-
riod of high rainfall (≥10mm), all located in Galway City. All four displayed
higher levels of coliforms and E. coliwhen compared to other sample collec-
tion periods in which rainfall was categorised as low to medium. Notably,
storm water overflows were located within 1.5 km of all four seawater sam-
ples. All four sites were regarded as low agricultural activity at an electoral
district level, indicative that the higher coliform concentrations during wet
conditions may be due to anthropogenic discharges. Previous studies have
demonstrated that stormy weather promotes antibiotic resistance dissemina-
tion through activation of storm water overflows and agricultural runoff
(Almakki et al., 2019; Eramo et al., 2017). An important consideration
when interpreting faecal indicator bacterial levels is that E. coli concentra-
tions can significantly vary throughout the day, previously demonstrated
by Wyer et al. (2018). These samples were collected at one point in time,
at a maximum of three times per site. Intensive sample collection at fewer
sites during more extremeweather events is needed to fully establish the sig-
nificance of increased rainfall at a particular site.

ESBL producers were present in the majority of samples across all sam-
pling periods, indicative of its natural and widespread persistence in the en-
vironment across all seasons (Hooban et al., 2020). The blaCTX-M gene,
detected across the majority of water samples, was previously traced back
to the chromosome of Kluyvera species, which is ubiquitous in the natural

environment (Cantón et al., 2012). The majority of CPE from water samples
originated from Cork and Galway city. Carbapenemase detection varied
across different times of the year in Cork, with no detection in samples col-
lected in May/June 2019 (Hooban et al., 2021). In contrast, different
carbapenemase gene typeswere detected in both longitudinal survey periods
collected in October/November in 2019 and 2020. The consistent detection
of CPE was evident in samples collected fromGalway City throughout differ-
ent seasons. OXA-48-producing isolates were identified across all three pe-
riods in one or more water samples across the city. The longitudinal survey
periods in Galway city both included the detection of NDMproducers at 3 in-
dividual collection sites. To the authors' knowledge, there have been little to
no studies to date examining carbapenemase detection across different sea-
sons in natural waters highlighting an important knowledge gap. Natural
water use for recreational purposes would continue throughout the year in
Ireland. Therefore, the repeated presence of CPE throughout different sea-
sons represents a public health concern in relation to increased colonisation
rates due to ingestion of water (O'Flaherty et al., 2019; Leonard et al.,
2018). Although the detection of antibiotic-resistant organisms is beyond
the scope of the current EU bathing water monitoring criteria (Directive
2006/7/EC), the repeated detection of CPE demonstrates the need for year
round bathing water monitoring to protect public health. Farrell et al.
(2021) also echoed the need for year-long bathing water monitoring, and in-
corporation of antibiotic resistance detection to the bathing water directive
based on a European wide scoping literature review.

4.2. Antibiotic resistance across different sample types

Multi-drug resistant isolates were detected in all sample types, inclusive
of sewage and natural waters. Isolates from hospital sewage displayed the

ST8

ST17

ST289

ST323

ST309

ST11

ST231

ST405

Fig. 6.Minimum spanning tree depicting core genomemultilocus sequence typing comparison across sequencedKlebsiella isolates (n=52). The black circles indicate clusters
that were previously identified in the point prevalence survey (Hooban et al., 2021), while the red circles highlight newly identified clusters. The circles are colour coded to
indicate the local authority region: Galway city=blue; Galway county=pink; Fingal= green; Cork=orange. The darker colour indicates isolates from sewage originwhile
the lighter colours indicate water origin. The numbers between the nodes represents the number of locus allele differences between isolates.
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highest percentage of resistant isolates to most beta-lactam, aminoglycoside
and quinolone antibiotics (Fig. 2). Beta-lactamswere themost frequently pre-
scribed antibiotics in Ireland in 2019, with the penicillins used at a national
average of 38.6 defined daily dose (DDD) per 100 bed-days used (BDU)
within hospitals (Health Protection Surveillance Centre, 2020). Cephalospo-
rins,monobactams and carbapenemswere prescribed at an average of 9DDD
per 100BDU, increasing from 8.4 in 2018. Aminoglycosides and quinolones
ranked lower at 3.7 and 3.3 DDD per 100BDU respectively.

Similarly to previous findings in the point prevalence survey (Hooban
et al., 2021), tetracycline and ciprofloxacin resistance were observed at a
higher percentage in water versus sewage isolates (Supplementary Fig. 1).
The possible explanation for this was outlined previously by Hooban et al.
(2021), including the common use of tetracyclines in veterinary medicine
(Health products regulatory authority, 2019) and the persistent nature of
ciprofloxacin in wastewater (Kumar et al., 2019). Ciprofloxacin was de-
tected at levels exceeding the predicted no-effect concentrations (PNECs)
in Irish wastewater treatment plant effluents previously (Rodriguez-
Mozaz et al., 2020; Monahan et al., 2021). PNECs were established for indi-
vidual antibiotics in an attempt to understand the maximum antibiotic con-
centration, above which, antibiotic resistance development may occur
(Bengtsson-Palme and Larsson, 2016). These values were estimated using
the minimum inhibitory concentrations from EUCAST and can be used to
define acceptable antibiotic concentrations in environmental discharges.

Interestingly, a higher percentage of water isolates also displayed resis-
tance to chloramphenicol and streptomycin. Chloramphenicol was banned
from veterinary medicine in Europe in 1994 and can only be administered
to animals that will not be used for food purposes (European Food Safety
Authority, 2018). However, it is naturally produced by Streptomyces
venezuelae, which is ubiquitous in soil and the environment (Schwarz

et al., 2004). Chloramphenicol acetyltransferases, encoded by cat genes,
confer enzymatic inactivation of the antibiotic. In this study, the presence
of cat genes were detected within 18 isolates (16 water, 2 sewage). How-
ever, just ten of these isolates displayed resistance to chloramphenicol.
The floR gene which confers resistance to florfenicol, was detected in
eight isolates, all originating from water (Lu et al., 2018). The florfenicol
antibiotic is a derivative of chloramphenicol which is solely used in ani-
mals, which may indicate agricultural runoff in close proximity to these
sampling areas. Five of the eight strains harbored floR in the absence of a
cat gene, of which four displayed chloramphenicol resistance.

Streptomycin is also derived from an environmental soil bacterium,
Streptomyces griseus (de Lima Procópio et al., 2012), and therefore the natu-
ral resistome in the environment may account for some of the resistance
seen amongst water isolates. Aminoglycosides only accounted for a small
proportion of antibiotics (6.1%) used in veterinary medicine in Ireland in
2019 (Health products regulatory authority, 2019). An interesting observa-
tion in relation to streptomycin was the presence of aph(3″)-Ib alone or in
combination with aph(6)-Id (also known as strB) conferred streptomycin re-
sistance in 49/52 isolates. However, these resistance genes were equally
distributed across sequenced sewage and water isolates. This indicates
that more non-specific mechanisms of resistance may be at play in the
water isolates such as ribosomal mutations or efflux pump activity (Lyu
et al., 2019).

4.3. Antibiotic resistance of critical clinical concern

Some antibiotic resistance genes detected in environmental isolates are
of significant clinical concern, including the detection of carbapenemase
and fosfomycin resistance genes. According to clinical surveillance data

ST131
ST1193

ST88

ST410

ST224

ST101

ST162

ST558

ST648

ST38

ST69

ST394

ST405 ST617

ST167

ST167

ST10

ST10
ST34

ST540

Fig. 7.Minimum spanning tree portraying core genome multilocus sequence typing comparison across sequenced Escherichia isolates (n = 153). The black circles indicate
clusters that were previously identified in the point prevalence survey (Hooban et al., 2021), while the red circles highlight newly identified clusters. The circles are colour
coded to indicate the local authority region: Galway city = blue; Galway county = pink; Fingal = green; Cork = orange. The darker colour indicates isolates from sewage
origin while the lighter colours indicate water origin. The numbers between the nodes represents the number of locus allele differences between isolates.
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from 2018, blaOXA-48 was the most common carbapenemase gene detected
in cases of colonisation and infection in Ireland (Health Protection
Surveillance Centre, 2019). This was echoed amongst environmental iso-
lates, in which 18 harbored blaOXA-48, indicative that similar resistance
types are in circulation across clinical and natural environments. OXA-48
conferred reduced susceptibility to ertapenem and meropenem inmost iso-
lates making them unsuitable for treatment (Fig. 4). Additionally, 13 of the
18 isolates harbored the fosA gene, also reducing the potency of fosfomycin
and further limiting potential treatment options. An OXA-48-like
carbapenemase (blaOXA-484) was also detected in one E. coli isolate
(B19837) from river water in Cork belonging to sequence type ST410.
This isolate displayed a non-susceptible phenotype to all antibiotics tested
apart from chloramphenicol. OXA-484 has not been reported in themost re-
cent surveillance reports published by the carbapenemase reference labora-
tory in Ireland based on data from 2017 to quarter 2 of 2019 (Health
Protection Surveillance Centre, 2019). However, it's most closely related
variants OXA-181/232 have been reported in 15 patients within the first
half of 2019.

NDMwas the second most commonly detected carbapenemase (Fig. 3),
with themajority of isolates collected fromwaters (13/14) and identified as
E. coli (13/14). All the NDM producers also harbored the ble-MBL gene
which confers bleomycin resistance. The presence of both genes on one op-
eron, separated by just 3 base pairs was previously demonstrated by Dortet
et al. (2012). The ble-MBL gene confers decreased susceptibility to bleomy-
cin, which is used in cancer treatment. This combination is a significant
clinical concern as the use of bleomycin in a hospital setting may select
for NDM-producing isolates in immunocompromised individuals. Bleomy-
cin is naturally produced by Streptomyces verticillus isolated from soil
(Umezawa et al., 1966), and therefore many environmental strains natu-
rally express ble resistance genes (Shen et al., 2002). A metagenomics
study was previously performed examining activated sludge, which re-
vealed wastewater to be a large reservoir of bleomycin resistance genes
(Mori et al., 2008). Further investigations of soils and waters as reservoirs
and transmission routes of bleomycin resistance genes are needed.

Thefinal type of carbapenemase gene detectedwas blaKPC, foundwithin
two Klebsiella isolates from waters (KPC-3; B19819, B19846) and two iso-
lates of different species from the same hospital sewage sample (KPC-2;
B20091, B20093). Interestingly, the two KPC-3 producers from waters
displayed identical antibiograms with resistance to all antibiotics except
tetracyclines (Fig. 4). Thus, these aquatic isolates would be exceptionally
difficult to treat if they potentially caused an infection in humans or ani-
mals. Whole genome sequencing analysis revealed an array of antibiotic re-
sistance genes within these isolates including beta-lactam, aminoglycoside,
sulphonamide, fosfomycin and quinolone resistance genes. The KPC-2 pro-
ducers had varying resistance profiles and also did not contain any overlap-
ping plasmids potentially indicating chromosomal origin. KPC is the second
most commonly identified carbapenemase detected through surveillance of
colonisation and infections in Irish hospitals (Health Protection
Surveillance Centre, 2019).

4.4. Future antibiotic resistance gene threats

The natural aquatic environment represents ideal conditions where
ubiquitous, non-pathogenic bacteria come in contact with clinically signif-
icant pathogens (Allen et al., 2010). This environment presents the oppor-
tunity for the potential transfer of antibiotic resistance genes from
harmless bacteria to virulent and potentially pathogenic bacteria. A recent
study by Zhang et al. (2021) characterised different antibiotic resistance
genes into current and future threats based on pathogenicity, human-
associated enrichment, and the potential of gene transfer. A total of 5 differ-
ent antibiotic resistance genes classified as emerging threats were detected
inwater and/or sewage samples in this study. These included blaCMY-2 (n=
1), blaSHV (n=31), aadA (n=54), erm(B) (n=5) and catA (n=14)which
confer beta-lactam, aminoglycoside, macrolide and chloramphenicol resis-
tance respectively. According to Zhang et al. (2021), some of these resis-
tance genes have only recently been detected in the ESKAPE pathogens

group, including SHV, ermB and catA. Amongst the environmental isolates,
SHV was mainly detected in Klebsiella pneumonia isolates (26/31), with the
remainder including SHV-12 detection (5/31) in 2 Enterobacter, 2 E. coli and
1 Raoultella isolate. The detection of this beta-lactamase gene in environ-
mental isolates belonging to the ESKAPE pathogens group further illus-
trates the need for more regular monitoring of the aquatic environment
for the presence of clinically significant antibiotic-resistant organisms. Fre-
quent monitoring would aid in the establishment of the origins of different
resistance genes and assist in the surveillance of future emerging threats.
The findings in this paper illustrate how environmental monitoring would
significantly benefit from genomics based analysis allowing for the detec-
tion of emerging resistance gene threats, rather than relying solely on a
culture-based approach for resistance detection.

4.5. Sequence types detected and core genome MLST comparisons

Examination of the sequence types detected revealed the presence of
E. coli and Klebsiella strains associated with multi-drug resistance typically
circulating in clinical environments. A prime example includes gut
coloniser E. coli ST131 which is frequently linked to CTX-M production
and fluoroquinolone resistance (Whitmer et al., 2019). This sequence
type is commonly identified from urinary tract infections (Muller et al.,
2021), but has also been isolated in cases of sepsis (Paramita et al., 2020).
The majority of E. coli sequence type ST131 isolates that were selected for
sequencing from this study harbored oneCTX-Mvariant (23/24), highlight-
ing the similarities amongst strains in the clinical and natural environ-
ments. A study by Hu et al. (2013) identified sequence types of CTX-M-
producing E. coli from a variety of sources including water, swine and
humans. Interestingly, sequence types ST131 and ST38were both solely de-
tected from waters and human sources, potentially indicating anthropo-
genic activity as the source of these isolates in the environment. In the
longitudinal survey sampling periods, ST38 was detected in 5 individual
waters samples as well as one sample collected from airport sewage.
Three of the ST38 isolates harbored an OXA-48, while one harbored
NDM-5, both of which have previously been reported in this sequence
type from human isolates (Abid et al., 2021, Brehony et al., 2019, Khan
et al., 2018).

Core genomeMLST comparisons identified two identical E. coli isolates
belonging to the ST131 collection (B20400, B20369) originating from a
wastewater treatment plant influent and a seawater in Cork, collected on
the same day. These isolates shared identical resistance genes conferring re-
duced susceptibility to aminoglycosides, tetracyclines, trimethoprim and
beta-lactam antibiotics. The close proximity of these sites (3.2 km) and
the location of the seawater sample downstream of the discharge from
this plant potentially indicates that this bacteria originated from human
wastewater. However, it was not detected in the effluent sample collected
on the same day from this wastewater treatment plant. An additional
E. coli sequence type (ST167) contained two identical isolates from sewage
(B20148; nursing home E) and water (B20104; estuary B2) in Galway City.
This analysis indicates that the detection of this particular isolate in estua-
rine waters originated from human sewage sources. These two isolates
also harbored identical antibiotic resistance genes, detected using
ResFinder. Although blaCTX-M-15 and blaOXA-1 were the only beta-
lactamase genes detected in these isolates, this sequence type is commonly
associatedwithNDMcarriage in the clinical environment (Wu et al., 2019).
However, two E. coli (B20127, B20159) from seawaters surrounding a
wastewater treatment plant in Galway City belonging to ST167 harbored
blaNDM-5. These two isolates differed from each other by 107 loci, and
from the identical nursing home (B20148) and estuarine water (B20104)
isolates by over 500 loci.

A significant pattern emerged in relation to blaNDM-5 detectionmore fre-
quently in E. coli sequence type ST405 in comparison to any other sequence
type. A total of 7/9 isolates belonging to this sequence type harbored NDM-
5, and all originated from aquatic samples. This sequence type was previ-
ously linked to NDM-5 carriage in clinical isolates reported from Italy
(Bitar et al., 2017), Japan (Takayama et al., 2020) and India (Ranjan

B. Hooban et al. Science of the Total Environment 828 (2022) 154488

12



et al., 2016). Two of these aquatic isolates were identical (B19818,
B19852) based on pairwise allele alignments at 2513 loci from a region
in Cork receiving multiple anthropogenic discharges, potentially indicating
human origin. These isolates were collected just on day apart and both har-
bored the same three plasmids including IncFIB, IncI Gamma, and p0111.

Similarly to the E. coli, many of the Klebsiella sequence types repeatedly
detected from the environment mirror those that are commonly identified
in cases of human carriage and infection. For example, 5 isolates belonging
to ST323, all harboring blaCTX-M-15, fosA6 and fosA7, were identified from 3
water and 2 sewage samples in this study. This Klebsiella pneumoniae se-
quence type was previously identified harboring KPC-2 from a human spu-
tum sample in China (Gong et al., 2018), and harboring blaCTX-M-15 from
urine samples, along with rectal and wound swabs in Australia (Gorrie
et al., 2018). Interestingly, two identical isolates (B19023, B19574) belong-
ing to ST323 were isolated from the same nursing home effluent, collected
over 8 months apart. This indicates potential long-term persistence of this
bacterium in the gut of the nursing home resident(s), or alternatively persis-
tence of the bacterium in the septic tank housed within the grounds. Re-
peated environmental contamination through runoff is also a possibility
due to the location of the tank on a decline in respect to the nursing
home. However, the tank normally remains covered so this possibility is
less likely. Both isolates from this nursing home harbored identical resis-
tance genes including blaCTX-M-15, blaSHV-187, fosA6, fosA7, oqxA and oqxB.
Both also contained five identical plasmids including Col(pHAD28),
Col440II, IncFIA(HI1), IncFIB(K) and IncFII(pKP91).

A total of 6 Klebsiella pneumoniae ST17 isolates were identified from dif-
ferent water samples. Two of these isolates were identical (B20121,
B20134) and harbored blaOXA-48. Sample collection took place on the
same day just 0.9km apart. Sequence type ST17 was previously reported
in ESBL-producing Klebsiella pneumoniae isolated from human faecal sam-
ples in Bulgaria (Markovska et al., 2021). Similarly, a clinical isolate
characterised as ‘extensively drug resistant’ belonging to ST17, harboring
KPC from urine, was recently identified in Brazil (Nakamura-Silva et al.,
2021). These clinical isolates highlight the pathogenic potential of this par-
ticular sequence type.

Sequence type ST309 was the fourth most common Klebsiella sequence
type detected (B20338, B20377, B20384). Notably, all three Klebsiella
ST309 isolates originated from polluted waters in different samples from
Cork (River H2, River H, Estuary E1), harbored blaOXA-48, and were identi-
cal based on cgMLST comparisons. Sample collection took place over 24
hours and the three sampling sites were located in close proximity to one
another, with a distance of 9.7 km between the two furthest points. All
three isolates harbored IncFIB(K) and IncL plasmids. Reports of clinical
ST309 Klebsiella isolates harboring blaOXA-48 have previously been pub-
lished from Ireland (Brehony et al., 2019) and Yemen (Alsharapy et al.,
2020). The ST309 isolates in this study were compared to those analysed
by Brehony et al. (2019) using cgMLST comparisons. This comparison re-
vealed that between 35 and 37 loci varied between the three isolates
from this study and the two OXA-48-producing clinical isolates. This vari-
ability indicates significant differences in the core genomes between the
clinical and environmental isolates.

A further two identical carbapenemase producers (B19819, B19846)
were isolated from the same polluted region in Cork one year prior
(2019). Sampling locations (Estuary E, River H) were located just 3.3 km
apart and sample collection took place one day apart (Supplementary
Table 6). These isolates harbored blaKPC-3 and belonged to sequence type
ST231. Isolate B19846 harbored one additional plasmid (IncFIB(K)), total-
ing 7 (Fig. 5), and also contained the dfrA14 trimethoprim resistance gene
which was not detected in B19819. This region in Cork receives multiple
discharges including storm water overflows and raw sewage discharges
from anthropogenic sources.

4.6. Plasmids detection

The potential for widespread dissemination of antibiotic resistance
genes of clinical concern amongst environmental isolates is high, due to

the majority of sequenced isolates containing one or more plasmid (140/
146). Due to the limitations of short read sequencing it could not be estab-
lished which antibiotic resistance genes reside on plasmids. However,
based on the literature, there are certain plasmids that are commonly linked
to the carriage of different clinically significant antibiotic resistance genes.
Of particular interest is the carbapenemase resistance genes, and an exam-
ple of such is the detection of blaOXA-48 on the IncL plasmid. A total of 15 out
of 18 of the OXA-48 isolates in this study also contained this plasmid
(Fig. 5). A previous study by Bleichenbacher et al. (2020) detected blaOXA-
48 on an IncL plasmid within Raoultella ornithinolytica, isolated from fresh-
water in Switzerland. In a previous study by Brehony et al. (2019), it was
confirmed that 93/109 clinical isolates obtained from Irish hospitals
contained both blaOXA-48, in addition to the backbone genes for the pOXA-
48-like plasmid (IncL-type). Therefore, it may be the case that OXA-48 car-
riage in the 15 environmental isolates from this study are plasmid-borne.
The potential for horizontal gene transfer of the IncL plasmid that harbors
blaOXA-48 has recently been proven to be high amongst clinical isolates in
Germany (Hamprecht et al., 2019). Therefore, this plasmid type may har-
bor a significant proportion of the responsibility for the high number of
OXA-48-producing isolates in Irish hospitals, rather than one particular
clone. The detection of numerous OXA-48 isolates that harbored the IncL
plasmid in this study further demonstrates the overlap between the clinical
and natural environments. As mentioned previously, one E. coli isolate
(B19837) characterised as ST410 from river water harbored an OXA-48-
like gene (blaOXA-484). A recent study investigated the genetic characteris-
tics of a clinical E. coli isolate which harbored blaOXA-484 also belonging to
ST410 (Sommer et al., 2021). They identified carriage of the blaOXA-484
gene on the IncX3 plasmid, which was also detected in B19837, along
with 6 other plasmids. This potentially indicates plasmid carriage of the
carbapenemase resistance gene, however further testing is necessary to
confirm this.

Comparably, the second most commonly detected carbapenemase gene
(blaNDM) displayed a similar pattern in which the majority of isolates
contained the IncFIB plasmid (11/14). Both blaNDM-1 and blaNDM-5 have pre-
viously been detected on IncFIB plasmids within isolates of clinical origin
(Wu et al., 2019). However, the blaNDM genes have also been commonly de-
tected within other plasmid replicon types including IncFIA, IncFIB, IncFII
and IncX3. The location of the blaNDM-5 gene has also recently been con-
firmed to reside within an IncFIB plasmid in an environmental isolate
from natural waters in Switzerland (Bleichenbacher et al., 2020).

4.7. Sampling cold spots

A total of 6 cold spot locations were sampled twice throughout the lon-
gitudinal survey periods to evaluate the natural resistome in the absence of
anthropogenic activity. This encompassedwater bodies that were free from
knowndischarges upstreamor in close proximity to sample sites, and low to
medium agricultural activity (Fig. 1). These sampling sites included estuary
C and C1 in Fingal, river A andA1 inGalway City aswell as beach J and lake
D in Galway County. Extended-spectrum beta-lactamase-producing
Enterobacterales were identified from the samples collected from Galway
City and Fingal in line with the findings of the point prevalence survey.
As discussed previously, estuary C received storm water overflow dis-
charges in previous years and has a large wildlife presence (Hooban et al.,
2021). Estuary C1was located just 1.3 km from estuary C. River A is located
at the boundary, upstream of Galway City. However, many houses, boats
and wildlife reside in the area. Four isolates were selected for sequencing
from river A (B19404), estuary C (B19678(a)) and estuary C1 (B19673,
B20289) across both sampling periods. Isolate B19404 displayed a limited
resistance gene profile with the detection of blaCTX-M-15 and efflux pump
mdf(A). In contrast, sequenced isolates from estuary C and C1 harbored
blaCTX-M in addition to sulphonamide (sul2), tetracycline (tet(A)), quinolone
(qnrS1), aminoglycoside (aph(3″)-Ib, aph(6)-Id) and chloramphenicol (floR)
resistance genes. This is potentially owing to the fact that previous storm
water overflow discharges fed in to the water body. The remaining two
cold spot locations within Galway County did not harbor any ESBL
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producers. The location of these two sites were in more remote and less
densely populated regions.

Comparison of the cold spot locations to the waters receiving anthropo-
genic discharges demonstrates the impact of anthropogenic activity on the
dissemination of antibiotic resistance. The detection of carbapenem resis-
tant and carbapenemase-producing isolates solely in ‘hot spot’ locations in-
dicates that these resistance types in the environment may be primarily of
human origin. Similarly, the two most remote regions (beach J and lake
D) were void of ESBL detection in comparison to the areas with a larger
human presence.Moreover, no Enterobacteraleswere isolated across either
sample collection round for beach J indicative that the natural presence of
Enterobacterales is less likely in uncontaminated seawater.

5. Conclusion

Information in relation to the aquatic environment as a reservoir and
potential transmission route of antibiotic resistance is currently lacking,
due to the absence of routing monitoring. To address this knowledge gap,
this study investigated the natural resistome of different aquatic environ-
ments across Ireland on a longitudinal basis. The detection of extended-
spectrum beta-lactamase and carbapenemase-producing Enterobacterales
in waters across all seasons demonstrates the need for extended periods
of bathing water monitoring, especially in countries where recreational
water use is year round. A harmonised surveillance approach is necessary
which encompasses screening for clinically significant, antibiotic resistance
threats in order to adequately inform public health. Attempts to identify the
sources of environmental antibiotic resistance were successful through
cgMLST comparisons, which revealed identical isolates from different
wastewaters and the surrounding waters. The influence of anthropogenic
activitywas further established through comparison of areas receivingmul-
tiple discharges to ‘cold spot’ locations. The overall body of evidence accu-
mulated from this study suggests that anthropogenic discharges play a
significant role in the dissemination of antibiotic resistance to the natural
environment. Further work is needed to fully elucidate the potential health
implications of ingestion of these resistant organisms through recreational
exposure.
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