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Abstract 1 

Water bodies worldwide have proven to be vast reservoirs of clinically significant antibiotic resistant 2 

organisms. Contamination of waters by anthropogenic discharges is a significant contributor to the 3 

widespread dissemination of antibiotic resistance. The aim of this research was to investigate multiple 4 

different anthropogenic sources on a national scale for the role they play in the environmental 5 

propagation of antibiotic resistance. A total of 39 water and 25 sewage samples were collected across 6 

four local authority areas in the West, East and South of Ireland. In total, 211 Enterobacterales were 7 

isolated (139 water, 72 sewage) and characterised. A subset of isolates (n=60) were chosen for whole 8 

genome sequencing. Direct comparisons of the water versus sewage isolate collections revealed a 9 

higher percentage of sewage isolates displayed resistance to cefoxitin (46%) and ertapenem (32%), 10 

while a higher percentage of water isolates displayed resistance to tetracycline (55%) and ciprofloxacin 11 

(71%). Half of all isolates displayed extended spectrum beta-lactamase (ESBL) production phenotypically 12 

(n=105/211; 50%), with blaCTX-M detected in 99/105 isolates by PCR. Carbapenemase genes were 13 

identified in 11 isolates (6 sewage, 5 water). The most common variant was blaOXA-48 (n=6), followed by 14 

blaNDM-5 (n=2) and blaKPC-2 (n=2). Whole genome sequencing analysis revealed numerous different 15 

sequence types in circulation in both waters and sewage including E. coli ST131 (n=15), ST38 (n=8), ST10 16 

(n=4) along with Klebsiella ST405 (n=3) and ST11 (n=2). Core genome MLST (cgMLST) comparisons 17 

uncovered three highly similar Klebsiella isolates originating from hospital sewage and two nearby 18 

waters. The Klebsiella isolates from an estuary and seawater displayed 99.1% and 98.8% cgMLST identity 19 

to the hospital sewage isolate respectively. In addition, three pairs of E. coli isolates from different 20 

waters also revealed cgMLST similarities, indicating widespread dissemination and persistence of certain 21 

strains in the aquatic environment. These findings highlight the need for routine monitoring of water 22 

bodies used for recreational and drinking purposes for the presence of multi-drug resistant organisms.  23 

Keywords: Antibiotic resistance; Aquatic Environment; Wastewater; Carbapenemase; Extended 24 

Spectrum Beta-Lactamase. 25 

Abbreviations: ESBL: extended spectrum beta-lactamase; CPE: carbapenemase producing 26 

Enterobacterales; EARS-NET: European Antimicrobial Resistance Surveillance Network; WHO: World 27 

Health Organization; HPSC: Health Protection Surveillance Centre; EPA: Environmental Protection 28 



 

Agency; EU: European Union; LAA: Local Authority Area, CSO: Central Statistics Office; HALT: Healthcare-29 

Associated Infections & Antimicrobial Use in Long-Term Care Facilities; DWTP: Drinking water treatment 30 

plant; WWTP: Wastewater treatment plant; MALDI-TOF: Matrix-Assisted Laser Desorption/Ionization 31 

Time of Flight; EUCAST: European Committee on Antimicrobial Susceptibility Testing; CLSI: Clinical & 32 

Laboratory Standards Institute; NCPERLS: National Carbapenemase-producing Enterobacterales 33 

Reference Laboratory Service, Ireland; CGE: Center for Genomic Epidemiology; MPN: Mean Probable 34 

Number; UWWD: Urban Wastewater Discharge; cgMLST: Core Genome Multi Locus Sequence Type; 35 

MLST: Multi Locus Sequence Type; HPRA: Health Products Regulatory Authority. 36 

1. Introduction 37 

Antibiotic resistance is recognised as one of the largest threats to the healthcare and agricultural sectors 38 

worldwide (Prestinaci et al., 2015). The correct and incorrect use of antibiotics in both human and 39 

veterinary medicine has been deemed a major contributor to the widespread development of antibiotic 40 

resistance. In recent years, a deeper appreciation of the ‘One Health’ concept has emerged, recognising 41 

the nexus between the health of humans, animals and the environment. Subsequently, the importance 42 

of the natural environment in the dissemination of antibiotic resistant organisms has been increasingly 43 

recognised (Hooban et al., 2020). This was emphasised in the ‘Global Action Plan on Antimicrobial 44 

Resistance’, released by the World Health Organization (WHO) in 2015 (WHO 2015). Five key objectives 45 

that should be considered when tackling antibiotic resistance on a global scale were outlined in this 46 

report. According to objective 2, further research is needed on the development and spread of antibiotic 47 

resistance ‘within and between humans and animals and through food, water and the environment’. 48 

More recently, the WHO released a priority pathogens list ranking carbapenem resistant Acinetobacter 49 

baumannii, Pseudomonas aeruginosa and Enterobacteriaceae, as well as third generation cephalosporin 50 

resistant Enterobacteriaceae as of critical priority (WHO, 2017). These critical priority pathogens have 51 

recently been identified in the natural environment including carbapenem resistant Acinetobacter spp. 52 

in rivers (Kittinger et al., 2018), carbapenem resistant Pseudomonas in coastal waters (Paschoal et al., 53 

2017) and carbapenemase producing Enterobacterales (CPE) in seawaters (Mahon et al., 2019). 54 

The extent of the antibiotic resistance crisis is reflected on a European scale in recent reports. The 55 

European Antimicrobial Resistance Surveillance Network (EARS-Net) publish annual data on antibiotic 56 

resistance among invasive isolates primarily from blood and cerebrospinal fluid. The latest figures 57 

revealed that carbapenem resistant Acinetobacter, Klebsiella pneumoniae and Pseudomonas aeruginosa 58 

represented greater than 50% of invasive isolates identified in some southern European countries 59 

(European Centre for Disease Prevention and Control 2019). Evidence of cross border human 60 

transmission clusters of carbapenemase producing Klebsiella pneumoniae has been established (Ludden 61 

et al., 2020), indicative of potential further widespread dissemination of carbapenem resistant bacteria 62 

across European countries. Recent figures released by the Health Protection Surveillance Centre (HPSC) 63 

in Ireland revealed E. coli, Enterobacter cloacae and Klebsiella spp. as the most common 64 

Enterobacterales identified from clinical samples to harbor carbapenemases (HPSC 2019a). Among the 65 

different carbapenemase enzymes detected through screening and clinical cases, OXA-48 ranked 66 

highest, followed by KPC, NDM, OXA-181/232 and VIM. The detection of CPE in hospital and municipal 67 

wastewater demonstrates this crucial pathway for transmission of these organisms to the environment 68 

(Zhang et al., 2020; Cahill et al., 2019; Jin et al., 2017). According to the Environmental Protection 69 

Agency (EPA) there are 35 raw sewage discharge points across Ireland where untreated sewage is being 70 



 

directly emitted to environmental waters (EPA 2020). In cases where hospital effluent reaches a 71 

wastewater treatment plant prior to environmental discharge, these treatment processes are not 72 

designed for successful antibiotic resistance gene removal (Pazda et al., 2019).  73 

At present, bathing waters are assessed over four bathing water seasons for the percentile values of E. 74 

coli and intestinal Enterococci (CFU/100mL) for designation as excellent, good, sufficient or poor water 75 

quality (Directive 2006/7/EC). The designation of bathing water quality is based on cutoff values that 76 

differ for inland versus coastal waters. For example, inland waters harboring ≤200CFU/mL intestinal 77 

Enterococci and ≤500CFU/mL E. coli would be designated as excellent bathing water status. In contrast, 78 

coastal waters must display ≤100CFU/mL intestinal Enterococci and ≤250CFU/mL E. coli to also achieve 79 

excellent bathing water status. The current European Union (EU) bathing water directive requires 80 

monthly monitoring of the levels of E. coli and intestinal Enterococci in waters used for recreational 81 

purposes. Under this directive there is no requirement for any further characterisation of the bacteria, 82 

such as antibiotic resistance profiling. In addition, just 250mL of water is collected, a relatively small 83 

volume to adequately represent vast bodies of water. Similarly, the drinking water directive (Directive 84 

2020/2184) states that E. coli and Enterococci levels should be 0/100mL in waters intended for human 85 

consumption. 86 

In Ireland, waterborne illnesses represent a significant portion of gastrointestinal related infections. 87 

Cryptosporidiosis can often be linked to the inadequate treatment of drinking water supplies, with the 88 

most recent figures indicating 629 confirmed cases in Ireland in 2018 (HPSC 2019c). Chlorination alone is 89 

ineffective at killing Cryptosporidium and so water treatment systems contaminated with 90 

Cryptosporidium must include filtration and/or ultraviolet light for adequate disinfection (EPA, 2016). In 91 

Ireland, an estimated 170,000 households operate private wells with varying treatments employed (EPA, 92 

2017). Private household wells are at risk of contamination with Cryptosporidium as well as faecal 93 

bacteria such as verotoxigenic E. coli (VTEC) through ingress mechanisms (Chique et al., 2021; Chique at 94 

al., 2020). The incidence of VTEC in Ireland was ten times the European average in 2017 with 923 95 

notified cases (HPSC 2019d). Although the sources of these cases were not fully elucidated, 41% listed 96 

exposure to private well water. Similarly, many recreational activities result in the ingestion of water, 97 

making environmental monitoring of bathing waters an important public health concern. In the United 98 

Kingdom a recent study revealed surfers had higher carriage rates of blaCTX-M bearing E. coli (6.3%) in 99 

comparison to non-surfers (1.5%) (Leonard et al., 2018). This raises the question of whether current EU 100 

monitoring criteria is adequate to protect public health interests. This concern was also emphasized by 101 

Mahon et al. (2017) who detected NDM-producing Enterobacteriaceae in a bathing water designated as 102 

sufficient quality. 103 

With these important considerations in mind, the aim of this research was to examine the role of 104 

different sewage sources in the dissemination of antibiotic resistance to the natural aquatic 105 

environment. Natural water bodies including saltwater and freshwaters, as well as raw water supplying 106 

drinking water treatment plants were assessed. Antibiotic resistance profiling and next generation 107 

sequencing were carried out on Enterobacterales to examine the nexus between isolates collected from 108 

sewage and water samples. Resistant bacteria from different environments were also directly compared 109 

to analyse characteristics unique to each.  110 



 

2. Materials and Methods 111 

2.1 Overview of sample collection sites 112 

Samples of sewage and water were collected from four local authority areas (LAAs) in the West, East 113 

and South of Ireland. LAAs are zones designated to different councils who are responsible for providing 114 

services such as housing, planning permission, road maintenance, environmental protection and 115 

development and maintenance of recreation facilities. Normally there are two councils designated per 116 

county; city councils for urbanised centers and county councils for larger rural areas. 117 

West 118 

Galway city and Galway county LAAs are located on the west coast of Ireland. The population is 78,668 119 

in the city and 179,390 in the county according to the most recent central statistics office data (CSO 120 

2016). The area of Galway city is 50.0km² whereas Galway county is much larger at 5,796km².  121 

East 122 

Fingal local authority area is located in Dublin county. It has a population of 296,020 (CSO, 2016) despite 123 

being a small area (458km²). There is little agricultural activity in Fingal as identified from maps created 124 

by Chique et al. (2019) for the purposes of this project.  125 

South 126 

Cork county local authority area is located in the south of Ireland with the largest population of 417,211 127 

(CSO, 2016). It also has the largest area of all the local authority areas included in this study at 7,403km². 128 

It has high agricultural activity and many discharge points along the coastline including 7 raw sewage 129 

discharges (EPA, 2020). 130 

Sampling points of interest in each LAA under investigation were selected based on maps generated of 131 

potential contaminating sources of antibiotic resistance (Chique et al., 2019). Water bodies chosen for 132 

sample collection included ‘hot spot’ areas receiving discharges (storm water overflows, raw sewage 133 

discharges, primary and/or secondary wastewater treatment discharges). Where possible, ‘cold spots’ 134 

were also chosen which included waters receiving little or no contaminating discharges for comparison. 135 

Water bodies chosen for analysis included seawaters, rivers, lakes, estuaries and untreated water 136 

supplying drinking water treatment plants (Table 1). Contaminating sources chosen for inclusion 137 

comprised of hospital and nursing home sewage, airport sewage, as well as wastewater treatment plant 138 

influent and effluent across the LAAs (Table 2). Hospitals and nursing homes were selected based on the 139 

level of antibiotic usage data. In the case of long term care facilities, antibiotic usage data was obtained 140 

from the Healthcare-Associated Infections & Antimicrobial Use in Long-Term Care Facilities (HALT) study 141 

(Hennessy et al., 2017). The levels of antibiotic usage among hospitals was obtained from the Hospital 142 

Antimicrobial Consumption Surveillance data (HPSC 2019b). Additional factors that influenced the 143 

choice of nursing homes and hospitals included proximity to water sampling points and the willingness 144 

of the institute to participate. All sampling took place between November 2018 and July 2019. Rainfall 145 

data for the 24 hours prior to sample collection was recorded for each sampling point (supplementary 146 

Table 7).  147 



 

2.2 Water sample collection and processing 148 

Water sampling involved collection of 30L of water from pre-defined sampling sites. Collection was 149 

carried out using six sterile 5L containers and pooled prior to processing which took place no longer than 150 

4-6 hours post collection.  151 

Of the water samples, 5 sites were considered ‘cold spots’ due to the lack of contaminating discharges 152 

nearby. These included 3 seawaters located in Galway county (Beach J), Fingal (Beach P) and Cork 153 

(Beach U), as well as river A in Galway city and estuary C in Fingal (Table 1). The Colilert-18 test was 154 

performed on all water samples which included a 1/10 dilution on saltwater samples to aid bacterial 155 

survival. Water samples (30L) were filtered by applying the CapE method (Morris et al., 2016) using 156 

0.45µm filters. The filters were enriched in 100mL of buffered peptone water and incubated at 42ᵒC for 157 

18-24 hours. The enrichment broth was subcultured on to three selective agars; CHROMagar™ 158 

mSuperCARBA™ (CHROMagar), Brilliance™ ESBL agar (Oxoid) and McConkey agar (Oxoid) with a 5µg 159 

ciprofloxacin disc (Oxoid) placed centrally on the agar surface. Growth within the zone of inhibition for 160 

the ciprofloxacin disc enabled the isolation of ciprofloxacin resistant isolates. A spread plating technique 161 

using 150µL neat and a 1/5 dilution (100 µL) of the enrichment broth were cultured on to the 162 

CHROMagar™ mSuperCARBA™ and Brilliance™ ESBL agars respectively. Dilutions were performed using 163 

sterile buffered peptone water. A swab was lawned on to the MacConkey agar surface with the 164 

subsequent addition of a ciprofloxacin disc (5µL). These plates were incubated at 37ᵒC for 18-24 hours. 165 

Table 1: Water sampling location details including sampling date and the number of each sample type in 166 

each local authority area. 167 

Sample collection site Sampling date Local authority area Number of samples per local 
authority area 

Beach A 26th Nov 2018  
Galway city  

 

 
4 seawater samples 

 
Beach B 06th Dec 2018 

Beach C 06th Dec 2018 

Beach D 08th Jan 2019 

Beach E 22nd Jan 2019  
 

Galway county 
 

 

 
 
 

6 seawater samples 
 
 

Beach F 22nd Jan 2019 

Beach G 28th Jan 2019 

Beach H 28th Jan 2019 

Beach I 29th Jan 2019 

Beach J 29th Jan 2019 

Beach K 02nd April 2019  
 

Fingal 
 

 
 
 

6 seawater samples 
 
 

Beach L 02nd April 2019 

Beach M 02nd April 2019 

Beach N 02nd April 2019 

Beach O 02nd April 2019 

Beach P 03rd April 2019 

Beach Q 13th May 2019  
 
 

Cork county 
 

 
 
 

7 seawater samples 
 
 

Beach R 13th May 2019 

Beach S 14th May 2019 

Beach T 15th May 2019 

Beach U 16th May 2019 

Beach V 16th May 2019 

Beach W 16th May 2019 

Total seawater samples: 23 

River A 04th Dec 2018 Galway city 2 river water samples* 

River B 04th Dec 2018 

River C 21st Jan 2019 Galway county 2 river water samples 

River D 12th Feb 2019 

River E 15th May 2019 Cork county 1 river water sample 



 

Total river water samples: 5 

Lake A 04th Feb 2019 Galway county 
 

2 lake water samples 

Lake B 04th Feb 2019 

Lake C 09th May 2019 Cork county 1 lake water sample 

Total lake water samples: 3 

Estuary A 04th Dec 2018 Galway city 2 estuarine water samples 

Estuary B 04th Dec 2018 

Estuary C 03rd April 2019 Fingal 2 estuarine water samples 

Estuary D 03rd April 2019 

Total estuarine water samples: 4 

DWTP influent A 29th April 2019 Fingal 1 DWTP influent sample 

DWTP influent B 14th May 2019 Cork county 1 DWTP influent sample 

DWTP influent C 22nd July 2019 Galway city 1 DWTP influent sample 

DWTP influent D 23rd July 2019 Galway county 1 DWTP influent sample 

Total drinking water treatment plant influents: 4 

DWTP: Drinking water treatment plant. * Two of the river water samples (River A and B) were from different points along one 168 
river. 169 

2.3 Sewage sample collection and processing 170 

A total of 25 sewage samples were collected across the four local authority areas (Table 2). Sewage 171 

samples were collected by lowering a sterile 250mL glass bottle in to a manhole/septic tank. Some 172 

nursing homes and hospitals had an open pipe flow system whereas others had an accumulative septic 173 

tank (Table 2). Sewage samples were directly cultured on CHROMagar™ mSuperCARBA™, Brilliance™ 174 

ESBL agar and McConkey agar with a ciprofloxacin disc (5µg) using a direct swab plating technique. 175 

These plates were incubated at 37ᵒC for 18-24 hours. 176 

Table 2: Features of sewage samples collected including volume collected, sample type and further 177 

details about the institution. 178 

Sample 
collection 
site 

Sampling 
date 

Local 
authority 
area 

Number of 
samples per 
local authority 
area 

Volume 
collected 

Sample 
type 

Capacity  Treatment 
type 

Antibiotic 
usage 
records (DDD 
per 100 BDU) 

Hospital A1 26th Nov 2018  
Galway city 

 
4 hospital sewage 

samples 
 

74mL Open pipe 220 beds N/A 68.1 (2018) 
Combined  data 
only available 

Hospital A2 26th Nov 2018 >250mL Open pipe 220 beds N/A 

Hospital B1 28th Nov 2018 >250mL Septic tank 664 beds N/A 

Hospital B2 20th Feb 2019 112mL Septic tank 664 beds N/A 

Hospital C 21st Jan 2019 Galway 
county 

 

2 hospital sewage 
samples 

116mL Open pipe 194 beds N/A 98.5 (2018) 

Hospital D 28th Jan 2019 >250mL Septic tank 50 beds N/A Unknown 

Hospital E 16th May 2019 Cork city 1 hospital sewage 
sample 

250mL Open pipe 332 beds  N/A 94.4 (2018) 

Hospital F 18th June 2019 Cork county 1 hospital sewage 
sample 

250mL Overflow 
bucket 

54 beds N/A 86.5 (2014) 

Total hospital sewage samples: 8 

Nursing home A 6th Dec 2018 Galway city 
 

3 nursing home 
sewage samples 

200mL Open pipe 62 beds N/A 13.6  (2016) 

Nursing home B 09th Jan 2019 60mL Open pipe 26 beds N/A 11.1 (2016) 

Nursing home C 14th Jan 2019 120mL Septic tank 60 beds N/A Unknown 

Nursing home 
D 

21st Jan 2019 Galway 
county 

 

3 nursing home 
sewage samples 

250mL Septic tank 44 beds N/A 12.2 (2016) 

Nursing home E 22nd Jan 2019 >250mL Septic tank 42 beds N/A 12.5 (2016) 

Nursing home F 04th Feb 2019 7mL Open pipe 51 beds N/A Unknown 

Nursing home 
G 

04th April 2019 Fingal 1 nursing home 
sewage sample 

180mL Open pipe 140 beds N/A 12.4 (2016) 

Total nursing home sewage samples: 7 

Airport A 04th April 2019 Fingal 1 airport sewage 
sample 

167mL Open pipe N/A N/A N/A 

Airport B 18th June 2019 Cork county 1 airport sewage 
sample 

180mL Open pipe N/A N/A N/A 

Total airport sewage samples: 2 



 

WWTP A 29th April 2019 Fingal 2 WWTP samples 250mL (Influent 
and effluent) 

Grab 65,000 PE Secondary 
and UV 

N/A 

WWTP B 15th May 2019 Cork county 2 WWTP samples 250mL (Influent 
and effluent) 

Grab 20,500 PE Secondary 
using Nereda 

N/A 

WWTP C 24th July 2019 Galway city 2 WWTP samples >250mL (Influent 
and effluent) 

Grab 170,000 PE Secondary N/A 

WWTP D 22nd July 2019 Galway 
county 

2 WWTP samples >250mL (Influent 
and effluent) 

Grab 13,500 PE  Secondary  N/A 

Total wastewater treatment plants sampled: 4 (8 samples in total including influent and effluent) 

WWTP: Wastewater treatment plant, PE: Population equivalent. A total of 8 sewage samples were collected from 6 different 179 
hospitals. Sample collection at one hospital was repeated (hospital B1 and B2) and two samples were collected at different 180 
manholes on the same hospital grounds (hospital A1 and A2). 181 

2.4 Identification and antibiotic susceptibility profiling of Enterobacterales  182 

Isolates of interest were identified using matrix-assisted laser desorption/ionization time of flight 183 

(MALDI-TOF) mass spectrometry (Bruker microflex). Enterobacterales that were identified were chosen 184 

for further analysis. Susceptibility testing to a range of antibiotics was carried out in accordance with 185 

EUCAST guidelines (EUCAST version 10.0, 2020). These included ampicillin (10μg), cefoxitin (30μg), 186 

cefpodoxime (10μg), ceftazidime (10μg), cefotaxime (5μg), ertapenem (10μg), meropenem (10μg), 187 

gentamicin (10μg), kanamycin (30μg), streptomycin (10μg), tetracycline (30μg), chloramphenicol (30μg), 188 

nalidixic acid (30μg), ciprofloxacin (5μg) and trimethoprim (5μg). In the case where no EUCAST 189 

breakpoints were available for nalidixic acid, streptomycin, tetracycline and kanamycin, CLSI breakpoints 190 

(CLSI version 30, 2020) were applied. Extended spectrum beta-lactamase (ESBL) production was 191 

confirmed using cefpodoxime alone and in combination with clavulanic acid (10μg/1μg). A greater than 192 

or equal to 5mm difference between the combination disc versus the cefpodoxime indicates ESBL 193 

production which is inhibited by the clavulanic acid. Klebsiella pneumoniae strain ATCC 700603 and E. 194 

coli strain ATCC 25922 were included in each batch to ensure quality control. The Klebsiella strain (ATCC 195 

700603) harbors blaSHV-18 on a pKQPS2 plasmid which is used to ensure that ESBL production is 196 

successfully being identified by the cefpodoxime and combination disc (Elliott et al., 2016). E. coli ATCC 197 

25922 was obtained from a human sample in 1946 and is used to ensure that the zone of inhibition for 198 

each antibiotic tested is within its target range (Minogue et al., 2014). 199 

2.5 Characterisation of beta-lactamase encoding genes using real time PCR 200 

ESBL producers were tested for the presence of blaCTX-M-group1, blaCTX-M-group2 and blaCTX-M-group9 by real time 201 

PCR (Birkett et al., 2007). Isolates that were intermediate/resistant to ertapenem and/or meropenem 202 

were tested for the presence of blaVIM, blaIMP, blaOXA-48, blaKPC and blaNDM (Manchanda et al., 2011, 203 

Swayne et al., 2011). The assay applied for the detection of blaVIM and blaIMP derives from a duplex PCR 204 

that was designed by the National Carbapenemase-producing Enterobacterales Reference Laboratory 205 

Service, Ireland (Unpublished data; NCPERLS). The primer and probe sequences along with the protocol 206 

used for each assay is outlined in supplementary Table 6. 207 

2.6 Next generation sequencing 208 

Based on the antibiograms and PCR results, 60 isolates (42 E. coli and 18 Klebsiella spp.) were selected 209 

for whole genome sequencing. The selection process began by removal of possible duplicate isolates by 210 

comparing antibiograms of identical species from the same sample. Only E. coli and Klebsiella species 211 

were chosen for the next selection round. This was followed by separating isolates based on 212 

carbapenemase production, carbapenem resistance (with negative detection of a carbapenemase gene) 213 

and ESBL production. All carbapenemase producing Enterobacterales were chosen for sequencing, 214 



 

followed by a mixture of carbapenem resistant and ESBL producing Enterobacterales. Overall this 215 

encompassed 22 isolates from seawater, 11 from hospital sewage, 9 from estuarine waters, 6 from river 216 

waters, 4 from lake waters, 3 from nursing home sewage, 3 from wastewater treatment plant influent 217 

and 2 from airport sewage. Sequenced isolates included 12 carbapenem resistant, 40 ESBL and 8 218 

carbapenemase producing Enterobacterales. DNA extraction was carried out using the QIAamp® DNA 219 

Mini kit according the kit protocol. The DNA concentration was determined using the Qubit fluorometer 220 

(original version) and the purity was evaluated using DeNovix DS-11 spectrophotometer/fluorometer by 221 

recording the 260/280 ratio. Sequencing was carried out using the Illumina NovaSeq 6000 platform in 222 

Oxford Genomics Centre. The high-throughput sequencing reads were assembled using Velvet assembly 223 

software (Zerbino and Birney, 2008, v1.2.10) using an automated genome assembly pipeline specifically 224 

designed for the de novo assembly of bacterial genomes. The pipeline implements VelvetOptimiser 225 

software (v2.2.4), developed to assist in the optimisation of each genome assembly based on sampling 226 

multiple K-mer lengths and searching for an optimum coverage cut off value 227 

(https://github.com/tseemann/VelvetOptimiser). All odd numbered K-mers were sampled from 71 to 228 

151. The species of each assembled genome was confirmed using ribosomal MLST (Jolley et al., 2012). 229 

The assembled E. coli genomes were uploaded to the Escherichia database on PubMLST 230 

(https://pubmlst.org/organisms/escherichia-spp/), while the Klebsiella genomes are hosted on the 231 

public BIGSdb Klebsiella Pasteur MLST database (http://bigsdb.pasteur.fr/klebsiella). Sequencing reads 232 

were also uploaded to the European Nucleotide Archive (https://www.ebi.ac.uk/ena), project accession 233 

PRJEB21277. Individual isolate identifiers for each database are listed in supplementary Table 5.  234 

Bioinformatics analysis was carried out using the Center for Genomic Epidemiology (CGE) pipelines 235 

(ResFinder v3.2, VirulenceFinder v2.0, MLST v2.0 and PlasmidFinder v2.1) as well as the Escherichia 236 

database on PubMLST (Jolley et al., 2018). The CGE pipelines were used to identify acquired antibiotic 237 

resistance genes and plasmids, as well as E. coli virulence genes. Klebsiella virulence genes were 238 

identified using the BIGSdb Klebsiella Pasteur MLST database v1.23.4. The ‘GrapeTree’ tool (Zhou et al., 239 

2018) was used to visualise minimum spanning trees through core genome MLST comparisons. The 240 

genome comparator tool on the Escherichia database on PubMLST was used to perform direct allele 241 

comparisons at 2513 loci for E. coli. Similarly, the genome comparator tool on the BIGSdb Klebsiella 242 

Pasteur MLST database performed allele comparisons at 694 loci for Klebsiella isolates (Bialek-Davenet 243 

et al., 2014). In addition, sequenced isolates carrying blaOXA-48 were selected for pOXA-48 plasmid 244 

comparisons (Brehony et al., 2019). This tool compared the pOXA-48 plasmid at 71 different loci to 245 

assess similarities between plasmids.  246 

https://pubmlst.org/organisms/escherichia-spp/
http://bigsdb.pasteur.fr/klebsiella


 

3. Results 247 

A total of 39 water samples and 25 sewage samples were collected across four local authority regions in 248 

Ireland between November 2018 and July 2019. Overall, 211 Enterobacterales were isolated and 249 

characterised which included E. coli (n=145), Klebsiella spp. (n=28), Enterobacter spp. (n=18), Citrobacter 250 

spp. (n=12) and others (n=8). The breakdown of individual bacterial species identified across different 251 

sample types is provided in supplementary Table 4. A total of 139 isolates were obtained from waters 252 

while 72 were isolated from sewage.  253 

3.1 E. coli quantification (MPN per 100mL) 254 

The Colilert-18 test was carried out on all 39 water samples in order to determine the mean probable 255 

number (MPN) of E. coli per 100mL. The levels of E. coli for all water types combined with the 256 

approximate distances from sampling areas to point discharges are presented in Figure 1. This 257 

encompassed all water samples with the exception of drinking water treatment plant influents. Water 258 

samples included 5 cold spot locations with no nearby point discharges, 12 samples in close proximity to 259 

1 point discharge, 13 samples close to 2 point discharges and 3 sampling areas in close proximity to 3 or 260 

more discharges (Figure 1).  261 

Seawaters were the most commonly collected sample type (n=23). Overall, 19/23 (83%) seawater 262 

samples harbored E. coli levels less than 250 MPN per 100mL which would infer excellent water quality 263 

according to the EU bathing water monitoring criteria (Directive 2006/7/EC). Beach F revealed the 264 

highest detectable E. coli levels amongst all seawater samples collected at 842 MPN per 100mL. A raw 265 

sewage discharge was located approximately 0.1km from the sampling point at Beach F (Figure 1). In 266 

comparison, estuarine waters revealed much higher levels of E. coli, with just 1/4 (25%) samples 267 

harboring less than 250 (MPN per 100mL). The remaining three estuarine samples displayed E. coli levels 268 

between 520 to >2419.6 (MPN per 100mL). Estuary B revealed the single highest detectable levels of E. 269 

coli (>2419.6 MPN E. coli per 100mL) across all water sample types. This estuarine sample was collected 270 

during December and is located approximately 0.1km from a secondary urban wastewater discharge. 271 

Freshwater samples harbored relatively low levels of E. coli with just 1/5 (20%) rivers and 0/3 lakes 272 

exhibiting levels greater than 250 E. coli (MPN per 100mL). Inland waters have a higher cut-off point of 273 

<500MPN per 100mL to infer excellent water quality status, implying that all inland waters sampled 274 

would be designated as excellent bathing water quality. Drinking water treatment plant influents which 275 

also originated from freshwater sources harbored E. coli levels varying between 16 to 115.3 MPN per 276 

100mL (Figure 1). 277 

In terms of cold spot locations, 4 out of 5 (60%) samples exhibited E. coli levels less than 50 MPN per 278 

100mL. Estuary C was the only cold spot location that would not receive excellent water quality status 279 

with 520 E. coli (MPN per 100mL). 280 



 

  

Figure 1: Stacked bar chart displaying distance from sampling points to discharge(s) (km) overlaid with E. coli 281 
detection levels (MPN per 100mL). The length of each coloured stacked bar is indicative of the distance from the 282 
sampling point to a contaminating point discharge. In the case of two or more coloured stacked bars, the length of 283 
each should be interpreted separately. †The five cold spot locations include Beach J, P, and U, estuary C and river A 284 
as they have no point discharges in close proximity. CPE positive sites are underlined with a yellow line. *Estuary B 285 
indicates E. coli levels >2419.6. Supplementary Table 1 displays the raw data for this figure. UWWD = Urban 286 
wastewater discharge. 287 

3.2 Antibiotic susceptibility testing  288 

Two heatmaps were created using R displaying the antibiograms of individual isolates. Figure 2(A) 289 

encompasses isolates from Galway city and county, while Figure 2(B) comprises of isolates obtained 290 

from two geographically distinct local authority areas, Fingal and Cork county. The order in which the 291 

isolates were presented was determined by the similarities between the antibiotic susceptibility profiles. 292 

Analysis of the antibiograms revealed high levels of resistance to ampicillin, cefpodoxime, ciprofloxacin, 293 

nalidixic acid and to a lesser extent cefotaxime and ceftazidime, across both heatmaps. These 294 

resistances were present in both sewage and water isolates, evident from the stacked coloured bars 295 

indicative of sample types. The majority of isolates displayed susceptibility to the carbapenem class of 296 

antibiotics, including ertapenem and meropenem. The antibiogram profiles were similar across isolates 297 

originating from both urban (Galway city and Fingal) and rural (Galway county and Cork county) local 298 

authority areas. 299 
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Figure 2: Heatmaps encompassing antibiogram profiles of isolates from different sample types. Red indicates 300 
resistance, yellow indicates an intermediate phenotype and green indicates susceptibility. Heatmap (A) includes 301 
isolates from Galway city and county, while (B) encompasses bacteria from Fingal and Cork. The second coloured 302 
bar in heatmap (B) differentiates Fingal (cream) and Cork (black) isolates. CPD = Cefpodoxime, FOX = Cefoxitin, 303 
MEM = Meropenem, ETP = Ertapenem, AMP = Ampicillin, CIP = Ciprofloxacin, CN = Gentamicin, C = 304 
Chloramphenicol, K = Kanamycin, W = Trimethoprim, S = Streptomycin, TE = Tetracycline, NA = Naladixic acid, CTX 305 
= Cefotaxime, CAZ = Ceftazidime. 306 

The antibiogram results were grouped in to two categories; sewage and water isolates. The percentage 307 

of isolates that were resistant to each antibiotic from both groups (sewage 72 isolates and water 139 308 

 

(A) 

(B) 

 

 



 

isolates) were calculated and directly compared (Figure 3). The sewage isolate collection displayed a 309 

higher percentage of isolates displaying a resistant phenotype to the majority of the antibiotics (10/15; 310 

66.7%), when compared to isolates of water origin. However, there was little variation between the two 311 

groups, with less than 10% difference for 12/15 of the antibiotics. Cefoxitin (27% difference), ertapenem 312 

(20% difference) and gentamicin (13% difference) revealed the largest variation across these two 313 

groups, with all three displaying higher percentage resistances in sewage isolates. Of the four antibiotics 314 

that demonstrated higher levels of resistance in water isolates, ciprofloxacin (9% higher than sewage 315 

isolates) and tetracycline (5% higher than sewage isolates) revealed the largest differences between the 316 

two groups.  317 

(A) Sewage isolates    (B) Water isolates 

  

Figure 3: Percentage of isolates displaying resistance to a panel of 15 antibiotics for (A) sewage versus (B) water 318 
isolates. A total of 72 isolates were examined from sewage sources, whereas 139 isolates were obtained from 319 
water bodies. AMP = Ampicillin, CPD = Cefpodoxime, NA = Naladixic acid, CTX = Cefotaxime, CIP = Ciprofloxacin, 320 
CAZ = Ceftazidime, W = Trimethoprim, TE = Tetracycline, S = Streptomycin, FOX = Cefoxitin, K = Kanamycin, CN = 321 
Gentamicin, C = Chloramphenicol, ETP = Ertapenem, MEM = Meropenem. 322 

3.3 ESBL producing Enterobacterales 323 

A total of 105 isolates were selected for real time PCR based upon the antibiogram results. Genotypic 324 

based screening of these isolates revealed the widespread detection of blaCTX-M groups in 99/105 (94%) 325 

Enterobacterales (Table 3). Positive blaCTX-M detection was identified in 77 isolates obtained from water 326 

samples and 22 isolates from sewage. The most commonly detected ESBL variants included blaCTX-M-group1 327 

(n=83) followed by blaCTX-M-group9 (n=16). A total of 6 isolates that were confirmed phenotypically as ESBL 328 

producers tested negative for the blaCTX-M genes. In terms of the ‘cold spot’ locations, 2 out of 5 locations 329 

tested positive for the presence of one of more isolate harboring blaCTX-M genes. These locations included 330 

an urban estuary and river which harbored E. coli levels of 520 and 40.8 (MPN per 100mL) respectively.  331 



 

3.4 Carbapenem non-susceptible Enterobacterales  332 

In total, 42 carbapenem resistant Enterobacterales were identified, 20% of the total Enterobacterales 333 

isolated. Eleven of the carbapenem resistant isolates tested positive for carbapenemase genes using real 334 

time PCR (Table 3). Carbapenemase encoding genes were identified in 3 seawater isolates, 4 hospital 335 

sewage isolates, 2 wastewater treatment plant (WWTP) influent isolates, 1 estuary and 1 lake water 336 

isolate. These included blaOXA-48 (4 Klebsiella pneumoniae, 1 E. coli and 1 Enterobacter kobei), blaNDM (2 E. 337 

coli), blaKPC (1 Klebsiella pneumoniae and 1 Citrobacter freundii) and blaIMP (1 Citrobacter youngae). Six 338 

out of 11 CPE were resistant to both ertapenem and meropenem, whereas the remaining five displayed 339 

ertapenem resistance and an intermediate meropenem phenotype. Each CPE positive water body had a 340 

discharging source in close proximity, highlighted by the yellow underline in Figure 1. These discharges 341 

ranged from storm water overflows to primary or secondary urban wastewater discharges. None of the 342 

5 ‘cold spot’ locations tested positive for carbapenem resistance or carbapenemase production. 343 

Examination of CPE detection in conjunction with the colilert results revealed that CPE were identified in 344 

water bodies that harbored E. coli levels ranging between 0 to 269 MPN per 100mL. According to the EU 345 

bathing water directive 2006 (Directive 2006/7/EC), these E. coli levels would lead to excellent/good 346 

water body classification.  347 

Table 3: Summary table of ESBL and carbapenemase genes detected using real time PCR across different 348 

sample types.  349 

Gene 
detected: 

Seawaters 
(n=72) 

Rivers 
(n=24) 

Lakes 
(n=9) 

Estuaries 
(n=27) 

Hospitals 
(n=37) 

Nursing 
homes (n=20) 

Airports 
(n=3) 

WWTP 
(n=14) 

DWTP 
(n=9) 

Total 

blaCTX-M-group1 27 13 3 19 9 3 3 5 1 83 
blaCTX-M-group2 0 0 0 0 0 0 0 0 0 0 
blaCTX-M-group9 9 1 1 2 1 1 0 0 1 16 
blaOXA-48 2 0 0 1 1 0 0 2 0 6 
blaNDM 1 0 1 0 0 0 0 0 0 2 
blaKPC 0 0 0 0 2 0 0 0 0 2 
blaIMP 0 0 0 0 1 0 0 0 0 1 
blaVIM 0 0 0 0 0 0 0 0 0 0 

WWTP – Wastewater treatment plant, DWTP – Drinking water treatment plant. The number in brackets denotes the 350 
number of isolates tested from each sample type. 351 

3.5 Whole genome sequencing analysis  352 

A total of 60 isolates (42 E. coli and 18 Klebsiella spp.) were selected for whole genome sequencing 353 

based upon species identification, the phenotypic presence of carbapenem resistance and the genomic 354 

detection of ESBL and/or carbapenemase encoding genes. Sequenced isolates were assessed for multi 355 

locus sequence types (MLST), plasmid replicons, virulence genes and antibiotic resistance genes outlined 356 

in Table 4. A total of 15 E. coli isolates were identified as sequence type ST131. This was followed by 357 

ST38 (n=8), ST10 (n=4), ST1193 (n=2) and ST5584 (n=2). There were 11 additional sequence types 358 

detected that were not repeated among sequenced E. coli. The Klebsiella sequence types varied more 359 

substantially across isolates with just two repeated types, ST405 (n=3) and ST11 (n=2). The remaining 13 360 

Klebsiella sequence types were detected in just one isolate. Plasmid replicons were detected in 56/60 361 

(93%) isolates, highlighting the potential of widespread dissemination of antibiotic resistance genes. The 362 

most commonly detected plasmid replicons included IncFIB (n=45), IncFII (n=39) and IncFIA (n=29) 363 

across E. coli and Klebsiella spp. from sewage and water sources. Many different virulence genes were 364 



 

identified in E. coli isolates. The virulence gene celb was unique to E. coli sewage isolates. In contrast, 365 

the virulence genes vat, cma, iroN, cnf1, ireA, and ccl were primarily found in E. coli originating from 366 

water bodies. The Klebsiella virulence genes identified revealed significant overlap between sewage and 367 

aquatic isolates. The main differences included the detection of clb gene variants solely in one hospital 368 

isolate and the detection of iutA in one isolate originating from lake water. 369 

Sequencing data was also examined for the presence of different antibiotic resistance genes, with a 370 

particular focus on beta-lactamase gene detection (Table 4). The most commonly detected beta-371 

lactamase gene was blaCTX-M (n=48) which could be further divided in to blaCTX-M-15 (n=34), blaCTX-M-14 372 

(n=7), blaCTX-M-27 (n=4), blaCTX-M-1 (n=1), blaCTX-M-24 (n=1) and blaCTX-M-55 (n=1). These results are in 373 

agreement with the PCR outcomes where blaCTX-M-group1 and blaCTX-M-group9 were the most prevalent 374 

variants, with no blaCTX-M-group2 detections. Other commonly detected beta-lactamase genes included 375 

blaTEM-1 (n=31), blaOXA-1 (n=19) and blaSHV variants (n=16). The blaSHV genes included blaSHV-11 (n=5), blaSHV-1 376 

(n=5), blaSHV-76 (n=3), blaSHV-60 (n=1), blaSHV-27 (n=1) and blaSHV-62-like (n=1). Three different CPE genes were 377 

identified among sequenced isolates with positive detection of blaOXA-48 in 4 isolates, blaNDM-5 in 2 E. coli 378 

and blaKPC-2 in 1 Klebsiella pneumoniae, also in agreement with detection from the PCR. 379 

Table 4: Summary of sequencing data including the number of E. coli and Klebsiella spp., sequence 380 

types, plasmid replicons, virulence genes and beta-lactamase genes detected.  381 

Sample 
type  

Species Number 
of 

isolates 

ST type Plasmid replicons Virulence genes Beta-lactamase genes 

Seawater E. coli 18 131 (6), 
38(3), 

1193(2), 
10(2), 

3018, (1), 
69(1), 

540(1), 
5584 (1), 
167 (1) 

IncFIB (14), IncFII (11), 
Col156 (12), IncFIA (9), 
Col(BS512) (3), IncQ1 
(2), IncB/O/K/Z (1), 
Inc1-I (1), IncFIC (1), 

IncX3 (1), IncI (1), IncX1 
(1), IncM1 (1), 

Col(MG828) (1) 

senB (11), iha (9), sat (8), gad (7), iss (7),  
eilA (6), air (6), capU (2), vat (2), nfaE (2), 

cma (1), iroN (1), astA (1), cnf1 (1), ireA (1), 
IpfA (1) 

blaTEM-1 (10), blaCTX-M-
15 (7), blaCTX-M-14 (4), 
blaOXA-1 (3), blaCTX-M-

27 (2), blaNDM-5 (1), 
blaCTX-M-1 (1), blaCMY-

42 (1), blaDHA-1 (1), 
blaCTX-M-24 (1) 

Klebsiella 
spp. 

4 11(1), 
17(1), 

45(1), 405 
(1) 

IncFIB (4), IncFII (3), 
IncL (1), Col440I (1) 

IncFIA (1) 

mrkA (4), mrkB (4), mrkC (4), mrkD (4), 
mrkF (4), mekH (4), mrkI (4), mrkJ (4), fyuA 
(3), irp1 (3), irp2 (3), ybtA (3), ybtE (3), ybtP 

(3), ybtQ (3), ybtS (3), ybtT (3), ybtU (3), 
ybtX (3), kfuA (1), kfuB (1), kfuC (1), kvgA 

(1), kvgS (1), mceA (1), mceB (1), mceC (1), 
mceD (1), mceE (1), mceG (1), mceH (1), 

mceI (1), mceJ (1) 

blaCTX-M-15 (4), blaTEM-
1 (3), blaOXA-1 (3), 

blaSHV-11 (2), blaOXA-48 
(1), blaSHV-1 (1), blaSHV-

76 (1) 

River E. coli 5 131 (1), 38 
(1), 5584 

(1), 
unknown 
(1), 1722 

(1) 

IncFIB (4), IncFII (3), 
IncFIA (2), Col156 (2), 

IncI1-I (1), ColRNAI (1), 
Col(BS512) (1) 

gad (4), sat (3), eilA (3), iha (2), senB (2), air 
(2), iss (1), cnf1 (1), nfaE (1), IpfA (1), ccl (1) 

blaCTX-M-15 (5), blaTEM-
1 (2), blaOXA-1 (1) 

Klebsiella 
spp. 

1 1236 (1) - mrkA (1), mrkB (1), mrkC (1), mrkD (1), 
mrkF (1), mekH (1), mrkI (1), mrkJ (1), fyuA 
(1), irp1 (1), irp2 (1), ybtA (1), ybtE (1), ybtP 

(1), ybtQ (1), ybtS (1), ybtT (1), ybtU (1), 
ybtX (1) 

blaCTX-M-15 (1), blaOXA-
1 (1), blaSHV-1 (1) 

Estuary E. coli 5 131 (3), 38 
(1), 10 (1) 

IncFIB (4), IncFIA (3), 
IncFII (3), Col156 (2), 
Col(BS512) (2), IncX1 

(1), IncX4 (1), IncI2 (1), 
IncQ1 (1), IncFIC (1), 
Inc1-I (1), IncI2 (1),  

ColVC (1) 

iss (4), sat (4), iha (3), nfaE (3), gad (3), 
senB (2), cma (1), iroN (1), air (1), eilA (1) 

blaCTX-M-15 (4), blaTEM-
1 (3), blaOXA-1 (2), 

blaCTX-M-14 (1) 



 

Klebsiella 
spp. 

4 405 (1), 11 
(1), 8 (1), 
236 (1) 

IncFIB (4), IncFII (3), 
IncFIA (2), IncL (1), IncR 

(1), Col4401 (1) 

mrkA (4), mrkB (4), mrkC (4), mrkD (4), 
mrkF (4), mekH (4), mrkI (4), mrkJ (4), fyuA 
(2), irp1 (2), irp2 (2), ybtA (2), ybtE (2), ybtP 

(2), ybtQ (2), ybtS (2), ybtT (2), ybtU (2), 
ybtX (2), kvgA (1), kvgS (1),  mceA (1), mceB 
(1), mcsC (1), mceD (1), mceE (1), mceG (1), 
mceH (1), mceI (1), mceJ (1), kfuA (1), kfuB 

(1), kfuC (1) 

blaCTX-M-15 (3),  
blaOXA-48 (1), blaOXA-1 

(2), blaTEM-1 (2), 
blaDHA-1 (2), blaSHV-76 

(1), blaSHV-11 (1), 
blaSHV-1-like (1), blaSHV-

60 (1) 

Lake E. coli 2 131 (1), 
11188 (1) 

IncFIA (2), FII (2) iss (3), air (2), senB (2), eilA (2), gad (2), iha 
(1), sat (1), IpfA (1) 

blaCTX-M-27 (1),  
blaNDM-5 (1) 

Klebsiella 
spp. 

2 111 (1), 
unknown 

(1) 

IncFIB (2), IncN (2), 
IncFII (1), IncFIA (1), 

Col440I (1) 

mrkA (2), mrkB (2), mrkC (2), mrkD (2), 
mrkF (2), mekH (2), mrkI (2), mrkJ (2), fyuA 
(1), irp1 (1), irp2 (1), kfuA (1), kfuB (1), kfuC 

(1), ybtA (1), ybtE (1), ybtP (1), ybtQ (1), 
ybtS (1), ybtT (1), ybtU (1), ybtX (1), iutA (1) 

blaCTX-M-15 (1), blaSHV-
11 (1), blaTEM-1 (1), 
blaTEM-1D-like (1), 
blaOKP-B-3-like (1) 

Hospital E. coli 6 131 (2), 38 
(1), 90 (1), 
10 (1), 617 

(1) 

IncFIA (5), IncFII (5), 
IncFIB (5), Col156 (2), 

Inc1-I (1), IncN (1), 
IncHI2 (1), IncHI2A (1), 
Col (MG828) (1), p0111 

(1) 

iss (4), gad (3), iha (2), nfaE (2), sat (2), astA 
(2), air (1), eilA (1), senB (1), celb (1), capU 

(1) 

blaCTX-M-15 (4), blaOXA-
1 (3), blaTEM-1 (1), 

blaCTX-M-27 (1) 

Klebsiella 
spp. 

5 5 (1), 101 
(1), 258 
(1), 405 

(1), 1243 
(1) 

IncFIB (4), IncFII (4), 
IncFIA (1), IncN (1),  
IncM1 (1), IncR(1) 

mrkA (5), mrkB (5), mrkD (5), mrkF (5), 
mrkH (5), mrkI (5), mrkJ (5), mrkC (4), kfuA 
(3), kfuB (3), kfuC (3), fyuA (3), irp1 (3), irp2 

(3), ybtA (3), ybtE (3), ybtP (3), ybtQ (3), 
ybtS (3), ybtT (3), ybtU (3), ybtX (3), kvgA 

(1), kvgS (1), mceA (1), mceB (1), mceC (1), 
mceD (1), mceE (1), mceG (1), mceH (1), 
mceI (1) mceJ (1), clbA (1), clbB (1), clbC 

(1), clbD (1), clbE (1), clbF (1), clbG (1), clbH 
(1), clbI (1), clbJ (1), clbK (1), clbL (1), clbM 

(1), clbN (1), clbO (1), clbQ (1), clbR (1) 

blaTEM-1 (4), blaOXA-1 
(2), blaOXA-9-like (2), 

blaCTX-M-15 (1), blaKPC-
2 (1), blaOXA-48 (1), 

blaSHV-1-like (1), blaSHV-
76 (1), blaSHV-11 (1), 

blaCTX-M-14 (1), blaOXA-
9 (1), blaSHV-1 (1), 

blaCTX-M-15-like (1), 
blaSHV-62-like (1) 

Nursing 
home 

E. coli 3 131 (2), 38 
(1) 

IncFIA (2), IncFII (2) iss (3), gad (2), iha (2), sat (2), eilA (1), nfaE 
(1), air (1) 

blaTEM-1 (2), blaOXA-1 
(2), blaCTX-M-14-like (1) 

Wastewater 
treatment 

plant 

E. coli 1 38 (1) IncY (1) air (1), eilA (1), gad (1), iss (1) blaCTX-M-15 (1), blaTEM-
1 (1) 

Klebsiella 
spp. 

2 967 (1), 
1563 (1) 

IncFIB (2), IncL (1) mrkA (2), mrkB (2), mrkC (2), mrkD (2), 
mrkF (2), mekH (2), mrkI (2), mrkJ (2), kfuA 

(1), kfuB (1), kfuC (1) 

blaLEN17 (1), blaOXA-48 
(1), blaCTX-M-15 (1), 

blaSHV-27 (1) 

Airport E. coli 2 648 (1), 
2614 (1) 

IncFIB (2), IncFII (2), 
IncY (1), IncFIA (1), 

IncX1 (1), ColpVC (1), 
p0111 (1) 

air (2), eilA (2), gad (2), IpfA (1) blaCTX-M-15 (1), blaTEM-
1 (1), blaCTX-M-55 (1) 

Carbapenemase genes are highlighted in blue. The bolded numbers in brackets denotes the number of isolates in 382 
which the characteristic was detected. 383 

Furthermore, different types of antibiotic resistance genes detected using ResFinder are outlined in 384 

Figure 4. The most commonly detected genes included sul1 and tet(A), identified in a total of 28 385 

sequenced isolates. These were closely followed by positive detection of strA, strB, sul2 and mph(A) in 386 

26 isolates. Overall, 49 isolates (82%) harbored one or more aminoglycoside resistance gene. This was 387 

followed by sulfonamide (n=45; 75%), trimethoprim (n=44; 73%) and tetracycline (n=38; 63%) resistance 388 

encoding genes. The antibiotic class which had the lowest number of isolates harboring one or more 389 

resistance genes against was fosfomycin (n=20; 33%). 390 



 

 

Figure 4: Antibiotic resistance gene detection among the 60 sequenced isolates. The colours correspond 391 

to the resistance conferred by the gene to a certain class of antibiotic.  392 

The GrapeTree tool on the BIGSdb E. coli database was used to visualise core genome multi locus 393 

sequence type (cgMLST) comparisons across 42 sequenced E. coli isolates (Figure 5), irrespective of local 394 

authority area (LAA). This analysis revealed three pairs of highly similar isolates. The first pair of isolates 395 

(B19165, B19171) were identified at beach M and estuary C in Fingal LAA. These sites were located 396 

3.4km apart and sample collection took place one day apart. The whole genome comparator tool on the 397 

BIGSdb database was used to perform pairwise allele alignments at 2513 loci between the submitted 398 



 

genomes. This comparison reveled 99.8% allele similarity due to 4 missing loci in one of the isolates 399 

when compared with the other. The second pair of isolates (B18213, B18228) originated from river B 400 

and the receiving estuarine water (estuary A) in Galway city. These sites were located 1.08 kilometers 401 

apart and samples were collected on the same day. A minor discrepancy of two missing loci in one 402 

isolate that were present in the other indicated 99.9% cgMLST similarity. Interestingly, the third pair of 403 

isolates (B19160, B19075) were obtained from two geographically distinct water bodies (beach K and 404 

river C) over 135km apart. The whole genome comparator tool revealed 21 missing loci in one isolate 405 

compared to the other (99.2% similarity).  406 

 

Figure 5: Core genome multi locus sequence type minimum spanning tree based on allele differences between 407 
2513 loci in E. coli isolates. The circles are colour coded to indicate the local authority region: Galway city = blue; 408 
Galway county = pink; Fingal = green; Cork = orange. The darker colour indicates isolates from sewage origin while 409 
the lighter colours indicate water origin. The numbers between the nodes represents the number of locus allele 410 
differences between isolates. 411 

The GrapeTree tool was also applied to sequenced Klebsiella isolates (n=18) in Figure 6 using the 412 

Klebsiella BIGSdb database. This revealed the presence of two clusters of highly similar bacterial isolates. 413 

The first comprised of two isolates, B18291 (Beach C) and B18235 (Estuary A). These sites were located 414 

2.8km apart. Whole genome comparisons using 694 core genome MLST loci uncovered just two loci 415 

Pair 1 

Pair 2 

Pair 3 



 

allele variability between the two, revealing 99.7% similarity. In addition, pOXA-48 plasmid comparisons 416 

at 71 loci indicated identical plasmids (100% similarity) within these two isolates. Both isolates identified 417 

as sequence type ST11.  418 

The second cluster comprised of two water isolates (B18240; Estuary B and B18175; Beach A) as well as 419 

one hospital sewage isolate (B18200; Hospital B). All three isolates are sequence type ST405. Whole 420 

genome comparisons revealed just 6-8 loci displaying variability between the sewage versus water 421 

isolates. This indicated 99.1% similarity between the Klebsiella obtained from the hospital sewage and 422 

estuary B, which are located 1.3km apart. Similarly, beach A is located just 1.6km from the hospital and 423 

900m from the wastewater treatment plant receiving the hospital effluent. These isolates displayed 424 

98.8% similarity. 425 

 

Figure 6: Core genome multi locus sequence type minimum spanning tree based on allele differences between 694 426 
loci in Klebsiella isolates. The circles are colour coded to indicate the local authority region: Galway city = blue; 427 
Galway county = pink; Cork = orange. The darker colour indicates isolates from sewage origin while the lighter 428 
colours indicate water origin. The numbers between the nodes represents the number of locus allele differences 429 
between isolates. 430 

4. Discussion 431 

Aquatic environments worldwide have proven to be vast reservoirs of clinically significant antibiotic 432 

resistant bacteria (Mahon et al., 2019, Caltagirone et al., 2017, Fernando et al., 2016). Anthropogenic 433 

sources including hospital sewage (Cahill et al., 2019) and contaminating discharges such as wastewater 434 

treatment plant effluent (Pazda et al., 2019) have been well characterised for the role they play in the 435 

environmental dissemination of antibiotic resistance. Many studies that investigate links between 436 

sewage sources and water bodies do so by examining waters upstream and downstream of a single 437 

contaminating discharge (Harnisz & Korzeniewska 2018; Lekunberri et al., 2017). This approach can help 438 

Cluster 1 

Cluster 2 



 

determine the impact of the discharge on the presence of different types of antibiotic resistant bacteria 439 

in circulation. However, these studies are often limited to one source over a relatively small area. In a 440 

recent review by Fouz et al. (2020), the role of sewage sources in the environmental dissemination of 441 

antimicrobial resistance was examined. This review identified 63 studies of interest, with just one 442 

examining different environmental waters and sewage sources on a national scale (Soge et al., 2009). 443 

However, this study focused primarily on antibiotic resistance in Clostridium perfringens. The lack of 444 

studies that analyse water and sewage samples on a national scale makes this a rare approach to 445 

investigating the environmental propagation of antibiotic resistance. 446 

4.1 Comparison of E. coli levels to distance from discharging sources 447 

As previously mentioned, seawaters and estuaries featured as harboring the highest levels of E. coli, 448 

with freshwaters including rivers, lakes and drinking water treatment plant influents displaying much 449 

lower levels (Figure 1). Most of the waters that harbored high levels of E. coli had one or more 450 

discharges in close proximity. An exception to this was estuary C which had no known discharges 451 

nearby, yet displayed E. coli levels of 520 MPN per 100mL. The exceptionally high level of E. coli 452 

detected at this cold spot location prompted further investigation in to this site. It was discovered that 453 

this estuary previously received storm overflow discharges from a wastewater pumping station prior to 454 

the introduction of a new wastewater treatment plant in this area in 2012. Additionally, sample 455 

collection took place in a shallow region of the estuary that was densely populated with swans, which 456 

could also potentially contribute to the high levels of E. coli via faecal matter. The remaining water 457 

bodies with no receiving discharges within a 1km radius (6 seawaters and 1 lake) displayed relatively low 458 

levels of E. coli (0-31 MPN per 100mL). However, the highly fluctuating nature of E. coli levels within 459 

large water bodies over a small time period limits the assumptions that can be drawn from a single 460 

sample collected at one point in time (Wyer et al., 2018). This is one of the major limitations of current 461 

EU bathing water monitoring criteria which requires just one sample of water to be collected monthly 462 

across the bathing water season (Directive 2006/7/EC). To strengthen the evaluation of water suitability 463 

for public health, the colilert test could be modified to include the addition of antibiotic powders (Galvin 464 

et al., 2010). This would provide rapid results of the number of E. coli that are resistant to clinically 465 

significant antibiotics.  466 

Although the colilert results revealed low E. coli levels at some sampling points with contaminating 467 

discharges in close proximity, this is likely to vary substantially especially in bad weather conditions in 468 

the instances of water bodies in close vicinity to storm water overflow points. Although the primary 469 

focus of this paper was centered upon contaminating discharges due to the large number of sites, there 470 

are other factors to be considered when examining the full picture. These include the salinity of the 471 

water body, as higher levels comparable to those found in seawater can decrease bacterial survival 472 

(Rozen & Belkin, 2001). In addition, the concentration of suspended solids in the water can influence the 473 

UV disinfection capabilities of the sun, (Palazón et al., 2017) along with wildlife and agricultural land use 474 

nearby all impacting upon E. coli levels. Heavy rainfall is another important factor that can promote 475 

slurry runoff from agricultural areas in to nearby water bodies and activate storm water overflows. 476 

Comparison of rainfall levels in the 24 hours prior to sample collection presented no obvious 477 

relationship with the faecal indicator levels detected in each water sample (supplementary Figure 1). 478 

However, the majority of sampling occasions had less than 3mm of rain (25/39) in the 24 hours prior to 479 

collection. 480 



 

4.2 Antibiotic resistance detection 481 

Detection of viable multi-drug resistant bacteria was evident across all sample types. High numbers of 482 

isolates were resistant to beta-lactam antibiotics including ampicillin, cefpodoxime and cefotaxime as 483 

well as nalidixic acid and ciprofloxacin (Figure 2). Sequencing analysis unveiled a large proportion of 484 

isolates harboring resistance genes conferring these phenotypes. These included beta-lactamase 485 

(60/60), quinolone (15 water, 10 sewage; oqxA, oqxB, qepA and Qnr variants) and fluoroquinolone (9 486 

sewage, 12 water; aac(6')Ib-cr) resistance genes (Figure 4). The fosfomycin resistance gene (fosA) was 487 

detected in a third of the sequenced isolates (7 sewage, 13 water). The majority of these isolates were 488 

Klebsiella spp. (n=18), with just two E. coli isolates testing positive for the gene. The widespread 489 

detection of this resistance gene in the environment is of significant clinical concern due to its combined 490 

use with colistin to treat carbapenem resistant infections (Benzerara et al., 2017). Previous detection of 491 

fosA2 was reported in Enterobacter cloacae from a Canadian river (Xu et al., 2011).  492 

ESBL encoding genes (blaCTX-M) were detected in 79/139 (56.8%) water isolates and 24/72 (33.3%) 493 

sewage isolates using real time PCR. These figures are in contrast with other recent studies such as 494 

Jørgensen et al. (2017) who detected ESBL E. coli in 40% of recreational waters and 100% of wastewater 495 

samples. However, that paper had a relatively small sample size and distribution of sampling locations 496 

including sample collection from 4 different beaches and one wastewater treatment plant (influent) 497 

over 5 days. One possible reason for the lower percentage of isolates harboring blaCTX-M genes in sewage 498 

versus water samples in this study may be caused by the presence of a carbapenemase gene masking 499 

the ESBL production phenotypically. This was the case for the sequenced sewage isolate B18185 which 500 

harbored blaCTX-M-14b and blaOXA-9 along with blaOXA-48. Similarly, the sewage isolate B18188 harbored 501 

blaOXA-9 and blaKPC-2. Both isolates displayed no indications of ESBL production phenotypically, although 502 

both harbored one or more ESBL encoding genes based on sequencing data. In addition, only the blaCTX-503 

M genes were identified using PCR while the sequencing results revealed the presence of further ESBL 504 

genes including blaOXA-9 and blaSHV-27. This highlights the benefits of whole genome sequencing in 505 

obtaining the complete resistance gene profile. 506 

4.3 Antibiotic resistance comparison between sewage and water isolates 507 

Overall, sewage samples displayed higher percentages of isolates displaying resistance to the majority of 508 

antibiotics (10/15; 66.7%) (Figure 3). Tetracycline was an exception to this due to the higher percentage 509 

of water (55%) versus sewage (52%) isolates exhibiting resistance to tetracycline. This may be 510 

attributable to the use of tetracyclines in veterinary medicine, ranked as the most commonly sold 511 

antibiotic (39.5%) for veterinary use in 2018, according to the Health Products Regulatory Authority 512 

(HPRA 2018). Interestingly, water samples also revealed a higher percentage of ciprofloxacin resistant 513 

isolates (71%) in comparison to sewage samples (64%). However, the fluoroquinolone class featured as 514 

one of the lowest antibiotic classes (0.8%) sold for veterinary purposes in Ireland in 2018. The Qnr gene, 515 

which is largely disseminated in the environment due to plasmid carriage, is believed to derive from a 516 

waterborne bacteria known as Shewanella algae (Poirel et al., 2012). Amongst the sequenced isolates, 517 

the Qnr genes (QnrS1 and QnrB4) were largely confined to waterborne isolates with the exceptions of 518 

one Klebsiella (B19239) and one E. coli isolate (B19199) from sewage sources. The most prevalent genes 519 

encoding fluoroquinolone resistance included the oqxA and oqxB genes. These efflux pump encoding 520 

genes are often identified in samples of animal origin, potentially due to the fact that they also confer 521 

resistance to olaquindox, an animal growth promoter (Hansen et al., 2005). Another potential factor 522 



 

contributing to higher levels of ciprofloxacin resistance in water isolates include its detection in 523 

municipal wastewater and its ability to persist for long periods of time in the environment (Kumar et al., 524 

2019), imposing selective pressures on aquatic bacteria.  525 

Sewage isolates displayed a higher percentage of resistant isolates to cefoxitin (27% difference) and 526 

ertapenem (20% difference), in comparison to aquatic isolates. The cephalosporin class (1.3%) was 527 

ranked as one of the lowest for veterinary use in Ireland (HPRA 2018), suggesting less exposure of 528 

environmental bacteria to this antibiotic from agricultural runoff. In addition, the carbapenem class of 529 

antibiotics are highly conserved for severe multi-drug resistant clinical infections. These factors may be 530 

attributable to the large variation between the two groups.  531 

4.4 Virulence gene detection 532 

Comparison of virulence gene detection across all isolates revealed the presence of some genes among 533 

aquatic bacteria that were absent across sewage isolates. These included vat, cma, iroN, cnf1, ireA, and 534 

ccl in E. coli, and iutA in Klebsiella isolates. These genes encode toxins (vat and cnf1), iron acquisition 535 

elements (iroN and ireA) and colicins (cma), which are a type of bacteriocin produced by E. coli that is 536 

toxic to other E. coli strains (Feng et al., 2017). Similarly, the detection of iutA in a Klebsiella isolate from 537 

lake water encoding aerobactin receptor for iron uptake (Sobieszczańska 2008) was unique to this 538 

aquatic bacteria. The presence of these genes highlights the pathogenic potential of these 539 

environmental isolates. Many of these virulence genes including vat, cma, iroN, cnf1 and ireA were also 540 

detected by Blyton & Gordon. (2017) in E. coli isolated from chlorinated drinking water.  541 

In contrast, just two virulence genes identified were unique to sewage isolates. This included celb 542 

detection in one E. coli isolated from sewage which is also a colicin needed for competition and survival 543 

(Feng et al., 2017). The colibactin cluster genes clbA-R (n=18) were also detected in Klebsiella from one 544 

hospital sewage source (Turton et al., 2018). 545 

4.5 E. coli core genome MLST comparisons and sequence types detected  546 

Among E. coli isolates, there were many repeated sequence types (STs) across aquatic and sewage 547 

sources (Table 4). The most common types included ST131 (n=15), ST38 (n=8) and ST10 (n=4). These STs 548 

also match those most commonly detected in the OXA-48 clinical isolates collection analysed by 549 

Brehony et al. (2019). Of the sequenced E. coli isolates, identification of three pairs of highly similar 550 

isolates was determined using core genome multi locus sequence typing (cgMLST) comparisons. 551 

However, all three pairs of isolates originated from water bodies. One of the isolate pairs was obtained 552 

from sites (beach M and estuary C) located 3.4km apart with collection taking place on two separate 553 

days. These isolates were both identified as sequence type ST10. This raises an interesting possibility 554 

that multi-drug resistant bacteria can replicate, disseminate and persist over large areas in the aquatic 555 

environment due to water movement. The second pair of E. coli isolates further highlights this possibility 556 

as the samples were collected on the same day from a fast-flowing river (B) and its receiving estuary (A) 557 

approximately 1km apart. These isolates were both ST38 which is commonly identified in clinical isolates 558 

(Brehony et al., 2019). The third pair of E. coli were located over 135km apart (beach K and river C) but 559 

displayed 99.2% cgMLST similarity. These water bodies do not directly connect to one another indicating 560 

the natural persistence of E. coli ST5584 in the aquatic environment rather than its dissemination from a 561 

particular anthropogenic source. Antibiotic resistance gene detection revealed the presence of blaCTX-M-562 

15, blaTEM-1B, tet(A) and QnrS1 common to both ST5584 E. coli. The E. coli isolate from river water 563 



 

harbored additional resistance genes including strA, strB, sul2 and dfrA14 in comparison to the E. coli 564 

from seawater. Both isolates also harbored identical virulence genes including air, eilA and gad. The 565 

concept of natural persistence of certain bacterial strains in the aquatic environment is relatively 566 

unchallenged due to the lack of studies that collect water samples across an entire country. This finding 567 

identifies the need for further studies that compare the bacterial composition of water bodies on a 568 

larger scale. 569 

4.6 Klebsiella core genome MLST comparisons and sequence types detected  570 

ST11 (n=2) and ST405 (n=3) were the only sequence types repeated across Klebsiella isolates. Although 571 

the two ST11 isolates (B18235 & B18291) both originated from water bodies, a recent study by Brehony 572 

et al. (2019) identified 4 clinical Klebsiella isolates characterised as ST11, OXA-48 producers obtained 573 

from the Irish national CPE reference laboratory collection. Interestingly, the Klebsiella ST11 isolates 574 

obtained from different water bodies (beach C and estuary A) both harbored blaOXA-48 with identical 575 

pOXA-48 plasmids. These sites are located 2.8km apart indicating widespread dissemination of the 576 

pOXA-48 plasmid in the aquatic environment. Sequence type ST11 is an important multi-drug resistant 577 

clone globally, which has previously been linked to blaOXA-48 carriage in clinical isolates from Greece 578 

(Voulgari et al., 2012), Taiwan (Lu et al., 2018) and Spain (Oteo et al., 2013). Furthermore, Beach C is the 579 

same location as the bathing water site examined by Mahon et al. (2019), who also previously reported 580 

OXA-48-like producing K.pneumoniae at this location. However, the sequence types are inconsistent, 581 

with ST101 reported by Mahon et al. (2019). 582 

The second repeated Klebsiella sequence type, ST405 (n=3), comprised of one isolate from hospital 583 

sewage (B18200), and two isolates from a nearby seawater (B18175) and estuary (B18240). As 584 

mentioned previously, whole genome comparisons using core genome MLST revealed similarities 585 

between the isolates, with just 6-8 loci displaying variability between the sewage versus water isolates. 586 

The core genome MLST similarities indicates that these isolates are closely related, possibly belonging to 587 

a single sub-lineage. All three isolates harbored identical virulence gene profiles, plasmid detection as 588 

well as highly similar antibiotic resistance genes. The two water isolates harbored an extra tetracycline 589 

(tet(A)) and fluoroquinolone resistance gene (QnrB66) which may be attributable to adaptation to their 590 

particular environment. This sequence type (ST405) is commonly reported to harbor blaOXA-48 in clinical 591 

isolates (Miro et al., 2020, López-Camachoa et al., 2018), although none of the ST405 isolates in this 592 

collection harbored this carbapenemase gene. A previous study by Mahon et al. (2017) identified 593 

indistinguishable bacterial isolates (NDM producing E. coli) from recreational waters, sewage and a 594 

clinical isolate using pulse field gel electrophoresis. The results of that study further demonstrates the 595 

link between wastewater and the dissemination of antibiotic resistant organisms to the natural aquatic 596 

environment. The detection of NDM producing K. pneumoniae from Beach A in that paper, was the 597 

same sampling location as Beach E listed in this study. Although no CPE were detected at beach E during 598 

this study.  599 

4.7 Carbapenemase gene detection among E. coli and Klebsiella isolates in comparison to previous 600 

studies. 601 

Three of the E. coli isolates in the current study harbored carbapenemase genes. These included two 602 

isolates from seawater (B18271; ST540 and B19159; ST167) and one from lake water (B19136; ST11188). 603 

One of the seawater isolates (B18271) harbored blaOXA-48 whereas the other two tested positive for 604 

blaNDM-5. Two of these sequence types (ST540, ST167) have been identified harboring these 605 



 

carbapenemase genes previously in clinical isolates from patients or hospital sewage samples (Gijón et 606 

al., 2020; Zou et al., 2020). The sequence type ST167 has also been recently identified harboring blaNDM 607 

variants in river water in Switzerland and China (Bleichenbacher et al., 2020; Cheng et al., 2019). 608 

Bleichenbacher et al. (2020) identified the blaNDM-5 gene on an IncFIA plasmid. This plasmid was also 609 

identified in isolate B19159 in this study, however long read sequencing would be required to establish 610 

the position of the carbapenemase gene in this isolate. This is the first published report of blaNDM-5 in 611 

Irish environmental waters.   612 

The Klebsiella sequence types identified carrying carbapenemase encoding genes have been previously 613 

identified in clinical isolates worldwide. A prime example is the Klebsiella pneumoniae ST258 which is 614 

commonly linked with blaKPC-2 carriage from clinical isolates across the world including New York (Chen 615 

et al., 2013), Brazil (Nicoletti et al., 2012), South Korea (Hong et al., 2013) and Belgium (Bogaerts et al., 616 

2009). This isolate (B18188) was obtained from a hospital sewage sample. Two Klebsiella sequence types 617 

harbored blaOXA-48, including ST101 (B18185) from hospital sewage and ST1563 (B19321) from 618 

wastewater treatment plant influent. Klebsiella ST1563 has previously been reported harboring mcr-1 619 

from pig rectal swabs in Portugal (Kieffer et al., 2017). However, to the authors knowledge this is the 620 

first report of blaOXA-48 identification in a Klebsiella sequence type ST1563. 621 

4.8 Public health impacts  622 

At present little is known about the public health risks associated with human exposure to waters that 623 

serve as a reservoir of antibiotic resistant bacteria. A recent review by Amarasiri et al. (2019) identified a 624 

limited number of studies that examined different water exposure pathways including water sports and 625 

recreational water activities. This review highlighted work carried out by Leonard et al. (2018), which 626 

established higher colonisation rates of blaCTX-M bearing E. coli in surfers (6.3%) versus non-surfers 627 

(1.5%). Similarly, O’ Flaherty et al. (2019) created a quantitative risk assessment model to identify the 628 

consequences of human exposure to antibiotic resistant E. coli in a bathing water site located in close 629 

vicinity to a wastewater treatment plant. Using a modelling approach, it was established that swimmers 630 

who ingest a sip of water could be exposed to between 0 and 72.94 CFU of antibiotic resistant E. coli per 631 

sip (21mL). An investigation by Coleman et al. (2012) also demonstrated higher colonisation rates of 632 

antibiotic resistant E. coli in humans that consume water supplies that are contaminated with multi-drug 633 

resistant E. coli. This risk was quantified to be 1.26 times higher for consumers of contaminated versus 634 

uncontaminated water. Although further research is necessary to fully elucidate the risks to human 635 

health, establishment of a monitoring programme for antibiotic resistance in bathing waters is 636 

warranted.  637 

4.9 Natural occurrence of antibiotic resistance in the absence of anthropogenic pressures 638 

In recent years, evidence has emerged to suggest the ubiquitous occurrence of antibiotic resistance 639 

genes in the aquatic environment in the absence of contaminating discharges (Hooban et al., 2020). 640 

Therefore, five cold spot locations were chosen for assessment in this study; estuary C, beach J, beach P, 641 

beach U and river A. As mentioned previously, estuary C harbored an unusually high level of E. coli that 642 

surpassed levels identified in areas receiving discharges in close proximity. ESBL producers were also 643 

identified at this site, one of which was chosen for sequencing (B19171). This revealed the presence of 644 

multiple different antibiotic resistance genes including blaCTX-M-14. Similarly, river A also harbored ESBL 645 

producers, two of which were selected for sequencing (B18207, B18208). These isolates both tested 646 

positive for blaCTX-M-15 along with many other resistance genes against different classes of antibiotics. The 647 



 

origins of the blaCTX-M genes have been traced back to Kluyvera species, which is an environmental 648 

organism (Cantón et al., 2012). Although the three other cold spot locations tested negative for ESBLs 649 

and all five tested negative for carbapenem resistance, the isolates did display other forms of resistance. 650 

These included phenotypic resistance to penicillins, second generation cephalosporins, 651 

fluoroquinolones, aminoglycosides, tetracycline, trimethoprim and chloramphenicol. These findings 652 

demonstrate the presence of clinically significant antibiotic resistant bacteria circulating among water 653 

bodies receiving minimal anthropogenic contamination. This may be as a result of natural evolution or 654 

due to widespread dissemination of resistance genes from bacteria in polluted regions using mobile 655 

genetic elements. The detection of plasmids across 40/43 (93.0%) water isolates further highlights this 656 

possibility of widespread dissemination. 657 

5. Conclusion  658 

In conclusion, the findings of this study demonstrate the significant number of multi-drug resistant 659 

bacteria circulating in wastewater and aquatic environments throughout Ireland. The widespread 660 

detection of bacterial isolates harboring a multitude of antibiotic resistance genes highlights the 661 

limitations of current EU bathing water monitoring criteria. In particular, the detection of 662 

carbapenemase producing Enterobacterales in waters that would be classified as good/excellent status 663 

ascertains the importance of further characterisation of aquatic bacteria. Inclusion of antibiotic powder 664 

in the colilert test would overcome this limitation while still providing rapid results on the levels of 665 

antibiotic resistant E. coli. The detection of ESBL producing Enterobacterales in cold spot locations, as 666 

well as isolates displaying phenotypic resistance to different antibiotic classes highlights the natural 667 

resistome present and circulating in environments with minimal anthropogenic influence. Consideration 668 

of the natural resistome should be adapted by environmental scientists by incorporation of ‘cold spot’ 669 

locations when assessing anthropogenically impacted waters. The nexus between multi-drug resistant 670 

pathogens in wastewater and the natural aquatic environment was established using genotypic analysis 671 

that identified highly similar Klebsiella isolates originating from hospital sewage and two nearby waters. 672 

Furthermore, identification of genetically similar isolates from distant water bodies demonstrates the 673 

possibility of widespread propagation and persistence of certain strains of aquatic bacterial isolates. 674 

Additional national scale studies are needed to establish the persistence of strains in the aquatic 675 

environment. 676 
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Table 1: Water sampling location details, including distance from known potential contaminant 

discharges and E. coli levels. 

Sample collection site Local authority 
area 

Raw sewage 
discharge 

Primary 
UWWD 

Secondary 
UWWD 

Storm water 
overflow 

E. coli levels 
(MPN per 100mL) 

Beach A Galway city  - - 1.9 0.4 10 

Beach B Galway city - 1.3 1.3 0.3 269 

Beach C Galway city - 2.5 - 1.5 30 

Beach D Galway city - - - 1.0 31 

Beach E Galway county 0.2 - - - 0 

Beach F Galway county 0.1 - - - 842 

Beach G Galway county - 1.3 - 1.4 0 

Beach H Galway county - - 2.0 - 31 

Beach I Galway county 0.2 - - - 10 

Beach J Galway county - - - - 0 

Beach K Fingal - 4.0 - 0.7 0 

Beach L Fingal - 1.9 - - 20 

Beach M Fingal - 1.1 - - 0 

Beach N Fingal - - 0.1 - 10 

Beach O Fingal - - - 1.3 10 

Beach P Fingal - - - - 0 

Beach Q Cork county - 0.6 1.2 0.3 85 

Beach R Cork county 0.3 0.3 0.1 0.2 41 

Beach S Cork county 0.7 - 0.1 - 341 

Beach T Cork county 0.8 - - 0.8 135 

Beach U Cork county - - - - 0 

Beach V Cork county 0.5 0.2 - - 277 

Beach W Cork county - - 2.2 0.7 0 

River A Galway city - - - - 40.8 

River B Galway city - - 0.1 0.2 62 

River C Galway county - 0.9 - 0.1 325.5 

River D Galway county 0.1 - - - 86.2 

River E Cork county - 1.4 - 0.5 5.2 

Lake A Galway county - - - 0.2 117.8 

Lake B Galway county - - - 1.5 1 

Lake C Cork county - 0.4 - 0.8 93.3 

Estuary A Galway city - - 0.2 0.2 189.9 

Estuary B Galway city - - 0.1 - >2419.6 

Estuary C Fingal - - - - 520 

Estuary D Fingal - 0.4 - - 816 

DWTP A Fingal ? ? ? ? 29.2 

DWTP B Cork county ? ? ? ? 155.3 

DWTP C Galway city ? ? ? ? 17.3 

DWTP D Galway county ? ? ? ? 16 

Key: UWWD – Urban waste water discharge; DWTP – Drinking water treatment plant. Red writing indicates 

carbapenemase detection at this sample location. A question mark was inserted for the drinking water treatment 

plants data as the exact location of sample collection is unknown prior to water being pumped in to the plant. 

Table 2: Total number of resistant isolates for each antibiotic from the different sample types. 

 CPD  FOX  MEM  ETP  AMP  CIP  CN  C  K  W  S  TE  NA  CTX  CAZ  

Hospitals (36 isolates) 31 22 5 15 33 29 17 11 16 21 14 18 29 26 24 

Nursing homes (19 
isolates)  

14 9 0 5 18 14 3 4 4 8 5 4 15 8 6 

Airports (3 isolates) 3 1 0 1 3 2 2 1 2 2 1 2 3 3 3 
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Wastewater treatment 
plants (14 isolates) 

12 6 2 4 14 5 0 0 2 10 8 10 6 11 9 

Drinking water treatment 
plants (9 isolates) 

5 0 0 0 9 6 0 3 3 4 3 6 7 4 3 

Seawaters (72 isolates) 57 15 2 8 66 58 22 16 19 38 29 41 57 47 35 

Rivers (23 isolates) 18 4 0 1 22 19 0 4 4 11 9 9 19 14 13 

Lakes (8 isolates) 6 3 0 2 8 4 3 2 2 4 4 4 4 5 5 

Estuaries (27 isolates) 25 5 1 6 26 20 10 6 8 18 10 17 16 24 21 

 

Table 3: Percentage of resistant isolates for each antibiotic from the different sample types. 

 CPD 
(%) 

FOX 
(%) 

MEM 
(%) 

ETP 
(%) 

AMP 
(%) 

CIP 
(%) 

CN 
(%) 

C (%) K (%) W 
(%) 

S (%) TE 
(%) 

NA 
(%) 

CTX 
(%) 

CAZ 
(%) 

Hospitals (36 
isolates) 

86.1 61.1 13.9 41.7 91.7 80.6 47.2 30.6 44.4 58.3 38.9 50 80.6 72.2 66.7 

Nursing homes (19 
isolates) 

73.7 47.4 0 26.3 95.7 73.7 15.8 21.1 21.1 42.1 26.3 21.1 78.9 42.1 31.6 

Airports (3 isolates) 100 33.3 0 33.3 100 66.7 66.7 33.3 66.7 66.7 33.3 66.7 100 100 100 

Wastewater 
treatment plants 
(14 isolates) 

85.7 42.9 14.3 28.6 100 35.7 0 0 14.3 71.4 57.1 71.4 42.9 78.6 64.3 

Drinking water 
treatment plants (9 
isolates) 

55.6 0 0 0 100 66.7 0 33.3 33.3 44.4 33.3 66.7 77.8 44.4 33.3 

Seawaters (72 
isolates) 

79.2 20.8 2.8 11.1 91.7 81.4 30.6 22.2 26.4 52.8 40.3 56.9 79.2 65.3 48.6 

Rivers (23 isolates) 
78.3 17.4 0 4.3 95.7 82.6 0 17.4 17.4 47.8 39.1 39.1 82.6 60.9 56.5 

Lakes (8 isolates) 
75 37.5 0 25 100 50 37.5 25 25 50 50 50 50 62.5 62.5 

Estuaries (27 
isolates) 

92.6 18.5 3.7 22.2 96.3 74.1 37.0 22.2 29.6 66.7 37.0 63.0 59.3 88.9 77.8 

 

Table 4: Total number of bacterial species identified from different sample types.  

 Seawaters 
(n=23) 

Rivers 
(n=5) 

Lakes 
(n=3) 

Estuaries 
(n=4) 

Hospitals 
(n=8) 

Nursing 
homes (n=7) 

Airports 
(n=2) 

WWTP 
(n=8) 

DWTP 
(n=4) 

Total 

E. coli 63 18 6 20 13 8 3 6 8 145 

Klebsiella pneumoniae 4 2 2 6 5 3 - 3 - 25 

Klebsiella oxytoca - - - - 1 1 - - - 2 

Klebsiella variicola - - - - - - - 1 - 1 

Enterobacter cloacae 2 1 - - 3 - - 1 - 7 

Enterobacter kobei 1 2 - - 1 1 - 1 - 6 

Enterobacter asburiae - - - - 1 3 - - - 4 

Enterobacter ludwigii 1 - - - - - - - - 1 

Citrobacter freundii - - - - 5 1 - - - 6 

Citrobacter gillenii - - - - 2 - - - 1 3 

Citrobacter braakii - - - - 2 - - - - 2 

Citrobacter youngae - - - - 1 - - - - 1 

Raoultella 
ornithinolytica 

- - - 1 2 - - - - 3 

Morganella morganii 1 - - - - 1 - 2 - 4 

Yersinia enterocolitica - - - - - 1 - - - 1 
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Total number of 
individual isolates: 

72 23 8 27 36 19 3 14 9 211 

Key: WWTP – Wastewater treatment plant, DWTP – Drinking water treatment plant. The number in brackets next 

to the sample type indicates the total number of samples collected. 

 

Table 5: Isolate identifiers on the European nucleotide achieve database (Project: PRJEB221277, 
Secondary Study Accession: ERP023511): 

Isolate ID Aliases Sample Accession Escherichia 
database on 

PubMLST 

Klebsiella Pasteur 
MLST database 

B18147 WTCHG_781213_72455221 SAMEA6908008 243 - 

B18161 WTCHG_781213_72465222 SAMEA6908009 244 - 

B18164 WTCHG_781213_72475223 SAMEA6908010 - 

K. michiganensis 
(not included in 

database) 

B18165 WTCHG_781213_72485224 SAMEA6908011 245 - 

B18168 WTCHG_781213_72495225 SAMEA6908012 - 12687 

B18175 WTCHG_781213_72505226 SAMEA6908013 - 12688 

B18185 WTCHG_781213_72515227 SAMEA6908014 - 12689 

B18188 WTCHG_781213_72525228 SAMEA6908015 - 12690 

B18191 WTCHG_781213_72535229 SAMEA6908016 246 - 

B18199 WTCHG_781213_72545230 SAMEA6908017 247 - 

B18200 WTCHG_781213_72555231 SAMEA6908018 - 12691 

B18207 WTCHG_781213_72565232 SAMEA6908019 248 - 

B18208 WTCHG_781213_72575233 SAMEA6908020 249 - 

B18213 WTCHG_781213_72585234 SAMEA6908021 250 - 

B18215 WTCHG_781213_72595235 SAMEA6908022 251 - 

B18221 WTCHG_781213_72605236 SAMEA6908023 - 12692 

B18225 WTCHG_781213_72615237 SAMEA6908024 252 - 

B18226 WTCHG_781213_72625238 SAMEA6908025 - 12693 

B18228 WTCHG_781213_72635239 SAMEA6908026 253 - 

B18231 WTCHG_781213_72645240 SAMEA6908027 - 12694 

B18235 WTCHG_781213_72655241 SAMEA6908028 - 12695 

B18240 WTCHG_781213_72665242 SAMEA6908029 - 12696 

B18246 WTCHG_781213_72675243 SAMEA6908030 254 - 

B18260 WTCHG_781213_72685244 SAMEA6908031 255 - 

B18269 WTCHG_781213_72695245 SAMEA6908032 - 12697 

B18271 WTCHG_781213_72705246 SAMEA6908033 256 - 

B18275 WTCHG_781213_72715247 SAMEA6908034 257 - 
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B18283 WTCHG_781213_72725248 SAMEA6908035 - 12698 

B18284 WTCHG_781213_72735249 SAMEA6908036 258 - 

B18291 WTCHG_781213_72745250 SAMEA6908037 - 12699 

B19008 WTCHG_781213_72755251 SAMEA6908038 259 - 

B19018 WTCHG_781213_72765252 SAMEA6908039 260 - 

B19038 WTCHG_781213_72775253 SAMEA6908040 261 - 

B19075 WTCHG_781213_72795255 SAMEA6908042 262 - 

B19079 WTCHG_781213_72805256 SAMEA6908043 263 - 

B19091 WTCHG_781213_72815257 SAMEA6908044 264 - 

B19104 WTCHG_781213_72825258 SAMEA6908045 265 - 

B19124 WTCHG_781213_72835259 SAMEA6908046 266 - 

B19135B1 WTCHG_781213_72845260 SAMEA6908047 - 12700 

B19136 WTCHG_781213_72855261 SAMEA6908048 267 - 

B19137 WTCHG_781213_72865262 SAMEA6908049 - 12701 

B19148 WTCHG_781213_72885264 SAMEA6908051 268 - 

B19154 WTCHG_781213_71935265 SAMEA6908052 - 12702 

B19159 WTCHG_781213_71945266 SAMEA6908053 269 - 

B19160 WTCHG_781213_71955267 SAMEA6908054 270 - 

B19164 WTCHG_781213_71965268 SAMEA6908055 271 - 

B19165 WTCHG_781213_71975269 SAMEA6908056 272 - 

B19170 WTCHG_781213_71985270 SAMEA6908057 273 - 

B19171 WTCHG_781213_71995271 SAMEA6908058 274 - 

B19181 WTCHG_781213_72005272 SAMEA6908059 275 - 

B19188 WTCHG_781213_72015273 SAMEA6908060 276 - 

B19189 WTCHG_781213_72025274 SAMEA6908061 277 - 

B19194 WTCHG_781213_72035275 SAMEA6908062 - 

K. michiganensis 
(not included in 

database) 

B19205 WTCHG_781213_72045276 SAMEA6908063 278 - 

B19215 WTCHG_781213_72055277 SAMEA6908064 279 - 

B19224 WTCHG_781213_72065278 SAMEA6908065 280 - 

B19229 WTCHG_781213_72075279 SAMEA6908066 281 - 

B19234 WTCHG_781213_72085280 SAMEA6908067 282 - 

B19239 WTCHG_781213_72095281 SAMEA6908068 - 12703 

B19248 WTCHG_781213_72105282 SAMEA6908069 283 - 

B19257 WTCHG_781213_72115283 SAMEA6908070 284 - 

B19321 WTCHG_781213_72145286 SAMEA6908073 - 12704 

B19374 WTCHG_781213_72155287 SAMEA6908074 286 - 
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Table 6: Primer and probe sequences for the real time PCR assays to detect beta-lactamase genes. 

Gene 
target 

Forward 
primer 

Reverse 
primer 

Probe Probe Probe Reference 

blaCTX-M 5’-ATG TGC 
AGY ACC AGT 
AAR GTK ATG 

GC-3’ 

5’-ATC ACK 
CGG RTC GCC 
NGG RAT-3’ 

CTX-M-1 
group probe: 
5’-CCC GAC 

AGC TGG 
GAG ACG 

AAA CGT-3’ 

CTX-M-2 
group probe: 
5’-CAG GTG 
CTT ATC GCT 
CTC GCT CTG 

TT-3’ 

CTX-M-9 
group probe: 
5’-CTG GAT 

CGC ACT GAA 
CCT ACG CTG 

A-3’ 

Birkett et 
al., 2007 

blaNDM 5’-GCT GGC 
GGT GGT GAC 

TC-3’ 

5’-GGC AAG 
CTG GTT CGA 

CAA C-3’ 

NDM probe:  
5’-TGG CAT 

AAG TCG CAA 
TCC CCG C-3’ 

  Manchanda 
et al., 2011 

blaKPC 5’-GCA GCG 
GCA GCA GTT 
TGT TGA TT-3’ 

5’-GTA GAC 
GGC CAA CAC 

AAT AGG 
TGC-3’ 

KPC probe: 
5’-CAG TCG 

GAG ACA 
AAA CCG 

GAA CCT GC-
3’ 

  Swayne et 
al., 2011 

blaOXA-48 5’-TTC GGC 
CAC GGA GCA 

AAT CAG-3’ 

5’-GAT GTG 
GGC ATA TCC 
ATA TTC ATC 

GCA-3’ 

OXA-48 
probe: 

5’-CTG GCT 
GCG CTC CGA 
TAC GTG TAA 
CTT ATT G-3’ 

  Swayne et 
al., 2011 

blaVIM 5’-GAT TGC 
YGA TGG TGT 

TTG G-3’ 

5’-TGA GAC 
CAT TGG ACG 
GGT AGA-3’ 

VIM probe: 
5’-CGC ATA 

TGC CCA CGC 
RGT CGT 
TTG-3’ 

  Unpublished 
data 
(NCPERLS) 

blaIMP Forward 
primer 1: 
5’-GGT TTG 

TDG AGC GYG 
GCT AT-3’ 
Forward 
primer 2: 
5’-GGT TTG 

TDG ARC GYG 
GCT AT-3’ 

5’-TTC ATT 
TGT TAA TWC 
AGA TGC ATA 

YG-3’ 

IMP probe 1: 
5’-AAG GCA 
GCA TTT CCT 
CTC ATT TTC 
ATA GCG-3’ 

IMP probe 2: 
5’-AAG GCA 
SYA TTT CCT 

CWC ATT TYC 
ATA GYG-3’ 

 Unpublished 
data 
(NCPERLS) 

NCPERLS: National Carbapenemase-producing Enterobacterales Reference Laboratory Service, Ireland. 

Protocol for real time PCR reactions: 

1. Add 20µL of the reaction mixture (master-mix, primers, probes, water) to 5µL of the sample DNA.  

2. Cycling conditions: 

a. Heat to 50°C for 2 minutes. 

b. Heat to 95°C for 10 minutes. 

c. Run 35 cycles of 95°C for 15 seconds followed by 60°C for 1 minute. 
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Table 7: Mean probably number of coliforms and E. coli with rainfall (mm) data from the 24 hours prior to 

sample collection. 

Sample site Coliforms (MPN per 
100mL) 

E. coli (MPN per 
100mL) 

Daily rainfall (mm) 
- 24 hours prior to 
collection 

Beach Q 288 85 trace 

Beach R 246 41 0 

Beach S 1,850 341 0 

Beach T 576 135 trace 

Beach U 0 0 0 

Beach V* 2,419.60 277 0 

Beach W 31 0 0 

River D 727 86.2 0 

River E 42 5.2 0 

DWTP A >2419.6 29.2 trace 

DWTP B 648.8 115.3 0 

DWTP D 48.7 16 trace 

Beach A 161 10 0.1 

Beach P 20 0 0.5 

Estuary C 520 520 0.5 

Estuary D* 2,419.60 816 0.5 

Lake A 298.7 117.8 1.5 

Lake B 5.2 1 1.5 

Beach D 359 31 1.9 

Beach K 20 0 2.7 

Beach L 52 20 2.7 

Beach M 0 0 2.7 

Beach N 20 10 2.7 

Beach O 20 10 2.7 

River C 2,419.60 325.5 2.9 

Beach G 775 0 3 

Beach H 31 31 3 

Estuary A 816.4 189.9 3.3 

Estuary B* 2,419.60 2419.6 3.3 

River A 172.3 40.8 3.3 

River B 198.9 62 3.3 

Beach I 63 10 5.6 

Beach J 0 0 5.6 

Beach F 1,529 842 6.3 

Beach E 51 0 7.3 

Beach B 613 269 7.3 

Beach C 171 30 7.3 

Lake C 770.1 93.3 14.2 

DWTP C 435.2 17.3 27.2 
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Figure 1: Mean probably number of E. coli and coliforms overlaid with rainfall (mm) data from the 24 

hours prior to sample collection. 
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