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ABSTRACT 

 

Antimicrobial resistance (AMR) is one of the greatest threats to human health 

of the 21st Century, with certain antimicrobial resistant organisms classified as 

being a greater threat to public health than others. At the top of that list are 

carbapenemase-producing Enterobacterales (CPE) and extended-spectrum β-

lactamase-producing Enterobacterales (ESBL-PE). It is well recognised that a 

‘One Health’ approach is necessary when addressing the growing problem of 

AMR, as the health of humans, animals and the environment are 

interconnected. However, the environment remains the most under 

investigated of the three, and the role it may play in the emergence, persistence 

and dissemination of AMR is largely unknown. The aim of this thesis was 

therefore to add to current knowledge in this area, by assessing recreational 

waters and sewage for the presence of CPE and ESBL-PE and comparing the 

genomes of the isolates obtained to those originating from humans.   

Two sites in the West of Ireland were examined in this study. Sampling points 

at the first site consisted of two beaches (seawater samples), a river and two 

streams (fresh water samples), a sewage collection system and a sewage 

outflow where sewage is released untreated into the ocean (at a point between 

the two beaches). Sampling points at the second site consisted of a beach 

(seawater samples) and a nearby secondary wastewater treatment plant 

(untreated influent and treated effluent sewage samples). Following collection, 

samples were examined for the presence of CPE and ESBL-PE. Preliminary 

characterisation was subsequently performed on the isolates obtained, which 

consisted of antimicrobial susceptibility testing and real-time PCR. The genomes 

of a subset of isolates were sequenced using an Illumina HiSeq platform and the 

genomes compared to collections of clinical CPE and ESBL-PE.  



xviii 

 

The same two strains of NDM-19-producing Enterobacterales (Escherichia coli 

ST167 and Klebsiella pneumoniae ST11) were detected repeatedly in 

recreational water samples taken at the first site. These findings represented 

the first identification of CPE in seawater in Europe. An untreated sewage 

discharge was identified as the probable source of CPE at this site. Findings 

indicated that three clinical NDM-19-producing Enterobacterales harboured 

blaNDM-19 on a similar IncX3 plasmid, with two of those isolates (one E. coli and 

one K. pneumoniae) found to be closely related to the two environmental 

strains of NDM-19-producing Enterobacterales. ESBL-producing E. coli (ESBL-

PEc) was commonly identified among seawater, fresh water and sewage 

samples at this site (in 31/53 of samples (58.5%)). Comparison of these 

genomes to a collection of clinical ESBL-PEc identified 12 of the same AMR-

associated genes and five plasmid replicon types among ESBL-PEc originating 

from all four sample types (seawater, fresh water, sewage and clinical samples), 

with blaCTX-M-15, found to be the most common variant of blaCTX-M detected. 

ST131 was the most commonly identified sequence type among all sample 

types. OXA-48-like-producing E. coli ST131 and OXA-48-like-producing K. 

pneumoniae ST101 were detected in seawater samples collected at the second 

site. These isolates harboured blaOXA-48 on similar mobile genetic elements to 

those identified in a clinical collection (pOXA-48 fragment in E. coli and 

IncL(pOXA-48) plasmid in K. pneumoniae). The source of the CPE at this site was 

not determined.  

In conclusion, multiple similar strains of CPE and ESBL-PEc and/or their mobile 

genetic elements were identified among isolates originating from humans and 

the aquatic environment. The findings of this thesis highlight the need for the 

environment’s role in the emergence, persistence and dissemination of 

antimicrobial resistant organisms to be further investigated. 
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1.1 Antimicrobials 

Antimicrobials are natural or synthetic substances used to kill or inhibit the 

growth of bacteria (antibacterial), viruses (antivirals), or fungi (antifungals) 

(1). In this thesis the term antimicrobial will refer solely to antibacterial drugs, 

unless otherwise stated. Antimicrobials work by targeting and disrupting 

specific bacterial cell processes, which results in either cell death 

(bactericidal) or the inhibition of cell replication (bacteriostatic) (2). Any 

compound which exhibits toxicity towards microbial cells may be referred to 

as having antimicrobial activity (3).  

1.1.1 A brief history 

While antimicrobials have been used by humans in a variety of forms for 

1000s of years (4), the most noteworthy breakthroughs relating to 

antimicrobials did not come until the early 20th century. In 1907, Paul Ehrlich’s 

laboratory synthesised the drug Salvarsan or ‘compound 606’, which was 

subsequently used in the treatment of Syphilis (5). Undoubtedly, one of the 

most important milestones in modern medicine followed over a decade later, 

in 1928, when Alexander Fleming discovered that the mould Penicillium 

notatum prevented the growth of the Gram-positive organism Staphlococci 

(6). The antimicrobial penicillin was eventually purified from this mould in 

1940, by Oxford’s Howard Florey and Ernest Chain (5). Penicillin’s release 

onto the market in 1943 coincided with World War II and it is credited with 

saving the lives of many soldiers during this time (6). In 1945, the Nobel Prize 

in Physiology or Medicine was jointly awarded to Fleming, Florey and Chain, 

for ‘the discovery of penicillin and its curative effect in various infectious 

diseases’ (7).  

Encouraged by the success of this ‘wonder drug’, many research teams began 

identifying other forms of antimicrobial agents. This resulted in the ‘golden 

age’ of antimicrobial discovery between the 1950s and 1970s, with several 

new classes of antimicrobials identified (5). The availability of antimicrobials 
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changed human medicine in a profound way. Infections such as bacterial 

pneumonia and rheumatic fever that might once have proven fatal were now 

treatable (2). Medical interventions such as organ transplants, cancer 

chemotherapy and invasive surgeries such as joint replacements that leave 

patients vulnerable to infection were now possible (2). 

1.1.2 Classification of antimicrobials 

Antimicrobials can be classified based on a number of different schemes, the 

most common of which are based on their molecular structure and 

mechanism of action (8). 

Classification based on molecular structure 

Examples of classes of antimicrobials grouped together based on their 

molecular structure include aminoglycosides, β-lactams, quinolones and 

tetracyclines. Aminoglycosides are natural or semisynthetic antimicrobials 

that contain a common core structure consisting of 3-amino sugars 

connected by glycosidic bonds. Examples include streptomycin, neomycin, 

gentamicin, amikacin, and plazomicin (9). β-lactams are natural or 

semisynthetic antimicrobials that are grouped together due to the presence 

of a beta-lactam ring (4-membered 2-azetidinone ring) in their structure. 

Members include penicillins, cephalosporins, monobactams and 

carbapenems (Figure 1.1) (10). Quinolones are natural or synthetic 

antimicrobials that are structurally derived from the bicyclic compound 

quinoline and examples include nalidixic acid, norfloxacin, ciprofloxacin and 

levofloxacin (11). Tetracyclines are also natural or semisynthetic compounds 

and they share a core structure of four hydrocarbons. Examples include 

chlortetracycline, doxycycline, minocycline and tigecycline (which is a 

glycylcycline) (12). 
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Figure 1.1 Chemical structures of β-lactam antimicrobials. The β-lactam ring is 

highlighted in red in all the structures. (a) core structure of penicillins, (b) structure 

of ampicillin, a broad-spectrum antibiotic in the penicillin group of antimicrobials, (c) 

core structure of cephalosporins, (d) core structure of carbapenems and (e) core 

structure of monobactams (13). Copyright obtained from (13) via Copyright 

Clearance Centre, RightsLink® service. 

 

Classification based on mechanism of action 

There are five main sites/processes of a bacterial cell that antimicrobials 

target: the cell wall, the cell membrane, nucleic acid synthesis (DNA and RNA), 

protein synthesis and folic acid metabolism (Figure 1.2). As these targets are 

either absent or structurally different in eukaryotic cells this ensures that 

antimicrobials are relatively non-toxic to humans and animals (2).  
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Figure 1.2 Major targets of antimicrobials. PBP: penicillin binding protein, DHP: 

dihydropteroate, THF: tetrahydrofolate (14). Copyright obtained from Taylor & 

Francis via Copyright Clearance Centre, RightsLink® service. 

Bacterial cell wall  

Bacterial cells are encased in a cell wall which provides structural integrity 

and protects the bacterium against mechanical and osmotic stresses (15). Cell 

wall biosynthesis is a vital physiological process for bacterial survival. One of 

the main components of the cell wall is peptidoglycan, which is a cross-linked 

polymer matrix consisting of a peptide-linked β-(1-4)-N-acetyl hexosamine 

(16). The enzymes responsible for maintaining the peptidoglycan layer are 

known as transglycosylases and penicillin-binding proteins (PBPs). They 

maintain this vital layer by extending the glycan strands of existing 

peptidoglycan molecules with the addition of disaccharide pentapeptides 

and cross-linking adjacent peptide stands of peptidoglycan molecules (16). 

Antimicrobials including the β-lactams and the glycopeptides both target cell 

wall synthesis by inhibiting the cross-linking process. β-lactams are 

structurally similar to the PBP target site (D-Ala-D-Ala), resulting in the PBP 

covalently binding to the β-lactams instead of their intended target site, 
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hereby preventing the enzymes from carrying out their crosslinking duties 

(17). Glycopeptides act by binding to the acyl-D-Ala-D-Ala terminus of the 

growing peptidoglycan, inhibiting the PBP from binding to these subunits, 

again preventing cross-linking from taking place (18). These disruptions in cell 

wall synthesis result in cell lysis due to the turgor pressure from the cytoplasm 

(19). 

Bacterial cell membrane 

The cell membrane is composed of a phospholipid bilayer which acts as a 

permeability barrier that regulates molecules entering and leaving the cell. 

Phosphatidylglycerol (PG) makes up approximately 25% (this % varies 

according to species of bacteria) of the total lipid composition of the 

membrane and is essential for providing structural stability (8). Daptomycin 

is a lipopeptide, calcium-dependent antimicrobial which targets the cell 

membrane function of Gram-positive bacteria. It acts by interacting with PG, 

which disrupts the membrane function resulting in the leakage of ions, 

leading to cell death (20). While daptomycin is active against Gram-positive 

bacteria, polymyxin antimicrobials act against Gram-negative bacteria, 

through interacting with the lipid A domain of the lipopolysaccharide in the 

outer membrane of these cells (21). This interaction is thought to induce 

phospholipid exchange, leading to an imbalance in osmotic pressure, 

resulting in cell death (21). 

Nucleic acid synthesis 

Certain classes of antimicrobials act by disrupting the metabolic pathways 

responsible for the synthesis of the nucleic acids (DNA and RNA), which are 

essential processes for cell survival and replication. Quinolone antimicrobials 

are DNA synthesis inhibitors. These antimicrobials target DNA gyrase and 

topoisomerase IV, introducing a conformational change in the enzymes, 

resulting in the inhibition of DNA replication (22). Rifampicin is a very potent, 

broad spectrum antimicrobial which inhibits RNA transcription by binding to 

the DNA-dependent RNA polymerase (16)  (23). 
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Protein synthesis 

Translation of mRNA into proteins occurs through three steps: initiation, 

elongation and termination. This process involves ribosomes and multiple 

cytoplasmic accessory factors (16). Antimicrobials inhibit protein synthesis by 

targeting either the 30S or 50S ribonucleoprotein subunits of the bacterial 

ribosome (24). Aminoglycoside and tetracycline antimicrobials are 30S 

inhibitors. Aminoglycosides work by binding to the 16S component of the 30S 

subunit, which can promote tRNA misreading and lead to protein 

mistranslation, while tetracyclines act by obstructing aminoacyl-tRNAs from 

accessing the ribosome (16). 50S inhibitors generally work by either blocking 

the initiation step or by translocating the peptidyl-tRNAs, thereby inhibiting 

the elongation step of protein translation. Examples include macrolides and 

phenicols (16). 

Folic acid metabolism  

Folic acid is essential for the metabolism of both nucleic acids and amino 

acids. Antimicrobials including the sulphonamides and trimethoprim act to 

disrupt folic acid metabolism (14). When used in combination, these 

antimicrobials are bactericidal, as each class effects a separate step of folic 

acid metabolism, with the sulphonamide acting as a dihydropteroate 

synthase inhibitor and trimethoprim as a dihydrofolate reductase inhibitor 

(14). 

 

1.2 Antimicrobial Resistance (AMR) 

The majority of antimicrobials are naturally produced by microorganisms (e.g. 

environmental fungi) or are semisynthetic derivatives of them, with very few 

antimicrobials, such as the fluoroquinolones, being completely synthetic (25). 

Bacteria have therefore been exposed to these molecules in the natural 

environment for millions of years. Due to their impressive genetic plasticity, 

bacteria have continually evolved to withstand the harmful effects of this 
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exposure (26). As a result, the genetic instructions by which to resist these 

molecules existed within the bacterial population long before antimicrobials 

were discovered by humans (27). Resistance to penicillin was first observed 

in 1940, before it had even been brought to market (28). A similar pattern of 

emerging resistance was seen following the introduction of each new 

antimicrobial/modified antimicrobial onto the market, as illustrated in Figure 

1.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Timeline of antimicrobial resistance versus antimicrobial development. 

Cited from U.S Department of Health and Human Services, Center for Disease Control 

and Prevention (CDC), 2013 (29). 



  Chapter 1 

9 

 

1.2.1 Intrinsic AMR  

Some organisms are intrinsically or naturally resistant to specific 

antimicrobials. For example, a number of antimicrobials (e.g. vancomycin) are 

active against Gram-positive bacteria, but ineffective against Gram-negative 

bacteria, due to the distinct differences in their cell wall structures (Figure 

1.2) (30). The coarse meshwork that makes up the thick peptidoglycan layer 

in Gram-positive bacteria favours the entry of small molecules. In contrast, 

the presence of the outer membrane in Gram-negative bacteria acts as a 

much finer molecular sieve, inhibiting the entry of these molecules (31). 

Therefore, treating an infection caused by Gram-negative bacteria with these 

antimicrobials would be ineffective. 

1.2.2 Acquired AMR 

Bacteria also have the ability to acquire resistance, meaning that 

antimicrobials which originally killed or inhibited them no longer have this 

effect (26). These new traits can be gained either by the occurrence of 

spontaneous mutations in existing genes or by acquiring new genetic material 

via horizontal gene transfer (HGT) (31) (32). 

Spontaneous mutations  

Spontaneous mutations can occur within existing genes, giving the bacterium 

newly acquired resistance properties. These mutations are subsequently 

passed down to daughter cells, via vertical transmission (31). An important 

example of this is chromosome-mediated quinolone resistance in members 

of the Enterobacterales. This resistance occurs through a series of mutations 

in the DNA gyrase encoding genes (gryA and gryB) and the topoisomerase IV 

encoding genes (parC and parE), with the level of resistance generally varying 

based on the number of mutations that have occurred and the type of 

quinolone (33). These mutations result in amino acid replacements and 

therefore an alteration in the target site structure, which reduces the binding 

affinity of the drug and the target site (34). 
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Acquisition of new genetic material via horizonal gene transfer 

In addition to spontaneous mutations, bacteria can also acquire AMR by 

obtaining new genetic material through HGT. HGT is believed to play a 

significant role in bacterial evolution. It can occur via the following three 

routes: transformation, transduction, and conjugation (Figure 1.4) (25).  

Transformation is the process whereby bacteria pick up naked DNA from the 

environment and incorporate it into their genome (25) (32). Several 

conditions need to be present for transformation to take place. The recipient 

bacterial cell must be competent (can accept the DNA), DNA must be 

available for uptake from the extracellular environment and the recipient 

must integrate the DNA that is picked up into its genome (25). A small number 

of clinically relevant species of bacteria (e.g Neisseria) are able to ‘naturally’ 

incorporate the acquired genetic material (27).  

Transduction is the process by which a bacteriophage (a virus that infects 

bacteria) transfers DNA between bacterial cells, and it can be either 

generalised or specialised (32). In the case of generalised transduction, 

bacteriophages are capable of accidentally transferring any gene(s) from a 

donor to a recipient bacterial cell (35). Bacteriophages can have difficulty 

differentiating between bacterial DNA and their own viral DNA. Fragments of 

bacterial DNA can therefore get mistakenly packaged in the phage capsid, 

which in turn can be transferred into the genome of newly infected bacteria 

(e.g. Salmonella enterica with phage P22) (36). While generalised 

transduction occurs at low frequency, specialised/restricted transduction 

allows for very efficient transfer, but only a few closely linked genes can be 

transferred (e.g. Escherichia coli with lambda phage) (35). The transfer of 

antimicrobial resistance genes (ARGs) via transduction is well documented 

(e.g. the transfer of gentamycin  resistance between Enterococci) (37) (32). 

Conjugation or ‘bacterial sex’ is the most commonly studied of the three 

mechanisms of HGT and is regarded as a main facilitator in the transfer of 
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AMR encoding genes between bacteria (38). This is because bacteriophages 

have limited cargo regions and restricted host ranges (39). Conjugation is a 

multi-step process in which DNA is transferred from one bacterial cell to 

another. Unlike transformation and transduction, this method of HGT 

requires cell to cell contact. Specialised genes are needed for certain stages 

of this process, including the formation of the sex pilus (tube like structure 

that joins the two cells together) and for DNA export (36). These genes can 

be encoded either on conjugative plasmids or conjugative chromosomal 

elements (32). Transfer methods can differ based on the plasmid/element 

involved. The fertility factor (F factor) is a well-studied transferable plasmid 

often found in E. coli (35). Bacteria with this plasmid are said to be F+ and 

those without it to be F¯. In E. coli, the tip of the sex pilus from the F+ donor 

cell attaches to the F¯ recipient cell via receptors.  The pilus then contracts 

bringing the two cells together. A conjugation complex is formed as a result 

of the two cell envelopes fusing together. Single-stranded DNA is then passed 

through this complex from the donor to the recipient cell (36). 

1.2.3 Mobile genetic elements  

Mobile genetic elements (MGE) including plasmids, transposable elements 

and integrons are key vectors involved in HGT and play a central role in the 

mobilisation, acquisition and dissemination of AMR (40) (39). 

Plasmids 

Along with chromosomal DNA, many bacteria also carry plasmids, which are 

extra-chromosomal genetic elements capable of independent replication 

(41). While they are usually circular in shape, linear plasmids have also been 

identified, and they vary in size from 1 kb to greater than 1 Mb (35). Plasmids 

differ from chromosomes in that they carry non-essential (but often useful) 

genes, such as those associated with AMR (35). If two closely related plasmids 

are acquired by a bacterial cell, one will be lost following cell replication, as 
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Figure 1.4 Transmission of genetic material between microorganisms via horizontal 

gene transfer (25). Copyright obtained from Elsevier Ltd. via Copyright Clearance 

Centre, RightsLink® service. 

 

they are deemed incompatible. Similar plasmids are assigned to the same 

incompatibility (Inc) group. While plasmids cannot co-exist with plasmids 

from within the same Inc group, bacteria are frequently found to carry 

multiple plasmids from different Inc groups (36).  

Mobility is a vital element of plasmid fitness. Plasmids can be classified into 

three groups based on mobility, which are conjugative, mobilizable and non-

mobilizable plasmids (39). For a plasmid to be conjugative/self-transmissible 

it must contain genes which encode for a set of mobility genes, along with a 

membrane-associated mating pair formation complex (MPF) (to create the 

pilus). A plasmid is mobilizable if it uses the MPF of another genetic element 

within the cell, while a non-mobilizable plasmid spreads either by 

transduction or natural transformation (as it is not conjugative or mobilizable) 

(39).  
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In addition to the plasmid housekeeping encoding genes (including those 

necessary for plasmid replication and mobilisation), plasmids may also 

contain accessory regions. In plasmids associated with AMR (e.g. IncFII 

plasmids) these accessory regions commonly contain multiple AMR encoding 

genes, as well as MGEs such as insertion sequences, transposons and 

integrons (41) (40).    

Transposable elements 

Insertion sequences (IS) and transposons are described as transposable 

elements. Unlike plasmids, transposable elements (or jumping genes as they 

were originally known) cannot exist autonomously, and are essentially 

hitchhikers which have integrated into larger DNA molecules (either a 

plasmid, a chromosome or a bacteriophage genome) (42) (35). Both of these 

elements contain a gene which encodes for the enzyme transposase. This 

enzyme is responsible for catalysing the transfer/replication of the MGE from 

one molecule of DNA to another (36). IS and transposons also contain short 

inverted repeat sequences at either end, which are also necessary for 

transposition. IS are simple transposable elements, about 1000bp in size, 

while transposons are larger in size and commonly carry AMR encoding genes 

(e.g. Tn5 is associated with kanamycin resistance) (35). 

Integrons   

Integrons are versatile, genetic elements that capture and express exogenous 

genes on mobile pieces of DNA, known as gene cassettes. (43). Integrons are 

generally found on plasmids or transposons, but can also been integrated into 

the chromosome (35). All integrons have three crucial core features: intl (a 

gene which encodes for integron integrase (Intl)), attl (an integron-associated 

recombination site) and Pc (an-integron-associated promoter) (43). Integrons 

can be classed based on IntI sequence (e.g. IntI1, IntI2, IntI3), with IntI1 being 

the most commonly reported in AMR isolates of clinical origin (40). Integron 

gene cassettes are simple structures, usually containing a single open reading 

frame (ORF) flanked by attC, a cassette-associated recombination site. Gene 
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cassettes are integrated into integrons by site-specific recombination 

between attC and attl (43). Multiple cassettes may be inserted into the same 

integron, with several AMR encoding genes often present within this cassette 

array (40). 

1.2.4 Mechanisms of AMR  

Bacteria have developed several important mechanisms of AMR, as outlined 

in Figure 1.5. 

Enzymatic degradation  

One of the most successful of these mechanisms is the production of 

enzymes that inactivate antimicrobial molecules (26). Thousands of different 

enzymes capable of modifying or degrading antimicrobials from different 

classes such as the aminoglycosides, β-lactams, phenicols or macrolides have 

been identified (44). Among the most worrisome of these enzymes are the β-

lactamases. These are a diverse group of enzymes (with a variable spectre of 

activity), which degrade β-lactam antimicrobials by cleaving the amide bond 

in their β-lactam ring, rendering the antimicrobial ineffective (45). 

Prevention of access to the target site 

As outlined in section 1.1.2, many antimicrobials have intracellular targets. 

Bacteria have developed two main mechanisms to prevent antimicrobials 

from reaching these intended sites.  

The first mechanism is through the modification of their outer membrane 

permeability, which results in a reduction in the amount of antimicrobial 

molecules entering the cell (46). Reduced outer membrane permeability is 

achieved either by the replacement of porins with more-selective channels, 

or by the down-regulation of porins (44). This mechanism of resistance is 

particularly effective in Gram-negative bacteria, as many important 

hydrophilic antimicrobial molecules, including the β-lactams and the 
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tetracyclines, rely on these water-filled diffusion channels (porins) to 

penetrate the outer membrane (26).  

The second mechanism by which bacteria prevent antimicrobial molecules 

from reaching their target site is via the activation of efflux pumps that work 

to expel the molecules out of the cell (46). Efflux pumps are an important 

source of intrinsic resistance in Gram-negative bacteria as they actively 

transport many types of antimicrobial molecules out of the cell. Many efflux 

pumps (referred to as multidrug resistance efflux pumps) can transport a 

variety of structurally different substrates out of the cell, while others, such 

as the Tet pumps, have narrow substrate specificity (44).  

Modification of the target site 

Another important mechanism of AMR is the modification of the target site 

(47). This is one of the most common mechanisms of resistance, affecting 

almost all classes of antimicrobials. It can occur as a result of point mutations 

in the target site encoding genes, via modifications in the target site due to 

enzymatic activity or through the bypass or replacement of the target site 

(26). A prime example of a mutation in the target site leading to resistance 

can be seen with the development of resistance to rifampicin. A single point 

mutation in the rpoB gene (which is the gene which encodes for RNA 

polymerase (the target of rifampicin)), results in a decreased affinity between 

rifampicin and its target site. This single mutation prevents the drug from 

inhibiting the transcription process (26). 
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Figure 1.5 Main mechanisms of antimicrobial resistance in bacteria (46). Copyright 

obtained from (46) via Copyright Clearance Centre, RightsLink® service. 

 

1.3 Drivers of AMR 

When microbial communities are exposed to antimicrobials, this exerts a 

selective pressure on them (48). Bacteria capable of resisting the effects of 

the antimicrobials survive, while those that are susceptible are killed. The 

surviving bacteria multiply, passing on these resistance traits to their 

daughter cells, as well as to other bacteria, via HGT (49). All antimicrobial 

usage therefore results in increased selective pressure, which in turn 

promotes the development and dissemination of AMR (50).  

AMR is by no means a recent phenomenon and selective pressures have long 

been exerted on microbial communities, due to the occurrence of 

antimicrobials in the natural environment (50). As far back as 1945, Alexander 

Fleming forewarned of the potential problems that might arise if 

antimicrobials were not used with care (51). However, his cautionary words 

were not heeded, which has led us to the AMR crisis that the world faces 

today. Not only have antimicrobials been overused and misused in human 

medicine, their great success also prompted their use outside of the clinical 
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setting, in veterinary medicine, agriculture and even aquaculture (52) (53) 

(38).  

1.3.1 Antimicrobial use in human medicine 

A key driver of AMR is the misuse of antimicrobials by humans, and this 

problem is only worsening (38). A study reported that worldwide 

antimicrobial consumption increased by 35% between 2000 and 2010, with 

five countries (Brazil, China, India, Russia and South Africa) responsible for 

76% of this increase (54). A review published in 2011 reported that non-

prescription use of antimicrobials was prevalent worldwide and consisted of 

between 19 and 100% of antimicrobial use in countries outside of North 

America and Northern Europe (55). In countries such as Chile, where new 

regulations banning the sale of non-prescription antimicrobials were 

introduced, levels of antimicrobial consumption has decreased, which in turn 

has resulted in a reduction in levels of AMR (56) (55). Other common misuses 

include doctors prescribing antimicrobials to treat non-bacterial infections 

and patients failing to complete their full prescriptions (38). In 2017, Ireland 

ranked 10th highest out of 28 European Union (EU)/European Economic Area 

(EEA) countries, based on the amount of antimicrobials consumed in the 

community and hospital sector (in the community Ireland used 22.9 defined 

daily dose (DDD) per 1,000 inhabitants per day vs. EU/EEA average of 21.8, 

and in the hospital sector Ireland used 1.77 DDD per 1,000 inhabitants per 

day vs. EU/EEA average of 2.03) (57).  

1.3.2 Antimicrobial use in veterinary medicine, aquaculture and agriculture  

Even if people rarely consume antimicrobials, they can still be exposed to 

antimicrobial resistant organisms (AROs) or ARGs via other routes, including 

through animals, the food chain, or the environment (58). Antimicrobials 

have been widely used in veterinary medicine since the 1950s, with many of 

the same antimicrobials/classes used in the treatment of both humans and 

animals (59). In Ireland, in 2017, 0.3 tonnes of third and fourth generation 
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cephalosporins and 0.85 tonnes of fluoroquinolones were sold for use in 

veterinary medicine (60). However, most of the antimicrobials used were 

older classes including tetracyclines, sulphonamides and trimethoprim 

(Figure 1.6) (60). Antimicrobials are also commonly used in aquaculture to 

control the spread of infection in this setting and can be administered either 

through feed or bath treatments (49). 

 

Figure 1.6 Sales (by tonnes sold) of veterinary antimicrobials in Ireland for the years 

2013 to 2017. Cited from Health Products Regulatory Authority (HPRA) (60).  

Similar to veterinary medicine, antimicrobials have been used as growth 

promoters in agriculture since the 1950s. Their use has been attributed to 

maximising livestock health and increasing production efficiencies (61). 

However, this subtherapeutic use also serves to promote the emergence of 

AMR, hereby compromising the effectiveness of these drugs in both human 

and animal medicine (61). In 2006, following successful implementation by 

both Sweden and Denmark, the EU introduced regulations banning the use 

of antimicrobials as growth promoters in food-producing animals (62). 

However, regulations governing antimicrobial use in food producing animals 

vary considerably on a global scale, with some countries estimated to use 70-

80% of total antimicrobials within the animal sector (58).  
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1.3.3 Anthropogenic pollution of the environment 

The environment can become contaminated with AROs, ARGs and 

antimicrobials, as a result of anthropogenic pollution, further driving the 

persistence and dissemination of AMR. These contaminants can enter the 

environment via a number of different routes (49). Unused antimicrobials are 

frequently disposed of incorrectly, either by being flushed down the toilet 

and ending up in wastewater systems, or being discarded into domestic bins 

intended for landfill, with the contaminants subsequently leaching into 

groundwater and soil (52). Pharmaceutical manufacturing waste released 

into the environment has also been found to contain significant quantities of 

active antimicrobial compounds (49) (52). Antimicrobial use is prevalent in 

hospital settings, and significant quantities of biologically active antimicrobial 

compounds and AROs are excreted into hospital sewage systems every day, 

which can then enter the environment via these wastewater systems (59) 

(52). A significant proportion of antimicrobials are also used in community 

settings, including long-term care facilities, meaning that municipal waste can 

also act as a source of these contaminants (57) (63). Similarly, in agriculture, 

large volumes of unmetabolized antimicrobials and AROs are shed in animal 

feces, which can enter groundwater and surface waters, via runoff from 

agricultural lands (52). This waste can be used as manure to fertilize food 

crops, further increasing the potential exposure to and dissemination of AMR 

(49). In addition to the selective pressure exerted by antimicrobials present 

in the environment, AMR genes may also be co-selected for by other 

substances, such as metals and biocides, as the resistance determinants for 

these compounds are often present on the same MGEs as the AMR genes 

(64). 

1.3.4 Additional factors 

Other factors contributing to the spread of AMR include poor infection 

control, inadequate sanitation and inappropriate food-handling, which can 
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result in increased levels of infection and therefore increased antimicrobial 

use (65). Foreign travel, migration, medical tourism and international trade 

all act to facilitate the global dissemination of AMR, meaning that different 

types of AROs and ARGs are not regionally confined (49) (66). Another 

important factor that may contribute to AMR dissemination is lack of 

knowledge on the subject. A European study which examined correlations 

between knowledge of AMR and levels of resistance in that country, found 

that the countries that had the highest prevalence of AMR had the lowest 

level of awareness about AMR (67). 

 

1.4 Why AMR is a major public health concern  

The rate at which bacteria have evolved to resist the effects of antimicrobials 

has exceeded the rate at which we are developing new antimicrobials to 

combat this resistance (5). The fast pace at which pathogens develop 

resistance to new antimicrobials, combined with the lack of novel bacterial 

cellular targets means there is little incentive for pharmaceutical companies 

to invest in the development of new antimicrobials (68). Although alternative 

options such as treatment of infections with phage therapy (69), as well as 

vaccination programs to prevent infection are promising, they also have 

limitations (70) (71). Increasing levels of AMR, coupled with limited new 

alternative drugs/treatments has resulted in AMR being considered one of 

the greatest threats to human health (72). 

If left unchecked, AMR will have far reaching consequences, not only in 

relation to human and animal health, but also in terms of financial burden, 

socio-economic development, food security and environmental wellbeing 

(73). It is currently estimated that 700,000 people die every year globally as 

a result of infections caused by AROs, with this figure predicted to increase 

to 10 million by the year 2050 if effective action is not taken now (73) (74). 
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The cumulative costs of AMR are estimated to reach 100 trillion by this time 

(73). 

 

1.5 Enterobacterales 

A diverse range of ARGs and AROs have been identified to date, with some 

posing more of a threat to public health than others. Increasing levels of AMR 

among members of the Enterobacterales is of particular concern (75). The 

Enterobacterales are a Gram-negative order of bacteria that contain a diverse 

range of species, and up until recently its’ members were referred to 

collectively as Enterobacteriaceae (76). This term was changed to reflect to 

phylogenetic diversity within this group. Members of this order can now be 

classified into the following seven families based on phylogeny: Budviciaceae, 

Enterobacteriaceae, Erwiniaceae, Hafniaceae, Morganellaceae, 

Pectobacteriaceae and Yersiniaceae (77). Several genera exist within this 

order and examples include Citrobacter, Enterobacter, Escherichia, Klebsiella, 

Morganella, Proteus and Salmonella (77). Enterobacterales are so called 

because they are enteric organisms that reside in the gut of humans and 

animals. While generally commensal, many members are also considered 

important human pathogens, examples of which include Klebsiella 

pneumoniae and E. coli (78) (79). 

1.5.1 Klebsiella pneumoniae  

K. pneumoniae are rod shaped, non-motile, encapsulated bacteria, that are 

associated with a wide range of infections such as urinary tract infections 

(UTIs), pneumonia and bacteraemia (80) (81) (82). Infections caused by these 

opportunistic pathogens are particularly prevalent among vulnerable 

patients in hospital settings, including individuals who are 

immunocompromised, premature infants and the elderly (83) (84) (85). 

These organisms have the ability to disseminate rapidly among patients 

under the right conditions, with nosocomial outbreaks commonly reported 



  Chapter 1 

22 

 

(86) (87) (88). Studies indicate that K. pneumoniae are especially successful 

at adapting to different niches through the acquisition of MGE via HGT, and 

thus act as an important reservoir of ARGs in healthcare settings (89). 

1.5.2 Escherichia coli 

E. coli are the most well studied of all microorganisms (90). As natural 

inhabitants of the gut of humans and animals, these rod-shaped bacteria are 

readily spread among both humans and animals via hand carriage and 

contaminated food and water, and are widely used as indicators of 

environmental faecal contamination (91) (92) (93). E. coli are one of the most 

important human pathogens and are a leading cause of both hospital and 

community-acquired infections, including UTIs, bacteraemia, diarrheal 

disease and meningitis (90) (91) (94).  

 

1.6 Resistance to β-lactam antimicrobials 

The β-lactams are an extensive collection of antimicrobials grouped together 

(into penicillin, cephalosporin, monobactam and carbapenem classes) by the 

commonality of a β-lactam ring in their structure (figure 1.1) (17). Each new 

β-lactam class was developed either to address the problem of emerging 

resistance against the current β-lactams, or to broaden the spectrum of 

activity to include further species of bacteria. Thousands of β-lactam 

derivatives have been developed since benzylpenicillin was first discovered in 

the 1920s (17). The β-lactams are among the most widely used antimicrobials 

worldwide, with many members listed as critical for use in human medicine 

(17). While the β-lactams are used to treat infections caused by a wide range 

of organisms, they are heavily relied upon for use in the treatment of 

infections caused by Enterobacterales (95).  

A study published by the World Health Organization (WHO) in 2016, outlined 

a list of priority AROs for the guidance of research and development of new 
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antimicrobials (75). The AROs that made the list were ranked as either 

‘Priority 1: critical’, ‘Priority 2: high’ or ‘Priority 3: medium’. These priority 

organisms where selected based on the following criteria: mortality, AMR 

prevalence, 10-year AMR trend, community and healthcare burden, 

transmissibility, treatability, preventability in community and hospital 

settings and current pipeline (75). Both carbapenem-resistant 

Enterobacterales (CRE) and third generation cephalosporin-resistant 

Enterobacterales were ranked as ‘Priority1: critical’, alongside carbapenem-

resistant Acinetobacter baumannii and carbapenem-resistant Pseudomonas 

aeruginosa. 

1.6.1 β-lactamases  

Bacteria utilise a wide range of resistance mechanisms to fight against 

antimicrobials (section 1.2.5). While Enterobacterales employ several 

mechanisms of resistance against the β-lactams, the mechanism that poses 

the greatest problem among these organisms is the production of β-

lactamase enzymes (52) (95). 

The β-lactamases are a well-studied family of enzymes that have a limited 

range of molecular structures. They act by hydrolysing the β-lactam ring (45). 

β-lactamases are classified using two major systems. Functional classification 

according to the Busy-Jacoby-Medeiros scheme is based on substrate and 

inhibitor profiles (Groups 1-4), while the Ambler classification is based on 

amino acid sequence homology (Classes A-D) (96). 

These versatile enzymes have been reported in a diverse range of bacterial 

species and as of 2018, this group contained nearly 2,800 unique proteins 

(97). Many Enterobacterales contain chromosomally encoded AmpC β-

lactamases, which have contributed to the problem of β-lactam resistance 

within these organisms (98). However, the bigger threat are β-lactamases 

encoded by genes carried on MGEs, as these can readily be transferred 

among and between bacterial species (97).  
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The first β-lactamase (penicillinase (now known as chromosomal AmpC)) was 

identified in 1940, in E. coli (28), while the earliest plasmid encoded β-

lactamases (OXA, TEM-1 and SHV-1) emerged in the 1960s and 70s (99) (100) 

(99). Earlier β-lactamases such as these generally acted against penicillins and 

early generation cephalosporins (Figure 1.7) (97). To address this resistance 

problem a new generation of cephalosporins (extended-spectrum 

cephalosporins) were developed (in the early 80s), via semi-synthetic 

modifications to the original compounds. In addition to the development of 

new classes/modification of existing ones, β-lactams were also combined 

with β-lactamase inhibitors such as clavulanic acid, in an attempt to combat 

emerging resistance (101). 

1.6.2 Extended-spectrum β-lactamases 

Not long after the introduction of extended-spectrum cephalosporins into 

the clinical setting, several new variants of existing β-lactamases (SHV-1, 

TEM-1, TEM-2, oxacillinase-10 (OXA-10)) emerged. These variants had the 

ability to hydrolyse extended-spectrum cephalosporins and were therefore 

termed extended-spectrum β-lactamases (ESBLs) (102). An ESBL can be 

defined as a β-lactamase with the ability to hydrolyse penicillins, 

cephalosporins (first, second and third generation) and aztreonam, but not 

capable of hydrolysing carbapenems or β-lactamase inhibitors (e.g. clavulanic 

acid) (103).  

A novel plasmid mediated ESBL was identified in 1989, which was coined CTX-

M (due to increased activity against cefotaxime)(104). While previous ESBLs, 

such as SHV and TEM appear to have evolved vertically through point 

mutations in genes encoding for parent β-lactamases, CTX-M encoding genes 

are believed to have been mobilised from the chromosome of the 

environmental species Kluyvera (105). The likely occurrence of mutations and 

recombination events has led to a diverse family of CTX-M β-lactamases (over 

172 variants, as of 2018) (106). These can be classified into five main clusters 
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based on sequence homology (CTX-M-Group-1, CTX-M-Group-2, CTX-M-

Group-8, CTX-M-Group-9 and CTX-M-Group-25) (105). 

1.6.3 Carbapenemases 

Increased prevalence of ESBL-producing Enterobacterales (ESBL-PE) meant 

fewer treatment options were available for infections caused by these 

organisms, which led to an increase in carbapenem consumption (considered 

last-line antimicrobials) (107). This resulted in the emergence and 

dissemination of CRE. Resistance amongst Enterobacterales can arise via 

chromosomally encoded blaAmpC genes, in combination with porin loss and 

efflux pumps (108). However, a more problematic resistance mechanism is 

the acquisition of carbapenemase encoding genes via MGE (these organisms 

are termed carbapenemase-producing Enterobacterales (CPE)) (109).  

 The first carbapenemase encoding gene (blaNmcA) was identified in 

Enterobacterales (in Enterobacter cloacae) in 1993 (110). Since this first 

report, a number of carbapenemases have emerged, which can be grouped 

into either Ambler class A, B, or D (Figure 1.7) (97). Biochemically, 

carbapenemases can be classified into either serine or metallo-β-lactamases, 

based on their hydrolysis mechanism. Serine β-lactamases (Groups A and D) 

hydrolyse the β-lactam ring though formation of an acyl enzyme with an 

active serine site, while hydrolysis in metallo-β-lactamases (Group B) is 

facilitated by essential zinc ions in active sites (111). 

Class A serine-β-lactamases include a variety of both chromosomally encoded 

carbapenemases such as Sme and NmcA, as well as a number plasmid 

encoded carbapenemases including Klebsiella pneumoniae carbapenemase 

(KPC), GES and IMI-2 (112). Class B metallo-β-lactamases (MBLs) include the 

plasmid encoded IMP-type metallo-beta-lactamase (IMP), Verona integron-

encoded metallo-β-lactamase (VIM) and more recently New Delhi metallo- β-

lactamase (NDM) (97). Class C serine-β-lactamases include OXA-48, which 
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was first identified in K. pneumoniae in 2003 (113) and OXA-181, which is 

derived from OXA-48 following a point mutation (112). 

Some carbapenemases are very efficient at hydrolysing the carbapenems, 

while others, including OXA-48 and OXA-181 demonstrate poorer activity 

against these antimicrobials (114). As outlined in Figure 1.7, activity against 

β-lactamase inhibitors including clavulanic acid and avibactam, as well as 

broad-spectrum cephalosporins vary according to carbapenemase type 

(114).  

1.6.4 Co-resistance 

ESBL-PE and CPE commonly co-harbour resistance genes associated with 

other non-β-lactam antimicrobials including aminoglycosides, 

chloramphenicol, fluoroquinolones, sulphonamides, tetracycline, 

trimethoprim, and less commonly tigecycline and colistin (115) (116) (117) 

(118) These genes can be present on the same plasmid or on additional 

MGEs, or be chromosomally encoded  (44). Not only does this further restrict 

treatment options, but it may also play a vital role in the dissemination and 

maintenance of these isolates, via co-selection (119). Reports of resistance to 

last line antimicrobials tigecycline and colistin is especially worrying as these 

are often relied upon for the treatment of infections caused by multi-drug 

resistant Enterobacterales (120). 
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Figure 1.7 Functional and molecular relationships of β-lactamases (97). AV: 

avibactam, CA: clavulanic acid, Cb: carbapenem, Cp: cephalosporin, E: extended-

spectrum cephalosporin, M: monobactam, P: penicillin. Copyright obtained from 

American Society for Microbiology via Copyright Clearance Centre, RightsLink® 

service. 

 

1.7 Epidemiology of ESBL-PE and CPE 

A number of factors have aided in the successful dissemination of ESBL-PE 

and CPE. One of the most important factors is the genetic environment of the 

ESBL or carbapenemase encoding genes, as some genetic structures, 

including plasmids, are more prone to mobility and gene plasticity than 

others (114). Another factor influencing their dissemination is the type of 

strain carrying the gene, with some so-called successful clones aiding in the 

rapid spread of the ESBLs and carbapenemases (121). Additionally, if the 

ARGs emerge in a geographical region with favourable conditions, such as 

poor sanitation and limited regulations regarding the use of antimicrobials, 

this further aids in the dissemination, with foreign travel to and from this 

region acting to disseminate the ARGs globally (114). The most prevalent 



  Chapter 1 

28 

 

types of both ESBL-PE and CPE have disseminated rapidly as a result of a 

combination of these factors, with types of MGEs and clonal groups varying 

according to ESBL and carbapenemase (121) (114). 

The European Antimicrobial Resistance Surveillance Network (EARS-Net) 

collects data on invasive isolates (from blood and cerebrospinal fluid), 

reported by 30 EU and EEA countries (118). This data indicates that although 

a much higher number of reported isolates are E. coli in comparison to K. 

pneumoniae, a higher proportion of K. pneumoniae are resistant to third 

generation cephalosporins and/or carbapenems. Total data for 2017 (118) 

shows that 31.2% (population-weighted mean) of K. pneumoniae invasive 

isolates (total n=32,453) were resistant to third generation cephalosporins 

(87.8% of which were ESBL producers), while 7.2% exhibited resistance to 

carbapenems. The populated-weighted mean for E. coli (total n=138,883) 

was 14.9% resistance to third generation cephalosporins (of which 87.4% 

were ESBL producers), while 0.1% were resistant to carbapenems. 

Collectively, the numbers of invasive isolates of both E. coli and K. 

pneumoniae from the 30 countries have consistently increased since 2014, 

although levels of third generation cephalosporin resistance and carbapenem 

resistance have remained at similar levels throughout this time. 

1.7.1 Epidemiology of ESBL-PE  

Initially, the two most prevalent ESBLs were TEM and SHV variants, which 

were most frequently associated with infections caused by K. pneumoniae in 

the hospital setting (102). However, the rapid dissemination of CTX-M in the 

early 2000s, meant it quickly replaced TEM and SHV as the most prevalent 

type of ESBL reported globally, with increasing levels of ESBLs detected 

among E. coli in the community (105). Today ESBL-producing 

Enterobacterales are widespread both in hospital (105) (122) (95) (123) and 

community settings (124) (125) (82) (126), with E. coli and K. pneumoniae as 

the two most commonly reported species. Studies indicate that the 

prevalence of ESBP-PE in both hospital and community settings in Ireland is 
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progressively increasing (127) (128), with an outbreak of CTX-M-15-

producing E. coli reported in an Irish neonatal intensive care unit in 2017 

(129).  

CTX-M remains the most prevalent type of ESBL globally, with the CTX-M 

genotype varying according to geographical region. Overall CTX-M-15 (from 

CTX-M-Group-1) is the most commonly reported variant (frequently 

associated with E. coli sequence type ST131), with a high prevalence detected 

in ESBLs from Ireland (130), the United Kingdom (131), the United States 

(132) etc. Countries such as China and Korea have reported a high prevalence 

of CTX-M-14 among ESBLs (133) (134).  

ESBL-PE from non-human sources 

Not only are ESBL-PE widely disseminated among humans, they are also 

widely reported from other reservoirs. An extensive number of studies have 

detected ESBL-PE in food including, but not limited to, retail meat, fresh 

vegetables, ready to eat foods, seafood (135) (136) (137) (138). A particular 

focus has been on retail meats with a high prevalence of ESBL-PE commonly 

reported among retail chicken samples (139) (140) (141) (142).  

Food-producing animals such as poultry, pigs and cattle have also been 

identified as reservoirs, with poultry most commonly associated with ESBL-

PE (141) (143) (144) (145) (146) (147). While a high proportion of studies have 

focused on food-producing animals, other animal reservoirs include 

companion animals and wildlife (148) (149) (150). Another important 

reservoir is the aquatic environment, with ESBL-PE detected in fresh waters, 

seawater, irrigation and drinking waters (151) (152) (153) (92) (154) (155) 

(135) (156) (157). In addition, ESBL-PE are frequently reported in both 

hospital and municipal effluents, which are common sources of environment 

pollution with AROs and ARGs (154) (158) (92) (159) (160) (151). 

While the CTX-M type generally varies according to geographical region it can 

also vary according to source. A study carried out examining ESBL-producing 
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E. coli (ESBL-PEc) from humans, animals and food in the United Kingdom, the 

Netherlands and Germany found that CTX-M-15 was the most common ESBL 

among human isolates in all three countries, while CTX-M-1 was the most 

common variant in isolates from poultry in the three countries (161). 

1.7.2 Epidemiology of CPE 

The rapid dissemination of CPE poses a serious public health threat. 

Infections caused by these organisms are associated with high morbidity and 

mortality (162). Carbapenemases are commonly associated with successful 

clonal groups including K. pneumoniae ST11, ST101 and ST258, and E. coli 

ST131, as well a variety of highly mobile genetic elements (162). The three 

most commonly detected carbapenemases are KPC, NDM and OXA-48.  

KPC is the most prevalent carbapenemase globally (109). It was first identified 

in the United States in 1996, in K. pneumoniae (163), and since then has 

become widespread in countries such as the United States, Columbia, Greece 

and Italy (164) (165) (166). NDM was first isolated in K. pneumoniae, in 2007, 

from a Swedish patient who had recently returned from India (167). 

Subsequent studies identified widespread prevalence of NDM within the 

Indian subcontinent (168) (169). Other countries including Romania and 

Poland have reported inter-regional outbreaks of NDM-producing 

Enterobacterales (164). 

The first report of OXA-48-producing Enterobacterales was in Turkey in 2001 

(in K. pneumoniae) (113). Since then, countries including Belgium, France and 

Spain have reported a high prevalence of these organisms (164). In Ireland, 

OXA-48 is by far the most prevalent carbapenemase identified in the clinical 

setting, followed by KPC and NDM, to a much lesser extent (Figure 1.8) (170). 

The number of patients newly colonized with CPE has steadily increased since 

surveillance began in 2012, with E. coli and K. pneumoniae the most common 

species identified. Ireland’s Minister for Health declared CPE a public health 
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emergency in late 2017 and a National Public Health Emergency Team was 

established to manage this growing threat (171). 

Similar to ESBL-PE, which were initially predominantly associated with the 

clinical setting, studies indicate that CPE are gradually becoming established 

in the community globally, as highlighted by a recent review (172). While KPC-

producers are most commonly associated with nosocomial K. pneumoniae 

infections, NDM and OXA-48 are frequently associated with community-

acquired and nosocomial E. coli and K. pneumoniae infections (114). 

                  

Figure 1.8 Annual numbers of patients with newly confirmed carbapenemase-

producing Enterobacterales by carbapenemase type, Ireland, 2012 to 2018. Cited from 

Health Protection Surveillance Centre (HSPC), 2019 (170). 

CPE from non-human sources 

Although CPE are not as widely disseminated as ESBL-PE, an increasing 

number of studies are reporting their detection from non-human sources 

(173). This includes the detection of CPE and/or carbapenemase encoding 

genes from food including retail chicken meat and seafood (174) (175) (135), 

as well as from companion animals, food-producing animals and wildlife (176) 

(177). CPE has also been identified in river sediment, freshwater, seawater, 

drinking water (178) (179) (151) (180) (181) (169) and from hospital and 

municipal wastewater (151) (182) (183). 
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1.8 Detection and characterisation of ESBL-PE and CPE  

Several different methods have been developed to identify and characterise 

ESBL-PE and CPE, and these can be divided into either phenotypic or 

genotypic methods.  

1.8.1 Phenotypic methods  

Selective and differential chromogenic culture media have been developed 

to select for extended-spectrum cephalosporin resistance and/or CRE. This 

media contains agents which prevent the growth of undesired organisms, 

including Gram-positives, other Gram-negatives and yeast (108). The test 

samples can either be cultured directly onto the selective media or a sample 

enrichment step can be added, prior to culturing (184). Examples of 

chromogenic agar plates include Brilliance ESBL (Oxoid), chromID ESBL 

(Biomerieux), Brilliance CRE (Oxoid), chromID Carba and SUPERCARBA 

(Biomerieux) (185) (186).  

Detection of ESBL and carbapenemase-production  

Phenotypically, ESBL-production is most commonly identified using growth-

based synergy tests, examples of which include combination disk method, 

double disc-synergy tests and E-tests. The tests work on the principal that a 

true ESBL-producer will be resistant to third-generation cephalosporins, 

while remaining susceptible to ß-lactamase inhibitors, including clavulanic 

acid (187).  

Multiple phenotypic tests have been developed to identify carbapenemase 

production, which include growth-based assays, such as combination disk 

method, double disc-synergy tests, E-tests and the modified Hodge test 

(188), colorimetric-based assays, such as the Carba NP test (189), 

immunochromatogenic lateral flow assays (e.g. KPC K-SeT and OXA-48 K-SeT 

(Coris BioConcept)) for detection of carbapenemase specific antigens (190) 

(191) and matrix-assisted laser-desorption ionization time-of-flight (MALDI-
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TOF) mass spectrometry for detection of carbapenem-hydrolysing activity 

(192).  

While these methods are useful in identifying ESBL and carbapenemase-

production, they do not allow for the rapid identification of these organisms 

(as they are culture based), and they do not identify the specific ESBL or 

carbapenemase type. A number of these tests have further limitations, with 

poor sensitivity for NDM-producers reported with the modified Hodge test, 

while the Carba NP test is reported as exhibiting poor sensitivity for OXA-48-

producers (193). 

Routine antimicrobial susceptibility testing against multiple antimicrobials is 

generally performed on isolates, and an antimicrobial susceptibility profile 

generated. This can be carried out either using an automated system (VITEK 

or VITEK 2), or manually via the disk diffusion method, with results 

interpreted according to European Committee on Antimicrobial Susceptibility 

Testing (EUCAST) (http://www.eucast.org/) or Clinical & Laboratory 

Standards Institute (CLSI) (https://clsi.org/) guidelines (193) (108).  

1.8.2 Genotypic methods  

The main methods used for the molecular detection of β-lactamase encoding 

genes are the polymerase chain reaction (PCR), loop mediated isothermal 

amplification (LAMP), microarrays, and whole-genome sequencing (WGS) 

(193). These methods have higher discriminatory power than phenotypic 

assays, and can also potentially be applied directly to samples, therefore 

eliminating the culture step and leading to more time-efficient results (193).  

The use of real-time PCR (RT-PCR) allows for the rapid identification of both 

ESBL and carbapenemase encoding genes, with many multiplex assays 

designed for increased efficiency (194) (195) (196). While studies indicate 

that this methodology is very sensitive and allows for the accurate 

identification of targeted genes, a major limitation of RT-PCR is that only 

http://scholar.google.com/scholar?q=European+Committee+on+Antimicrobial+Susceptibility+Testing&hl=en&as_sdt=0&as_vis=1&oi=scholart
http://scholar.google.com/scholar?q=European+Committee+on+Antimicrobial+Susceptibility+Testing&hl=en&as_sdt=0&as_vis=1&oi=scholart
http://www.eucast.org/
https://clsi.org/
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known genes will be identified, while novel β-lactamase encoding genes may 

go undetected (196). LAMP is an isothermal nucleic acid amplification 

method that can be used to detect β-lactamase encoding genes (197). It has 

a number of advantages over PCR, including reaction simplicity and cost 

effectiveness. It also has a rapid turnaround time and is reported as having 

high sensitivity (197). However, it is less versatile than PCR and the primer-

primer interactions are increased by the larger number of primers used (198). 

Similar to RT-PCR, microarray technologies use DNA probes that hybridize to 

DNA targets (199). However, unlike PCR which is limited to four or five 

targets, the use of microarrays allow for the simultaneous detection of 

between dozens and hundreds of targets (depending on the type of platform 

used), enabling the differentiation of closely related variants of ESBL and 

carbapenemase encoding genes (200) (201). While the use of microarray 

technologies provide excellent sensitivity and specificity, like RT-PCR and 

LAMP it only detects known genes (193).  

The use of WGS provides the highest level of discrimination. The whole 

bacterial genome can be examined for all known ARGs, plasmids and other 

MGEs, as well as genes associated with virulence etc. Relatedness to other 

isolates, as well as evolutionary lineages can also be assessed (193). 

Additionally, this data can be used both to investigate the potential origin of 

the isolate and to inform suspected outbreak investigations. As outbreaks of 

CPE and ESBL-PE are commonly associated with the dissemination of MGEs, 

rather than clonal spread, this level of discriminatory power is often 

necessary to identify if an outbreak has occurred or is occurring (202). This 

genomic data can then be stored and examined retrospectively, as new genes 

of interest are discovered. Since next generation sequencing was first 

developed the cost of sequencing an entire genome has decreased 

considerably and this technology is now being used widely in both research 

and in surveillance/clinical settings (203) (204). 
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Pulsed-field gel electrophoresis (PFGE) was up until recently considered the 

‘gold standard’ of molecular typing methods. It is well standardised and is 

highly reproducible and it has been widely used to characterise bacterial 

strains such as E. coli (205). However, it is very laborious, and while it holds 

higher discriminatory power over other traditional typing techniques such as 

multi-locus sequence typing (MLST), it is slowly becoming obsolete with the 

growing affordability and advances of next generation sequencing 

technologies (205). 

 

1.9 How the problem of AMR is currently being addressed  

The rapid dissemination of AMR is considered to be one of the biggest threats 

to human and animal welfare (52). The seriousness of the situation is 

reflected in the number of high-level policy documents and initiatives 

introduced during the last decade, at national, European and global levels. In 

2015, the WHO published a Global Action plan (GAP) on AMR, which included 

five main objectives to act as a framework in the development of action plans 

at National levels (World Health Organisation (WHO), 2015). This GAP was 

then adopted by the Food and Agriculture Organization (FAO), the World 

Animal Health Organisation (OIE),and recognised as the world’s blueprint for 

addressing the problem of AMR at the United Nations’ General Assembly 

(206). The five main objectives of the GAP include: improving understanding 

and awareness of AMR, increased surveillance and research, improved 

infection control and prevention measures, optimisation of antimicrobial use, 

and investment in diagnostic tools, alternative medicines, vaccines and other 

interventions (World Health Organisation (WHO), 2015).  

All national and international action plans aim to use a ‘One Health’ approach 

when addressing the problem of AMR, as it is well recognised that the health 

of humans, animals and the environment is interconnected (World Health 

Organisation (WHO), 2015). As of 2014, EU legislation (Decision 
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2013/652/EU) requires Ireland and other EU countries to monitor AMR in 

zoonotic and indicator organisms originating from both animals and food of 

animal origin, with monitoring for commensal E. coli, ESBL, AmpC and 

carbapenemase-producing E. coli also required (207). An important step for 

coordinated surveillance was made in January 2015, when ECDC, together 

with European Medicines Agency (EMA) and European Food Safety Authority 

(EFSA) published the first joint report on integrated analysis of antimicrobial 

use and AMR in bacteria from humans and food-producing animals (208).  

In 2014, a national Interdepartmental AMR Consultative Committee was 

established by the Irish Department of Health and the Department of 

Agriculture, Food and the Marine, followed by the release of Ireland’s 

National Action plan in 2017 (52). Ireland have also since established a 

National Public Health Emergency Team to address to rise in CPE in the Irish 

clinical setting (171). 

Ireland’s first One Health Report on antimicrobial use & AMR was published 

in January 2019, and represented Ireland’s first cross-sectional report on 

antimicrobial use and AMR in humans and animals (59). This report 

recognised that the environment is also an important reservoir of AMR. 

However, it stated that ‘currently there is no systematic surveillance for AMR 

in, or of antimicrobial discharges to, the environment’, meaning that no data 

on AMR in the environmental was included in this One Health report. 

Similarly, a One Health report published by the UK (209) also stated ‘there is 

no structural, statutory surveillance dedicated to assessing the level of AMR 

in the environment in the UK’. Ireland and the UK are not unique in this, and 

while the potential role of the environment in the emergence, persistence 

and dissemination of AMR is recognised at both national and international 

levels, it is acknowledged that this role remains largely unknown. However, 

few measures have been put in place to rectify this lack of knowledge and 

understanding. Unlike the food chain, it is not mandatory to assess the 

aquatic environment for the presence of AMR. There therefore exists a major 
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gap in our knowledge in relation to the environment’s role in the transmission 

and persistence of AMR.  

 

1.10 Potential Role of the Aquatic Environment in the Dissemination of AMR 

Water is present in all forms of life and acts as the perfect medium for the 

transmission of microorganisms between humans, animals and the 

environment (210). Clean and healthy water systems are essential for health 

and wellbeing (211). Contaminated water is a potential public health hazard 

(212). According to the WHO, waterborne and water-related infectious 

diseases result in approximately 3.4 million deaths every year globally (213).  

Overall, the risk associated with acquiring AROs or ARGs following exposure 

to contaminated water is largely unknown. However, evidence suggests that 

people who frequently use bathing waters for recreational purposes are 

more commonly associated with colonization with AROs than people who do 

not (214) (215). A study in France reported that an IMP-2-producing 

Enterobacter asburiae, causing a case of bacteraemia was potentially 

transmitted to the patient following river exposure, as a closely related strain 

was isolated from a river sample taken at the exposure site one month later 

(216).  

Copious amounts of AROs and antimicrobials are shed in human and animal 

feces every day, as highlighted in section 1.3.3. Ireland, along with many 

other countries, has seen vast improvements in sanitation practices in the last 

century (210). However, these practices vary greatly on an international level 

and it is estimated that up to 80% of the worlds wastewater flows untreated 

into the environment (217). Wastewater treatment plants (WWTPs) have 

proved to be a vital component in improving sanitation and have resulted in 

a significant reduction in levels of contaminants, such as AROs, entering the 

environment (49). However, studies have shown that WWTPs are ineffective 
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at removing all AROs, ARGs and antimicrobial residues, which can 

subsequently enter the environment via wastewater effluent (218) (158) 

(173). In Sweden, comparison of VIM-1 producing K. oxytoca isolated from a 

river, sewage and patients at a local hospital found that the isolates were 

genotypically related, indicating dispersion from the hospital to the aquatic 

environment, via treated wastewater effluent (219). 

Levels of treatment vary according to treatment system type, which are 

classed as preliminary, primary, secondary and tertiary. Factors affecting the 

efficiency of WWTPs include increased water volume (as a result of heavy 

rainfall), poorly maintained systems and the use of older, outdated systems 

(49) (220). A report published by the Environmental Protection agency (EPA) 

Ireland stated that in 2017, 28 out of 179 large urban areas in Ireland did not 

meet EU wastewater treatment standards, and sewage from 38 towns and 

villages in Ireland (from approximately 88,000 people) was being released 

untreated into the environment (220). 

In Brazil there have been multiple reports of the detection of CPE in coastal 

waters and other aquatic environments, with poor sewage treatment 

practices reported in these areas (180) (181) (221) (179). Findings also 

indicate that NDM is widespread in the aquatic environment in India, with 

reports from drinking water and seepage water, with similar associations with 

poor sanitation practices in this region (169).  

Multiple studies have investigated the potential role that animals play in the 

dissemination of AROs to humans, and while shared reservoirs of ESBL or 

carbapenemase encoding genes, plasmids or strains have been reported, 

evidence for the direct transfer of these organisms/resistance determinants 

between animals and humans is limited (222) (223). A study carried out in the 

United Kingdom compared the genomes of 431 E. coli from livestock and 

retail meat in England to the genomes of 1,517 E. coli associated with 
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bloodstream infection, and found distinct clonal lineages and MGEs between 

those originating from human and those from animal sources (224).  

An extensive study carried out in the Netherlands pooled data from 35 

studies (from 27,000 samples) relating to ESBL and AmpC-producing E. coli 

from humans, animals, food and the environment (all studies were carried 

out in the Netherlands) (225). This One Health approach compared the 

frequency distribution of ESBL/AmpC encoding genes (of 5805 isolates) and 

plasmid replicons (of 812 isolates) across 22 reservoirs. The study identified 

predominant ESBL and AmpC encoding genes in each reservoir. Similarities 

between ESBL and AmpC encoding genes were identified between isolates 

originating from humans within farming communities and their animals (pigs 

and broilers). Higher levels of similarities were identified between isolates 

originating from humans in the general population and those from clinical 

settings, wild birds, surface and sewage water, then those originating from 

food reservoirs and livestock. 

A very important discovery made in 1973 was that AMR was not solely 

restricted to pathogenic bacteria (226). While these non-pathogenic 

organisms might not pose a direct risk to human or animal health, they can 

act as reservoirs of AMR, which can potentially be mobilised and transferred 

to human or animal pathogens via HGT. Approximately 70% of the earth is 

covered in water, with seawater constituting 97% of this (227). It is estimated 

that our planet may be home to one trillion microbial species, many of which 

may reside in our oceans, with 99.99% of these organisms yet to be 

discovered (228). The environment has already proven to be a crucial vector 

in the mobilisation and transfer of ARGs, with many clinically important genes 

including blaCTX-M (originating from Kluyvera species) and blaOXA-48 (originating 

from Shewanella species) believed to have been mobilised from the 

chromosome of environmental species into the genomes of clinically relevant 

species (105) (229). Yet the environment remains by far the most under 

investigated element of the One Health initiative.  
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1.11 Research Aims and Objectives 

The aim of this thesis was to improve our understanding of the role of the 

aquatic environment in the dissemination of AMR of public health 

significance.  

The hypothesis of this thesis is that antimicrobial resistant bacteria of public 

health significance and their MGEs are shared between humans and the 

aquatic environment. 

The main objectives were as follows: 

Objective 1: Assessment of recreational waters and sewage for the presence 

of ESBL-PE and CPE. 

Objective 2. Preliminary characterisation of bacterial isolates and selection 

for whole genome sequencing. 

Objective 3. Comparison of environmental isolates to clinical isolates via high-

resolution genomic analysis and examination for linkages. 
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2.1 Methods 

To avoid repetition for the reader the methodology is presented in this thesis 

in the following format: an individual methods section has been included in 

the following chapters: Chapter 3 (Section 3.3), Chapter 4 (Section 4.3) and 

Chapter 5 (Section 5.3). Additional information relating to the methodologies 

has been included in the Appendices and is referred to in Sections 3.3, 4.3 

and 5.3, where relevant.  
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CHAPTER 3: INDISTINGUISHABLE NDM-PRODUCING ESCHERICHIA 

COLI ISOLATED FROM RECREATIONAL WATERS, SEWAGE, AND A 
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Preamble to Chapter 3: Statement of contribution 

This chapter consists of work carried out as part of a collaborative project 

between the Antimicrobial Resistance and Microbial Ecology Group, National 

University of Ireland, Galway; the National Carbapenemase-Producing 

Enterobacterales Reference Laboratory, Department of Medical 

Microbiology, University Hospital Galway; the Environmental Health Service, 

HSE West and Galway County Council. I carried out sample collection along 

with Dr. Carina Brehony, Dr. Dearbháile Morris, Mr. Paul Hickey and Mr. 

Shane Keane. I performed filtration of water samples alongside Dr. Carina 

Brehony and Mr. James Killeen. I screened all samples for CPE and carried out 

MALDI-TOF, antimicrobial susceptibility testing and PFGE. Ms. Elaine 

McGrath carried out real-time PCR. Ms. Ann Dolan facilitated gaining access 

to the sewage supply. I prepared the published manuscript with Dr. 

Dearbháile Morris and Prof. Martin Cormican. All co-authors reviewed the 

manuscript prior to submission. This study was published in Eurosurveillance, 

in April 2017 (230). 
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3.1 Abstract 

The role that the aquatic environment plays in the dissemination of 

carbapenemase-producing Enterobacterales (CPE) is largely unknown. This 

study aimed to investigate this by examining recreational water for the 

presence of CPE. New Delhi metallo-β-lactamase (NDM)-

producing Enterobacterales were identified in fresh water and seawater 

samples collected at two beaches located near an untreated human sewage 

ocean discharge. NDM-producing Escherichia coli isolated from the sewage 

collection system, the sewage storage tank and the outflow were 100% 

identical by pulsed-field gel electrophoresis to those isolated from a fresh 

water stream on one of the beaches, and to a clinical isolate. Similarly, NDM-

producing Klebsiella pneumoniae isolated from the sewage collection system 

and the sewage storage tank were closely related to isolates obtained from 

seawater samples collected at the two beaches, and to a human isolate. 

These findings raise concerns regarding the potential for sewage discharges 

to contribute to the spread of CPE. 

 

3.2 Background 

The rapid dissemination of carbapenemase-producing Enterobacterales (CPE) 

in Europe and worldwide is making the delivery of effective healthcare an 

increasing challenge (164). The number of CPE confirmed by the national 

reference laboratory in humans in Ireland has increased every year, rising 

from 48 in 2013, to 369 in 2016 (231). In 2016, the three most commonly 

reported carbapenemases in Ireland were Klebsiella pneumoniae 

carbapenemase (KPC), carbapenem-hydrolysing oxacillinase-48 (OXA-48), 

and New Delhi metallo β-lactamase (NDM) (231). The NDM gene is primarily 

plasmid-encoded, enabling its easy transfer between bacterial species. The 

plasmids are diverse and usually harbour a large number of other resistance 

genes (112). The NDM gene has been detected extensively in the Indian 
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subcontinent where it has been reported from both environmental and 

clinical sources (232). Rapid global spread has been aided greatly by 

intercontinental travel (233). However, a recent study in 2016 reported an 

outbreak of NDM-1-producing Enterobacterales in a number of hospitals in 

Ireland, where links to foreign travel were not identified (234). 

In Europe, a number of studies have reported the presence of CPE in 

recreational water, including Verona integron-encoded metallo-beta-

lactamase (VIM) producing K. pneumoniae in a river in Switzerland in 2013 

(235), KPC-producing E. coli in a river in Portugal in 2012 (236), VIM-1, VIM-

34, and IMP-type metallo-beta-lactamase (IMP)-8 producing E. coli in the 

same Portuguese river in 2016 (237), and NDM-1 producing K. pneumoniae 

in the River Danube in Serbia, in 2016 (238).  This study aimed to examine 

recreational water as a reservoir for CPE.   

 

3.3 Methods 

3.3.1 Recreational water and sewage sample sites  

In 2016, we identified a beach (Beach A) in Ireland, used for bathing and 

recreation, which is crossed by two fresh water streams (Stream A and 

Stream B), flowing from the surrounding countryside (Figure 3.1). Sampling 

was performed in the period May to September 2016 (Table 3.1). The 

detection of NDM-producing E. coli in these waters prompted subsequent 

additional sampling of the streams. As untreated human sewage was being 

discharged into the sea in the vicinity of the beach, and the fresh water 

streams can become immersed in seawater at high tide, sewage was 

evaluated as a potential source. The sewage system is not linked to any 

hospital or long-term care facility that we are aware of. Sewage samples 

included samples from the collection system, the storage tank and the 

outflow (Figure 3.1). Further sampling of the fresh water streams and sewage  
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Figure 3.1 Schematic diagram of water and sewage sampling points and their location 

relative to each other, Ireland, 2016–2017. 

sites was carried out in January 2017. In addition to this, seawater from Beach 

A and from a second beach (Beach B), ca 950m in a direct line from Beach A 

were examined. Water samples were collected (30L/sample) in sterile 5 L 

containers (x6), while the sewage samples were collected in sterile 1 L glass 

bottles. The majority of the seawater samples were collected by local 

Environmental Health Officers, in line with their sampling schedule for quality 

testing of the recreational water. All samples were transported to the 

laboratory and processed within 24 h of collection. Samples which were not 

processed immediately were stored in the dark at 2-8 °C until processed.  

3.3.2 Processing of samples  

We applied a previously described method (CapE), to examine the fresh 

water and seawater samples for the presence of CPE (239). This large volume 

filtration system was developed via modifications of the Filta-Max system, 

and contains a high-pressure stainless steel 142 mm filter holder. This holder 

was attached to the outlet hose of the sampling rig and the bacteria captured 

on 0.45 μm membrane filters (Merck Millipore Ltd. Cork, Ireland) (239). 

Following filtration and overnight enrichment of the membrane filters, the 
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samples were sub-cultured onto Brilliance CRE agar (Oxoid). Sewage samples 

were examined by direct plating onto Brilliance CRE agar. Following 

purification, presumptive isolates were identified to species level by matrix-

assisted laser desorption/ionisation time-of-flight (MALDI-TOF) mass 

spectrometry, and antimicrobial susceptibility testing was performed and 

interpreted in accordance with European Committee on Antimicrobial 

Susceptibility Testing (EUCAST) criteria (Appendix 1, Appendix 3) (240). 

Carbapenemase-encoding genes were detected by real-time PCR, as outlined 

in Appendix 2, and as previously described (241) (242) (194) (243). Typing of 

NDM-producing Enterobacterales was not performed at the variant level, but 

pulsed-field gel electrophoresis (PFGE) was performed on all isolates, as 

outlined previously (244). PFGE profiles of NDM-producing Enterobacterales 

isolated from recreational water and sewage samples were compared with 

PFGE profiles of NDM-producing Enterobacterales isolated from clinical 

specimens. 

 

3.4 Results 

3.4.1 Findings of New Delhi metallo β-lactamase (NDM)-producing E. coli 

Of eight fresh water samples from Stream B, NDM-producing E. coli were 

isolated from two samples, which were collected on 13 July and 24 August 

2016. NDM-producing E. coli were also isolated in samples collected on 15 

September 2016 from the sewage collection system (one of two samples), 

the storage tank (one of two samples) and the sewage outflow (one of one 

sample) (Table 3.1). All isolates were resistant to ampicillin, cefotaxime, 

cefoxitin, cefpodoxime, ceftazidime, ciprofloxacin, ertapenem, meropenem 

and nalidixic acid. Based on comparison of the environmental and clinical 

NDM-producing E. coli isolates via PFGE profiles, one clinical E. coli was 

included for further comparison. The isolates obtained from the fresh water 

and sewage samples were indistinguishable by PFGE analysis from this clinical 
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isolate, which was submitted to the National Carbapenemase-Producing 

Enterobacterales Reference Laboratory Service (NCPERLS) in early 2016 

(Figure 3.2).  

Figure 3.2 PFGE analysis of New Delhi metallo-beta-lactamase-producing Escherichia 

coli isolated from fresh water, sewage and a clinical source in Ireland, 2016–2017. 

PFGE: pulsed-field gel electrophoresis. PFGE typing was performed with Xba1. All five 

isolates were 100% similar by PFGE. 

 

Table 3.1 Overview of sampling sites, dates and detection of carbapenemase-

producing Enterobacterales in a coastal region in Ireland, 2016–2017. 
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3.4.2 Findings of New Delhi metallo beta-lactamase (NDM)-producing K. 

pneumoniae  

NDM-producing K. pneumoniae were isolated from two of three sewage 

sampling sites on 15 September 2016 and two of two sewage sampling sites 

on 18 January 2017. NDM-producing K. pneumoniae were also detected in 

seawater samples collected at Beach A and Beach B on 18 January 2017 

(Table 3.1). These isolates were resistant to ampicillin, cefotaxime, cefoxitin, 

cefpodoxime, ceftazidime, ciprofloxacin, ertapenem, gentamicin, kanamycin, 

meropenem, nalidixic acid and tetracycline. Again, based on comparison of 

the environmental and clinical NDM-producing isolates via PFGE profiles, one 

clinical K. pneumoniae was included for further comparison. PFGE analyses of 

isolates from sewage, seawater and this clinical isolate (from NCPERLS) 

showed isolates to be between 83% and 97% similar (Figure 3.3). 

Figure 3.3 PFGE analysis of New Delhi metallo-beta-lactamase-producing Klebsiella 

pneumoniae isolated from seawater, sewage and a clinical source in Ireland, 2016–

2017. PFGE: pulsed-field gel electrophoresis. PFGE typing was performed with Xba1. 

The 11 isolates were between 83% and 97% similar by PFGE (n = 11 isolates). 
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3.5 Discussion 

In this study, we identified NDM-producing Enterobacterales in 

environmental water samples collected at two adjacent beach sites in Ireland. 

As far as we are aware, this is the first such finding in bathing seawater in 

Europe. We consider that contamination of the environment with NDM-

producing Enterobacterales from a human sewage outflow is likely to be the 

source, and that the fresh water streams were contaminated by backwash of 

sewage onto the beach by tidal currents. The presence of NDM-producing 

Enterobacterales in the bathing water (seawater) and at a separate bathing 

site ca 950m in a direct line indicates the extent of this contamination. It is 

important to note that by the established regulatory standards, the bathing 

water quality in the area concerned has been consistently of sufficient quality 

(245). Notwithstanding compliance with regulatory standards however, it is 

reasonable to conclude that those using a beach such as this for recreational 

purposes might be at least intermittently exposed to NDM-producing 

Enterobacterales. Although, to date, there is no evidence that NDM-

producing Enterobacterales have been acquired as a result of exposure to this 

beach environment, Leonard et al. have recently reported on the level of risk 

of exposure to antibiotic resistant bacteria in coastal waters and its 

relationship to different types of water sports (214).  

It appears therefore that there is potential for environmental contamination 

to contribute to a transition of CPE from largely healthcare-associated 

organisms, to organisms affecting the general population and the veterinary 

sector. From a public health perspective, these findings focus attention on 

the need to accelerate programmes to cease discharge of untreated sewage 

into the environment. This practice should be unacceptable in the context of 

discharges in the vicinity of popular bathing and recreation areas where 

human exposure is highly likely.  
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We consider that our findings point to potential limitations of the use of E. 

coli as an indicator organism for bathing water quality based on the number 

of colony forming units (CFU) per 100 mL (246). In our view, this approach 

does not reflect the pathogenicity of some variants of E. coli, such as Shiga-

toxigenic E. coli for which the infectious dose is very low, (>10 CFU/mL) (247). 
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This chapter consists of work completed as part of a collaborative project 
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Enterobacterales Reference Laboratory, the Department of Medical 

Microbiology, University Hospital Galway; the Environmental Health Service, 
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Louise O’Connor, with collection of sewage samples carried out by Ms. 

Martina Mulligan and Mr. Bryan Ruane. Seawater samples were collected by 

Mr. Paul Hickey and Mr. Shane Keane. I carried out filtration of seawater and 

processing of samples for CPE and performed MALDI-TOF and antimicrobial 

susceptibility testing alongside Ms. Sinéad Ryan. I carried out real-time PCR 

and prepared DNA for whole genome sequencing. Short-reads were 

assembled and quality checks were performed by Dr. Keith Jolley, and the 

genomes uploaded to BIGSdb by Dr. Carina Brehony. Ms. Elaine McGrath 

provided access to the genomes of the clinical isolates. I performed whole 

genome sequence analysis, with occasional input from Dr. Carina Brehony. I 

prepared the manuscript with contributions from Dr. Dearbháile Morris and 

Prof. Martin Cormican. All co-authors reviewed the manuscript prior to 

submission. This study was published in Science of the Total Environment, in 

June 2019 (248). 
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4.1 Abstract 

The rapid dissemination of carbapenemase-

producing Enterobacterales (CPE) is a major public health concern. The role 

that the aquatic environment plays in this dissemination is underexplored. 

This study aimed to examine seawater as a reservoir for CPE. Seawater 

sampling took place at a bathing site throughout the 2017 bathing season. 

Each 30 L sample (n = 6) was filtered using the CapE filtration system. 

Wastewater samples (200 mL) (pre-treatment (n = 3) and post-treatment 

(n = 3)) were obtained from a nearby secondary wastewater treatment plant, 

during the same time period. All samples were examined for CPE. Whole 

genome sequencing of confirmed CPE was carried out using Illumina 

sequencing. Isolate genomes were hosted in corresponding BIGSdb 

databases and analyses were performed using multiple web-based tools. CPE 

was detected in 2/6 seawater samples. It was not detected in any wastewater 

samples. OXA-48-like-producing ST131 Escherichia coli (Ec_BM707) was 

isolated from a seawater sample collected in May 2017 and OXA-48-like-

producing ST101 Klebsiella pneumoniae (Kp_BM758) was isolated from a 

seawater sample collected in August 2017. The genomes of the 

environmental isolates were compared to a collection of previously described 

Irish clinical OXA-48-like-producing Enterobacterales (n = 105). Ec_BM707 

and Kp_BM758 harboured blaOXA-48 on similar mobile genetic elements to 

those identified in the clinical collection (pOXA-48 fragment in Ec_BM707 and 

IncL(pOXA-48) plasmid in Kp_BM758). Genetic similarities were observed 

between Ec_BM707 and several of the clinical E. coli ST131, with allele 

matches at up to 98.2% of 2513 core genome multilocus sequence type 

(cgMLST) loci. In contrast, Kp_BM758 and the 34 clinical K. pneumoniae were 

genetically distant. The source of the CPE at this site was not identified. The 

detection of OXA-48-like-producing E. coli ST131 and OXA-48-like-

producing K. pneumoniae ST101 in Irish recreational water is a concern. The 
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potential for contamination of the aquatic environment to contribute to 

dissemination of CPE in Europe warrants further study. 

 

4.2 Background  

Antimicrobial resistance (AMR) is recognised as one of the biggest threats to 

public health and global efforts are being made to control this escalating 

problem (72). Carbapenemase-producing Enterobacterales (CPE) are one of 

the antimicrobial resistant organisms of greatest concern (52). Infections 

caused by CPE are associated with increased mortality rates and higher 

healthcare costs (249) (250). In addition to being resistant to the 

carbapenems, these organisms are frequently co-resistant to several other 

antimicrobial classes due to the presence of multiple resistance genes (91). 

There are many different types of carbapenemases, the most common of 

which are Oxacillinase-48-like (OXA-48-like), Klebsiella 

pneumoniae carbapenemase (KPC), New Delhi metallo-beta-lactamase 

(NDM) and Verona integron-encoded metallo-beta-lactamase (VIM) (251). 

The prevalence of each varies between geographical regions (251). OXA-48-

like is the most common carbapenemase identified in Ireland, with 394 

(73.5%) of 536 clinical cases of CPE in 2018 confirmed as OXA-48-like 

producers (252). The blaOXA-48 encoding gene is most commonly associated 

with an IncL(pOXA-48) plasmid (within transposon Tn1999), and this plasmid 

has been reported in multiple species of the Enterobacterales (253) (229). 

There have also been several recent reports of the detection of a fragment of 

pOXA-48 (containing blaOXA-48) chromosomally integrated into strains 

of Escherichia coli and Klebsiella pneumoniae (253) (254) (255). 

The ‘One Health’ approach recognises that human, animal and environmental 

health are inextricably linked (72). The environment remains the most under 

investigated aspect of the One Health triad and the role that it plays in the 

dissemination of AMR is not well understood (256). A number of studies have 
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reported the detection of CPE in freshwater bodies in Europe, with several 

types of carbapenemases including OXA-48-like, KPC, NDM, VIM and IMP 

identified (219) (235) (237) (238) (257). We recently reported the first 

detection of NDM-producing Enterobacterales in European seawaters, with 

untreated human sewage discharges identified as the source of CPE (230). 

The aim of our current study was to investigate if seawaters not receiving any 

apparent raw sewage discharges may also act as a reservoir of CPE. We also 

aimed to establish if CPE present in the aquatic environment was similar to 

CPE present in humans in Ireland during the same time period.  

 

4.3 Methods 

4.3.1 Sampling sites and sample collection 

Seawater from a bathing site located in the West of Ireland was assessed for 

the presence of CPE, throughout the 2017 bathing season (Figure 

4.1, Appendix 5). A total of six 30 L samples were collected between May and 

September 2017. Samples were collected in sterile 5 L containers (x6) and 

were obtained approximately 30 cm below the water's surface, in water at 

least one metre in depth. The bathing site is located within close proximity to 

a secondary waste water treatment plant (SWWTP) (Figure 4.1). To the 

authors knowledge this is the only point source release in this area. Samples 

(200 mL) of influent (pre-treatment, n = 3) and effluent (post-treatment, 

n = 3) were collected from this treatment plant during the same time period. 

The sewage samples were collected in sterile 1 L glass bottles. All seawater 

and sewage samples were subsequently transported to the laboratory and 

processed within 24 h of collection. Samples which were not processed 

immediately were stored in the dark at 2-8 °C until processing took place. The 

rainfall measurements for the 24 h preceding the seawater sampling dates 

were obtained from the Informatics Research Unit for Sustainable 

Engineering (IRUSE) (http://www.iruse.ie/). This data was examined to 

http://www.iruse.ie/
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determine if stormwater overflows could potentially be associated with the 

presence of any CPE detected in the samples taken on the corresponding 

dates. 

Figure 4.1 Schematic diagram of bathing site and secondary waste water treatment 

plant, Ireland, 2017. The sampling points are indicated in yellow.  

 

4.3.2 Processing of samples and preliminary characterisation of CPE 

Following collection, each 30 L seawater sample was filtered through a 

0.45 μm membrane filter (Millipore) using the CapE large volume filtration 

system (239). This filter was then placed into 100 mL of buffered peptone 

water and incubated overnight at 42 °C. The enrichments were subsequently 

sub-cultured onto Brilliance CRE agar plates (Oxoid) using a sterile cotton 

swab. The pre-treatment and post-treatment sewage samples were cultured 

directly onto this selective agar. The plates were then incubated overnight at 

37 °C. Matrix-assisted laser desorption/ionisation time of flight (MALDI-TOF) 

mass spectrometry (Bruker; Biotyper version 4.1) was used to identify 

suspect Enterobacterales to species level (in line with the manufacturer's 
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guidelines). Isolates identified as members of the Enterobacterales family 

were stored for further characterisation. Antimicrobial susceptibility profiles 

were generated for each isolate by performing susceptibility testing against 

14 antimicrobials (Appendix 1), via the disk diffusion method (European 

Committee on Antimicrobial Susceptibility Testing guidelines) (240). Suspect 

CPE were screened for carbapenemase encoding genes by real-time PCR 

(blaOXA-48, blaKPC and blaNDM as previously described (241) (242) 

and blaVIM and blaIMP using an unpublished duplex assay developed by the 

National Carbapenemase-Producing Enterobacterales Reference Laboratory 

Services (NCPERLS)) (Appendix 2). Appropriate ATCC/NCTC strains were used 

for quality control purposes (Appendix 3). 

4.3.3 Whole genome sequencing analysis 

Total genomic DNA was extracted from confirmed CPE using the Qiagen EZ1 

Advanced XL automated extraction system. Paired-end short-read 

sequencing of prepared DNA was performed using an Illumina HiSeq 

platform. Following quality checks, de novo assembly of short reads was 

carried out using the VelvetOptimiser algorithm (258). The Center for 

Genomic Epidemiology web tools (http://www.genomicepidemiology.org/) 

were used to identify AMR determinants and plasmid replicon content 

(Appendix 4). 

4.3.4 Comparison to clinical CPE 

Further analysis was carried out to determine if the strains/mobile genetic 

elements identified in this study were similar to those present in the human 

population in Ireland during the same time period. The Irish NCPERLS 

provided access to the genomes of 105 OXA-48-like-

producing Enterobacterales for this purpose. This clinical collection 

originated from healthcare facilities throughout Ireland (all isolated during 

2016/2017) and have previously been described (259). Genome analysis tools 

within the Klebsiella (http://bigsdb.pasteur.fr/klebsiella/) 

http://www.genomicepidemiology.org/
http://bigsdb.pasteur.fr/klebsiella/
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and Escherichia (https://pubmlst.org/escherichia/) BIGSdb databases were 

used to examine the genetic relatedness of the two collections. Core genome 

multi-locus sequence type (cgMLST) comparisons at 2513 loci for E. coli and 

629 for K. pneumoniae were visualized using minimum-spanning trees. This 

was performed with genomes within the same ST and was generated using 

the GrapeTree tool in BIGSdb  (260). pOXA-48 plasmid comparisons were 

performed by comparing isolates at 71 loci (present in the pOXA-48 plasmid 

(JN626286)), as previously described (259). 

 

4.4 Results 

4.4.1 Detection of CPE in seawater samples and WWTP samples 

CPE was detected in two of six seawater samples examined (Appendix 5). 

OXA-48-like-producing E. coli (isolate ID: Ec_BM707) was detected in a 

sample collected on May 29th, 2017, while OXA-48-like-producing K. 

pneumoniae (isolate ID: Kp_BM758) was detected in a sample collected on 

August 14th, 2017. According to data from IRUSE, the daily rainfall 

measurements in this region during the sampling time period (27th May to 

11th September) ranged from 0 mm to 49 mm (average daily rainfall of 

4.7 mm). There was a total of 0 mm rainfall recorded in the 24 h preceding 

May 29th, and 8 mm in the 24 h preceding August 14th. Samples of influent 

and effluent were collected from a nearby SWWTP during the same time 

period and examined for CPE. CPE was not detected in any of these influent 

(n = 3) or effluent (n = 3) samples. 

4.4.2 Characterisation of OXA-48-like-producing E. coli (Ec_BM707) 

Ec_BM707 was non-susceptible to 8/14 of the antimicrobials tested (Table 

4.1). It remained susceptible to cefoxitin, chloramphenicol, gentamicin, 

kanamycin, tetracycline, trimethoprim. In silico analysis identified Ec_BM707 

as a member of ST131. In addition to blaOXA-48, it co-harboured blaCTX-M-

https://pubmlst.org/escherichia/
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174 and mdf(A). A total of four plasmid replicon types were detected: Col156, 

IncFIA, IncFIB and IncFII. Ec_BM707 did not harbour an IncL(pOXA-48) 

plasmid, but analysis indicated that blaoxa-48 was harboured on a pOXA-48 

fragment, as 29/71 pOXA-48-like genes were detected in this isolate. The 

location of this fragment within the genome is unknown. Ec_BM707 was 

compared to a collection of previously described clinical OXA-48-like-

producing Enterobacterales (n = 105) (259). Nine of these clinical isolates 

(eight E. coli and one K. pneumoniae) carried blaOXA-48 on a similar pOXA-48-

like fragment (the same 29 genes were identified in these isolates). However, 

the alleles present in Ec_BM707 differed to those found within the nine 

clinical isolates, with genetic diversity varying at between 14% and 21% of the 

29 loci. Of the 55 E. coli within the clinical collection, nine belonged to ST131. 

A cgMLST comparison of Ec_BM707 to the nine ST131 isolates at 2513 loci 

showed that the closest related clinical isolate (ERR2124250) had only 1.8% 

allele differences (46/2513) (Figure 4.2). Of the nine clinical ST131, three 

(including ERR2124250) harboured blaOXA-48 on a pOXA-48 fragment, with the 

remaining six harbouring the encoding gene on an IncL(pOXA-48) plasmid. 

 

 Table 4.1 Overview of results of antimicrobial susceptibility testing and in 

silico analyses of genomic data of OXA-48-like-producing Enterobacterales isolated 

from recreational water, Ireland, 2017. 

Isolate ID (sampling date) Antimicrobial susceptibility 

testing 

Sequence 

type 

Plasmid 

replicons 

Resistance genes 

Ec_BM707 (29/05/2017) 

 

Non- susceptible to: 

ampicillin, cefpodoxime, 

cefotaxime, ceftazidime, 

ciprofloxacin, ertapenem, 

meropenem, nalidixic acid 

ST131 Col156, 

IncFIA, 

IncFIB, IncFII 

blaOXA-48, blaCTX-M-

174, mdf(A) 

Kp_BM758 (14/08/2017) Non- susceptible to: 

ampicillin, cefpodoxime, 

cefotaxime, cefoxitin, 

ceftazidime, chloramphenicol, 

ciprofloxacin, ertapenem, 

gentamicin, kanamycin, 

meropenem, nalidixic acid, 

tetracycline, trimethoprim 

ST101 Col440II, 

IncFIA, 

IncFIB, 

IncFII, 

IncL(pOXA-

48), IncR 

aac(3)-Iia, aac(6')-Ib-cr, 

aadA1, aac(6')-Ib, 

blaSHV-28, blaOXA-1, 

blaOXA-9, blaOXA-48, 

blaCTX-M-15, blaTEM-

1A, oqxA, oqxB, fosA, 

catB3, tet(D), dfrA14 
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Figure 4.2 Minimum-spanning tree based on cgMLST locus (n = 2513) allele differences 

among OXA-48-like-producing ST131 E. coli (n = 10). There are nine clinical isolates 

and one environmental isolate (BM707). Each node/circle represents one isolate. The 

number of locus allele differences between nodes are represented by the number on 

the connecting line. Four of the isolates harboured blaOXA-48 on a pOXA-48 fragment. 

These isolates are circled in red. The remaining six isolates all harboured blaOXA-48 on 

an IncL(pOXA-48) plasmid.  

4.4.3 Characterisation of OXA-48-like-producing K. pneumoniae (Kp_BM758) 

Kp_BM758 was non-susceptible to all 14 antimicrobials tested (Table 4.1). It 

was identified as ST101, and along with blaOXA-48, it co-harboured 15 

additional resistance genes, including blaCTX-M-15 (Table 4.1). Six plasmid 

replicon types were detected: Col440II, IncFIA, IncFIB, IncFII, IncL(pOXA-48) 

and IncR, with blaOXA-48 carried on the IncL(pOXA-48) plasmid. Kp_BM758 was 

compared to the same collection of 105 clinical OXA-48-like-



  Chapter 4 

63 

 

producing Enterobacterales. Like Kp_BM758, 89% (n = 93) of the clinical 

isolates harboured blaOXA-48 on an IncL(pOXA-48) plasmid. Kp_BM758 

differed at between 9% (n = 6) and 14% (n = 10) of the 71 pOXA-like loci, 

when compared to the IncL(pOXA-48) plasmids from those 93 isolates. Of the 

34 K. pneumoniae within the clinical collection, none were ST101, and 

BM_758 and the 34 isolates varied at between 72% (n = 454) and 85% 

(n = 533) of 629 cgMLST loci. 

 

4.5 Discussion 

The dissemination of CPE poses a significant threat to public health. The 

potential reservoirs and dissemination routes of AMR are complex and are 

only partially understood. Studies indicate that many clinically relevant 

resistance genes, such as blaOXA-48 and blaCTX-M originated in environmental 

bacteria, demonstrating that the environment can act as an ideal setting for 

the horizontal gene transfer of mobile genetic elements (261) (262). To date, 

many different types of carbapenemases have been isolated from freshwater 

sources (219) (238) (237) (235) (257). This study investigated the presence of 

CPE in seawater samples collected at a bathing site during the 2017 bathing 

season. Over the course of the bathing season we detected two different 

species of Enterobacterales harbouring blaOXA-48 (E. coli (Ec_BM707) and K. 

pneumoniae (Ec_BM758)). 

 

In a previous study carried out in 2016–2017, we reported the first 

identification of CPE (NDM-producing Enterobacterales) in seawater in 

Europe (230). The source of CPE at this site was identified as untreated 

human sewage, which was being discharged nearby. In the present study 

there were no apparent sources of untreated human sewage discharges in 

this area. Rainfall levels in the 24 h prior to sampling were low, which makes 

storm water overflows an unlikely source. CPE was not detected in any of the 

samples of treated wastewater effluent collected from a nearby SWWTP. 
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However, this does not rule out treated effluent as a potential source of CPE 

at this site, as the effluent sample size was small (n = 3), the sample volume 

was much lower (200 mL) when compared to the bathing water sample 

volume (30 L) and the method applied (direct plating of sample onto selective 

agar) had limitations. In a recent publication we have shown that CPE are 

regularly present in untreated sewage that is processed in this SWWTP (263). 

The last century has seen vast improvements in the infrastructure of WWTPs. 

However, WWTPs have not been specifically designed to combat AMR (264), 

and multiple studies have detected AMR Enterobacterales including 

extended-spectrum β-lactamase-producing Enterobacterales and CPE, as 

well as their mobile genetic elements in effluent from WWTPs (158) (265) 

(173). 

 

A recent study (259) characterised a collection of 105 OXA-48-like-

producing Enterobacterales isolated from clinical specimens in Ireland during 

a similar time-period (2016/2017). High-resolution genomic analysis was 

used to investigate the genetic relatedness of environmental isolates 

Ec_BM758 and Ec_BM707 to this collection of clinical CPE. Along with the 

OXA-48-like gene, Ec_BM707 harboured two additional resistance genes, 

including CTX-M-174. This CTX-M variant is relatively uncommon and was not 

identified among the collection of clinical CPE (259). Ec_BM707 belonged to 

ST131. This sequence type has contributed to the rapid global dissemination 

of blaCTX-M-15 (266) and is increasingly associated with OXA-48-like-

producing E. coli (267) (268). ST131 was the most common sequence type 

identified among the E. coli within the Irish clinical collection (9/55). The nine 

ST131 E. coli originated from five different hospitals throughout Ireland 

showing that ST131 is widely disseminated among OXA-48-like producing E. 

coli within the Irish health care setting  (259). A high level of genetic similarity 

among cgMLST genes was observed between Ec_BM707 and several of the 

clinical ST131 isolates, indicating that they were closely related (Figure 4.2). 

Like Ec_BM707, 33% of the clinical ST131 E. coli harboured blaOXA-48 on a 
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pOXA-48 fragment. While chromosomal integration of this fragment type into 

ST131 E. coli has previously been reported (254), without the addition of long 

read sequencing, the exact location of this fragment within the genome of 

Ec_BM707 is unknown. Another limitation associated with the use of short 

read sequencing is the potential for genes of interest to go undetected if they 

are located at the end of a contig following short read assembly. 

 

Kp_BM758 harboured 15 additional resistance genes, including five further 

beta-lactamase encoding genes, and these genes were similar to those 

reported in the clinical collection (259). Kp_BM758 was a member of ST101 

which is considered a pandemic clone (269), and has previously been 

associated with outbreaks of OXA-48-like-producing K. pneumoniae in 

several countries (270) (271). Overall, a high level of genetic diversity was 

observed between the environmental Kp_BM758 and the 34 Irish clinical K. 

pneumoniae and ST101 was not identified among this clinical K. 

pneumoniae collection. Correspondence with the NCPERLS has confirmed 

that to date two OXA-48-like-producing ST101 K. pneumoniae (both in 2019) 

have been identified in the Irish healthcare setting (unpublished data, 

NCPERLS). This indicates that this sequence type is present among clinical 

isolates of OXA-48-like-producing K. pneumoniae in Ireland. Kp_BM758 

harboured blaOXA-48 on an IncL(pOXA-48) plasmid, the plasmid most 

commonly associated with carrying this gene, globally (252) (253) (229). 

Analysis indicated that the IncL(pOXA-48) plasmid carried by Kp_BM758 was 

not closely related to plasmids found within the clinical collection. 

 

In conclusion, we report the detection of both OXA-48-like-producing 

ST131 E. coli (Ec_BM707) and OXA-48-like-producing ST101 K. 

pneumoniae (Kp_BM758) in Irish recreational water. Similarities were 

identified between the two environmental isolates and a collection of clinical 

CPE, with both collections harbouring blaOXA-48 on similar mobile genetic 

elements. While Kp_BM758 was genetically distant when compared to the 
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34 clinical K. pneumoniae, a high level of genetic similarity was found 

between Ec_BM707 and a number of clinical E. coli, with the nearest isolate 

matching at 98.2% of cgMLST loci. The findings of this study are a cause for 

concern, especially given the potential for the aquatic environment to act as 

a favourable setting for the horizontal gene transfer of these important 

mobile genetic elements between different bacterial strains and species. 

These findings highlight the need for the environment to be examined more 

closely for its role in the dissemination of AMR of public health significance. 
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Preamble to Chapter 5: Statement of contribution 

This chapter contains work carried out as part of a collaborative study 

between the Antimicrobial Resistance and Microbial Ecology Group, National 

University of Ireland, Galway; the National Carbapenemase-Producing 

Enterobacterales Reference Laboratory, the Department of Medical 

Microbiology, University Hospital Galway; University of Oxford, Oxford, 

United Kingdom and Institut Pasteur, Paris, France. I carried out preliminary 

characterisation of isolates and prepared DNA for whole genome sequencing. 

Short-reads were assembled and quality checks were performed by Dr. Keith 

Jolley, and the genomes uploaded to BIGSdb by Dr. Carina Brehony and Dr. 

Sylvain Brisse. Ms. Elaine McGrath provided access to the genomes of the 

clinical isolates. I performed whole genome sequence analysis, with 

occasional input from Dr. Carina Brehony and Dr. Carla Rodrigues. I prepared 

the manuscript for publication with contributions from Dr. Dearbháile Morris 

and Prof. Martin Cormican. This manuscript is currently under review by co-

authors and will be submitted to Water Research by 14th October. 
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5.1 Abstract 

There is a growing understanding that the environment plays an important 

role in the dissemination of antimicrobial resistance (AMR). However, this 

role remains largely under investigated. This study aimed to determine if 

antimicrobial resistant bacterial strains and their mobile genetic elements are 

shared between humans and the aquatic environment. This was carried out 

by comparing the genomes of environmental isolates to clinical isolates, using 

whole genome sequence (WGS) analysis. The environmental isolates 

consisted of 24 NDM-producing Enterobacterales and 31 extended-spectrum 

β-lactamase-producing E. coli (ESBL-PEc). The isolates originated from 

seawater, fresh water and sewage samples taken at a site in the West of 

Ireland. The clinical collection contained three NDM-producing 

Enterobacterales and 16 ESBL-PEc. WGS was carried out using an Illumina 

HiSeq platform and assembly was performed using VelvetOptimiser. AMR 

gene profiling and plasmid replicon content were assessed using web-based 

tools. Multilocus-sequence typing (MLST) and core gene MLST (cgMLST) was 

performed using the online BIGSdb Klebsiella and Escherichia websites. 

Plasmid analysis was carried out using reference mapping and comparative 

analysis was performed using BRIG.  

WGS analysis confirmed that the same two strains of NDM-19-producing 

Enterobacterales were repeatedly detected in recreational waters. This was 

linked to the release of untreated human sewage in this area. The eight NDM-

producing E. coli belonged to ST167, while the 16 NDM-producing K. 

pneumoniae were ST11. cgMLST results indicate that both the environmental 

NDM-producing E. coli and the environmental NDM-producing K. 

pneumoniae were closely related to two clinical NDM-19-producing 

Enterobacterales (Ec_C2 matched at 2508/2513 loci, Kp_C3 matched at 

625/629 loci). All 27 NDM-19-producing Enterobacterales harboured the 

blaNDM-19 gene on similar/identical IncX3 plasmids. Overall, 12 of the same 

AMR-associated genes and five plasmid replicon types were identified among 
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ESBL-PEc originating from seawater, fresh water, sewage and clinical 

samples, with the closest environmental ESBL-PEc matching with a clinical 

isolate at 2506/2513 loci (E. coli S131). The most prevalent blaCTX-M gene 

identified was blaCTX-M-15, while the most common ST was ST131, both of 

which were identified among isolates originating from all sample types.  

The findings of this study show that indistinguishable or very closely related 

bacterial strains and their mobile genetic elements are found among humans 

and the aquatic environment. These findings highlight the importance of 

including environmental contamination with antimicrobial resistant bacteria 

within a One-Health approach in the control of AMR. 

 

5.2 Background  

A study carried out by the European Centre for Disease Prevention and 

Control (ECDC) estimates that approximately 33,000 people die in Europe 

every year due to infections caused by antimicrobial resistant bacteria (within 

the European Union (EU) and European Economic Area (EEA)) (272). This 

figure is expected to increase dramatically in the future, unless effective 

action is taken (74). The ‘One Health’ approach recognises that antimicrobial 

resistance (AMR) is a multifaceted problem and that coordinated efforts 

across human, animal and environmental sectors are necessary to effectively 

address this major public health concern (World Health Organisation (WHO), 

2015). The majority of AMR research to date has focused on the clinical 

setting and to a lesser extent on animals and food of animal origin (273) (3). 

While studies relating to AMR in the environment are not as frequent, a 

growing number of reports are pointing towards the environment acting as 

an important reservoir, that is potentially aiding in the persistence, 

transmission and dissemination of AMR (274) (275) (49).  
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The aquatic environment can become contaminated with antimicrobial 

resistant bacteria of human and animal origin by several routes, including 

from sewage outflows and run off from agricultural lands (276). The 

Enterobacterales are a family of gram-negative bacteria that are normal flora 

of the intestinal tract of humans and animals, but also are frequently 

associated with human infection (112). Examples include Klebsiella 

pneumoniae (K. pneumoniae) and Escherichia coli (E. coli), which are leading 

causes of both community-associated and hospital-acquired infection (78) 

(277). Increasing levels of resistance to the cephalosporins and carbapenems 

has limited treatment options for infections caused by the Enterobacterales 

(112), most notably through the production of enzymes known as extended-

spectrum β-lactamases (ESBLs) and carbapenemases. Such is the concern, 

that carbapenem-resistant Enterobacterales (CRE) and third generation 

cephalosporin-resistant Enterobacterales are both on the WHO global 

priority pathogens list of antimicrobial resistant bacteria for the guidance of 

research and development of new antimicrobials (75). 

Most recent European Antimicrobial Resistance Surveillance Network (EARS-

Net) data (278), reveal that the number of invasive infections caused by both 

E. coli (n=3239) and K. pneumoniae (n=483) were at their highest levels to-

date in Ireland in 2018, with 6.2% of E. coli and 8.3% of K. pneumoniae 

reported as being multi-drug resistant (non-susceptible to three or more 

antimicrobial classes). Overall, 11.6% of E. coli and 16.9% of K. pneumoniae 

were confirmed as ESBL producers, while 0.2% (n=5) of E. coli and 0.8% (n=4) 

of K. pneumoniae were carbapenemase-producers (all OXA-48) (278). The 

number of patients with newly confirmed CPE in the Irish health care setting 

is increasing year on year, with a ten-fold increase observed between 2013 

(n=50) and 2018 (n=537) (279). CPE was declared a national public health 

emergency in Ireland in October 2017 (52).  

There are growing reports of the detection of both CPE and ESBL-PE in the 

aquatic environment (219) (236) (265) (248). In April 2017, we reported the 
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first detection of CPE in European seawaters. This contamination was as a 

result of the release of untreated human sewage in this area (230). In our 

current study we carried out high-resolution genomic analysis on this 

collection of isolates, as well as on additional CPE and ESBL-producing E. coli 

(ESBL-PEc) obtained from human sewage, fresh water and seawater sources 

at this site. These genomes were then compared to CPE and ESBL-PEc from 

clinical specimens to investigate if antimicrobial resistant bacterial strains and 

their mobile genetic elements are shared between humans and the aquatic 

environment. 

 

5.3 Methods  

5.3.1 Strain collection and origin of isolates 

A collection of 74 Enterobacterales were examined in this study. This 

collection consisted of 27 CPE and 47 ESBL-PEc, which were isolated from 

clinical specimens, seawater, fresh water and human sewage, as outlined in 

Figure 5.1.  

Environmental isolates (n=55) 

The environmental isolates examined in this study were obtained from 

seawater, fresh water and sewage samples collected at a site in the West of 

Ireland (Figure 5.1). A subset of these isolates were obtained during a 

previously published study carried out between May 2016 and January 2017 

(230), with additional isolates added to this collection following further 

sampling. In total, 53 samples were collected from 17 sample points (Figure 

5.1), between May 2016 and September 2017.  Seawater samples (n=11) 

were collected at two adjacent beaches at this site (point 6 and point 17, 

Figure 5.1). Fresh water samples (n=29) were collected from two streams 

which flow onto Beach A, and a river which flows onto Beach B. Sewage 

samples (n=13) were collected at five different points within the same 
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municipal sewage collection system. This sewage is released untreated into 

the sea at a point between the two beaches (point 11, Figure 5.1). Details 

relating to the 53 individual samples, including sample dates, are outlined in 

Appendix 6.  

Samples were collected, processed and examined for CPE as described in 

Sections 4.3.1 and 4.3.2 (248). In addition to CPE, the samples were also 

examined for ESBL-PE. This was carried out using ChromID ESBL agar plates 

(Biomerieux). Antimicrobial susceptibility testing against 14 antimicrobials 

(248) was carried out on all suspect ESBL-PE isolates and ESBL-production was 

confirmed phenotypically (cefpodoxime (10μg) and cefpodoxime (10μg) plus 

clavulanic acid (1μg) (Mast Diagnostics)) by the combination disk diffusion 

method, in accordance with EUCAST criteria (Appendix 1) (240). All isolates 

phenotypically positive for ESBL-production were examined for CTX-M 

encoding genes (blaCTX-M Group-1, blaCTX-M Group-2 and blaCTX-M Group-9) by real-time 

PCR, as previously described (194). Only one isolate of CPE and/or ESBL-PE 

per species type was selected per sample for whole genome sequencing 

(WGS) if the antimicrobial susceptibility profiles were the same. A total of 55 

isolates were selected following this preliminary characterisation.  

Clinical isolates (n=19) 

The National Carbapenemase-Producing Enterobacterales Reference 

Laboratory Services (NCPERLS), based at University Hospital Galway routinely 

sequences the genomes of confirmed CPE. Following correspondence with 

the NCPERLS the genomes of two clinical NDM-producing E. coli and one 

clinical NDM-producing K. pneumoniae were selected for inclusion in this 

study. These genomes were selected based on the NDM variant that they 

were harbouring, with two of these isolates previously confirmed (by pulsed-

field gel electrophoresis) as being closely related to the initial collection of 

environmental NDM-producing Enterobacterales (230). 
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The Antimicrobial Resistance and Microbial Ecology group has a large 

archived collection of clinical ESBL-PE, which were obtained from the clinical 

microbiology lab, University Hospital Galway. A total of 16 ESBL-PE were 

selected from this collection for WGS, based on the corresponding time 

frame that the environmental sampling took place (one isolate per month 

was selected at random between June 2016 and September 2017). 

Figure 5.1 Schematic diagram of seawater, fresh water and sewage sampling points, 

Ireland, 2016-2017. The organisms obtained at this site are outlined in the table, 

within the blue box. CPE: carbapenemase-producing Enterobacterales, ESBL-PE: 

extended-spectrum β-lactamase-producing Enterobacterales. 
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5.3.2 Whole genome sequencing and analysis 

DNA extraction was performed on selected isolates using the Qiagen EZ1 

Advanced XL automated extraction system. Prepared DNA was sequenced 

(paired-end short-read sequencing) via an Illumina Hiseq platform, housed at 

Wellcome Trust Centre for Human Genetics, University of Oxford. Following 

de novo assembly of short reads using the VelvetOptimiser algorithm  (258), 

the genomes were uploaded onto online Escherichia BIGSdb 

(https://pubmlst.org/escherichia/) and Klebsiella BIGSdb 

(http://bigsdb.pasteur.fr/klebsiella/) databases. 

Multilocus-sequence typing (MLST) of all genomes and core gene MLST 

(cgMLST) of K. pneumoniae (629 genes) and E. coli (2513 genes) genomes was 

performed using corresponding BIGSdb databases. Minimum spanning trees 

based on cgMLST were generated for collections of NDM-producing E. coli, 

NDM-producing K. pneumoniae and ESBL-PEc using the Grapetree tool within 

BIGSdb (260). E. coli genomes were assigned to ST clonal complexes using the 

EnteroBase website (http://enterobase.warwick.ac.uk/species/index/ecoli). 

AMR gene profiling, plasmid replicon content and Fim type (for E. coli ST131) 

were assessed using the Center for Genomic Epidemiology web tools 

(http://www.genomicepidemiology.org/) (Appendix 4).  

Plasmid reference mapping was carried out for all NDM-producing 

Enterobacterales using SMALT (version 0.7.4) (280) and Samtools (version 

01.1.11) (281). Appropriate reference genomes were selected using the 

National Center for Biotechnology Information website 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Short reads were mapped against 

IncX3 reference plasmids: pSCM96-2 (NZ_CP028718.1 (46161 bp)) and 

pKW53T (KX214669.1 (46161 bp)) and viewed using Artemis (version 18.0.2) 

(282). A comparative analysis of five NDM-producing Enterobacterales 

genomes was performed against the two reference plasmids and a graphic 

representation obtained using BRIG (http://sourceforge.net/projects/brig/). 

https://pubmlst.org/escherichia/
http://bigsdb.pasteur.fr/klebsiella/
http://scanmail.trustwave.com/?c=6600&d=8IiR3HkXPvvy8PTAwapNN9Jdwj0ICsB-rDeKl3dHPQ&s=343&u=http%3a%2f%2fenterobase%2ewarwick%2eac%2euk%2fspecies%2findex%2fecoli
http://www.genomicepidemiology.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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The five isolates selected for the comparative analysis included the first E. coli 

and K. pneumoniae isolated from an environmental sample and the three 

clinical isolates. 

 

5.4 Results 

5.4.1 Characterisation of CPE 

CPE was detected in 39.5% (21/53) of samples taken at a site in the West of 

Ireland (Figure 5.1), in 91% (10/11) of seawater samples,13.8% (4/29) of fresh 

water samples, and 53.8% (7/13) of sewage samples taken over a 14-month 

time period. NDM-producing K. pneumoniae were detected in 16 samples 

and NDM-producing E. coli were detected in eight samples, with both species 

detected in three samples. The genomes of these 24 environmental NDM-

producing Enterobacterales were examined in this study. In silico analysis 

identified NDM-19 as the NDM variant harboured by all 24 isolates. This 

collection of genomes was compared to the genomes of three clinical NDM-

19 producing Enterobacterales (two E. coli and one K. pneumoniae). These 

isolates are the only NDM-19-producing Enterobacterales that have been 

identified in the Irish clinical setting to date (correspondence with NCPERLS).  

All 17 K. pneumoniae (16 environmental, one clinical) belonged to ST11 and 

in addition to NDM-19, they harboured 13 additional genes associated with 

AMR, along with four plasmid replicon types (Table 5.1). A cgMLST 

comparison of the 17 NDM-producing K. pneumoniae (at 629 loci) showed 

only a 0.6% (4/629) genetic divergence within this collection, with 11/17 

isolates matching at all 629 loci (Figure 5.2). 

The eight environmental NDM-producing E. coli, along with one of the two 

clinical NDM-producing E. coli (Ec_C2), belonged to ST167. A total of three 

plasmid replicon types were detected in all nine ST167 isolates (Table 5.1). 

No other genes associated with AMR were identified among these isolates. 
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Less than a 0.2% (5/2513) genetic divergence within the 2513 cgMLST alleles 

was identified among the collection of ST167 E. coli (Figure 5.3). The second 

clinical NDM-producing E. coli (Ec_C1) belonged to ST205. Overall, 14 

additional AMR-associated genes, along with nine plasmid replicon types 

were detected within this genome. 

 

 

 

Figure 5.2 Minimum-spanning tree based on cgMLST locus (n=629) allele differences 

amongst NDM-19-producing ST11 K. pneumoniae (n=17). Each node/circle represents 

one isolate. The number of locus allele differences between nodes are represented by 

the number on the connecting line.  
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Figure 5.3 Minimum-spanning tree based on cgMLST locus (n=2513) allele differences 

amongst NDM-19-producing ST167 E. coli (n=9). Each node/circle represents one 

isolate. The number of locus allele differences between nodes are represented by the 

number on the connecting line. 
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Table 5.1 Overview of sequence types, antimicrobial resistance genes and plasmid 

replicon types identified in a collection of environmental and clinical NDM-19-

producing Enterobacterales. *cgMLST results indicates that isolates are closely 

related. Amino: aminoglycoside, β-lac: β-lactam, Fluor: fluoroquinolone, Fos: 

fosfomycin, MLS: macrolide-lincosamide-streptograminB, Sul: sulphonamide, Tet: 

tetracycline, Trim: trimethoprim. 

 

 

Sequence 
type, count 

(source) 

Antimicrobial Resistance genes Plasmid 
Replicons 

 Amino. β-lac. Fluor. Fos. MLS. Sul. Tet. Trim.  

ST11 K. 

pneumoniae, 

n=17* 

(sewage 

(n=6), 

seawater 

(n=8), fresh 

water (n=2), 

clinical 

(n=1)) 

aadA2 
(n=17), 
armA 

(n=17) 

blaNDM-

19 

(n=17), 
blaSHV-

182 
(n=17), 
blaTEM-

1B 

(n=17) 

oqxA 
(n=17), 

oqxB 
(n=17) 

fosA 
(n=17) 

mph(A) 
(n=17), 
mph(E) 
(n=17), 
msr(E) 
(n=17) 

sul1 
(n=17) 

tet(B) 
(n=17) 

dfrA12 
(n=17) 

IncFIB 
(n=17), 
IncFII 

(n=17), 
IncHI1B 
(n=17), 
IncX3 

(n=17) 

ST167 E. 

coli, n=9* 

(sewage 

(n=3), 

seawater 

(n=3), fresh 

water (n=2), 

clinical 

(n=1)) 

 blaNDM-

19 

(n=9) 

      
Col 

(n=9), 

Col440II 

(n=9), 

IncX3 

(n=9), 

IncI1 
(n=1) 

ST205 E. 
coli, n=1 
(clinical) 

 

aac(3)-
Iid 

aac(6')-
Ib-cr 

aadA1 
aadA5 

aph(3'')-
Ib 

aph(6)-
Id 

blaCMY-

42 

blaNDM-

19 

blaOXA-

1 

blaTEM-

1B 

  mph(A) sul1 tet(B) dfrA1 
dfrA17 

Col440II, 
Col8282, 
ColpVC, 
IncFIA, 
IncFIB, 
IncFII, 
IncI, 

IncX3, 
IncY 
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Analysis indicated that the 27 CPE all harboured blaNDM-19 on an IncX3 

plasmid. Isolate short reads were mapped to two IncX3 reference plasmids 

(pSCM96-2 and pKW53T). All 27 NDM-producing Enterobacterales mapped 

to the whole length of both reference plasmid sequences (46161 bp). 

Comparative analysis which was carried out on five NDM-producing 

Enterobacterales from different isolation sources indicates that the isolates 

all harboured blaNDM on the same/very similar IncX3 plasmid, as illustrated in 

Figure 5.4. This analysis also identified the presence of bleMBL, the gene 

associated with resistance to the cancer drug Bleomycin, which was found to 

be located beside blaNDM-19. This gene was present in all 27 CPE isolates.  

 

Figure 5.4 Comparative analysis of blaNDM harboring IncX3 plasmids from different 

isolation sources. The blaNDM-7–harboring plasmid pKW53T-NDM was used as a 

reference plasmid. The outermost circle is an annotation of this reference plasmid 

and shows the direction of transcriptional open-reading frames. Kp_BM558 and 

Ec_BM418 originated from environmental samples, Ec_C1, Ec_C2 and Kp_C3 from 

clinical specimens, while pSCM96-2 is an additional reference plasmid.  
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5.4.2 Characterisation of ESBL-PEc 

ESBL-PE (all E. coli) were detected in 31/53 environmental samples collected. 

Overall, ESBL-PEc were isolated from 55% (16/29) of fresh water samples, 

38.5% (5/13) of sewage samples and 91% (10/11) of seawater samples. A 

total of 31 isolates were selected from this collection for high resolution 

genomic analyses, along with 16 ESBL-PEc previously isolated from clinical 

specimens. 

In total, 16 different ST were identified within this collection of 47 E. coli, with 

ST131 being the most commonly detected (Figure 5.5, Table 5.2). Of the 16 

clinical isolates, 13 were ST131, with the remaining three clinical isolates 

belonging to ST316, ST2159 and ST8029. ST131 was the only ST that was 

identified among ESBL-PEc isolated from all four isolation sources (seawater, 

fresh water, sewage and clinical). ST131 isolates were further classified 

according to the presence of marker alleles for fimH (type 1 fimbriae). 

FimTyper identified four different fimH types among the 20 E. coli ST131: 

H41, which is associated with Clade A, H30, which is associated with Clade C, 

H89 and H99 (unknown Clades). 

Overall, a high level of diversity was found among the collection of 47 E. coli 

genomes, with differences at up to 2420 of 2513 cgMLST loci (Figure 5.5). 

However, high levels of homology between ESBL-PEc originating from 

different sources was also identified. A number of strains that originated from 

seawater samples were also detected in sewage and/or fresh water samples. 

Isolates identified as being closely related/identical by cgMLST are indicated 

by the * symbol in Table 5.2 and can be viewed in the minimum spanning tree 

(Figure 5.5). Several clinical ST131 isolates appear to be closely related to the 

environmental isolates, with the closest isolate matching at 2506/2513 loci. 

The collection of 20 ST131 grouped into two distinct clusters, as illustrated in 

Figure 5.5. The majority of isolates (n=17) made up one cluster, with between 

0% and 3.4% (86/2513) allele differences based on 2513 cgMLST detected 
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among these 17 isolates. A total of 14 isolates in this cluster belonged to 

ST131-H30, while the remaining three were ST131-H99. The three isolates in 

the second cluster were ST131-H41 (n=2) and ST131-H89 (n=1).  

The most common CTX-M gene identified was blaCTX-M-15, with this variant 

along with blaCTX-M-27 detected among isolates originating from all four 

isolation sources (Table 5.2). Overall, 14 of the ST131 isolates harboured 

blaCTX-M-15, while the remaining six harboured blaCTX-M-27. The ST131 isolates 

harbouring blaCTX-M-27 were two ST131-H30 clinical isolates, one ST131-H41 

environmental isolate and three closely related/identical ST131-H89 

environmental isolates. Of the three non-ST131 clinical isolates, two carried 

blaCTX-M-15 (E. coli ST316 and ST8029), while the remaining isolate (E. coli 

ST2179) harboured blaCTX-M-65. blaCTX-M-1 (in E. coli ST10 and ST23) was only 

detected from fresh water isolates. 

Figure 5.5 Minimum-spanning tree based on 2513 cgMLST allele differences among 47 

extended-spectrum β-lactamase-producing E. coli. Sequence types (ST) and ST 

complexes are indicated in orange with members of same the complex grouped 

together by orange dotted circles. 
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All isolates were examined for chromosomal mutations associated with AMR 

and of the 55 ESBL-PEc, only four had no mutations in the gryA/parC/parE 

genes, which are associated with quinolone resistance. All other isolates had 

between one and five mutations in these genes. Of the ST131 isolates 18/20 

had a total of five mutations in the gryA (x2), parC (x2) and parE (x1) genes. 

ST131 was the only ST that had up to five mutations in these genes. Of the 

four ESBL-PEc with no mutations, three of those originated from 

environmental sources (E. coli ST10, ST23 and ST38), while the remaining one 

was isolated from a clinical specimen (E. coli ST316). The ST316 clinical isolate 

was, however, one of four isolates harbouring an acquired gene associated 

with quinolone-resistance (qnrS1) (Table 5.2).  

 

Table 5.2: Overview of sequence types, antimicrobial resistance genes and plasmid 

replicon types identified among a collection of environmental and clinical extended-

spectrum β-lactamase-producing-Enterobacterales. *cgMLST results indicates that 

isolates are closely related. Amino: aminoglycoside, β-lac: β-lactam, Fluor: 

fluoroquinolone, MLS: macrolide-lincosamide-streptograminB, Phen: phenicol, Sul: 

sulphonamide, Tet: tetracycline, Trim: trimethoprim.  

 

Sequence 
type, 
count 

(source) 

 
Antimicrobial Resistance genes 

 
Plasmid 
Replicon 

 Amino. β-lac. Fluor. MLS. Phen. Sul. Tet. Trim.  

ST10, n= 1 
(fresh 
water) 

aadA5 blaCTX-

M-1 
   sul2  dfrA17 IncI1 

ST23, n=1  
(fresh 
water) 

aadA5 blaCTX-

M-1 
   sul2  dfrA17 IncFIB, 

IncFIC, 
IncI1, IncX1 

ST34, n=1 
(seawater) 

aadA1 blaCTX-

M-15 
 mph(A)    dfrA1 IncFIB, 

IncFII 

ST38, n=1 
(seawater) 

 

aadA1, 
aph(3')-

Ia, 
aph(3'')-

Ib, 
aph(6)-

Id 

blaCTX-

M-14, 
blaTEM-

1B 

  catA1 sul2 tet(D) dfrA1 IncFIB, 
IncFII, 
IncQ1 
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ST44, 
n=3* 
(fresh 
water 
(n=3)) 

aac(6')-
Ib-cr 

(n=3), 
aadA5 
(n=3) 

blaCTX-

M-15 

(n=3), 
blaOXA-

1 (n=3) 

 mph(A) 
(n=3) 

catB3 
(n=3) 

sul1 
(n=3) 

tet(B) 
(n=3) 

dfrA17 
(n=3) 

Col (n=3), 
IncFIA 
(n=3), 
IncFIB 
(n=3), 
IncFII 

(n=3), IncI1 
(n=2) 

ST90, 
n=6* 
(fresh 
water 
(n=4), 

seawater 
(n=2)) 

aadA5 
(6), 

aph(3'')-
Ib (6), 

aph(6)-
Id (6) 

blaCTX-

M-27 
(n=6) 

 mph(A) 
(n=6) 

floR 
(n=6) 

sul1 
(n=6), 
sul2 

(n=6) 

tet(A) 
(n=6) 

dfrA17 
(n=6) 

IncFIA 
(n=6), 
IncFIB 
(n=6), 
IncFII 

(n=6), IncN 
(n=6), 
Col156 
(n=5) 

ST131 
Clade A 

(fimH41) 
(n=2) 

(clinical 
(n=1), 

seawater 
(n=1)) 

aadA5 
(n=2), 

aph(3'')-
Ib (n=1), 
aph(6)-
Id (n=1) 

blaCTX-

M-15, 
(n=1) 
blaCTX-

M-27 

(n=1) 

 mph(A) 
(n=2), 
erm(B) 
(n=1) 

 sul1 
(n=2), 
sul2 

(n=1) 

tet(A) 
(n=1) 

dfrA17 
(n=2) 

Col156 
(n=2), 

IncB/O/K/Z 
(n=2), 
IncFIA 
(n=2), 
IncFIB 
(n=2), 
IncFII 
(n=2), 
IncFI2 
(n=1) 

ST131 
H30 

(Clade C), 
n=14 

(clinical 
(n=11), 
sewage 
(n=2), 
fresh 
water 
(n=1)) 

aadA5 
(n=12), 
aac(6')-

Ib-cr 
(n=11), 

aph(3'')-
Ib (n=2), 
aph(6)-
Id (n=2) 

blaCTX-

M-15 

(n=12), 
blaOXA-

1 

(n=11), 
blaCTX-

M-27 
(n=2), 
blaTEM-

1B 

(n=2) 

 mph(A) 
(n=12) 

catB3 
(n=11), 
catA1 
(n=1) 

sul1 
(n=12), 

sul2 
(n=2) 

tet(A) 
(n=9), 
tet(B) 
(n=1) 

dfrA17 
(n=12) 

IncFIA 
(n=14), 
IncFII 

(n=14), 
IncFIB 

(n=5), Col 
(n=2), 
IncX4 

(n=2), IncN 
(n=1), IncI1 

(n=1) 

ST131 
H89 

(unknown 
Clade), 

n=1 
(clinical) 

 blaCTX-

M-15, 
blaTEM-

1B 

      Col156, 
IncFIB, 

IncFII, IncI1 

ST131 
H99 

(unknown 
Clade), 

n=3* (SW 
(n=1), 

sewage 
(n=2)) 

aadA5 
(n=3), 

aph(3'')-
Ib (n=3), 
aph(6)-
Id (n=3) 

blaCTX-

M-27 

(n=3) 

 mph(A) 
(n=3) 

 sul1 
(n=3), 
sul2 

(n=3) 

tet(A) 
(n=3) 

dfrA17 
(n=3) 

Col156 
(n=3), 
IncFIA 
(n=3), 
IncFIB 
(n=3), 

IncFII (n=3) 
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ST316, 
n=1 

(clinical) 

 blaCTX-

M-15 
qnrS1      IncFII 

ST405, 
n=1 (fresh 

water) 

aac(3)-
Iia, 

aac(6')-
Ib-cr, 

aadA5 

blaCTX-

M-15, 
blaOXA-

1 

 mph(A) catB3 sul1 tet(B) dfrA17 IncFIA, 
IncFIB, 
IncFII 

ST648, 
n=1 (fresh 

water) 

aac(3)-
Iia, 

aac(6')-
Ib-cr 

blaCTX-

M-15, 
blaDHA-

1, 
blaOXA-

1, 
blaTEM-

1B 

qnrB4 mph(A) catA1, 
catB3 

sul1 tet(B) dfrA17 Col, IncFIA, 
IncFIB 

ST1431, 
n=1 (fresh 

water) 
 

aph(3'')-
Ib, 

aph(6)-
Id 

blaCTX-

M-15, 
blaTEM-

1B 

qnrS1    tet(A) dfrA14 IncY 

ST2003, 
n=2* 

(seawater 
(n=1), 

sewage 
(n=1)), 

aac(6')-
Ib3 

(n=2),  
aac(3)-

Iid (n=2) 

blaCTX-

M-14 

(n=2), 
blaTEM-

1B 

(n=2) 

 erm(B) 
(n=1), 

mph(A) 
(n=2) 

cmlA1 
(n=2) 

 tet(B) 
(n=2) 

dfrA1 
(n=2) 

IncFIA 
(n=2), 
IncFIB 
(n=2), 
IncFII 

(n=2), IncI2 
(n=1) 

ST2179, 
n=1 

(clinical) 
 

aac(3)-
Iid, 

aac(6')-
Ib-cr, 

aadA5, 
aph(3'')-

Ib, 
aph(6)-

Id 

blaCTX-

M-65, 
blaOXA-

1, 
blaTEM-

1B 

qnrS2 mph(A) catB3, 
floR 

sul1, 
sul2 

tet(A) dfrA17 IncFIB, 
IncFIC 

ST2450, 
n=5* 

(seawater 
(n=3), 
fresh 
water 
(n=1), 

sewage 
(n=1)) 

aadA2 
(n=5) 

blaCTX-

M-15 

(n=5) 

 mph(A) 
(n=5) 

 sul1 
(n=5) 

tet(A) 
(n=5) 

dfrA12 
(n=5) 

IncFIA 
(n=5), 
IncFIB 
(n=5), 

IncFII (n=5) 

ST8025, 
n=1 

(seawater) 

 blaCTX-

M-15, 
blaTEM-

35 

 mph(A)   tet(B)  Col440I, 
IncFIA, 
IncFIB, 

IncFII, IncI1 

ST8029, 
n=1 

(clinical) 

aac(3)-
Iid 

blaCTX-

M-15, 
blaTEM-

1B 

 mph(A)  sul1  dfrA5 Col, 
IncB/O/K/Z, 

IncFIB, 
IncFII 
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A comparison of the type of AMR-associated genes and plasmid replicon 

types detected in isolates according to isolation source was carried out. 

Overall, 12 different AMR-genes and five plasmid replicon types were 

common among isolates from all four sample types (Figure 5.6). In addition 

to β-lactamase encoding genes, genes associated with resistance to 

aminoglycosides, macrolide-lincosamide-streptograminB, sulphonamides, 

tetracycline and trimethoprim were detected among isolates from all four 

sample types, along with chromosomal mutations associated with quinolone 

resistance. The two ESBL-PEc with the fewest AMR genes both originated 

from clinical samples (E. coli ST131-H89 harbouring blaCTX-M-15 and blaTEM-1B 

and E. coli ST316 harbouring blaCTX-M-15 and qnrs1).  

 

Figure 5.6 Venn diagram illustrating the antimicrobial resistance genes and plasmid 

replicon types from a collection of 47 extended-spectrum β-lactamase-producing E. 

coli, according to isolation source. The antimicrobial resistance genes are in blue and 

the plasmid replicon types are in red. The genes/replicons that were common to all 

four sources are listed in the brown box.  
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5.4 Discussion 

The role of the aquatic environment in the dissemination of AMR is 

increasingly recognised. However, more data are required to fill the 

substantial knowledge gaps before the environmental aspect of AMR can be 

fully understood. This study investigated if antimicrobial resistant bacterial 

strains and their mobile genetic elements were shared between humans and 

the aquatic environment. This was determined by carrying out high-

resolution genomic analysis on a collection of CPE and ESBL-PEc isolated from 

human sewage, fresh water and seawater sources at a site in the West of 

Ireland and comparing them to a collection of clinical CPE and ESBL-PEc 

isolated during a similar time period. 

NDM-producing Enterobacterales are very prevalent in certain regions of the 

world, including the Indian subcontinent. Some European countries including 

Romania and Poland have reported inter-regional outbreaks of these 

organisms (Nordmann et al., 2011a) (164). The number of patients colonised 

with NDM-producing Enterobacterales is relatively low in Ireland, but data 

from NCPERLS have shown an increase in numbers in recent months (170). 

NDM-19 was identified as the variant harboured by all 24 environmental 

NDM-producing Enterobacterales. This variant remains uncommon both in 

Ireland and around the world, with only three additional reports to date, from 

China (clinical K. pneumoniae isolate) (283), Switzerland (clinical E. coli 

isolate) (284) and Canada (environmental E. coli isolate) (data from the 

National Center for Biotechnology Information 

https://www.ncbi.nlm.nih.gov/nuccore/MF370080.1).  

A total of three NDM-19-producing Enterobacterales have been identified 

from clinical specimens in Ireland to date, which consist of one NDM-19-

producing K. pneumoniae (ST11) and two NDM-19-producing E. coli (ST167 

and ST205). cgMLST confirmed that the collection of 16 environmental NDM-

19-producing K. pneumoniae ST11 were closely related to the clinical K. 

https://www.ncbi.nlm.nih.gov/nuccore/MF370080.1
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pneumoniae isolate (only 0.6% genetic divergence). Similarly, one of the 

clinical E. coli had less than a 0.2% genetic divergence, when compared to the 

collection of eight environmental NDM-19-producing E. coli ST167. 

Comparative analysis identified the presence of the blaNDM-19 gene on the 

same/closely related IncX3 plasmid carried by all 27 isolates. This plasmid 

type is frequently associated with blaNDM (285) (286). While there were no 

other AMR-associated genes identified on the IncX3 plasmid, a gene (bleMBL) 

associated with conferring resistance to the cancer drug Bleomycin was 

identified. This is commonly associated with the blaNDM gene and may 

potentially aid in the dissemination of NDM through co-selection (287). 

Evidence suggests that E. coli ST167 may act as an important reservoir of 

blaNDM, with studies from several countries reporting the detection of this 

gene on IncX3 plasmids carried by this ST. This includes reports from 

Switzerland (blaNDM-19, clinical isolate) (284), China (blaNDM-7, blaNDM-5, blaNDM-

1, clinical isolates) (288) (289) and Finland (blaNDM-7, companion animal 

isolates). There has also been a report of blaNDM-1 being chromosomally 

inserted into an E. coli ST167 isolate in China (290). Similarly, K. pneumoniae 

ST11, which is considered a pandemic clone known to be associated with 

human infection, is widely reported to harbour blaNDM, with reports from 

Bulgaria (blaNDM-1, clinical isolates) (291), Poland (blaNDM-1, clinical isolates), 

(292) and Greece (blaNDM-1, clinical isolates) (293). 

In addition to CPE, a collection of 31 environmental ESBL-PEc obtained at the 

same site, were also examined in this study and compared to a collection of 

16 ESBL-PEc from clinical specimens (Figure 5.1). Similar to the NDM-

producing Enterobacterales, a number of ESBL-PEc strains identified in the 

seawater samples were also identified in the sewage and/or fresh water 

samples, indicating that these outflows act as dissemination routes for these 

strains to receiving bathing waters. The most prevalent blaCTX-M variant 

identified among both environmental and clinical isolates was blaCTX-M-15, 

which is reported as being the most common blaCTX-M  genotype worldwide 
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(215). This genotype, along with blaCTX-M -27, the second most prevalent 

genotype identified in this study, has frequently been reported among 

environmental ESBL-PE in previous studies (257) (215). As blaCTX-M-1 was only 

identified among isolates from fresh water sources and not those from 

clinical or sewage specimens, this indicates that this genotype remains 

uncommon among humans in Ireland. However, the clinical sample size was 

relatively small (n=16), so a larger sample size would be necessary to confirm 

this. 

ST131 was the most common ST identified among the collection of ESBL-PEc 

and was the only ST identified in isolates originating from all four sample 

types, with the ST131-H30 subclone making up 70% (14/20) of ST131 isolates. 

In the past, ST131-H30 was most frequently associated with carrying blaCTX-M-

15 (294). However, in recent years, several countries including Japan, 

Germany and France have reported a shift in the CTX-M variant being 

harboured by this subclone, with the presence of blaCTX-M-27 frequently 

reported (295) (296) (297). Similarly, in this study, blaCTX-M-27 was identified 

among two E. coli ST131-H30, which originated from clinical isolates. A 

number of STs were only identified among isolates originating from water 

samples and not from sewage or clinical samples. These included STs from 

clonal complexes ST10 and ST23, which have previously been reported 

among ESBL-PEc isolated from animals in Ireland (ST10 and ST34 from pigs) 

(298), Ghana (ST10 from poultry) (299), Spain (ST10 from pigs) (300) and 

Denmark (ST34 from pigs) (301). This suggests that the isolates could be of 

animal origin. However, a limitation of this study was lack of access to ESLB-

PE originating from animals, so this element of the One Health approach was 

not addressed. 

A high level of similarity was identified between the collection of 

environmental and clinical ESBL-PEc, with the closest environmental isolate 

matching with a clinical isolate at 2506/2513 loci (E. coli S131). Additionally, 

12 of the same genes associated with AMR and five plasmid replicon types 
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were identified among isolates from all four sample types (seawater, fresh 

water, sewage and clinical samples). Of the 23 AMR-associated genes 

identified among clinical isolates, only three were not identified in isolates 

from environmental sources and variants of these three genes (blaCTX-M-65, 

drfA5, qnrS2) were detected in ESBL-PEc originating from environmental 

samples (Table 4.2). This indicates that these genetic elements are widely 

disseminated among ESBL-PEc, regardless of the source. 

A report published by the Environmental Protection Agency (EPA (Ireland)) 

identified the site in this study as one of 38 sites around Ireland that 

discharges untreated waste water into the environment (220). In sites such 

as this, where there are multiple outflows, including from fresh water sources 

and untreated sewage, an ideal setting is created for the exchange of genetic 

material such as AMR genes, via horizontal gene transfer. While certain 

potential reservoirs, including food and food-producing animals are 

monitored for antimicrobial resistant bacteria (3), the same requirements do 

not apply to recreational waters. Ireland, like other EU member states, 

currently assess the water quality of its beaches by identifying the number of 

colony forming units of both E. coli and intestinal Enterococci per 100 mL 

sample (which are the established regulatory standards) (276). According to 

Ireland’s 2017 annual bathing water quality report (276) the water quality of 

the two beaches in this study met the minimum requirement of ‘sufficient’ 

quality. There is no reason to consider that this site differs from many other 

comparable bathing sites with waters graded as being of sufficient quality, 

where quality is measured based solely on the number of E. coli present and 

not on the characteristics of the organisms’ present (such as carbapenemase 

or ESBL production), or the configuration of the surrounding area.  

Currently there is insufficient data available to quantify the human health risk 

associated with exposure to antimicrobial resistant bacteria and genes in 

recreational water. However, several studies suggest that people who 

routinely use bathing water for recreational purposes have a higher chance 
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of colonisation with antimicrobial resistant bacteria (214) (215). It is well 

established that the collection and appropriate treatment of human sewage 

has played a vital part in lowering the global incidences of infectious disease, 

including infections caused by antimicrobial resistant bacteria (264). The 

continued discharge of untreated human sewage, particularly in the vicinity 

of recreational bathing waters, may increases the human health risk in 

relation to exposure to AMR. 

In conclusion, this study identified closely related bacterial strains, plasmids 

and AMR-associated genes among CPE and ESBL-PEc isolated from both 

environmental sources and clinical specimens. These findings support the 

hypothesis that bacterial strains and their mobile genetic elements are 

shared between humans and the aquatic environment. These findings also 

highlight that recreational seawaters are vulnerable to contamination with 

AMR bacteria of public health significance via multiple routes. Our findings 

emphasise the risk associated with discharging untreated human sewage into 

the environment in an era of rapidly spreading AMR and highlight a critical 

limitation of current EU bathing water quality monitoring regulations. These 

regulations place great emphasis on relatively infrequent microbiological 

testing of small volumes of water for indicator organisms, with no 

requirement for an environmental health assessment of the site to ensure 

that there is no uncontrolled source of contamination. Any revision of the EU 

bathing water regulations must require site assessment and certification as 

prerequisite for the application of microbiological methods.
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6 Discussion 

The aim of this thesis was to improve our understanding of the role of the 

aquatic environment in the dissemination of antimicrobial resistance (AMR) 

of public health significance. This was achieved by assessing recreational 

waters and sewage for the presence of extended-spectrum β-lactamase-

producing Enterobacterales (ESBL-PE) and carbapenemase-producing 

Enterobacterales (CPE). Following preliminary characterisation, a subset of 

these isolates were selected for whole genome sequencing (WGS) and the 

genomes compared to those of clinical isolates.  

A main finding of this thesis was the continuous detection of CPE in 

recreational seawaters at a site in the West of Ireland, over a 14 month-time 

period, as outlined in Chapters 3 and 5. This represents the first finding of CPE 

in seawater in Europe. The type of CPE identified was New Delhi metallo-β-

lactamase-(NDM)-19 producing E. coli (n=8) and NDM-19-producing K. 

pneumoniae (n=16). Given the complex nature of the interactions between 

different reservoirs of AMR it is often difficult to determine the directionality 

of transmission of AROs between reservoirs. In the case of the NDM-

producing E. coli and K. pneumoniae, findings indicate that it was the same 

two strains that were repeatedly detected at this site, as a result of an 

untreated human sewage discharge point in this area. Similarly, in Brazil there 

have been multiple reports of the presence of CPE in coastal waters, with 

poor sewage treatment practices reported in these areas. The types of CPE 

isolated from these sources included KPC-producing Citrobacter spp., 

Enterobacter spp. and Klebsiella spp. (180) and NDM-producing K. 

pneumoniae (181) (221). 

In total, three strains of NDM-19-producing Enterobacterales have been 

identified in the Irish clinical setting to date (National Carbapenemase-

Producing Reference Laboratory Service (NCPERLS)). Analysis indicates that 

these three clinical isolates harboured the NDM-19 encoding gene on a 
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similar IncX3 plasmid as the 24 environmental isolates, with two of the three 

isolates identified as being closely related to the environmental strains (E. coli 

and K. pneumoniae) (via core genome multi-locus sequence typing (cgMLST)). 

To date, there have only been three other reports of NDM-19-producing 

Enterobacterales worldwide, which were isolated from clinical specimens 

(n=2, Switzerland and China) and an environmental sample (Canada), 

indicating that this variant of NDM is not widely disseminated globally (283) 

(284) (data from the National Center for Biotechnology Information 

https://www.ncbi.nlm.nih.gov/nuccore/MF370080.1). 

OXA-48 is the most common carbapenemase reported in the Irish clinical 

setting (278). This thesis reports the identification of a strain of both OXA-48-

like-producing E. coli and OXA-48-like-producing K. pneumoniae in 

recreational seawater samples collected at a second site in the West of 

Ireland (Chapter 4). These isolates harboured blaOXA-48 on similar mobile 

genetic elements (MGEs) to those identified in a clinical collection of OXA-48-

like producing Enterobacterales (259), with E. coli harbouring blaOXA-48 on a 

pOXA-48 fragment, while K. pneumoniae harboured it on an IncL(pOXA-48) 

plasmid. The source of CPE at this site is unknown. CPE was not detected in 

samples of treated and untreated sewage collected at a nearby secondary 

waste water treatment plant (SWWTP). However effluent from this SWWTP 

cannot be ruled out as a potential source, as the sewage effluent sample size 

was small and the method for detecting CPE had limitations, as highlighted in 

Chapter 4. Several studies have demonstrated that WWTPs may not be 

effective at removing all antimicrobial resistant organisms (AROs) and genes, 

and ESBL-PE and CPE have been reported in treated effluent samples in 

multiple studies (158) (265) (173).  

ESBL-producing E. coli (ESBL-PEc) were commonly detected in seawater, fresh 

water and sewage samples examined in this study (Chapter 5). This supports 

the findings of previous studies, which indicate that ESBL-PEc are widespread 

in the aquatic environment (153) (92) (154) (155). A Dutch study (302) which 

https://www.ncbi.nlm.nih.gov/nuccore/MF370080.1
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compared a collection of ESBL-PEc isolated from recreational waters to ESBL-

PEc originating from WWTPs in the same area, identified isolates from the 

two collections with the same ESBL encoding genes, AMR profiles, sequence 

type and phylogenetic background. This study also identified ESBL-PEc in 

connecting water bodies which were not impacted by WWTP effluents, 

indicating additional sources of contamination with ESBL-PEc. This is in 

keeping with the findings of this thesis (Chapter 5), with similar ESBL-PEc 

identified in fresh water samples as those isolated from receiving recreational 

seawater samples, indicating that these outflows act as additional routes of 

dissemination of ESBL-PEc to receiving waters. 

A Dutch study which compared ESBL and AmpC-producing E. coli obtained 

from 35 studies found that isolates originating from human sources were 

more similar to those originating from wild birds and environmental samples 

than from livestock and food sources (225). This thesis reports the 

identification of 12 AMR-associated genes and five plasmid replicon types 

that were common among ESBL-PEc originating from seawater, fresh water, 

sewage and clinical samples (Chapter 5). ST131 was the only sequence type 

(ST) identified among ESBL-PEc originating from the four sample types, and it 

was the most commonly detected ST overall. This ST has previously been 

attributed to the rapid global dissemination of CTX-M-15 and studies indicate 

that it has successfully disseminated globally (266). CTX-M-15 is the most 

prevalent type of ESBL reported both in Ireland and globally (130) (132) (131), 

and it was most the most common CTX-M variant identified in this study, both 

among environmental and clinical isolates. 

Studies show that ESBL-PE have rapidly disseminated outside of the hospital 

setting, into the community, as well as among animals, food and as 

highlighted above, within the aquatic environment (141) (142) (82) (126) 

(154). It therefore stands to reason that CPE could potentially follow a similar 

pattern of widespread dissemination, as carbapenemase and ESBL encoding 

genes are often harboured on similar highly transmissible MGEs, and reports 
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of CPE in the community and from non-human sources are beginning to 

emerge (172) (173). The identification of CPE belonging to several successful 

clonal groups, including K. pneumoniae ST11 (NDM-producer), K. 

pneumoniae ST101 (OXA-48-like-producer) and E. coli ST131 (OXA-48-like-

producer) among the environmental collection is of particular concern, given 

the ability of these clonal groups to rapidly disseminate (114). These findings 

highlight the need for further research to be carried out to identify potential 

routes of dissemination of CPE outside of the hospital setting, in order to 

attempt to curb this escalating problem.  

It is well established that anthropogenic pollution can result in contamination 

of the environment with AROs and antimicrobial resistant genes (ARGs). 

According to the most recently published Environmental Protection Agency 

report (220), there are currently 38 locations around Ireland where raw 

sewage is being released untreated into the environment, with the findings 

of Chapters 3 and 5 illustrating the potential human health hazards 

associated with this practice. Although, by the established regulatory 

standards, the bathing water quality in the areas concerned have consistently 

been of sufficient quality (245), it is reasonable to conclude that those using 

a recreational site, where AROs (such as CPE) are continuously detected, 

might be at least intermittently exposed to these organisms. From a public 

health perspective, these findings focus attention on the need to accelerate 

programmes to cease discharge of untreated sewage into the environment. 

Intervention strategies that target sources of contamination with AROs and 

ARGs could act to limit the emission of these contaminants into the 

environment, thereby reducing potential human and animal exposure. 

Although the number of studies reporting AMR in the environment are 

steadily increasing, it is difficult to make comparisons on findings between 

different sources/regions, as there is currently no standardised methodology 

for assessing the aquatic environment for AMR. Additionally, there is 

currently no routine surveillance of the environment for AMR. If standardised 
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methodologies were developed and routine monitoring implemented this 

would generate comparable data to help gain insight into the environmental 

aspect of AMR and the local dimensions that impact on this. It would also 

potentially provide the necessary data for policy makers to identify and 

implement appropriate regulations in order to minimise the role of the 

environment in the dissemination of AMR.  

In conclusion, the findings of this thesis support the hypothesis that 

antimicrobial resistant bacteria of public health significance and MGEs are 

shared between humans and the aquatic environment. These findings call for 

further research into the role of the aquatic environment in the emergence, 

persistence and dissemination of AMR. 

 

6.2 Limitations 

The initial findings of CPE in fresh water samples prompted an investigation 

into the potential source(s) of CPE at this site, as outlined in Chapter 3. The 

sampling plan at this site was therefore guided based on these findings. We 

did not infer any statistical conclusions in this study, as the application of 

statistical analysis to these data would not have added any additional 

beneficial information.  

The study was limited to two sampling sites, as outlined in Chapters 3, 4 and 

5, so the findings of this study are not generalizable in terms of other sites 

and is therefore an area for future research. 

The use of a culture-based method facilitates isolation of specific target 

organisms and was therefore an appropriate choice for the purposes of this 

study. However, this methodology has certain limitations. Studies have 

shown that bacteria can survive for long periods of time in the aquatic 

environment (303) (304) (305). This time frame can vary according to 

environmental conditions, which include exposure to UV radiation, salinity, 
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microbial predation, temperature, nutrient availability and physical factors 

(such as dilution, sedimentation and resuspension) (306) (307). In response 

to unfavorable environmental conditions, many bacteria enter a so called 

viable but non-culturable (VBNC) state (303) (308). VBNC cells are living cells 

that are metabolically active, but which have lost the ability to grow on 

suitable media (309). The use of culture-based testing to assess 

environmental samples for the presence of AROs therefore has inherent 

culture bias, as VBNC organisms go undetected.  

 

6.3 Future Work  

Metagenomics is the study of microbial communities using genetic material 

extracted directly from environmental samples, and it is culture independent 

(310). Unlike culture-based methods, instead of examining single organisms, 

metagenomics can be used to study the entire complement of genes and 

species within a microbial community (311). Both culture-based and 

metagenomic approaches have limitations when used independently to 

assess environmental samples for AMR. Therefore, future work which 

combines both approaches would be beneficial. 

This study examined the role of the aquatic environment in the dissemination 

of AMR using a One Health approach. However, we did not have access to 

ESBL-PE of animal origin, so this component of the One Health triad was not 

addressed in this thesis. It would be of interest to examine food-producing 

animals, companion animals and wildlife in the same region for the presence 

of ESBL-PE and CPE and compare the genomes of any isolates obtained those 

identified in this study. 

As outlined in the limitations, this study was limited to two sampling sites, so 

the findings are not generalizable in terms of other sites. The Environmental 

Protection agency, in collaboration with the Health Service Executive have 
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funded a four-year project titled: Antimicrobial Resistance and the 

Environment –Sources, persistence, Transmission and risk management 

(AREST), to address these limitations, as well as to answer additional 

questions. The AREST project aims to: generate national level data on the key 

sources, hot spots and drivers of AMR in the environment. This data will be 

generated by: mapping hotspots of drivers of AMR in different regions around 

Ireland, assessing the contributions of healthcare and agriculture to AMR in 

the environment, assessing the efficiency of water treatment processes, and 

developing a risk ranking protocol to determine the contribution of various 

sectors on the sources and levels of AMR in the environment. This study will be 

used to inform relevant policies and to support Irelands National Action Plan on 

AMR. 
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Appendix 1 Antimicrobial Concentrations (Antimicrobial Susceptibility Testing) 

Antimicrobial discs 

Ampicillin (10µg)     Oxoid  

Cefotaxime (5µg)     Oxoid  

Cefoxitin (30µg)     Oxoid    

Cefpodoxime* (10µg)     Mast Diagnostics 

Cefpodoxime* (10µg) and Clavulanic acid (1µg) Mast Diagnostics 

Ceftazidime (30µg)     Oxoid 

Choramphenicol (30µg)    Oxoid  

Ciprofloxacin (5µg)     Oxoid  

Ertapenem (10µg)     Oxoid  

Gentamicin (10µg)     Oxoid    

Kanamycin (30µg)     Oxoid                                                                      

Meropenem (10µg)     Oxoid  

Nalidixic Acid (30µg)     Oxoid  

Tetracycine (30µg)     Oxoid  

Trimethoprim (5µg)     Oxoid 

 

*Cefpodoxime and clavulanic acid combination disc was used to screen for 

extended-spectrum β-lactamase (ESBL) production. If the zone of clearance 

for the cefpodoxime and clavulanic acid combination was > 5mm than the 

zone of clearance for cefpodoxime the isolate was a presumptive ESBL 

producer (confirmed via real-time PCR). Klebsiella pneumonia ATCC 700603 

was used as a control when testing for ESBL production. 
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Appendix 2 VIM and IMP Real-Time PCR Assay 

This duplex VIM and IMP real-time PCR assay was developed in-house by the 

National Carbapenemase-Producing Enterobacterales Reference Laboratory 

Service, University Hospital Galway. 

 
Table S1 Primer and probe sequences 
 

Primer/probe Sequence 

Forward blaVIM primer 5’-GATTGCYGATGGTGTTTGG-3’ 

Reverse blaVIM primer 5’-TGAGACCATTGGACGGGTAGA-3’ 

blaVIM probe 5’-JOE-CGCATATCGCAACGCRGTCGTTTG-3’ 

Forward blaIMP primer 1 5’-GGTTTGTDGAGCGYGGCTAT-3’ 

Forward blaIMP primer 2 5’-GGTTTGTDGARCGYGGCTAT-3’ 

Reverse blaIMP primer 1 5’-TTCATTTGTTAATWCAGATGCATAYG-3’ 

blaIMP probe 1 5’-FAM-AAGGCAGCATTTCCTCTCATTTTCATAGCG-BHQ1-3’ 

blaIMP probe 1 5’-FAM-AAGGCASYATTTCCTCWCATTTYCATAGYG-BHQ1-3’ 

 

Table S2 Mastermix 

Reagent Concentration of reagent (µM) Volume per reaction (µl) 

All primers (x5) 10  1 (x5) 

blaVIM probe 10  1 

blaIMP probes (x2) 10  0.4 (x2) 

ABI mastermix  12.5 

Sterile Water  0.7 

Total  20 

5µl DNA template was added per reaction 
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Table S3 Cycling conditions on ABI 7500 Fast Real-time PCR machine  

Temperature and Time No. of Cycles 

50°C for 2 minutes 1 

95°C for 10 minutes 1 

95°C for 15 sec 

60°C for 1 min 

35 
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Appendix 3 Control Strains   

Antimicrobial susceptibility testing control strains 

Escherichia coli ATCC 25922  

Klebsiella pneumoniae ATCC 700603 

 

Table S4 Real-time PCR control strains 

 

Pulsed-field gel electrophoresis control strain 

Salmonella braenderup H9812 

 

 

 

 

Control Target 

E. coli ATCC 25922 Negative Control 

E. coli NCTC 13441 CTX-M Group-1 

E. coli NCTC 13462 CTX-M Group-2 

E. coli U51624 CTX-M Group-9 

K. pneumoniae NCTC 13442 OXA-48 

K. pneumoniae, NCTC 13438 KPC-3 

K. pneumoniae NCTC 13443 NDM-1 

K. pneumoniae, NCTC 13439 VIM-1 

E. coli NCTC 13476 IMP 
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Appendix 4 Search Settings for ResFinder, PlasmidFinder and FimTyper 

All available at http://www.genomicepidemiology.org/ 

ResFinder 3.1.0 

Chromosomal mutations 

• Select species - E. coli 

• Show unknown mutations – show only known mutations 

• Select threshold for %ID – 90% 

• Select minimum length – 60% 

Acquired antimicrobial resistance genes 

• Select antimicrobial configuration – all (aminoglycoside, beta-lactam, 

colistin, fluoroquinolone, Fosfomycin, fusidic acid, glycopeptide, 

MLS-macrolide, lincosamide and streptogram, nitroimidazole, 

oxazolidinone, phenicol, rifampicin, sulphonamide, tetracycline, 

trimethoprim) 

• Select threshold for %ID – 90% 

• Select minimum length – 60% 

Select type of your reads-Assembled Genome/Contigs 

PlasmidFinder 2.0.2 

• Select database- Enterobacteriaceae 

• Select threshold for %ID – 95% 

• Select minimum length – 60% 

• Select type of your reads-Assembled or Draft 

Genome/Contigs*(fasta) 

FimTyper 1.0 

• Select database – FimH E. coli 

• Select threshold for %ID – 95% 

• Select type of your reads-Assembled Genome/Contigs 

 

 

http://www.genomicepidemiology.org/
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Appendix 5 Supplementary Table S5 

Table S5 Overview of seawater and sewage sample sites, sampling dates, and 

detection of carbapenemase-producing Enterobacterales from Chapter 4.  

Sample Site  Sample Type Sampling Dates Detection of 
carbapenemase-

producing 
Enterobacterales 

Bathing Site Seawater 29/05/2017 OXA-48-like-producing 
E. coli (Ec_BM707) 

Bathing Site Seawater 19/06/2017 Not detected  

Bathing Site Seawater 10/07/2017 Not detected  

Bathing Site Seawater 17/07/2017 Not detected  

Bathing Site Seawater 14/08/2017 OXA-48-like-
producing-Klebsiella 

pneumoniae 
(Kp_BM758) 

Bathing Site Seawater 11/09/2017 Not detected  

SWWTP Influent 12/06/2017 Not detected  

SWWTP Influent 26/06/2017 Not detected  

SWWTP Influent 10/07/2017 Not detected  

SWWTP Effluent  12/06/2017 Not detected  

SWWTP Effluent  26/06/2017 Not detected  

SWWTP Effluent  10/07/2017 Not detected  
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Appendix 6 Supplementary Table S6 

Table S6 Overview of seawater and sewage sample sites, sampling dates, and 

detection of carbapenemase-producing Enterobacterales and extended-

spectrum β-lactamase-producing Enterobacterales from Chapter 5.  

Sample Site Sampling 

Dates 

Detection of carbapenemase-

producing Enterobacterales 

Detection of extended-

spectrum β-lactamase-

producing Enterobacterales 

Stream A 25/05/2016 Not detected Not detected 

Stream A 22/06/2016 Not detected ESBL-producing E. coli 

Stream A 13/07/2016 Not detected Not detected 

Stream A 10/08/2016 Not detected Not detected 

Stream A 24/08/2016 Not detected Not detected 

Stream A 07/09/2016 Not detected Not detected 

Stream A 18/01/2017 Not detected Not detected 

Stream A 16/02/2017 Not detected Not detected 

Stream A 02/03/2017 Not detected Not detected 

Stream B.1 25/05/2016 Not detected ESBL-producing E. coli 

Stream B.1 22/06/2016 Not detected ESBL-producing E. coli 

Stream B.1 13/07/2016 NDM-producing E. coli Not detected 

Stream B.1 10/08/2016 Not detected ESBL-producing E. coli 

Stream B.1 24/08/2016 NDM-producing E. coli ESBL-producing E. coli 

Stream B.1 07/09/2016 Not detected ESBL-producing E. coli 

Stream B.1 15/09/2016 Not detected ESBL-producing E. coli 

Stream B.1 18/01/2017 Not detected Not detected 

Stream B.1 16/02/2017 Not detected Not detected 
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Stream B.1 02/03/2017 Not detected Not detected 

Stream B.2 15/09/2016 Not detected ESBL-producing E. coli 

Stream B.3 15/09/2016 Not detected ESBL-producing E. coli 

Stream B.4 15/09/2016 Not detected Not detected 

River A.5 16/02/2017 NDM-producing K. pneumoniae ESBL-producing E. coli 

River A.5 02/03/2017 NDM-producing K. pneumoniae ESBL-producing E. coli 

River A.4 02/03/2017 Not detected ESBL-producing E. coli 

River A.3 02/03/2017 Not detected ESBL-producing E. coli 

River A.2 02/03/2017 Not detected ESBL-producing E. coli 

River A.1 15/09/2016 Not detected ESBL-producing E. coli 

River A.1 02/03/2017 Not detected ESBL-producing E. coli 

Seawater A 18/01/2017 NDM-producing K. pneumoniae ESBL-producing E. coli 

Seawater A 16/02/2017 NDM-producing K. pneumoniae ESBL-producing E. coli 

Seawater A 02/03/2017 NDM-producing K. pneumoniae ESBL-producing E. coli 

Seawater A 24/05/2017 NDM-producing E. coli, NDM-

producing K. pneumoniae 

ESBL-producing E. coli 

Seawater A 21/06/2017 NDM-producing E. coli Not detected 

Seawater A 12/07/2017 Not detected ESBL-producing E. coli 

Seawater A 09/08/2017 NDM-producing K. pneumoniae ESBL-producing E. coli 

Seawater A 06/09/2017 NDM-producing E. coli ESBL-producing E. coli 

Seawater B 18/01/2017 NDM-producing K. pneumoniae ESBL-producing E. coli 

Seawater B 16/02/2017 NDM-producing K. pneumoniae ESBL-producing E. coli 

Seawater B 02/03/2017 NDM-producing K. pneumoniae ESBL-producing E. coli 
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Sewage A.1 16/02/2017 Not detected Not detected 

Sewage A.1 02/03/2017 Not detected Not detected 

Sewage A.2 15/09/2016 NDM-producing E. coli, NDM-

producing K. pneumoniae 

Not detected 

Sewage A.2 18/01/2017 NDM-producing K. pneumoniae Not detected 

Sewage A.2 16/02/2017 NDM-producing K. pneumoniae ESBL-producing E. coli 

Sewage A.2 02/03/2017 NDM-producing K. pneumoniae ESBL-producing E. coli 

Sewage A.3 16/02/2017 Not detected Not detected 

Sewage A.3 02/03/2017 Not detected ESBL-producing E. coli 

Sewage A.4 15/09/2016 NDM-producing E. coli, NDM-

producing K. pneumoniae 

Not detected 

Sewage A.4 18/01/2017 NDM-producing K. pneumoniae Not detected 

Sewage A.4 16/02/2017 Not detected ESBL-producing E. coli 

Sewage A.4 02/03/2017 Not detected Not detected 

Sewage A.5 15/09/2016 NDM-producing E. coli ESBL-producing E. coli 
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Appendix 7 Awards and Honours Received During PhD 

• 1st place at the Annual Scientific Meeting of the One Health European 

Joint Program, on Foodborne Zoonoses, Antimicrobial Resistance and 

Emerging Threats Oral Presentation Award Ireland, Dublin, May 2019.  

• 1st place at College of Medicine, Nursing & Health Sciences 

Postgraduate Research Day Oral Presentation Award, NUI, Galway, 

Ireland, May 2018.  

•  1st place at Irish Society for Clinical Microbiology Oral Presentation 

Award, Limerick, Ireland, November 2017. 

• 3rd place at Antimicrobial Resistance and One Health Conference 

Poster Presentation Award, NUI Maynooth, Ireland, August 2017.  

• 1st place at Irish Society for Clinical Microbiology Poster Presentation 

Award, Dublin, Ireland, March 2017. 

• Travel Award from the American Society for Microbiology to present 

at the American Society for Microbiology, Annual Scientific Meeting, 

San Francisco, USA, June 2019. 

• Travel Award from the Microbiology Society (UK) to present at the 

American Society for Microbiology, Annual Scientific Meeting, San 

Francisco, USA, June 2019. 

• Travel Award from Ryan Institute, NUI Galway, to present at the 

American Society for Microbiology, Annual Scientific Meeting, San 

Francisco, USA, June 2019. 

• Recipient of an Education and Outreach Grant from the Microbiology 

Society, UK, March 2018. 

• Recipient of the European Centre for Disease Prevention and Control 

(ECDC) 'FUNDING INITIATIVE ESCAIDE 2018' to present at ESCAIDE, 

Malta, November 2018. 

• Short-Term Mission Travel Award from the Med-Vet-Net association 

to complete a research placement in the Institut Pasteur, Paris, 

France, June 2018. 
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• Travel Award from ECDC to present at the European Society of Clinical 

Microbiology and Infectious Diseases Annual Scientific Meeting, 

Madrid, Spain, April 2018. 

• Travel Award from British Society for Antimicrobial Chemotherapy 

(BSAC) to present at BSAC Antibiotic Resistance and Mechanisms 

Workshop for Researchers’, Birmingham, UK, December 2017. 

• Travel Award to attend Summer School in Bioinformatics, Cambridge, 

UK, June 2017. 

• Travel Award from BSAC to present at the BSAC Antibiotic Resistance 

and Mechanisms Workshop for Researchers’, Birmingham, UK 

November 2016. 

• Travel Award from Infectious Disease Society of Ireland (IDSI) to 

present at IDSI ASM, Dublin, Ireland May 2016. 
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Appendix 8 Dissemination of Research 

Peer Reviewed Publications: 

 

Mahon, B.M., Brehony, C., McGrath, E., Cormican, M., Rodrigues, C., Brisse, 

S., Jolley, K.A., Maiden, M.C., and Morris, D. High-resolution genomic analysis 

of carbapenemase-producing Enterobacterales and extended spectrum-β 

lactamase-producing Enterobacterales isolated from the aquatic 

environment, sewage and clinical specimens. To be submitted. 

Mahon, B.M., Brehony, C., Cahill, N., McGrath, E., O’Connor, L., Varley, A., 

Cormican, M., Ryan, S., Hickey, P., Keane, S., Mulligan, M., Ruane, B., Jolley, 

K.A., Maiden, M.C., Brisse, S. and Morris, D. 2019. Detection of OXA-48-like-

producing Enterobacterales in Irish recreational water. Science of the Total 

Environment, 690, 1-6. https://doi.org/10.1016/j.scitotenv.2019.06.480 

Cahill, N., O’Connor, L., Mahon, B., Varley, A., McGrath, E., Ryan, P., Cormican, 

M., Brehony, C., Jolley, K.A., Maiden, M.C., Brisse, S., Morris, D. 2019. Hospital 

effluent: a reservoir for carbapenemase-producing 

Enterobacterales? Science of the Total Environment, 672, 618–624. 

https://doi.org/10.1016/j.scitotenv.2019.03.428 

Mahon, B.M., Brehony, C., McGrath, E., Killeen, J., Cormican, M., Hickey, P., 

Keane, S., Hanahoe, B., Dolan, A., Morris, D. 2017. Indistinguishable NDM-

producing Escherichia coli isolated from recreational waters, sewage, and a 

clinical specimen in Ireland, 2016 to 2017. Euro Surveill, 22(15):pii=30513. 

https://doi.org/10.2807/1560-7917.ES.2017.22.15.30513 

 

 

 

 

 

 

https://doi.org/10.1016/j.scitotenv.2019.06.480
https://doi.org/10.1016/j.scitotenv.2019.03.428
https://doi.org/10.2807/1560-7917.ES.2017.22.15.30513
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Conference Presentations 

International conferences 

• Whole Genome Sequence Analyses of NDM-19-Producing 

Enterobacterales Isolated from Recreational Waters and Sewage in 

Ireland. American Society for Microbiology, Annual Scientific Meeting, 

San Francisco, USA, June 2019 (poster and flash oral presentation). 

• Detection of Carbapenemase-Producing Enterobacterales and 

Extended-Spectrum β-Lactamase-Producing Enterobacterales in Irish 

Recreational Waters, 2016-2017. 1st annual scientific meeting of the 

One Health European Joint Program on Foodborne Zoonoses, 

Antimicrobial Resistance and Emerging Threats, Dublin, Ireland, May 

2019 (oral presentation). 

• Carbapenemase-Producing Enterobacterales and Extended-Spectrum 

β-Lactamase-Producing Enterobacterales Detected in Irish 

Recreational Waters, 2016-2017. Microbiology Society (UK), Annual 

Scientific Meeting, Belfast, Northern Ireland, April 2019 (poster 

presentation). 

• OXA-48-Producing Enterobacteriaceae Detected in Irish Seawater, 

2017. European Scientific Conference on Applied Infectious Disease 

Epidemiology (ESCAIDE), Saint Julian’s, Malta, November 2018 (oral 

presentation). 

• Whole Genome Sequencing Analysis of Extended Spectrum Beta-

Lactamase-Producing Escherichia coli Isolated from Recreational 

Water and Sewage. European Congress of Clinical Microbiology and 

Infectious Disease, Madrid, Spain, April 2018 (Eposter with mini-oral) 

• Consistent Contamination of Recreational Water with 

Carbapenemase-Producing Enterobacteriaceae, Ireland, 2016-2017. 

European Congress of Clinical Microbiology and Infectious Disease, 

Madrid, Spain, April 2018 (poster presentation).  
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• Characterisation of New Delhi Metallo-Beta-Lactamase-Producing 

Enterobacteriaceae isolated from Recreational Water, Sewage, and 

Clinical Specimens in Ireland, 2016 to 2017. Antibiotic Resistance and 

Mechanisms: Workshop for Researchers’, The British Society for 

Antimicrobial Chemotherapy, Birmingham, UK, December 2017 

(poster presentation). 

• Whole Genome Sequence Analyses Identifies Diversity Among 

Antimicrobial Resistant Escherichia coli which Originated from Irish 

Retail Meats. Antibiotic Resistance and Mechanisms: Workshop for 

Researchers’, The British Society for Antimicrobial Chemotherapy, 

Birmingham, UK, November 2016 (poster presentation). 

 

National conferences/NUI Galway postgraduate research days 

• Consistent Contamination of Recreational Water with 

Carbapenemase-Producing Enterobacteriaceae, Ireland, 2016-2017. 

College of Medicine, Nursing and Health Sciences Postgraduate 

Research Day, NUI Galway, Ireland, May 2018 (oral presentation). 

• Characterisation of Extended Spectrum Beta-Lactamase-Producing 

Escherichia coli Isolated from Recreational Water, using Whole 

Genome Sequencing Analysis. College of Medicine, Nursing and 

Health Sciences Postgraduate Research Day, NUI Galway, Ireland, 

May 2018 (poster presentation). 

• Irish Recreational Water Consistently Contaminated with 

Carbapenemase-Producing Enterobacteriaceae. Infectious Diseases 

Society of Ireland ASM, Galway, Ireland, May 2018 (oral presentation). 

• Whole Genome Sequencing Analysis of Extended Spectrum Beta-

Lactamase-Producing Escherichia coli Isolated from Recreational 

Water and Sewage. Infectious Diseases Society of Ireland ASM, 

Galway, Ireland, May 2018 (poster presentation). 



  Chapter 8 

152 

 

• Use of Whole Genome Sequencing to Characterise and Compare ESBL 

Producing-Escherichia Coli Isolated from Recreational Water and 

Sewage. Environ, Cork Institute of Technology, Ireland, March 2018 

(oral presentation). 

• Recreational Water Consistently Contaminated with Carbapenemase-

Producing Enterobacteriaceae, Ireland, 2016-2017. Environ, Cork 

Institute of Technology, Ireland, March 2018 (oral presentation). 

• Similar Strains of New Delhi Metallo-Beta-Lactamase-Producing 

Enterobacteriaceae Isolated from Recreational Water, Sewage, and 

Clinical Specimens in Ireland, 2016-2017. Irish Society of Clinical 

Microbiology Autumn Meeting, Limerick, Ireland, November 2017 

(oral presentation). 

• The Agri-Food Chain as a Reservoir for Antimicrobial Resistant 

Escherichia coli. Antimicrobial Resistance & One Health Conference, 

Microbiology Society, NUI Maynooth, Ireland, August 2017 (poster 

presentation). 

• Indistinguishable NDM-Producing Escherichia coli Isolated from 

Recreational Waters, Sewage, and a Clinical Specimen in Ireland. 

Antimicrobial Resistance & One Health Conference, Microbiology 

Society, NUI Maynooth, Ireland, August 2017 (poster with mini oral 

presentation). 

• Similar Strains of New Delhi Metallo-Beta-Lactamase-Producing 

Enterobacteriaceae Isolated from Recreational Water, Sewage, and 

Clinical Specimens in Ireland. Faculty of Public Health Medicine 

Summer Scientific Meeting, Dublin, Ireland, May 2017 (oral 

presentation). 

• The Agri-Food Chain as a Reservoir for Antimicrobial Resistant 

Escherichia coli. Environ, Athlone Institute of Technology, Ireland, 

April 2017 (oral presentation). 
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• Food Production Systems as a Reservoir for Antimicrobial Resistant 

Escherichia coli. Irish Society for Clinical Microbiology Spring Meeting, 

Dublin, Ireland, March 2017 (poster presentation).  

• Whole Genome Sequence Analysis of Antimicrobial Resistant 

Escherichia Coli Isolated from Irish Retail Meats. College of Medicine, 

Nursing and Health Sciences Postgraduate Research Day, NUI Galway, 

Ireland, May 2016 (oral presentation). 

• Whole Genome Sequence Analysis Reveals Diversity Among 

Antimicrobial Resistant Escherichia coli Isolated from Meats in the 

Irish Market Place. Environ, Limerick, Ireland, April 2016 (oral 

presentation).  

National Reports 

• Environmental Protection Agency: Bathing Water Quality Report for 

2016, added in a new section (2.4 Emerging Issue - Antibiotic resistant 

bacteria) which referred to the early findings of this thesis (Chapter 

3).  Available from 

https://www.epa.ie/pubs/reports/water/bathing/BW%20Report%20

2016_web.pdf 

 

 

 

 

 

 

 

 

https://www.epa.ie/pubs/reports/water/bathing/BW%20Report%202016_web.pdf
https://www.epa.ie/pubs/reports/water/bathing/BW%20Report%202016_web.pdf
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Appendix 9 Media Coverage of Thesis Findings 

• Featured on RTE’s Eco Eye Series 17, Episode 6 ‘The Living Beach’ 

Aired (on RTE1) on 12th February 2019 

https://www.youtube.com/watch?v=6xvnLgw-82c  

• http://www.irishtimes.com/opinion/editorial/untreated-sewage-

1.3062565 

• http://www.irishexaminer.com/ireland/powerfulsuperbug-detected-

at-two-beaches-in-galway-448621.html 

• https://www.irishtimes.com/news/ireland/irish-news/ndm-

superbug-found-in-co-galway-a-first-on-european-beaches-

1.3061199 

• https://www.mummypages.ie/stay-safe-superbug-found-in-galway-

waters-blamed-on-sewage 

• http://connachttribune.ie/spiddal-beaches-superbug-sewage-

flowing-sea-422/ 

• http://coastmonkey.ie/superbugs-bathing-waste-water-

infrastructure-eu-epa/ 

• http://coastmonkey.ie/irish-beaches-good-bad-blue-flag/ 

• http://www.independent.ie/irish-news/health/superbug-that-can-

cause-major-health-problems-found-out-at-two-irish-beaches-

35652495.html 

• http://www.irishmirror.ie/news/irish-news/powerful-superbug-

detected-two-irish-10290178 

• https://www.joe.ie/news/powerful-superbug-detected-two-irish-

beaches-586267 

• https://galwaybayfm.ie/galway-bay-fm-news-desk/superbug-

detected-two-galway-beaches/ 

• https://galwaybayfm.ie/galway-bay-fm-news-desk/spiddal-revealed-

location-beach-superbug/ 

https://www.youtube.com/watch?v=6xvnLgw-82c
http://www.irishtimes.com/opinion/editorial/untreated-sewage-1.3062565
http://www.irishtimes.com/opinion/editorial/untreated-sewage-1.3062565
http://www.irishexaminer.com/ireland/powerfulsuperbug-detected-at-two-beaches-in-galway-448621.html
http://www.irishexaminer.com/ireland/powerfulsuperbug-detected-at-two-beaches-in-galway-448621.html
https://www.irishtimes.com/news/ireland/irish-news/ndm-superbug-found-in-co-galway-a-first-on-european-beaches-1.3061199
https://www.irishtimes.com/news/ireland/irish-news/ndm-superbug-found-in-co-galway-a-first-on-european-beaches-1.3061199
https://www.irishtimes.com/news/ireland/irish-news/ndm-superbug-found-in-co-galway-a-first-on-european-beaches-1.3061199
https://www.mummypages.ie/stay-safe-superbug-found-in-galway-waters-blamed-on-sewage
https://www.mummypages.ie/stay-safe-superbug-found-in-galway-waters-blamed-on-sewage
http://connachttribune.ie/spiddal-beaches-superbug-sewage-flowing-sea-422/
http://connachttribune.ie/spiddal-beaches-superbug-sewage-flowing-sea-422/
http://coastmonkey.ie/superbugs-bathing-waste-water-infrastructure-eu-epa/
http://coastmonkey.ie/superbugs-bathing-waste-water-infrastructure-eu-epa/
http://coastmonkey.ie/irish-beaches-good-bad-blue-flag/
http://www.independent.ie/irish-news/health/superbug-that-can-cause-major-health-problems-found-out-at-two-irish-beaches-35652495.html
http://www.independent.ie/irish-news/health/superbug-that-can-cause-major-health-problems-found-out-at-two-irish-beaches-35652495.html
http://www.independent.ie/irish-news/health/superbug-that-can-cause-major-health-problems-found-out-at-two-irish-beaches-35652495.html
http://www.irishmirror.ie/news/irish-news/powerful-superbug-detected-two-irish-10290178
http://www.irishmirror.ie/news/irish-news/powerful-superbug-detected-two-irish-10290178
https://www.joe.ie/news/powerful-superbug-detected-two-irish-beaches-586267
https://www.joe.ie/news/powerful-superbug-detected-two-irish-beaches-586267
https://galwaybayfm.ie/galway-bay-fm-news-desk/superbug-detected-two-galway-beaches/
https://galwaybayfm.ie/galway-bay-fm-news-desk/superbug-detected-two-galway-beaches/
https://galwaybayfm.ie/galway-bay-fm-news-desk/spiddal-revealed-location-beach-superbug/
https://galwaybayfm.ie/galway-bay-fm-news-desk/spiddal-revealed-location-beach-superbug/
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• https://www.thesun.ie/news/909413/powerful-superbug-resistant-

to-the-most-powerful-antibiotics-detected-at-two-irish-beaches/ 

• https://www.thetimes.co.uk/article/superbug-discovered-at-irish-

beaches-0lnsc86c8 

• http://extra.ie/news/irish-news/deadly-superbug-discovered-two-

irish-beaches 

• https://lovin.ie/counties/galway/powerful-superbug-detected-at-

two-irish-beaches 

• http://www.irishsun.com/news/252941367/researchers-from-

galway-find-powerful-superbug-at-two-irish-beaches 

• https://www.yourdaysout.ie/news/powerful-superbug-found-on-

irish-beaches-due-to-untreated-human-sewage-2398 

• http://theliberal.ie/warning-issured-a-rare-superbug-has-been-

found-on-two-irish-beaches/ 

• http://www.breakingnews.ie/ireland/raw-sewage-blamed-as-

superbug-found-on-two-irish-beaches-787006.html 

• http://www.tv3.ie/xpose/article/entertainment-

news/237970/Powerful-superbug-detected-at-TWO-Irish-beaches 

• http://tuairisc.ie/superbug-aimsithe-ag-tranna-an-spideil-an-chead-

uair-riamh-a-thangthas-ar-a-leitheid-san-eoraip/ 
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