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generated by these experiments was to be used as a basis to design further
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from the University on to their premises to collect samples after that point, due
to concern over COVID-19 being detected in sewage, so the full set of samples
could never be taken. From the start of this project, the plan was to use a range
of culture dependent and independent methods to gain a broader
understanding of AMR within wastewater samples, and this preliminary round
of sampling was to be used to determine the targets for some culture
independent methods. Due to the impact of COVID-19, these methods were
never able to be used, and so the analysis in Chapters 3 and 4 of this thesis had
to change to only culture dependent methods.
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after mid-March 2020 until later in the year due to the pandemic. Although the
University allowed research to recommence on 10t August, research for this
work could not continue until 28™ September due to priority access being given

to final year PhD students. Additionally, a large proportion of the experiments



in the project required the use of PCR. Due to the high levels of PCR testing
used in the UK government’s surveillance and diagnosis of SARS-CoV-2
infections, certain consumables required for PCR were in high demand. This
necessarily meant that PCR experiments were delayed due to lack of

consumables and significant world-wide delays in shipping.



Abstract

Antimicrobial resistance (AMR) is rapidly becoming one of the greatest threats
to modern healthcare around the world. The numbers of resistant infections
have been rising rapidly over the last few decades, and mobile genetic
elements (MGEs) carrying genes that confer resistance to our most valuable
antibiotics have played a major role. Antimicrobial resistant bacteria are
frequently isolated from wastewater treatment plants, and identification of
their associated resistance genes and MGEs can be used to help understand
the landscape of AMR in a local environment. The work described here
investigated the presence of carbapenemase-producing Enterobacteriaceae
(CPE) in wastewater from the UK East Midlands. Selective enrichment was used
to isolate CPE as well as cephalosporin-resistant bacteria, phenotypic AMR
profiles were determined by antimicrobial disc diffusion assay, and detection
of beta-lactamase and plasmid genes was carried out using polymerase chain
reaction (PCR). Nineteen isolates underwent whole genome sequencing,
sixteen of which used lllumina and Oxford Nanopore Technologies sequencing
technology to generate hybrid assemblies, which were used to investigate the
genetic mechanisms of carbapenem resistance. CPE were identified from both
wastewater influent and effluent, and those isolated were identified as
Escherichia coli, Citrobacter portucalensis, Klebsiella pneumoniae, and
Klebsiella quasipneumoniae, while a carbapenemase-producing Pseudomonas
aeruginosa was also detected. Carbapenemase genes isolated in this work
were blanpwm-a, blanom-s, blaoxa-1s1, blawpe-7 and blaime-70, and these were found

on IncF, IncX3, IncA/C and IncX3-ColKp3 plasmids. Sharing of highly related



carbapenemase plasmids was seen across multiple sequence types, and in one
case, across species, as an IncX3 plasmid was detected in E. coli and
K. quasipneumoniae isolates. Analysis of results showed a greater proportion
of NDM-producing E. coli were found in this work when compared to previous
studies of carbapenemase-producing isolates from clinical and wastewater
samples from the UK. Importantly, multidrug resistance regions were
commonly associated with 1S26 pseudo compound transposons, and
experiments using clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9)-based plasmid curing were able
to show transposition of the genomic region containing blanom and other
resistance genes from one plasmid to another. This study highlights the need
for more surveillance of the spread of carbapenemase-producing organisms

both locally and across the globe.
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INTRODUCTION

1.1 Antimicrobial discovery

The use of antimicrobials as we know them today began in the early 20t
century with Paul Ehrlich and his “magic bullet.” From his work using dyes to
stain different types of tissue, he aimed to find compounds that could destroy
microorganisms at dosage levels that would be safe for use in humans (Winau,
Westphal and Winau, 2004; Bosch and Rosich, 2008). He systematically
screened various arsenic derivatives based on the toxic drug Atoxyl, used for
treatment of infections by trypanosomes at the time (Bosch and Rosich, 2008).
In 1909, the compound numbered 606 was found to be effective against
syphilis in rabbits, and, following trials in humans, went on to be marketed as
the drug Salvarsan (Aminov, 2010). Modifying the chemical structure of
Salvarsan led to the production of Neosalvarsan in 1912, a less toxic and more
soluble version of the drug (Strebhardt and Ullrich, 2008).

This approach to finding new drugs led to the discovery of
sulphonamidochrysoidine, better known as Prontosil, by Gerhard Domagk.
Screened using haemolytic Streptococcus infected mice, Prontosil was
discovered to be an effective antimicrobial in 1932 (Skéld, 2000). Soon after, it
was discovered that the drug was metabolised in the body, breaking down into
the compound sulphanilamide, which retained all the antimicrobial properties
of Prontosil (Sneader, 2001; Gould, 2016). Sulphanilamide was cheap to
produce and unpatentable as it had been used for many years in the dye
industry, which led to its widespread use as an antimicrobial as the first in the

class of sulphonamides (Sneader, 2001; Aminov, 2010).
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Meanwhile, penicillin had been discovered by Alexander Fleming in 1928, but
he had failed to be able to purify it, and had given up the venture by 1940
(Fleming, 1929; Aminov, 2010). Fortunately, in that same year, a team at
Oxford led by Ernest Chain and Howard Florey published a paper on purifying
penicillin in quantities high enough for clinical testing (Chain et al., 2005). This
breakthrough led to the mass production of penicillin in the 1940s, and

eventually to the golden age of antibiotics (Aminov, 2010; Gould, 2016).

1.2 Antimicrobial mechanisms of action

There are a variety of mechanisms of action of different classes of antibiotics,
but the most common of these are: inhibition of cell wall synthesis, inhibition
of protein biosynthesis, inhibition of DNA replication and inhibition of the folic
acid pathway (Kapoor, Saigal and Elongavan, 2017). Another notable
mechanism is that of outer membrane (OM) disruption (Mohapatra, Dwibedy

and Padhy, 2021).

1.2.1 Inhibition of cell-wall synthesis

Peptidoglycan is an essential component of the bacterial cell wall found outside
the cytoplasmic membrane in almost all bacteria (Vollmer, Blanot and De
Pedro, 2008). It is formed of alternating polysaccharide chains of
N-acetylglucosamine and N-acetylmuramic acid, with a peptide chain

containing 3-5 amino acids attached to the former group. These peptide chains
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are typically made up of L[-Ala-y-D-Glu-meso-Apm (or L-Lys)-D-Ala-D-Ala.
These are cross-linked together to form the lattice-like structure of
peptidoglycan, either through direct-linkage of two peptide chains, or through
the use of a peptide bridge. These cross-links are typically formed between the
peptides at position 4 of one peptide chain to position 3 of the other peptide
chain, as shown in Figure 1.1. (Vollmer, Blanot and De Pedro, 2008; Liu and
Breukink, 2016). A variety of enzymes are involved in peptidoglycan synthesis,
the most important of which are the transglycosylases, carboxypeptidases and
transpeptidases (Spratt, 1975, 1977; Sauvage et al., 2008). Transglycosylases
are responsible for elongating the polysaccharide chains, while
carboxypeptidases are responsible for trimming unlinked peptide chains.
Transpeptidases catalyse the formation of the cross-linked peptide chains by
targeting the D-Ala-D-Ala dipeptide and cleaving the terminal D-Ala from one
peptide chain to provide the energy to from the covalent bond with the
neighbouring peptide chain (Sauvage et al., 2008; Vollmer, Blanot and De
Pedro, 2008; Typas et al., 2012).

As shown in Figure 1.2, the beta-lactam antibiotics are structurally similar to
the substrate of the transpeptidases, D-Ala-D-Ala, and so these enzymes are
also known as penicillin binding proteins (PBPs). Beta-lactams act as
competitive mechanistic inhibitors by binding to these enzymes to form a
penicilloyl-enzyme complex, which prevents the PBPs from completing their
function of cross-linking the peptidoglycan layers (Bush and Bradford, 2016;
Lima et al., 2020). As cell wall synthesis is an ongoing process, parts of the cell

wall are being broken down at the same time as new layers of peptidoglycan
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Figure 1.1. Examples of cross-linkage and peptide bridge. (a), Escherichia coli (direct cross-link
between peptide chains at positions 3 and 4); (b), Staphylococcus aureus (cross-link with a
pentaglycine bridge between peptide chains at positions 3 and 4); (c), Corynebacterium
pointsettiae (cross-link with a d-ornithine bridge between peptide chains at positions 2 and 4);
(d), Micrococcus luteus (cross-link with a bridge consisting of a peptide stem). G, N-

acetylglucosamine; M, N-acetylmuramic acid. Republished from Vollmer, Blanot and De Pedro
(2008) under Creative Commons CC-BY license.

are being produced. Without new layers being cross-linked due to the action
of beta-lactams, the bacterial cell becomes structurally weakened and
eventually bursts due to osmotic pressure (Papp-Wallace et al., 2011).

Another example of an antibiotic that inhibits cell wall synthesis is the
glycopeptide antibiotic Vancomycin. This binds to theD-Ala-D-Ala motif of the
peptidoglycan precursor, creating a physical barrier that blocks the activity of
transglycosylases, and prevents the transpeptidases from cross-linking the
peptide chains. Similar to beta-lactam antibiotics, this disruption weakens the

bacterial cell wall, ultimately leading to cell death (Mihlberg et al., 2020).
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Figure 1.2. The structural similarity of Penicillin G (1, blue), and D-Ala-D-Ala, a common
substrate of Penicillin Binding Proteins (2, red). Republished with permission from Lima et al.
(2020). Copyright 2020 Elsevier.

1.2.2 Inhibition of protein synthesis

Aminoglycosides are bactericidal antibiotics that inhibit protein synthesis by
binding to the A-site on the 16S ribosomal RNA of the 30S ribosome, altering
its conformation (Kotra, Haddad and Mobashery, 2000; Krause et al., 2016). As
a result of this, proteins can be mistranslated by induced codon misreading,
which leads to incorrect protein structures that can cause damage to the cell.
Some aminoglycoside compounds can also block elongation of the polypeptide
chain, or prevent initiation entirely, although the specific mechanisms vary by
the chemical structure of the various compounds (Wilson, 2014; Krause et al.,
2016). Aminoglycosides are unique among the classes of antibiotic that inhibit
protein synthesis, as they are bactericidal as opposed to bacteriostatic. This is
due to their mechanism of entry into the cell that occurs due to a three-stage
process, as shown in Figure 1.3. Firstly, as they are polycationic hydrophobic
molecules, aminoglycosides bind electrostatically to the negatively charged
components of the bacterial cell surface. This results in displacement of

divalent cations and increased permeability of aminoglycoside molecules into
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Figure 1.3. The process of aminoglycoside entry into the bacterial cell. A) Positively charged
aminoglycoside molecules (AG) enter the cell through electrostatic binding to the negatively
charged components of the outer membrane (OM). B) Small numbers of AG cross the inner
membrane (IM) using the proton motive force. C) AGs bind to the 30S subunit of rRNA and
cause mistranslation, as well as blocking initiation and elongation of translation.
Mistranslated proteins are hypothesised to cause damage to the IM, allowing increased
amounts of AG to enter the cytoplasm. Republished from Serio et al. (2018) under Creative
Commons CC-BY license.

the bacterial cell (Serio et al., 2018). Secondly, small numbers of these
molecules cross the cytoplasmic membrane in an energy-dependent manner,
known as the energy-dependent phase | (Jana and Deb, 2006; Serio et al.,
2018). Once inside the cell, these molecules inhibit protein synthesis as
described above and it is hypothesised that mistranslated proteins cause
further damage to the cytoplasmic membrane, which increases the
concentration of aminoglycosides in the cytoplasm. The final stage is known as
the energy-dependent phase I, and this results in the rapid increase of
aminoglycoside molecules in the cytoplasm. The combination of damage to the
cytoplasmic membrane, mistranslation and inhibition of protein synthesis is

what causes their bactericidal activity (Jana and Deb, 2006; Serio et al., 2018).
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Tetracyclines act on the same 30S ribosomal subunit to prevent protein
synthesis, though are mostly considered bacteriostatic. This is due to the
antibiotic physically interfering with the docking of transfer RNA (tRNA) during
elongation (Grossman, 2016). This halts protein synthesis without causing
translation errors, as seen with aminoglycosides, and typically results in a
bacteriostatic effect. Another key difference is their mechanism of entry into
the cell: tetracyclines diffuse through porin channels as a metal ion-antibiotic
complex, after which the metal ion dissociates, allowing the antibiotic to cross
the lipid bilayer as a lipophilic molecule (Chopra and Roberts, 2001).

Macrolide, lincosamide, streptogramin, phenicol and pleuromutilin antibiotics
interfere with protein synthesis by binding to the 50S ribosomal subunit
(Schwarz et al., 2016; Dinos, 2017). Macrolides are known to target the nascent
peptide exit tunnel, through which synthesised protein leaves the ribosome.
There, they prevent peptide bond formation between specific sequences
known as Macrolide-Arrest Motifs (MAMs) (Vazquez-Laslop and Mankin,
2018). Research into the mechanisms of action of four macrolides
(erythromycin, josamycin, spiramycin, and telithromycin), a lincosamide
(clindamycin), and a streptogramin (pristinamycin IA) has shown that all these
antibiotics promote the dissociation of peptidyl-tRNA from the ribosome
(Tenson, Lovmar, and Ehrenberg, 2003). However, their effects vary:
josamycin, spiramycin, and clindamycin cause dissociation of peptidyl-tRNAs
with 2—4 amino acid residues; erythromycin primarily targets peptidyl-tRNAs
with 6-8 residues; pristinamycin IA affects those with 6 residues; and

telithromycin induces dissociation of peptidyl-tRNAs containing 9-10 residues.
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These findings highlight a shared mode of action among these antibiotics,
which is why they are commonly referred to as the MLS antibiotics (macrolide,
lincosamide, streptogramin) (Tenson, Lovmar, and Ehrenberg, 2003; Spizek and
Rezanka, 2017).

The binding site of chloramphenicol is located in the peptidyl transferase
centre of the 50S ribosomal subunit, adjacent to and partially overlapping with
the binding site of lincosamide antibiotics. Similarly, pleuromutilins also target
the peptidyl transferase centre, although their precise binding position varies
depending on the specific drug. These similar binding sites are the reason that
these drugs all have the similar bacteriostatic effect of disrupting protein

synthesis (Schwarz et al., 2016).

1.2.3 Inhibition of DNA synthesis

During DNA replication, double-stranded DNA (dsDNA) is unwound by the
enzyme DNA helicase to provide single-stranded templates for the replication
machinery to synthesize new DNA strands. This unwinding generates torsional
strain in the DNA molecule, which is relieved by topoisomerase enzymes. These
enzymes introduce temporary nicks in the DNA strands, allowing intact
sections of dsDNA to pass through before resealing the nicks (Correia et al.,
2017).

Quinolone and fluoroquinolone antibiotics disrupt bacterial DNA replication by
targeting type-Il topoisomerases, specifically DNA gyrase and topoisomerase

IV (Pham, Ziora, and Blaskovich, 2019), as shown in Figure 1.4. These enzymes



INTRODUCTION

DNA
polymerase
— s DNA gyrase
Supercoiling -

Beterial DNA double helix
circular DNA \ <« | DNA helicase

w

o
:i-:t?grl:te;: Interlinked _§
bacterial cells : daughter DNA 2

TopoisomeraselV molecules % =

g8

=)

(T

Figure 1.4. Mechanism of DNA replication processes showing the stages at which
fluoroquinolones interact with topoisomerase enzymes to inhibit DNA replication. Republished
from Halawa et al. (2024) under Creative Commons CC-BY license.

form transient complexes with DNA via covalent bonds between active site
tyrosine residues and the 5’-overhangs at DNA breaks, known as cleavage
complexes. Quinolones stabilize these cleavage complexes, forming a
quinolone-topoisomerase-DNA complex that blocks the progression of the
replication machinery at replication forks, thereby inhibiting DNA synthesis
(Correia et al., 2017).

Collisions between the replication machinery and these stabilized complexes
generate larger, irreversible DNA breaks (Hooper and Jacoby, 2016). This
triggers a bacterial stress response that de-represses the SOS repair system,
activating DNA repair enzymes. At low quinolone concentrations, this results in

bacteriostasis. However, at higher concentrations, the repair mechanisms can
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be overwhelmed, leading to incomplete DNA repair, extensive DNA damage,

and ultimately bacterial cell death (Correia et al., 2017).

1.2.4 Inhibition of folic acid pathway

Tetrahydrofolic acid, the active form of vitamin By, plays a pivotal role in many
biochemical reactions including nucleotide synthesis in both eukaryotes and
prokaryotes. In bacteria, it is involved in the biosynthesis of methionine, serine
and glycine; production of adenine and guanine; production of thymidine
monophosphate; and the formation of formyl-methionyl tRNAs (Nixon et al.,
2014). Tetrahydrofolic acid is synthesised through a pathway that converts
dihydropteroate diphosphate and p-aminobenzoic acid (PABA) into
dihydropteroic acid. This is then converted to dihydrofolic acid, and finally
forms tetrahydrofolic acid by the action of dihydrofolate reductase.

The sulphonamide antibiotics act as competitive antagonists and structural
analogues of PABA and are therefore able to disrupt this pathway by replacing
PABA in the reaction of the enzyme dihydropteroate synthetase. This inhibits
the production of purine bases and amino acids, thereby preventing DNA
replication and cell division, which results in a bacteriostatic effect (Ovung and
Bhattacharyya, 2021).

Similarly, the diaminopyrimidine antibiotics, such as trimethoprim, act as
competitive antagonists for dihydrofolate reductase, another enzyme in the
tetrahydrofolic acid pathway, and consequently inhibit DNA replication and cell

division in the same manner (Gleckman, Blagg and Joubert, 1981).
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1.2.5 Disruption of outer membrane

Structurally, the polymyxin antibiotics a very similar to the cationic
antimicrobial peptides (cAMPs) produced by the innate immune system of
eukaryotes in response to bacterial infection. These antibiotics consist of a
hydrophilic cationic peptide ring and a hydrophobic fatty acid tail structure
(Trimble et al., 2016) as can be seen in Figure 1.5. The cationic peptide region
binds to the lipopolysaccharide (LPS) molecules of the bacterial OM due to
electrostatic interactions between the positively charged polymyxin and the
negatively charged phosphate groups of the LPS. After binding to the LPS and
subsequent displacement of membrane-stabilising cations, the hydrophobicity
of the tail structure interacts with the lipid A of the LPS layer on the surface of
the OM, which disrupts the membrane structure and leads to increased
membrane permeability. These interactions lead to weakening and subsequent
disintegration of the membrane followed by cell death due to osmotic
pressure. This mechanism has a somewhat similar effect when polymixins
interact with the membranes of human cells, which results in the nephrotoxic
effect observed in their clinical use. This toxicity is primarily seen in kidney and
brain tissue, although recent modifications to dosage and modifications to the
formulation have greatly reduced this effect (Mohapatra, Dwibedy and Padhy,

2021).

12
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Figure 1.5. Structure of polymyxin antibiotics and their mechanism of action. A) Structure of
the polymyxin molecule. Y represents D-Phe in the polymyxin B molecule and D-Leu in the
colistin molecule. X represents the fatty acid chain; Dab- diamino-butyric acid. B) The
interaction between the polymyxin molecule and the bacterial outer membrane (OM).
Polymyxin molecules interact electrostatically with lipopolysaccharide (LPS) and lead to
disruption of, followed by insertion of the polymyxins into, the OM. The antibiotics can also
interfere with LPS molecules being transported to the OM. The overall process leads to
disintegration of the OM resulting in cell lysis and death. Republished with permission from
(Mohapatra, Dwibedy and Padhy, 2021. Copyright Springer Nature 2021.
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1.3 Antimicrobial resistance

1.3.1 Origins of antimicrobial resistance

Most of the antimicrobials used today in clinics around the world are derived
from natural sources. In fact, over 70% of the antibiotics used now were
developed from the secondary metabolites of the actinomycetes (Mak, Xu and
Nodwell, 2014; Nothias, Knight and Dorrestein, 2016). Given that antibiotics
are produced in natural environments (Clardy, Fischbach and Currie, 2009), it
is unsurprising that antimicrobial resistance would also exist in bacteria in
those environments, as a defence mechanism against both self-produced
antimicrobial molecules as well as those produced by competing organisms.
Indeed, studies have shown that antibiotic resistance genes are ancient, with
vancomycin, tetracycline and beta-lactam resistance genes having been
detected in 30,000 year old Canadian permafrost (D’Costa et al., 2011).
Antibiotic resistance has also been detected in the deep subsurface
microbiome, as well as an isolated cave microbiome, untouched by
anthropogenic sources of antimicrobial use (Brown and Balkwill, 2009; Bhullar
et al.,, 2012). Further evidence from evolutionary analyses shows beta-
lactamases are at least two billion years old, while the OXA beta-lactamases
specifically were mobilised onto plasmids millions of years ago (Barlow and
Hall, 2002; Hall and Barlow, 2004). It seems clear, therefore, that resistance
predates the modern development of antimicrobials by humans, and so the

“antimicrobial resistance pandemic” as we currently know it is caused by
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selection pressure for pre-existing antimicrobial resistance genes (ARGs), or
combinations thereof, due to anthropogenic use of antimicrobials.

Sir Alexander Fleming warned of the overuse of antibiotics in 1945, saying that
demands for the drug by the public would lead to an era of abuses (Ventola,
2015). This has proven true, as can be seen by the vast amounts of antibiotics
prescribed (or simply purchased without prescription) unnecessarily across the
globe. As an example of poor antimicrobial stewardship: in the UKin 2011, 51%
of patients seen by a GP for a cough or cold-like symptoms were prescribed
antibiotics (Hawker et al., 2014), despite this being against medical
recommendations. On a larger scale, a study of antibiotic consumption across
76 countries found that antibiotic use per 1,000 population increased 39%
between 2000 and 2015 (Klein et al., 2018); while another study estimated
global antibiotic consumption to have increased 46% between 2000 and 2018
(Browne et al., 2021). In low- and middle-income countries (LMICs), antibiotics
are often available without prescription, either due to lack of regulation, or lack
of enforcement of existing regulations (Morgan et al., 2011). In some LMICs,
available antimicrobials are often of poor quality, due to inadequate storage,
or even outright counterfeit drugs, which do not contain the drug they are
marketed as, or not at the concentrations claimed (Ayukekbong, Ntemgwa and
Atabe, 2017).

The overuse of antibiotics in agriculture has also contributed to the problem of
antimicrobial resistance (AMR), with 70% of all antibiotics defined as medically
important in the USA being used in agriculture in 2016 (O’Neill, 2016). The USA

Food and Drug Administration (FDA) did eliminate antibiotic use for growth
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promotion in 2017, and while this has led to a 32% reduction in agricultural
antibiotic use between 2016 and 2020, it is still 86% higher per population
corrected unit (PCU) than in the European Union (EU) (Wallinga et al., 2022).
Unfortunately, these reductions do not reflect the trends in global
consumption of agricultural antibiotics, which is predicted to rise by 8%
between 2020 and 2030 (Mulchandani et al., 2023).

The United Nations (UN) has called the AMR crisis a “global health emergency”
(UN News, 2018), while the former World Health Organisation (WHO) Director-
General, Dr Margaret Chan, has referred to AMR as “a slow-motion tsunami”
(WHO, 2016). Globally, it was estimated that six drug-resistant pathogens were
responsible for the deaths of at least 700,000 people in 2014 (O’Neill, 2014),
and it has been estimated that the total burden of AMR could rise to 10 million
by 2050 (O’Neill, 2016), although it is worth noting that this is disputed as too
high an estimation (de Kraker, Stewardson and Harbarth, 2016). More recently,
it was estimated that 4 of those 6 drug-resistant pathogens were directly
responsible for 670,000 deaths in 2019, while the total number of deaths
directly caused by drug-resistance that year was 1.27 million (Murray et al.,
2022). Undoubtedly, if actions are not taken the AMR crisis will have a dramatic
impact on medicine as we know it. Medical treatments such as routine surgery,
joint-replacements and caesarean sections all rely on the efficacy of antibiotic
therapy. Treatment that requires immunosuppression such as chemotherapy
and organ transplantation would be impossible if antibiotics were no longer
effective, as indeed is already a problem with the rise of multidrug resistant

(MDR) and extensively drug resistant (XDR) bacterial infections (George et al.,
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2014). This potential future is what the WHO calls the “post-antibiotic era”

(Reardon, 2014), and we must act quickly and effectively to prevent it.

1.3.2 Mechanisms of antimicrobial resistance

Resistance to antimicrobials is produced by four main mechanisms: i)
inactivation of the antimicrobial, ii) modification of the target site of the
antimicrobial, iii) prevention of the antimicrobial from reaching the target site,
and iv) resistance due to global cell adaptive processes (Munita and Arias,
2016). The most common mechanisms are shown in Figure 1.6.
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Figure 1.6. Common mechanisms of antimicrobial resistance. Inactivation of antibiotic occurs
via enzymatic degradation or modification of the antibiotic. Target protection involves the
physical association of a target protection protein that prevents the antibiotic from reaching
its target site. Decreased influx involves changes to the membrane structure, often through
downregulation or mutations of porins, which reduces the ability of the antibiotic to enter the
cell. Target site modification reduces affinity of the antibiotic for the target site, usually through
genetic mutation or enzymatic alteration. Active efflux is facilitated by efflux pumps, which
export antibiotics and various other compounds out of bacterial cells. Target bypass involves
production of another protein for the same function that is not inhibited by the antibiotic.
Republished with permission from Darby et al., 2023. Copyright 2023 Springer Nature Limited.
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1.3.2.1 Inactivation of the antimicrobial molecule

Antimicrobials can be modified by bacterial mechanisms through both
chemical modification and degradation of the molecule itself. Some of the most
well described mechanisms of chemical modification are the aminoglycoside
modifying enzymes (AMEs) (Garneau-Tsodikova and Labby, 2016; Munita and
Arias, 2016). These enzymes are classified based on the form of chemical
modification they apply to the aminoglycoside molecule. They consist of the
aminoglycoside N-acetyltransferases (AAC), aminoglycoside O-
nucleotidyltransferases (ANT), and aminoglycoside O-phosphotransferases
(APH) families of enzymes (Garneau-Tsodikova and Labby, 2016). These
enzymes alter the chemical structure of the antibiotics, by modifying the
hydroxyl or amino groups, which substantially reduces their affinity for their
target (Darby et al., 2023).

Similarly, other antimicrobials that target the 50S ribosomal subunit and inhibit
protein biosynthesis are also targets of chemical modification. Lincosamide
antibiotics are also modified by bacterial nucleotidyltransferases; macrolide
resistance can occur through the production of phosphotransferases and
esterases; while streptogramin and phenicol antibiotics are commonly
modified by acetyltransferases, such as the chloramphenicol acetyltransferase
(CAT) family of enzymes (Darby 2023).

Perhaps the most well-known mechanism of antimicrobial degradation is
hydrolysis of beta-lactam antibiotics by the beta-lactamases, which will be
discussed in more detail in §1.5. Another example of antimicrobial degradation

is the tetracycline destructases, such as the Tet(X) family of enzymes, which
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catalyse the oxidation of tetracyclines, leading to covalent destruction of the

antibiotic scaffold (Markley and Wencewicz, 2018).

1.3.2.2 Modification of the target site of the molecule

Mutations that lead to amino acid substitutions in the target site protein can
alter the structure and reduce binding-affinity of the antimicrobial molecule.
For example, a common mechanism of fluoroquinolone resistance is due to
mutations in the antibiotic target sites of DNA gyrase and/or topoisomerase IV
(Redgrave et al., 2014). Although fluoroquinolones are to some extent active
against both proteins, they do target a particular protein preferentially,
depending on the specific drug and bacterial species. However, they will also
bind to the secondary target and exert an antimicrobial effect even if the
primary target has been modified (Hooper, 2000). For this reason, alterations
of the target site can result in only a small increase in the minimum inhibitory
concentration (MIC) of the drug, and high levels of fluoroquinolone resistance
are frequently associated with multiple amino acid changes in both DNA gyrase
and topoisomerase IV (Hooper, 2000; Munita and Arias, 2016).

Other mechanisms that modify the target site include enzymatic alteration,
such as the erm family of macrolide resistance genes. These are so named
because they are erythromycin ribosomal methylation genes, that methylate
an adenine residue in a conserved region of the 23S ribosomal subunit, causing
reduced binding affinity of erythromycin (Leclercq, 2002). The final mechanism

in this category is known as target protection. Resistance to tetracycline
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antibiotics is caused by a number of different mechanisms, one of which is the
production of tetracycline ribosomal protection proteins (TRPPs) such as
Tet(M) and Tet(O) (Connell et al., 2003; Wilson et al., 2020). These TRPPs bind
to the ribosome in a position that overlaps the tetracycline binding site, which
physically displaces the drug. They also produce conformational changes in the
tetracycline-binding site of the ribosome that persist after TRPP disassociation,
which prevents immediate rebinding of the drug (Wilson et al., 2020).
Another strategy consists of using a different pathway to accomplish a
biochemical function to that of the antimicrobial target. Perhaps the most well-
known example of this is that of methicillin resistance in Staphylococcus
aureus, which is due to the acquisition of an exogenous PBP (PBP2a) (Munita
and Arias, 2016). PBP2a is homologous to the original target site but has a lower
affinity for beta-lactam antibiotics. Even when bound to methicillin, cell wall
synthesis is not inhibited as the transpeptidase activity of PBP2a is still
maintained (Stapleton and Taylor, 2002; Munita and Arias, 2016; Darby et al.,
2023).

Overproduction of the antimicrobial target is another mechanism by which
resistance can be conferred. This occurs when the amount of target molecules
is increased, effectively overwhelming the ability of the antibiotic to interact
with them. Mutations in the promoter regions of the genes encoding
dihydropteroate synthase and dihydrofolate reductase can confer resistance
to sulphonamide and trimethoprim antibiotics, respectively. These mutations

lead to overexpression of the enzymes involved in folate synthesis (as
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described in §1.2.4), reducing the ability of the antibiotics to inhibit this

pathway and allowing bacterial survival (Munita and Arias, 2016).

1.3.2.3 Prevention of the antimicrobial from reaching the target site

The Gram-negative OM is composed of a lipid bilayer that is impermeable to
large, charged molecules. To enable the uptake of nutrients and other
molecules, the OM also contains water-filled open channels, known as porins,
that allow the penetration of hydrophilic molecules across the OM (Pages,
James and Winterhalter, 2008). These channels are the means of entry to the
bacterial cell of small hydrophilic antibiotics such as beta-lactams,
tetracyclines, phenicols, and fluoroquinolones (Nikaido, 2003). There are three
strategies of porin modification used by bacteria that reduce susceptibility to
antimicrobials: changes in the type of porin expressed, changes in levels of
porin expression, and modifications of the functional properties of the porin
channel (Pages, James and Winterhalter, 2008). The change in expression from
the larger porins OmpK35 and OmpK36 for the smaller OmpK37 is responsible
for drastic increases in MICs of cephalosporins in Klebsiella pneumoniae
isolates (Delcour, 2009). The OprD porin of Pseudomonas aeruginosa is known
to be preferentially used by imipenem to enter the cell, and reduced expression
of this protein increases the MIC of the antibiotic (Li et al., 2012). Reduced
expression can be conferred through mutational change but can also occur due
to regulatory control in response to antimicrobial stress. The regulatory RNA

MicC modulates the expression of the porin OmpCin E. coli. Expression of micC
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has been shown to increase in response to the presence of beta-lactams,
resulting in downregulation of the porin gene ompC as a response (Dam, Pages
and Masi, 2017).

Another major mechanism for preventing antimicrobial access to its target site
is through the use of bacterial efflux pumps, which are important for removing
many types of harmful compounds from bacterial cells, such as waste cell
products, antibiotics, antimicrobial metals, disinfectants and bile salts
(Thanassi, Cheng and Nikaido, 1997; Kazama et al., 1998; Hobman and
Crossman, 2015; Blanco et al., 2016). Efflux pumps may be substrate specific,
such as the Tet(A) and Tet(B), which are the most common method of
tetracycline efflux in Gram-negative clinical isolates (Grossman, 2016). Those
that have a broader range of substrates are often capable of expelling multiple
classes of antibiotic and are known as multidrug efflux pumps. In P. aeruginosa,
the multidrug efflux pump (Mex) MexAB-OprM is considered the main
contributor to antimicrobial resistance, and is capable of removing quinolones,
macrolides, tetracycline, chloramphenicol, novobiocin, and most beta-lactams
from the cell (Masuda et al., 2000; Lorusso et al., 2022).

The formation of bacterial biofilms also plays a role in preventing antimicrobials
from reaching their targets through the production of an extracellular matrix.
This biopolymer contains proteins, polysaccharides as well as extracellular
DNA, and is able to prevent antimicrobials from reaching bacterial cells (Ciofu
et al., 2022; Shree et al., 2023). Another mechanism of resistance mediated by

biofilms is that of metabolic heterogeneity, where cells in parts of the biofilm
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are metabolically inactive, which prevents antibiotics from acting upon target

molecules involved in DNA, protein or cell-wall synthesis (Ciofu et al., 2022).

1.3.2.4 Resistance due to global cell adaptive processes

Bacterial pathogens have evolved sophisticated mechanisms to cope with
environmental pressures that allow them to survive in a range of stressful
environments, including the human body. Development of resistance to
daptomycin and lowered susceptibility to vancomycin by Gram-positive
bacteria are clinically relevant examples of resistance phenotypes that are a
result of these cellular mechanisms (Munita and Arias, 2016).

Daptomycin is a lipopeptide antibiotic that is structurally and functionally
similar to cAMPs produced by the innate immune system (Tran, Munita and
Arias, 2015). The antimicrobial activity of daptomycin begins with it forming a
complex with calcium ions, giving the molecule a positive charge. This interacts
electrostatically with the negatively charged cell membrane, eventually
resulting in entry to the cell. Bacteria have evolved systems to protect
themselves against cAMPs and possess regulatory mechanisms that are
involved in protecting the cell envelope in the presence of cAMPs (Munita and
Arias, 2016).

The LiaFSR system of Enterococcus faecium and Enterococcus faecalis is a
stress-response regulatory system that regulates genes for cell wall synthesis,
cell division, transmembrane proteins, and cell envelope stress response.

Increased activity of LiaFSR in response to daptomycin causes remodelling of
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the cell membrane, which is responsible for the resistance phenotype in these
bacteria (Tymoszewska, Szylinska and Aleksandrzak-Piekarczyk, 2023). In
St. aureus, remodelling of the cell membrane results in changes of surface
charge which lead to electrostatic repulsion of the positively charged
daptomycin-calcium complex away from the cell (Bayer, Schneider and Sahl,

2013; Munita and Arias, 2016).

1.3.3 Natural and acquired resistance

1.3.3.1 Natural antimicrobial resistance

The resistance mechanisms described in the previous section can be further
divided into two categories called natural (encompassing both intrinsic and
naturally inducible resistance) and acquired resistance. Intrinsic resistance is
insusceptibility to an antimicrobial caused by a trait that is: universally shared
across a bacterial species, independent of antibiotic selective pressure, and not
associated with horizontal gene transfer (HGT) (Cox and Wright, 2013). Perhaps
the best-known example of intrinsic resistance is the Gram-negative OM itself,
which protects the cell from toxic molecules including antibiotics such as
vancomycin, which is unable to penetrate the membrane (Miller, 2016).
Another similar example would be Gram-positive bacterial resistance to
colistin, as they lack an OM for the antibiotic to act upon. While intrinsic
resistance is often caused by these sorts of passive physical properties of cells,
it also includes more active mechanisms like antibiotic inactivation, such as the

constitutively expressed beta-lactamases of Acinetobacter baumannii (Poirel,
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Bonnin and Nordmann, 2011b). Other examples of clinically relevant intrinsic
resistance mechanisms include bacterial efflux pumps such as the MexAB-
OprM as described in §1.3.2.3. Naturally inducible resistance mechanisms are
those which are found chromosomally, and expressed at basal levels until
hyperexpression is triggered by the presence or action of antimicrobials. An
example of inducible resistance is the group of enzymes known as AmpC
beta-lactamases, which are constitutively expressed in some species, such as
Escherichia coli, A. baumannii and Shigella spp.; these are plasmid mediated in
other members of the Enterobacteriaceae, as well as being inducible in other
species such as Enterobacter cloacae, Serratia marcescens, Citrobacter freundii
and P. aeruginosa (Tamma et al., 2019). In the latter group, the regulatory
protein AmpR reduces ampC expression to very low levels in the absence of
beta-lactams (Honoré, Nicolas and Cole, 1986). When cell wall degradation
products are produced by the activity of certain beta-lactams, these peptides
compete with uridine diphosphate (UDP)—N-acetylmuramic acid, the substrate
of AmpR. As these cell wall peptides bind to AmpR, it undergoes
conformational changes that disable its function, preventing repression and
therefore increasing expression of AmpC (Tamma et al.,, 2019). AmpC is
induced by, and capable of hydrolysing, the aminopenicillins, such as ampicillin
and amoxicillin, cephamycins such as cefoxitin, and first-generation
cephalosporins. Other beta-lactams such as fourth-generation cephalosporins
and carbapenems are inducers of AmpC expression but are also able to
withstand hydrolysis by the enzyme due to the formation of a stable acyl

enzyme complex (Hancock and Bellido, 1996; Sanders et al., 1997).
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1.3.3.2 Acquired antimicrobial resistance

Although natural resistance mechanisms pose a problem for the treatment of
infections caused by certain bacteria, the current crisis of AMR is primarily
caused by the acquisition of resistance mechanisms by previously susceptible
bacteria. This development of acquired resistance is caused by two main
routes: i) mutational resistance and ii) horizontal gene transfer.

Mutational resistance is caused by single nucleotide polymorphisms (SNPs) and
insertions or deletions (indels) in pre-existing genes that result in a resistant
phenotype to antimicrobials. These are commonly associated with particular
species of bacteria as well as certain antibiotics, dependent on their specific
targets. For example, resistance to penicillins in Streptococcus is primarily
caused by modifications of its PBPs, specifically PBP 2X, PBP 2B, and PBP 1A,
which leads to decreased affinity for the antimicrobial molecule and higher
MICs (Haenni and Moreillon, 2006). Resistance to fluoroquinolones is
commonly caused by mutations in the gyrA and gyrB or parC and parE genes
encoding for DNA gyrase and DNA topoisomerase |V respectively, as described
in 81.2.3. In Mycobacterium tuberculosis, resistance mechanisms for all of our
current therapeutic agents are caused solely by mutations (Dookie et al., 2018).
Similarly, the resistance mechanisms of multidrug resistant Helicobacter pylori
are also caused by mutational changes (Woodford and Ellington, 2007).
Mutational changes in natural resistance mechanisms can lead to increased
levels of phenotypic resistance, or resistance to new classes of antibiotics,
especially when multiple mutational changes have an additive effect on the

resistance phenotype. Mutants of the constitutively expressed AmpC beta-
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lactamase can result in AmpC overexpression, which has been shown to have
increased affinity for third generation cephalosporins such as cefotaxime, as
well as carbapenems (Mammeri, Poirel and Nordmann, 2007). Combinations
of mutations that cause AmpC and efflux pump overexpression have been
shown to cause meropenem resistance in P. aeruginosa (Cabot et al., 2011),
while AmpC overexpression combined with porin loss can cause carbapenem
resistance in E. coli (Mammeri et al., 2008).

Horizontal gene transfer is the acquisition of external DNA material and occurs
via three mechanisms: i) transformation (incorporation of naked DNA), ii)
transduction (bacteriophage-mediated transfer of DNA) and iii) conjugation
(transfer of DNA between bacteria via direct contact) (Munita and Arias, 2016),
the specifics of which will be covered in more detail in §1.4. Briefly, HGT is
responsible for the spread of resistance to almost all classes of antibiotics in
clinical use (Bennett, 2008), and is capable of transferring a variety of distinct
mechanisms. HGT is associated with the common tetracycline resistance gene
tetA, which encodes an inducible efflux pump (Ball, Shales and Chopra, 1980;
Grossman, 2016); plasmid-mediated dihydrofolate reductase, which confers
resistance to trimethoprim (Adrian et al., 1998); the majority of aminoglycoside
resistance genes (Zhang et al.,, 2023); the dissemination of sulphonamide
resistance genes (Skold, 2000); and many others. HGT is also primarily
responsible for the spread of resistance to our most crucial antibiotics, colistin
and the carbapenems, dubbed “last resort” treatments by the WHO (WHO,
2021). The spread of all the most clinically relevant carbapenemases has been

brought about by HGT (Halat and Moubareck, 2020), and these will be
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addressed in more detail in §1.5.2. The mobile colistin resistance gene, mcr-1,
was first described on a plasmid in 2015, isolated from E. coli from food animals
(Liu et al., 2016). Phylogenetic analyses have shown that mcr-1 mobilised into
agricultural isolates from an unknown source, and has since then spread into
human isolates (Wang et al., 2018), where HGT has played a major role in the

global spread of colistin resistance (Castafieda-Barba, Top and Stalder, 2023).

1.4 Mechanisms of horizontal gene transfer

1.4.1 Transformation

Transformation is a process where bacterial cells uptake DNA through the cell
wall from their surroundings, followed by stable incorporation into the genome
or replication as an independent DNA molecule. Bacteria that can undergo
transformation are known as competent, and while many bacteria can be made
competent via chemical stress or electroporation, those that can undergo
transformation without human intervention are known as naturally
competent. Historically, conjugation has often been the main focus in the study
of the spread of AMR via HGT, however, recent studies suggest natural
transformation may be more important than previously thought (Winter et al.,
2021). Naturally competent A. baumanii have been shown to incorporate ARGs
from extracellular DNA from different species containing multiple ARGs (Traglia
et al., 2019). In A. baylyi, natural transformation has been shown to result in

the uptake of integrons (§1.4.5) and a Tn21-like transposon (§1.4.4.3) from
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DNA harvested from many different genera (Domingues et al., 2012). It has also
been shown that in Vibrio cholerae and Streptococcus pneumoniae, the genes
that regulate competence are linked to those that regulate neighbour
predation (Veening and Blokesch, 2017), which suggests transformation may
play a more active role in interspecies gene transfer, and possibly the spread

of AMR, than previously thought.

1.4.2 Transduction

Transduction is the process by which a virus transfers genetic material from
one bacterium to another. Historically, phage-mediated transfer of host genes
was thought to occur by one of two mechanisms: generalised and specialised
transduction. Generalised transduction was first discovered in Salmonella
phage P22 (Zinder and Lederberg, 1952), and is a process by which
bacteriophage package any bacterial DNA into phage heads instead of viral
DNA due to errors in pac site recognition (Chiang, Penadés and Chen, 2019).
Specialised transduction, first described in bacteriophage lambda (Morse,
Lederberg and Lederberg, 1956), differs from generalised transduction in that
bacterial DNA transfer is limited to a specific section on the chromosome.
When a lysogenic phage that has integrated into the host chromosome
becomes lytic, imprecise excision of phage DNA can lead to adjacent sections
of bacterial DNA also being excised and packaged into phage particles by
mistake (Chiang, Penadés and Chen, 2019). Recently, the third mechanism of

transduction, lateral transduction, was discovered in temperate bacteriophage

29



INTRODUCTION

of St. aureus (Chen et al., 2018). Whereas the previous two mechanisms of
transduction are thought to occur due to mistakes in viral replication, bacterial
DNA is transferred via lateral transduction as a natural part of the replication
of specific bacteriophage. This is because these prophages do not excise from
the host chromosome and then begin replication, but replication begins in situ
within the bacterial genome. The viral capsids are then packaged with DNA
until they reach physical capacity, at which point the DNA is cleaved non-
specifically. After this, the terminase protein remains attached to the DNA and
begins packaging into another capsid, which has been shown to occur up to
seven times. This means that large sections of host DNA, up to several hundred
kilobases, can be transferred by this mechanism, which has been shown to
transfer host DNA at a rate up to one thousand times greater than other forms
of transduction (Chen et al., 2018; Davidson, 2018; Chiang, Penadés and Chen,
2019).

Many studies have shown that bacteriophage can transfer ARGs in vitro,
though a small number have detected ARGs in bacteriophage DNA from
environmental samples (Balcazar, 2014). One such study was performed by
Colomer-Lluch, Jofre and Muniesa (2011), which found beta-lactamase genes
blatem and blacrx-m-9 isolated from bacteriophage DNA in river water and urban
wastewater samples from Spain. The same group also found quinolone
resistance genes gnrA and gnrS from urban and farm wastewater (Colomer-
Lluch, Jofre and Muniesa, 2014). Another study also found quinolone resistance
genes gnrA, gnrB, and gnrS, as well as beta-lactamase genes blacrx-m, blasuv and

blatem in the phage DNA fraction from environmental wastewater (Marti,
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Variatza and Balcazar, 2014). More recent work has also provided genomic
evidence that transduction was responsible for the inter-species transfer of
ARGs between Erysipelothrix rhusiopathiae and Enterococcus faecalis as well

as Streptococcus suis genomes (Gabashvili et al., 2020).

1.4.3 Conjugation

Conjugation was discovered in 1946 by Edward Tatum and Joshua Lederberg,
who showed that bacteria could exchange genetic information mediated by a
so-called fertility (F) factor (Lederberg and Tatum, 1946; Virolle et al., 2020). It
has since been shown that the F factor was a replicative extrachromosomal
genetic element, known as a plasmid. Plasmids are DNA molecules capable of
replication independent of the bacterial genome, which can be donors or
recipients of intracellular exchange. Through conjugation or mobilisation
functions they can also be responsible for the intercellular transfer of DNA
(Partridge et al., 2018). The process of conjugation begins with cellular
interaction during the "mate-seeking" phase, where the conjugative pilus
undergoes a dynamic process of extension and retraction. This allows it to
locate and pull a potential recipient cell into close proximity with the donor
cell. Once a stable mating junction is established, the system seamlessly shifts
into the DNA transfer mode, facilitating the exchange of genetic material
between the two cells (Hu, Khara and Christie, 2019). Within the donor cell,
formation of a complex called the relaxosome assembles at the origin of

transfer (oriT) of the donor plasmid. Next, the dsDNA is nicked and unwound
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to produce single-stranded DNA (ssDNA) which is recruited to the type IV
secretion system (T4SS) channel. The ssDNA is then translocated through the
T4SS channel, and is then recircularised in the recipient cell, as shown in Figure
1.7 (Wallden, Rivera-Calzada and Waksman, 2010).

Plasmids were originally classified based on the fact that closely related

R =

Figure 1.7. Plasmid transfer by conjugation. 1) The relaxase (R) cleaves plasmid DNA and
remains covalently bound to the 5’ end of the origin of transfer (oriT), and DNA relaxation
induces the formation of a protein complex called the relaxosome. 2) The Type IV Secretion
System (T4SS) protein recruits the relaxosome by interacting with the Type IV Coupling Protein
(T4CP), while the plasmid DNA undergoes replication via rolling circle replication (RCR). 3) The
leading DNA strand is transferred to the recipient cell through pores formed by the T4SS,
facilitated by the T4CP pumping activity. 4) In the recipient cell, the relaxase executes a reverse
nicking reaction to recircularise the leading strand. 5) The transferred single-stranded DNA
(ssDNA) is then replicated to generate a complete copy of the original plasmid. Republished
from Getino and de la Cruz et al. (2018) under Creative Commons CC-BY license.
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plasmids cannot stably coexist in the same cell, leading to groupings based on
their incompatibility (Inc groups) (Carattoli, 2013). Plasmid incompatibility is
defined as the failure of coresident plasmids to be stably inherited in the
absence of external selection (Novick, 1987) and occurs when plasmids have
the same replication or partitioning system. Most plasmids encode a negative
regulation system, such as production of antisense RNAs, which inhibit
replication when plasmid copy number is high but allows replication when low.
When closely related plasmids in the same cell use similar regulation systems,
the same antisense RNAs produced by one plasmid will prevent replication in
the other, and vice versa, leading to abnormally low copy number of both
plasmids, which leads to plasmid loss over generations. For low copy number
plasmids, where random distribution of plasmid copies into daughter cells is
not sufficient for guaranteed plasmid inheritance, partition systems are
encoded on the plasmids to ensure their retention (Schumacher, 2012). These
partition systems rely on plasmid-specific centromere sequences, and when a
second plasmid shares an identical centromere, this partitioning process is
disrupted, leading to potential plasmid loss over generations (Diaz, Rech and
Bouet, 2015).

The IncF, Incl, IncA/C and IncH incompatibility groups are the most common
plasmid types found within sequence data from human and animal isolates
belonging to the Enterobacteriaceae (Rozwandowicz et al., 2018). Although, as
Rozwandowicz et al. (2018) point out, it is worth noting that large numbers of
studies that used whole genome sequencing within the past few years have

focused on clinically relevant bacteria, so the plasmid data available to us is
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likely biased towards those that encode ARGs. Many plasmids are further
classified by plasmid multilocus sequence type schemes (pMLST), such as the
Incll, IncHI2, IncF, IncN and IncA/C groups (Jolley, Bray and Maiden, 2018).
IncF plasmids are low-copy number, conjugative plasmids that range from 45
to 200 kbp. They are considered narrow host range plasmids that are limited
to the Enterobacteriaceae, and are the most abundant plasmids found in E. coli
(Rozwandowicz et al., 2018; Pitout and Chen, 2023). Unlike most other plasmid
groups, IncF plasmids can contain more than one replicon, and different IncF
plasmids can have different functional replicons. This multi-replicon status
enables the acquisition of plasmids carrying other IncF replicons that would
otherwise be incompatible with each other. The IncF replicons range from Fl to
FVII, with FI being further subdivided into FIA, FIB and FIC replicons.
Additionally, distinct Fll replicons exist, each designated by subscripts that
denote the genera in which they were initially identified: Flls (Salmonella), Flik
(Klebsiella), Flly (Yersinia), and Fllsy (Shigella) (Villa et al., 2010; Partridge et al.,
2018). The classic multi-replicon IncF plasmid contains IncFll, IncFIA and IncFIB
replicons, and these are the three sequences used for classification in the IncF
pPMLST scheme (Carattoli et al., 2014; Rozwandowicz et al., 2018).

IncF plasmids are of great importance in the spread of AMR as they have
contributed to the spread of MDR E. coli clones sequence type (ST) 131 and
ST410, which are themselves heavily involved in the global spread of blacrx-m-15
and the blanom-s and blaoxa-181 carbapenemases, respectively (Pitout and Chen,

2023). These kind of IncF plasmids have been named “epidemic resistance
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plasmids” due to their ability to acquire multiple resistance genes and transfer

between strains (Carattoli, 2011; Cantén, Gonzalez-Alba and Galan, 2012).

1.4.4 Transposable elements

Mobile genetic elements (MGEs) have played a major role in the spread of AMR
in Gram-negative bacteria around the globe. MGE is a term used to describe a
factor that promotes the intracellular or intercellular exchange of DNA.
Intercellular transfer is mostly mediated by plasmids between different
bacteria, as described above, while intracellular exchange of DNA commonly
occurs between chromosomes and plasmids within cells through the
movement of transposable elements (TEs). Insertion sequences (IS) and
transposons (Tn) are TEs able to transpose themselves, through the use of a
transposase, to other DNA locations somewhat randomly within the cell
(Partridge et al.,, 2018). Insertion sequences are one of the smallest TEs,
consisting of a transposase flanked by terminal inverted repeats (IRs) (Chandler
and Siguier, 2013). A section of DNA flanked by two copies of the same IS that
moves as a discrete unit is often called a compound or composite Tn (Harmer,
Pong and Hall, 2020). Insertion sequences such as 1S26 are frequently
associated with the formation of multidrug-resistant plasmids (Miriagou et al.,

2005).
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1.4.4.1 Insertion sequences

The initial definition of an IS was a short, generally phenotypically cryptic, DNA
segment encoding only the enzymes essential for transposition, that is capable
of insertion into numerous sites within a genome by utilising mechanisms that
are independent from DNA homology between the IS and the target site. IS
were originally assigned sequential numbers based on the order in which they
were discovered, e.g. IS1, but now their names also include abbreviations
based on the species in which they were discovered, e.g. ISKpn26 was
discovered in K. pneumoniae (Partridge et al., 2018). IS are typically between
0.7-2.5 kbp in length, containing a single open reading frame (ORF) encoding
for a transposase (Tnp) and flanked by two inverted repeat (IR) regions (Siguier
et al.,, 2015). These transposase enzymes bind to the IRs and catalyse the
mobilisation of the IS to new locations. Insertion sequences are broadly
classified into two major types based on the nature of their transposases, those
being whether they contain DDE or HUH motifs, which catalyse the cleaving
and re-joining of DNA (Siguier et al., 2015).

Insertion sequences with DDE enzymes are the most abundant type found
within public databases such as ISFinder (Siguier et al., 2006, 2015). They are
so named as the active site of DDE enzymes contains a characteristic motif of
three amino acids, two of which are aspartic acids (D), and one which is usually
a glutamic acid (E); although sometimes another aspartic acid is found and
hence these enzymes are sometimes referred to as DD[E/D] enzymes
(Nesmelova and Hackett, 2010). The DDE transposases catalyse cleavage of a

single DNA strand, known as the transferred strand, to generate a 3’ OH group
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which is then used to attack the phosphodiester bond in the target DNA
backbone. However, these enzymes vary in the ways in which the non-
transferred strand is processed (Siguier et al., 2015). Some transposases cleave
the DNA only at the 3’ end, which leads to a branched intermediate with the 3’
end bound to the target site and the 5’ end attached to the original DNA strand.
This intermediate is resolved by DNA replication and results in “copy-in”
replicative transposition, where the TE is duplicated, and found at both the
donor and target site after transposition. Examples of this type of transposition
include Tn3 and the replicative transposition of the I1S6-family, and this can be
seen in Figure 1.8A (Nicolas et al., 2015; Varani et al., 2021). Another major
mechanism of DDE transposition is that of the IS3 family, as shown in Figure
1.8B, which has been extensively studied in 1S911 (Hickman and Dyda, 2015).
This mechanism involves the 3’ OH group attacking the same DNA strand at the
other end of the TE, which results in the creation of a ssDNA donor molecule
that is replicated to produce a dsDNA TE intermediate, as well as the
regeneration of the original DNA strand. As with the previous mechanism, this
also results in TE duplication, as one DNA strand is used to create the circular
TE intermediate while the other strand is used to regenerate the donor
sequence, resulting in two dsDNA IS and known as “copy-out-paste-in”
replicative transposition (Siguier et al., 2015).

The other category of DDE transposase mechanisms of action is known as “cut-
and-paste” transposition, where the TE is not duplicated, also known as non-
replicative transposition. One such mechanism involves the non-transferred

strand being cleaved first, several bases within the IS, followed by cleavage of
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Figure 1.8. DDE transposases of IS families are distinguished by their mechanism of second
strand processing. IS are shown as green sections, flanking DNA as blue. Cleavage is shown as
bold vertical arrows. 3’ OH residues are shown as red circles, replicated DNA is indicated in red.
Adapted from Siguier et al. (2015) under Creative Commons CC-BY license.

the transferred strand. This is shown in Figure 1.8C and an example of this type
of transposition is the action of 1S630 and the prokaryotic Tn Tcl (Plasterk,
1996; Siguier et al., 2015). Another mechanism involves the 3’ OH generated
by transferred strand cleavage being used to attack the non-transferred strand
to create a hairpin structure which separates the IS from the flanking DNA

region, as shown in Figure 1.8D. This mechanism is used by the IS4-family of IS,
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including 1S10 and IS50, which mobilise the composite Tns (§1.4.4.2) Tn10 and
Tn5 respectively (Haniford and Ellis, 2015).

In contrast, the HUH enzymes are single-strand nucleases, and include proteins
involved in plasmid and bacteriophage rolling-circle replication as well as
relaxases involved in plasmid transfer (Chandler et al., 2013). They are named
for the two histidine (H) residues separated by a hydrophobic residue at the
active site of the enzyme. The IS families that use this kind of transposase
include 1S91 and 1S200/1S605. Their mechanism of DNA cleavage uses a tyrosine
residue to create a transient 5’- phosphotyrosine intermediate and free 3’-OH
at the cleavage site (Chandler et al., 2013; Siguier et al., 2015).

IS are involved in the spread of AMR in a variety of ways. IS transposition can
cause truncation/interruption/loss of genes, which can result in resistance to
antimicrobials by disruption of repression mechanisms, such as in the case of
IS insertion into the repression systems of the Acr family of MDR efflux pumps
in E. coli and Salmonella Typhimurium (Jellen-Ritter and Kern, 2001; Olliver et
al., 2005). Experiments have shown that development of cephalosporin and
carbapenem resistance can be caused by porin loss due to IS insertion into the
ompK36 gene in K. pneumoniae (Hernandez-Allés et al., 1999; Lee et al., 2007).
Many IS have also been shown to contain -35 and -10 promoter components,
and insertion at the correct distance from downstream genes can produce a
strong promoter and result in their enhanced expression. ISEcp1 has been
shown to increase expression of beta-lactamase blacrx-m as well as the
aminoglycoside resistance gene rmtC (Poirel, Decousser and Nordmann, 2003;

Wachino et al., 2006).
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1.4.4.2 Composite transposons

IS were traditionally defined as TEs that lack phenotypically detectable
passenger genes, whereas Tns are TEs that also contain genes that are not
responsible for transposition and result in a change in phenotype such as AMR
or expression of virulence (Siguier et al., 2015). A distinction is made between
unit Tns (§1.4.4.3), and composite Tns. The latter are TEs bounded by a pair of
the same, or closely related, IS elements that can transpose as a single unit.
Either or both of the IS elements can produce the transposase responsible for
excision of the composite Tn, while the IR sequences of the IS elements at
either flank are used for end recognition (Bennett, 2004). A comparison of IS,
composite and unit Tns can be seen in Figure 1.9. An example of a composite
Tn responsible for the spread of AMR is the aforementioned Tn5, which
contains a gene conferring resistance to kanamycin between two IS50
elements that was first discovered in 1974 (Berg et al., 1975). More recently,
Tn125 has been associated with the carbapenemase gene blanpm-1. This Tn
contains two copies of ISAba125, and is thought to have been the cause of the
mobilisation of blanpm into the Enterobacteriaceae (Bontron, Nordmann and

Poirel, 2016).

1.4.4.3 Unit transposons

Unit (also known as complex) Tns are TEs that are not bordered by two IS
elements, instead they possess their own transposase gene, as well as a

resolvase gene and their own IR sequences for end recognition. Unit Tns that
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Figure 1.9. Structural arrangement of prokaryotic transposable elements. Genes shown as
coloured arrows indicating the direction of expression including transposition genes in purple,
antibiotic resistance genes in red and passenger genes in green. The inverted terminal repeats
found at the ends of the majority of TEs, IRL and IRR, are shown as grey arrows, and direct
target repeats (DR) often produced by insertion are indicated by small black arrows. A)
Insertion sequences (IS), composed of a transposase flanked by IRs and generally containing
direct repeats of the target site (DR). B) Transporter IS that is similar to IS but also containing
passenger gene(s). C) Compound (or composite) transposon formed by two IS genes at either
end, which flank passenger genes, often including AMR genes. D) Unit transposons are more
heterogeneous structures and include different sets of transposition-related genes that are
specific to each transposon family and multiple passenger genes including AMR genes. This
specifically is an example of a Tn3 family transposon. Republished from Ross et al. (2021) under
Creative Commons CC-BY license.

are often associated with antimicrobial resistance include Tn3, which has been
heavily associated with the dissemination of the blatem beta-lactamases
(Partridge and Hall, 2005). Various derivatives of this transposon family are
responsible for the spread of other AMR genes including those that confer
resistance to macrolides, lincosamides and, streptogramins, as well as
aminoglycosides, tetracyclines and vancomycin (Nicolas et al., 2015). The Tn3-
derivative Tn21 contains a mercury resistance operon as well as a class 1
integron (§1.4.5), that commonly confers resistance to sulphonamides and

aminoglycosides (Liebert, Hall and Summers, 1999).
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1.4.4.4 Transporter IS

Over the past few years, new TEs have been described that blur the lines
between Tns and IS. The transporter insertion sequences, known as tlS, are IS
that carry additional open reading frames, such as transcription regulators,
methyltransferases and ARGs, and an example is shown in Figure 1.9 (Siguier,
Gagnevin and Chandler, 2009; Siguier et al., 2015). IS1595 contains a
transposase as well as a chloramphenicol resistance gene, which would
traditionally define it as a transposon, but it has been classified as a tIS based
on sequence similarity to other IS families (Siguier, Gagnevin and Chandler,

2009).

1.4.4.5 Pseudo compound transposons

Pseudo Compound Transposons (PCTs) are TEs that are bounded by directly
oriented 1S26-family elements. They were originally thought to be standard
composite Tns, until it was discovered that these structures do not move
together as a single unit (Harmer, Pong and Hall, 2020). Instead,
“transposition” of these structures occurs via a two-step process, which will be

detailed in §1.4.4.6.

1.4.4.6 1S26

IS26 is a member of an IS family that was originally named after 1S6, which was

first described in 1975 as the composite transposon Tné. IS26 was discovered
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in 1982, found within the composite transposon Tn2680 and in 1985, Tn2680
was shown to be homologous to Tné by restriction digest analysis (lida et al.,
1982; Mollet et al., 1985; Harmer and Hall, 2019). As IS6 has never been
sequenced, while 1S26 has been extensively characterised and is the IS most
commonly associated with ARGs in Gram-negative bacteria, it has been
suggested that this family be referred to as the 156/1S26 family (Harmer and
Hall, 2019), whilst the description ‘IS26 family’ has been used more recently
(Harmer, Pong and Hall, 2020). However, a recent review by another research
group has continued to use 1S6 family (Varani et al., 2021), which is how the
family is still described in the ISFinder database, and the correct nomenclature
is still in dispute (Hall, 2022; Varani et al., 2022).

IS26 is 820 bp in length, while its DDE transposase, Tnp26, is 234 aa in length
and encoded by the 705 bp tnp26 gene. The IS is bounded by 14-bp terminal
IRs, and generates 8 bp target site duplications (TSDs) when it mobilises via
replicative transposition (Mollet, lida and Arber, 1985; Pong et al., 2021). The
structure of 1IS26 can be seen in Figure 1.10.

IS26 is also known to form arrays of multiresistant loci containing numerous
IS26 genes within multidrug resistance plasmids, as shown in Figure 1.11
(Miriagou et al., 2005; Harmer, Moran and Hall, 2014; Harmer and Hall, 2019;
Varani et al., 2021). These arrays, or sections of them, were previously referred
to as composite Tns (Harmer, Pong and Hall, 2020), as it was assumed that they
mobilised with two 1S26 elements together at either end bracketing a central
DNA segment, similar to Tn5 (Haniford and Ellis, 2015; Harmer, Pong and Hall,

2020).
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Figure 1.10. The structure of I1S26. Genes shown as coloured arrows indicating the direction
of expression including the transposase gene tnp26 in purple, and antibiotic resistance gene
in red. The inverted terminal repeats, IRL and IRR, are shown as grey arrows, and target
duplication produced during replicative transposition shown as dark grey arrows. A) The
structure of a single 1S26 element. B) The structure of 1S26 pseudo compound transposons.
Adapted from Varani et al. (2021) under Creative Commons CC-BY license.

Mobilisation of 1S26 was first studied in the 1980s, and the IS was shown to
form cointegrates between two DNA molecules: a donor containing an 1526
gene, and a second target molecule (lida et al., 1984; Harmer and Hall, 2020).
This method is replicative, as the 1S26 element is duplicated along with the 8-
bp target site, and can be seen in Figure 1.12A. Resolution of the cointegrate
occurs via RecA-dependent homologous recombination, and the donor and
target DNA molecules are separated, while the 1S26 gene appears to have
“transposed” to the target molecule (Harmer and Hall, 2020).

It is now known that 1S26 has a second method of mobilisation that is
responsible for these arrays of resistance regions. Experiments have shown
that when two DNA molecules both contain an 1S26 gene, cointegrate
formation can occur between them in a targeted mechanism, where the

transposase of one IS26 targets the other IS26 element to form the cointegrate.
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Figure 1.11. Arrays of I1S26 elements in multidrug resistance regions. Genes shown as coloured
arrows indicating the direction of expression including transposition genes in purple, antibiotic
resistance gene in red, and other genes in maroon. The inverted terminal repeats, IRL and IRR,
are shown as grey arrows adjacent to IS26 elements, and target duplication produced during
replicative transposition shown as black circles. Grey boxes show overlapping IS26 elements
between pseudo-compound transposons (PCT). A) Array of IS26 genes in plasmid pRCS59,
horizontal bracket shows region forming two potential overlapping PCTs. B) Array of 1IS26 genes
in plasmid p026-CRL-125, horizontal bracket shows region forming two potential overlapping
PCTs. C) Array of 1S26 genes in MDR chromosomal region of Sequence Type (ST) 131 isolate
that was transferred to plasmid p11A; horizontal bracket showing two inversely oriented 1S26
elements that will not form a PCT. Republished from Varani et al. (2021) under Creative
Commons CC-BY license.

Additionally, cointegrate formation is conservative (non-replicative), as shown
in Figure 1.12B, and occurs at a rate of over 50 times greater than the
replicative mechanism, making it the preferred method of movement if an 1S26
gene is present on the target molecule (Harmer, Moran and Hall, 2014; Harmer
and Hall, 2016). The arrays of IS26-ARG-IS26 regions seen above are a result of

cointegrate formation of different 1S26 containing molecules. Furthermore,
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Figure 1.12. The three mechanisms of cointegrate formation of 1S26. A) Copy-in method. B)
Targeted conservative method. C) Homologous recombination. 1S26 elements are shown in
yellow ovals with orientation indicated by “>”. Target site and subsequent duplications are
shown by flags. Relative frequencies of the different reactions are shown by the thickness of
the arrows. Republished from Harmer and Hall (2020) under Creative Commons CC-BY license.
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sections of these arrays found between two directly oriented 1S26 genes can
excise, via homologous recombination, to form a DNA molecule containing a
single 1S26 and the central DNA segment found between two adjacent 1S26
genes, and this circular molecule is known as a Translocatable Unit (TU)
(Harmer, Moran and Hall, 2014; Harmer and Hall, 2016). As TUs contain an IS26,
they will preferentially insert adjacent to other IS26 genes, which leads to the
formation of these arrays of 1S26-flanked sequences, and means that once a
DNA molecule contains 1S26, it is predisposed to acquire further 1S26 TUs
adjacent to this region (Harmer, Moran and Hall, 2014; Harmer, Pong and Hall,
2020). As these TUs are formed by an 1S26-flanked region, but only a single I1S26
mobilises with the excised DNA, they are referred to as Pseudo Compound
Transposons (PCT) (Harmer, Pong and Hall, 2020).

The mechanism of 1IS26 mobility has been shown to form cointegrates between
large plasmids, creating new fusion plasmids such as the MDR IncHI2 with the
IncF virulence plasmid in Salmonella Enteritidis (Wong, Chan and Chen, 2017);
formation of the carbapenemase-producing, fosfomycin and aminoglycoside
resistance plasmid PT18 in Proteus mirabilis (Hua et al., 2020); and a virulence
plasmid and carbapenemase-producing plasmid in K. pneumoniae (Tian et al.,
2023). IS26 is also responsible for inversions of large DNA segments in MDR
plasmids, due to replicative transposition and cointegrate formation within the
same DNA molecule. Resolution of cointegrates that are formed by inversely
oriented 1S26 genes results in inversion of the bracketed DNA segment (He et
al., 2015; Harmer, Pong and Hall, 2020; Li et al., 2023). Direct evidence of PCT

transfer between a bacterial chromosome and conjugative plasmid has been
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shown by Oliva et al., (2018), where the 8.7 kbp and 14.5 kbp PCTs found on a
Salmonella chromosome were detected on the IncFll plasmid of a

transconjugant, formed via the targeted conservative mechanism of 1S26.

1.4.5 Integrons

Integrons are genetic elements that contain a site-specific recombination
system able to integrate, express and exchange specific DNA elements, called
gene cassettes. Integrons consist of three elements: a tyrosine recombinase
gene known as an integrase, encoded by int/, which is responsible for
recombination within the integron; the recombination site att/, recognised by
the integrase; and a promoter, located upstream of the integration site,
necessary for expression of the gene cassettes (Domingues, da Silva and
Nielsen, 2012). Integrons were originally discovered in the late 1980s, and were
thought to be MGEs themselves, but their supposed mobility was due to the
fact that the first integrons to be characterised were discovered within
transposons (Mazel, 2006). Integrons are classified into 5 groups, based on the
relatedness of their integrase genes, of which classes 1-3 have been most
extensively studied due to their association with MDR bacteria (Mazel, 2006;
Domingues, da Silva and Nielsen, 2012). Of these, the class one integrons are
the most abundant amongst clinical isolates, due to their association with a
wide variety of MGEs (Deng et al., 2015). Usually, class one integrons have
three distinct genetic regions, two of which are highly conserved and flank the

third central variable region where cassettes are located. The 5’-conserved
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region includes the integrase gene int/1, the recombination site att/1, and the
promoter P.. The 3’-conserved region contains the gacEA1l gene, which
encodes an incomplete version of a protein responsible for resistance to
disinfectants such as quaternary ammonium compounds (QACs); the sull gene,
which encodes for sulphonamide resistance; and orf5, an open reading frame
of unknown function (Domingues, da Silva and Nielsen, 2012). A wide variety
of other gene cassettes have been discovered on integrons, including those
that confer resistance to beta-lactams, aminoglycosides, lincosamides,
phenicols and fluoroquinolones (Partridge et al., 2009, Partridge et al. 2018).
An increasing number of class 1 integrons are associated with Insertion
Sequences with a Common Region (ISCR), and known as ISCR-linked or
“complex” class 1 integrons (Toleman, Bennett and Walsh, 2006a; Domingues,
da Silva and Nielsen, 2012). ISCR elements resemble the unusual insertion
sequence I1S91, in that they lack IRs, and are thought to transpose using rolling-
circle replication (termed rolling-circle transposition), and are sometimes

referred to as 1S91-like elements (Toleman, Bennett and Walsh, 2006b).

1.4.6 Co-selection

Co-occurrence is the phenomenon in which bacteria carry genes conferring
resistance to different antimicrobials within the same bacterial isolate or
population. Co-occurrence may refer to the presence of multiple genes that
confer resistance to the same or different type of antimicrobial, such as

antibiotics, antimicrobial metals or biocides. Co-selection is a term used when
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selection for one type of resistance will lead to preservation of these other co-
occurring resistances alongside the mechanism under selection. This can be
due to cross-resistance, which is caused by selection for a single resistance
mechanism that confers resistance to multiple antimicrobials, or co-resistance,
where genes conferring resistance to different antimicrobials are located
together on MGEs such as a plasmid, transposon or integron (Chapman, 2003;
Hobman, 2017). Examples of cross-resistance include the AcrAB-TolC MDR
efflux pump of the Enterobacteriaceae, which can confer resistance to a broad
range of molecules that are toxic to the cell such as macrolides, beta-lactams,
aminocoumarins, rifamycins, quinolones, oxazolidones, and tetracyclines
(Kobylka et al., 2020). Another example is the aac(6’)-1b-cr variant of the AAC
family, which is capable of acetylating both aminoglycosides and
fluoroquinolones (Vetting et al., 2008). Co-resistance is frequently linked with
integrons because of their diverse gene cassettes that provide resistance to
multiple antibiotic classes. Moreover, these integrons are commonly situated
on the same MGEs as genes conferring resistance not only to other antibiotics
but also to antimicrobial metals (Gillings et al., 2015). The transposon Tn21
contains ARGs on an integron alongside a mercury resistance operon, and so
selection for these antimicrobials can lead to co-selection of mercury
resistance, and vice versa (Liebert, Hall and Summers, 1999; Pal et al., 2017).
The ability of MGEs to confer resistance to multiple antibiotic classes, as well
as biocides and antimicrobial metals, is a major factor in the rising levels of
multidrug resistant bacteria (MDR) seen all over the world. This is of major

importance, not only because MDR infections are associated with higher levels
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of morbidity and mortality, but treatment options become severely limited

(Schultsz and Geerlings, 2012).

1.5 History of beta-lactams and beta-lactamases

Of all the antibiotic classes used from the beginning of the ‘antibiotic era’ to
the modern day, by far the most widely used in the treatment of bacterial
infections are the beta-lactams (Bush and Bradford, 2016). Famously
discovered by Alexander Fleming in 1928, it wasn’t until the 1940s that
penicillin could be produced in large enough quantities to be reliably used as
an antibiotic (Gaynes, 2017). Within a year, 4 strains of Staphylococcus were
found in hospitalised patients that were resistant to penicillin (Rammelkamp
and Maxon, 1942; Lobanovska and Pilla, 2017) and by the end of the 1960s,
resistance to penicillin was found in over 80% of staphylococcal isolates from
both community-acquired and hospital-acquired infections (Lowy, 2003). This
prompted the search for new antibiotics in order to treat these resistant
infections, leading to a cycle of antibiotic discovery and ever-increasing levels
of AMR.

In the decades that followed the production of penicillin, synthesised
modifications to the side chain of the beta-lactam ring were used to develop
various semi-synthetic penicillin derivatives in order to generate a wider
spectrum of activity (Kong, Schneper and Mathee, 2010). Alongside this,
widespread screening of environmental organisms led to the discovery of

entirely new classes of antibiotics, as well as many novel beta-lactams. The
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discovery of penicillinase-resistant cephalosporin C, from the fungus
Cephalosporium acremonium (Abraham and Newton, 1961), led to the
development of hundreds of new cephalosporin antibiotics to treat bacterial
infections (Bush and Bradford, 2016). The fact that cephalosporins were
resistant to common penicillinases made them ideal for treatment of the most
clinically relevant penicillinase-producing bacteria of the time, St. aureus. They
were also found to be effective against streptococcal infections as well as non-
beta-lactamase-producing Gram-negative bacteria (Bush and Bradford, 2016).
The first penicillinase was described over 80 years ago, found in Escherichia
(then Bacillus) coli by Abraham and Chain (Abraham and Chain, 1940).
However, it was not thought to be clinically relevant at the time since penicillin
was used to treat Gram-positive infections (Drawz and Bonomo, 2010). The
first plasmid-mediated beta-lactamase in Gram-negative bacteria was
discovered in the 1960s, isolated from an E. coli bloodstream infection in a
patient named Temoniera, leading to the designation TEM (Bradford, 2001). As
this enzyme began to appear in other bacterial species, especially Haemophilus
influenzae and Neijsseria gonorrhoeae, this led to increased efforts in research
to find compounds that could either inhibit, or were resistant to, degradation
by beta-lactamases (Bush and Bradford, 2016; Bush, 2018). This led to the
development of second and third-generation cephalosporins, that were stable
against this enzyme, and with greater activity against the Gram-negative

bacteria likely to carry it (Bush and Bradford, 2016), as shown in Figure 1.13.
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Classification of Cephalosporins
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Figure 1.13. Classification of different generations of cephalosporins. First-generation
cephalosporins are active mostly against Gram-positive bacteria. Second/third-generation are
more active against Gram-negative bacteria. Fourth-generation drugs have increased activity
against Pseudomonas infections, while fifth-generation cephalosporins have increased activity
against methicillin-resistant Staphylococcus aureus (MRSA). Republished from Zaid Alkilani et
al., (2024) under Creative Commons CC-BY license.

Unfortunately, with as little as 3 amino acid substitutions, the TEM-1
penicillinase is capable of hydrolysing these broad spectrum cephalosporins
(Sougakoff, Goussard and Courvalin, 1988). This new enzyme was named
TEM-3, and was the first extended-spectrum beta-lactamase (ESBL) to be
discovered (Bradford, 2001). These enzymes are usually found on MGEs and
are characterised by their ability to hydrolyse the oxyimino-cephalosporins
(third and fourth-generation cephalosporins) as well as monobactams (Cantdn,

Gonzalez-Alba and Galén, 2012).
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As the number of clinically relevant beta-lactamases increased during the
1960s and 70s, the need for a way to combat these enzymes became ever more
important (Drawz and Bonomo, 2010; Papp-Wallace et al., 2011). Since the
actinomycetes were (and still are) the largest known producer of natural
antimicrobial compounds, vast amounts of these bacteria were grown in
fermentation broths and screened for the production of useful compounds
(Watve et al., 2001). In 1976, the compounds olivanic acid and clavulanic acid
were isolated from Streptomyces olivaceus and S. clavuligerus respectively;
these were the first beta-lactamase inhibitors (Brown et al., 1976). Around the
same time, the first of the carbapenems, a compound named thienamycin, was
isolated from S. cattleya during soil-screening for antibiotics that inhibit the
synthesis of the bacterial cell wall. This was found to have a broad spectrum of
antibiotic activity and was not inhibited by the presence of many beta-
lactamases that usually conferred resistance to earlier penicillins and
cephalosporins (Kahan et al., 1979).

Thienamycin was found to be very chemically unstable in solution, and so could
not be used in concentrations necessary to have an antimicrobial effect in vivo
(Kahan et al., 1983; Papp-Wallace et al., 2011). This led to the development of
synthetic derivatives of thienamycin, firstly the N-formimidoyl derivative
imipenem. Imipenem was shown to be chemically stable, however it was
inactivated by the enzyme dehydropeptidase-l (DHP-1) found in the human
renal brush border (Kropp et al., 1982). For imipenem to be clinically useful it
was found it must be administered with the DHP-I inhibitor cilastatin (Norrby

et al., 1983). The development of later carbapenems led to the addition of a
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methyl group that confers resistance to DHP-I, which removes the need for co-
administration with cilastatin (Zhanel et al., 1998). Further changes to the
chemical side chain have resulted in the later clinically available carbapenems
such as meropenem and ertapenem. These changes in the side chain of
meropenem are also shown to increase its activity against Gram-negative
bacteria (Zhanel et al., 2007). The structure of the carbapenems can be seen in
Figure 1.14.

As rising resistance to penicillins led to a wider use of cephalosporins, so
increased levels of cephalosporin resistance led to wider use of
carbapenems (McLaughlin et al., 2013). As ever, the increase in clinical use has

been swiftly followed by an increase in resistance (Papp-Wallace et al., 2011).

Imipenem Meropenem o Biapenem

OH

Ertapenem Doripenem

Figure 1.14. Chemical structures of (a) imipenem; (b) meropenem; (c) biapenem; (d)
ertapenem; and (e) doripenem. The beta-lactam nucleus is numbered. The addition of the
methyl group at position 1 prevents the inactivation of later carbapenems by
dehydropeptidase-I (DHP-I). Republished from Jeon et al. (2015) under Creative Commons CC-
BY license.
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The first identified transferrable carbapenemase was IMP-1 (named for
Imipenem-resistant Pseudomonas), found in Japan in 1988, followed by VIM in
Italy in 1996 (Verona Integron-encoded Metallo-beta-lactamase) (Meletis,
2016). Also in 1996, Klebsiella pneumoniae carbapenemase (KPC) was detected
in the USA (Yigit et al.,, 2001), and in 2008, the New Delhi Metallo-beta-
lactamase (NDM) enzyme was discovered in a patient in Sweden (Yong et al.,

2009).

1.5.1 Extended spectrum beta-lactamases

Surveillance studies in the 1970s found that an average of 63% of all ampicillin-
resistant bacteria contained one of either the TEM-1 or TEM-2 penicillinases
(Bush, 2018). Throughout the 1980s and 1990s, after the introduction of the
oxyimino-cephalosporins, the most common ESBLs were enzymes descended
from these TEM penicillinases, as well as the SHV enzymes (Bradford, 2001;
Bush, 2018). Like the TEM enzymes, the SHV ESBLs (named for Sulfhydryl
reagent Variable) are derivatives of the penicillinase SHV-1, with the ESBL SHV-
2 differing by only a single aa (Liakopoulos, Mevius and Ceccarelli, 2016;
Castanheira, Simner and Bradford, 2021). Another class of beta-lactamases, the
OXA enzymes, were named for their greater levels of activity against Oxacillin.
In 1991, the first example of an ESBL of the OXA class, OXA-11, was discovered
in a P. aeruginosa isolate. It was found to be transferable, and differed from

OXA-10 by only 2 aa (Evans and Amyes, 2014).
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However, the landscape of ESBLs changed dramatically in the 1990s with the
rise of the CTX-M enzymes. Initially found in E. coli in Munich in 1989, CTX-M-
1 was named for its preferential hydrolytic activity against cefotaxime (CTX,
and M for Munich) (Cantdn, Gonzéalez-Alba and Galan, 2012). Almost at the
same time, this enzyme was isolated in France under the name MEN-1, and a
related beta-lactamase, named CTX-M-2, was isolated from Salmonella
Typhimurium in Argentina (Bauernfeind et al., 1996).

During the late 1990s, new CTX-M enzymes were detected spreading quickly
throughout the globe. In 1996, CTX-M-3 was detected in Poland, followed by
France in 1998 and Taiwan in 1999 (Cantdn, Gonzalez-Alba and Galan, 2012).
Another example of this rapid dissemination is CTX-M-9, initially found in Spain
and Brazil in 1996, it was then identified in China the following year. Evidence
from these countries showed that CTX-M enzymes soon became prevalent in
areas previously dominated by TEM and SHV ESBLs (Cantdn, Gonzalez-Alba and
Galan, 2012). This was especially true of the CTX-M-15 enzyme, which has
become dominant in most regions of the world (Cantdon, Gonzalez-Alba and
Galan, 2012; Bevan, Jones and Hawkey, 2017), and by 2004 was found in
approximately 90% of ESBL-producing bacteria referred to the UK Antibiotic
Resistance Monitoring and Reference Laboratory (Livermore, 2012).
Exceptions include China, South-East Asia and Spain, where CTX-M-14 is often
dominant; and South America, where CTX-M-2 is prevalent. However, data
appear to show that although the displacement of other CTX-M enzymes by

CTX-M-15 is slower compared to displacement of TEM and SHV ESBLs, levels of

57



INTRODUCTION

CTX-M-15 are increasing in both Spain and South America (Cantén, Gonzélez-
Alba and Galan, 2012).

It has now been demonstrated that these enzymes are highly related to
chromosomal ESBLs found in various Kluyvera spp. (Bevan, Jones and Hawkey,
2017). CTX-M-2 is identical to the ESBL found in Klu. ascorbata (Di Conza et al.,
2002), while CTX-M-14 is identical to an enzyme found in Klu. georgiana
isolated in Guyana (Olson et al., 2005). It is highly likely that insertion
sequences, such as the ISEcpl element frequently found upstream of
CTX-M-14 and CTX-M-15, played a major role in their spread from

chromosomal to plasmid-mediated enzymes (Bevan, Jones and Hawkey, 2017).

1.5.2 Carbapenemases

Carbapenemases are the current pinnacle of beta-lactamase evolution, as the
spectrum of activity of these enzymes includes nearly all hydrolysable beta-
lactams (Queenan and Bush, 2007). They belong to two major families that
differ by the hydrolytic mechanism at their active site. The first carbapenemase
to be discovered was produced by a Bacillus cereus mutant 569/H/9, whose
ancestral strain was first isolated in the 1950s, decades before the discovery of
thienamycin (Kuwabara, 1970; Davies, Abraham and Melling, 1974; Davies,
1975). This, and other enzymes also isolated from Bacillus spp. in the early
1980s, differed from previously known beta-lactamases at the time as they
were found to be inhibited by ethylenediaminetetraacetic acid (EDTA), which

established them as metallo-beta-lactamases (MBL) (Carfi et al., 1995; Halat
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and Moubareck, 2020). Many carbapenemases studied around the same time
were also chromosomally-encoded MBLs found in opportunistic pathogens
such as Aeromonas hydrophila and Stenotrophomonas maltophilia (Saino et al.,
1982; laconis and Sanders, 1990). These enzymes require at least one zinc ion
at the active site that facilitates hydrolysis of the beta-lactam ring (Palzkill,
2013). They are contrasted with the more common serine beta-lactamases,
which contain a serine residue at the active site, as shown in Figure 1.15, and
are inhibited by beta-lactamase inhibitors such as clavulanic acid and
tazobactam (Queenan and Bush, 2007). In the early 1980s, the serine-
carbapenemase Serratia marcescens enzyme (SME) was discovered in a
Serratia marcescens strain first isolated in 1982 (Yang, Wu and Livermore,

1990). Shortly afterwards, the imipenem-hydrolysing-beta-lactamase (IMI) was
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Figure 1.15. Mechanisms for Metallo-Beta-Lactamases (MBL) and Serine-Beta-Lactamases
(SBL) catalysed hydrolysis of carbapenems. The top-right shows the serine residue covalently
bonded to the broken beta-lactam ring, whereas MBLs bind through electrostatic
interactions, shown bottom left by dashed lines. Republished with permission from Wang et
al. (2019). Copyright 2019 American Chemical Society.
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found in Ent. cloacae in 1984 (Rasmussen et al., 1996). Notably, all these
carbapenemases were isolated before the clinical introduction of imipenem in
1985. At this time, the spread of carbapenem resistance was limited to clonal
expansion, as all the previously described enzymes were chromosomally
encoded (Queenan and Bush, 2007). This would change with the discovery and
dissemination of the so-called “big five” carbapenemases: IMP, VIM, KPC, NDM

and OXA-48-like (Hopkins et al., 2022).

1.5.2.1 The first transferrable imipenemase

In 1988 the first transferable carbapenemase was discovered in Japan. Known
as imipenemase (IMP), this was identified as an MBL harboured on a
conjugative plasmid in a P. geruginosa isolate (Watanabe et al., 1991). Shortly
afterwards, this enzyme spread into the Enterobacteriaceae in Japan and was
first isolated in Europe from an A. baumannii strain in Italy in 1997 (Senda et
al., 1996; Cornaglia et al., 1999). Around the same time, the Verona integron-
encoded MBL (VIM) enzyme was spreading amongst P. geruginosa isolates in
Europe, and was subsequently detected in Enterobacteriaceae isolates in the
early 2000s (Queenan and Bush, 2007). Although these MBLs were distributed
across the world in the mid 2000s, reports of outbreaks tended to be small,
restricted in duration and geographic location (Queenan and Bush, 2007; Halat

and Moubareck, 2020).

60



CHAPTER 1

1.5.2.2 Klebsiella pneumoniae carbapenemase

The first Klebsiella pneumoniae carbapenemase (KPC) enzyme was isolated in
the US in 1996 (Yigit et al., 2001). A serine carbapenemase, KPC is capable of
hydrolysing all beta-lactams and is often carried on MGEs such as Tn4401 and
a variety of plasmids (Hansen, 2021). Similarities to the spread of the CTX-M
enzymes can be seen in the dissemination of the KPC beta-lactamases. They
are strongly associated with a particular sequence type of K. pneumoniae,
ST258, an MDR isolate which was previously responsible for over three-
quarters of all outbreaks of KPC-producing K. pneumoniae in the US (Kitchel et
al., 2009; Chen et al., 2014). Since their discovery there, KPC producers have
spread globally and are now endemic in parts of South America and China, as
well as Greece, Italy, and Poland (Baraniak et al., 2011; Nordmann, Naas and
Poirel, 2011; Munoz-Price et al., 2013). From there, KPC enzymes have been

detected nearly everywhere in Europe (Munoz-Price et al., 2013).

1.5.2.3 New Delhi Metallo-beta-lactamase

In contrast to the mostly clonal dissemination of KPC, the New Delhi Metallo-
beta-lactamase (NDM) carbapenemase has been associated with many
different sequence types in both E. coli and K. pneumoniae, none of which
appear as predominantly as ST131 or ST258 (Wu et al., 2019). In 2008 the first
case of K. pneumoniae with NDM-1 was found in a Swedish patient who had
recently returned from India (Yong et al., 2009). This was of particular concern

because the plasmid on which this gene was transmitted also conferred
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resistance to aminoglycosides, macrolides, rifampicin, sulfamethoxazole and
aztreonam (a monobactam not usually hydrolysed by NDM) (Walsh, 2010).
Unlike the previously described carbapenemases, the dissemination of NDM
after its initial detection was dramatic in its rapidity. By 2011, just 3 years after
its discovery, NDM had been isolated from patients with direct links to the
Indian subcontinent in Australia, Austria, Belgium, Canada, Finland, France,
Germany, Ireland, Italy, Hong Kong, Japan, Kuwait, the Netherlands, New
Zealand, Norway, Oman, Singapore, Spain, Switzerland, Taiwan, the UK and the
USA (Johnson and Woodford, 2013). Also of note, within that time, NDM had
spread to C. freundii, Ent. cloacae, E. coli, Morganella morganii, Proteus
mirabilis, Providencia rettgeri and Salmonella spp. A retrospective investigation
into Carbapenemase-Producing Enterobacteriaceae (CPE) isolated from Indian
hospitals in 2006-2007 found Ent. cloacae, E. coli and K. pneumoniae isolates
that harboured NDM in New Delhi, predating the original finding in Sweden
(Castanheira et al.,, 2011). A contributing factor to this rapid global
dissemination may have been the community spread of NDM within India,
which, alongside global travel, facilitated the distribution of NDM. A 2010
analysis of environmental water samples detected blanom-1 by polymerase
chain reaction (PCR) in 51/171 samples in New Delhi, while NDM-producing
bacteria were cultured from 2 drinking-water samples in the same study (Walsh
et al., 2011). This clearly showed that the problem of NDM was not confined to
nosocomial outbreaks, as had been the case for previous carbapenemases

(Johnson and Woodford, 2013).
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1.5.2.3.1 NDM variants

As of 2017, 17 variants of NDM had been isolated (Khan, Maryam and Zarrilli,
2017); the Beta-Lactam Database (BLDB) shows that number is now up to 61
(Naas et al., 2017), and the spread of these genes can be seen all across the
globe (Walsh, 2010). The NDM enzyme is a 270 aa protein that contains 2 zinc
ions at its active site which is responsible for hydrolysis of beta-lactams. NDM
variants commonly contain between 1 and 5 aa substitutions compared to
NDM-1 (Wu et al., 2019). The most common aa substitution is M154L, which is
found in the single mutant NDM-4, as well in double mutants such as NDM-5.
This mutation has been shown to increase affinity for zinc ions, which leads to
enhanced carbapenemase activity under conditions of zinc-deprivation, such
as might occur during infection (Bahr et al., 2017). It has also been reported
that variants containing the V88L substitution, such as NDM-5, exhibit
enhanced carbapenemase activity through an unknown mechanism (Hornsey,

Phee and Wareham, 2011; Wu et al., 2019).

1.5.2.3.2 Genetic context of blanom

The genetic contexts of all known blanom sequences share two common
features. An intact or truncated insertion sequence, ISAba125, is almost always
found upstream, and this provides the -35 region of a promoter for blanpwm;
while a bleomycin resistance gene, blemsi, is always found downstream (Poirel,
Bonnin and Nordmann, 2011a; Partridge and Iredell, 2012; Wu et al., 2019).
Further downstream of blewms., there is often a complete or remnant set of

genes, including trpF, dsbD (also referred to as dsbC or tat), cutAl and groES-
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groEL (Wu et al., 2019). Previous examination of the blanom gene revealed the
first 19 bp sequence is identical to that of the aminoglycoside resistance gene
aphA6. This showed blanpm is actually a chimeric gene, formed by the fusion of
an unknown metallo-beta-lactamase and aphA6 (Toleman et al., 2012). It is
thought that this unknown MBL was mobilised along with the blemgs. to the
groES-groEL region of the chromosome by a downstream ISCR27 in
Acinetobacter (Toleman et al., 2012; Wu et al., 2019). This likely inserted
downstream of ISAba125 and aphA6, which then fused with the MBL to create
blanom and this whole genetic region (Poirel et al., 2012; Toleman et al., 2012).
At some point, this sequence transposed upstream of another ISAbal25
element, which then formed the composite transposon Tn125 (Partridge and
Iredell, 2012; Poirel et al., 2012). This composite transposon is the source of
the mobilisation of blanpm into the Enterobacteriaceae and can be seen in
Figure 1.16. From there, this element has been interrupted or truncated by a
variety of mobile elements, leading to a variety of complex genetic contexts
surrounding blanom (Wu et al., 2019). In an analysis of over 2000 genomes,
Acman et al. found that the more ancestral sequence containing a complete
Tn125 is now almost exclusively found in Acinetobacter and Klebsiella (Acman

et al., 2022).

1.5.2.4 OXA-48-like carbapenemases

The enzyme OXA-48 was first discovered in a K. pneumoniae isolate from

Turkey in 2001. Although other members of the OXA family are capable of low
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Figure 1.16. Structure of Tn125. This composite transposon is formed by two directly oriented
ISAbal125 elements and is believed to be responsible for the mobilisation of blanom into the
Enterobacteriaceae. Republished with permission from Jones et al. (2014). Copyright 2014,
American Society for Microbiology.

levels of carbapenem hydrolysis, the OXA-48 enzyme was capable of
hydrolysing carbapenems at higher rates. However, carriage of OXA-48 alone
results in only modest increases in MIC to carbapenems, though when
combined with other resistance mechanisms such as porin-loss it can lead to
significant levels of carbapenem resistance (Halat and Moubareck, 2020).
Sequence analysis showed that OXA-48 shared only 46% aa identity with the
ESBL OXA-10, and only 36% aa identity with the weak-carbapenemase OXA-23
(Poirel et al., 2004). Later studies showed that Shewanella oneidensis, a
waterborne environmental bacterium, harboured the OXA-48 enzyme, while
OXA-48-like derivatives OXA-181 and OXA-204 have also been found in the
same genus (Mairi et al., 2018). This shows the OXA-48-like enzymes have a
distinct origin from other OXA beta-lactamases, such as the OXA-23 enzyme
first discovered in Acinetobacter (Mugnier et al., 2010). Since their discovery,
the OXA-48-like enzymes have disseminated globally due to the spread of a
broad host-range plasmid harbouring the OXA-48 gene within a composite
transposon Tn1999. The most common derivative of OXA-48, OXA-181, was
found to be mobilised from the Sh. oneidensis chromosome by ISEcp1, followed
by incorporation into Tn2013 and the subsequent transmission into ColE2,

IncX3, IncN1, and IncT plasmids (Potron, Poirel and Nordmann, 2011). Since
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their discovery in Turkey, OXA-48-like-producing organisms have been found
as the source of nosocomial and community outbreaks in many parts of the
world and are now considered endemic in large parts of the Mediterranean
and Middle East. On top of this, hospital outbreaks have been reported in
Australia, China, Mexico, South Africa, as well as many European countries,
while there are case reports of OXA-48 producing organisms in North and South

America as well as many other countries (Mairi et al., 2018; Pitout et al., 2019).

1.5.3 Classification of beta-lactamases

There are two major classification systems for beta-lactamase enzymes. Firstly,
the Ambler system is based on primary structure that originally classified beta-
lactamases into 2 molecular classes, A and B (Ambler, 1980). These were
distinguished by their use of either serine or zinc ions for beta-lactam
hydrolysis, with serine-based beta-lactamases forming class A and the MBLs in
class B. This system was further expanded when groups of serine-based beta-
lactamases were discovered that appeared distinct from the class A enzymes.
Thus, class C consisted of the AmpC beta-lactamases while class D contains the
OXA family of enzymes (Hall and Barlow, 2005). In this system, the enzymes
TEM, SHV, CTX-M and KPC are all group A beta-lactamases, while group B
contains the NDM, VIM and IMP enzymes.

The other classification system was proposed by Bush in 1989, further refined
in 1995 by Bush, Jacoby and Medeiros, and once again in 2010 (Bush and

Jacoby, 2010). This system is based on functional classification of the enzymes
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and their abilities to hydrolyse particular classes of antibiotics as well as their
resistance to inhibitors. Group 1 consists of the molecular class C
cephalosporinases that are chromosomally encoded, such as the AmpC
enzymes. Group 2 consists of the molecular groups A and D serine-beta-
lactamases. Subgroups include the ESBLs, such as the TEM, CTX-M and OXA
enzymes, as well as the serine-based carbapenemases such as KPC. Group 3
contains the molecular class B metallo-beta-lactamases such as NDM, VIM and
IMP (Bush and Jacoby, 2010). A diagram of both functional and structural
classifications can be seen in Figure 1.17.

In 2010, around 850 beta-lactamases had been identified (Drawz and Bonomo,
2010), and by 2018 that number was up to 2770 (Bush, 2018). Today, the BLDB
shows that number is up to 8154 (Naas et al., 2017). This is likely due in large

part to the increasing availability of whole-genome sequencing allowing

Ambler
c At o | DS

Functional group 1 2 2% 3

Inhibitory Profile” Clavulanic acid _
ESBLs
Carbapenemases

Classical examples ESBL: AmpC Penicillinase: TEM-1, ESBL: OXA-11 Carbapenemase: IMP,
SHV-1 Carbapenemase: VIM, NDM

ESBLs: CTX-M, TEM-3 OXA-23,
Carbapenemase: KPC OXA-48

[0 Serine B-lactamase
B Metallo B-lactamase

Figure 1.17. Classification schemes of beta-lactamases. The molecular classification of beta-
lactamases follows the Ambler classification. The main functional groups of the Bush-Jacoby-
Medeiros scheme are also shown. T Class A enzymes are the most diverse and include
penicillinases, ESBLs and carbapenemases. ¥ Ambler class D enzymes belong to the functional
group/subgroup 2d. * Class A enzymes belonging to the subgroup 2br are resistant to clavulanic
acid inhibition. Republished from Munita and Arias (2016) under Creative Commons CC-BY
license.
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greater detection of beta-lactamase variants, as well as the continual rise of

new AMR genes due to selection pressure of antibiotics.

1.6 AMR detection in wastewater

For decades, the importance of local and national surveillance of AMR to guide
treatment guidelines and intervention strategies has been acknowledged. The
first international AMR surveillance program was The European Antimicrobial
Resistance Surveillance Network (EARS-Net), with its precursor, EARS, initiated
in 1998. EARS-Net relies on routine clinical antimicrobial susceptibility data
from clinical laboratories, reported to the European Centre for Disease
Prevention and Control (ECDC) (ECDC, 2023a). The data include only invasive
isolates (blood and cerebrospinal fluid) and encompass eight bacterial
pathogens: E. coli, K. pneumoniae, P.aeruginosa, Acinetobacter spp.,
Streptococcus pneumoniae, St. aureus, Enterococcus faecalis and Enterococcus
faecium. On a more global scale, the Global Antimicrobial Resistance
Surveillance System (GLASS) was introduced in October 2015 by the World
Health Organization (WHO) to support its overarching global action plan on
AMR (WHO, 2023), while the industry-sponsored Study for Monitoring
Antimicrobial Resistance Trends (SMART) recently completed its 20™" year
(Aarestrup and Woolhouse, 2020; Cantén et al., 2023).

Wastewater-based epidemiology (WBE) utilises the analysis of wastewater as

an epidemiological approach to gather information about human populations
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on a community scale via sampling undertaken at wastewater treatment plants
(WWTPs) (Choi et al., 2018; Chau et al., 2022). This approach has been used
successfully to monitor illicit drug use, as well as pathogen surveillance,
including SARS-CoV-2 (Chau et al., 2022). The use of WBE for the surveillance
of AMR has been reviewed multiple times (Fahrenfeld and J. Bisceglia, 2016;
Aarestrup and Woolhouse, 2020; Chau et al., 2022), and it has been suggested
that the implementation of a global sewage-based AMR surveillance system
would complement and augment current AMR surveillance efforts, so
contributing to meeting the key objectives of AMR surveillance at a global scale
(Aarestrup and Woolhouse, 2020).

A variety of methods have been used to detect AMR in wastewater (Karkman
et al.,, 2018; Pazda et al.,, 2019). These can be grouped into two broad
categories of culture-dependent and culture-independent methods. Culture-
dependent methods may have a variety of downstream processes, but they
rely on the ability to isolate and grow specific bacteria in the laboratory. After
isolation, methods include phenotypic characterisation such as: disc diffusion
assays, MIC measurement, as well as immunochromatographic detection of
AMR proteins, such as beta-lactamases. Molecular approaches are also used
that include PCR detection of AMR genes, and increasingly whole genome
sequencing is being used to determine the entire genetic environment of ARGs
and their host organisms. Of course, the usual limitations of culture based
approaches apply, in that only a fraction of environmental bacteria can be

grown in the laboratory, and the use of specific selection methods will strongly
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bias the types of bacteria isolated (Walsh and Duffy, 2013; Karkman et al.,
2018).

Culture-independent methods can be used to overcome these limitations.
Metagenomic approaches, where the DNA of the entire microbial community
is sequenced, are used to detect the full range of ARGs in a particular
environment (Bengtsson-Palme et al., 2019; Hendriksen et al., 2019; Kneis,
Berendonk and Hef3, 2019). Issues with this approach are that the number of
ARGs in a particular environment may be low, and so a number of ARGs may
be below the limit of detection (Fitzpatrick and Walsh, 2016). A possible way
to overcome these issues is the use of quasi-metagenomics, recently used in
the detection of enteric pathogens in food safety (Hyeon, Li, et al., 2018;
Hyeon, Mann, et al., 2018; Forghani et al., 2020). Quasi-metagenomics refers
to the sequencing of a modified microbiome of concentrated DNA, using
selective enrichment for target organisms. This method, also described as
culture-enriched metagenomics in the literature, has been used to profile the
cystic fibrosis lung microbiota, as well as the beta-lactam resistome of a WWTP
(Whelan et al., 2020; Zhang, Zhang and Ju, 2022).

Quantitative PCR (qPCR) is often used to determine the level of a number of
resistance genes in a particular sample, and this is especially useful for
comparing across multiple WWTPs, or between the influent and effluent of a
WWTP (Karkman et al., 2016; McConnell et al., 2018; Cacace et al., 2019). A
disadvantage of standard metagenomic and gPCR approaches is that, since the
bacterial cells are lysed to allow DNA isolation, any extrachromosomal DNA is

sequenced separately from that of the host organism (Karkman et al., 2018).
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This makes it impossible to determine the host of particular plasmids, which
limits the use of these techniques. Possible methods to overcome this include
inverse PCR, which, combined with long-read sequencing has also been used
to investigate the genetic environment of specific ARGs (Parnanen et al., 2016).
This is where DNA with suspected ARGs is digested and circularised. Then, PCR
amplification of the target gene using only a single primer will amplify the
entire circularised section. These sections of DNA can then be sequenced, and
the resulting reads will contain not only the ARG of interest, but those
upstream and downstream as well.

Another method that is able to link ARGs and their host organisms is the use of
proximity ligation with shotgun sequencing to create chimeric reads of DNA
that contain sections of chromosome and plasmids from the same cell (Stalder
et al., 2019). This technique uses chromosome conformation capture (3C), a
method first used to understand the higher order structure of eukaryotic DNA
within the nucleus (Barutcu et al., 2016), to bind DNA sections that are close
together in 3D space. DNA is then digested, circularised and sequenced, and
this has been used to link ARGs from plasmids to their host organisms from a
wastewater sample in the USA (Stalder et al., 2019). Other methods include
Emulsion, Paired Isolation and Concatenation PCR (epicPCR), which is able to
link the 16S rRNA gene from a single bacterial cell with another gene of interest
and amplify this product via PCR (Spencer et al., 2016). This has recently been
used to detect the host range of specific ARGs in WWTPs in Finland (Hultman

et al., 2018). High-throughput single-cell genomic sequencing has also been
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used to analyse the distribution of ARGs in an environmental sample (Lan et

al., 2017), and could be an important method in the future.

1.7 Aims and objectives

It is known that AMR diversity and abundance varies geographically, and the
analysis of wastewater has been proposed as an economically and ethically
feasible way of surveillance of AMR (Hendriksen et al., 2019). Research
suggests that surveillance of bacterial populations in WWTPs can serve as a
proxy for surveillance of clinically relevant bacteria carried within the human
population (Newton et al., 2015). This information could be used to recognise
current and future trends in the spread of AMR, potentially leading to better
control and prevention of antimicrobial infections.

This introduction has highlighted the threat of the rapid dissemination of ARGs
of serious concern and underscored the importance of MGEs in the spread of
AMR. The aim of this study was to investigate the presence of antimicrobial
resistant enterobacteria in the raw sewage of WWTPs and receiving water in
the East Midlands, as a proxy for the surveillance of AMR in the human
population of that area. The Urban Waste Water Treatment Directive of the
European Commission also suggests sampling of treated effluent to determine
the transmission risk of environmental AMR, therefore the presence of these
bacteria in the effluent of WWTPs was also investigated (European
Commission, 2022; Larsson, Flach and Laxminarayan, 2023). The goal of this

was to identify the genetic mechanisms by which bacteria in this area are
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resistant to our most useful antibiotics, the beta-lactams, with a specific focus

on the beta-lactams of “last resort”, the carbapenems. Additionally, the

mobility of the resistance mechanisms was given special attention. To meet

these aims, a range of phenotypic and molecular-based approaches were used

that not only enabled the identification of which AMR genes are present and in

which species, but helped understand the wider genetic environments that

enable these MDR bacteria to emerge and disseminate in the human

population.

The main objectives included:

i

il.

iii.

.

VI.

Isolation and phenotypic characterisation of cephalosporin and
carbapenem resistant enterobacteria from raw and treated sewage and
receiving waters via disc diffusion assay.

Genotypic characterisation of relevant AMR genes through PCR and
whole genome sequencing.

Characterisation of the MGEs of carbapenem resistant isolates,
including conjugation assays to determine mobility of MGEs and
associated ARGs.

Investigation of genetic relatedness of isolates across a range of time
points, are similarities in phenotypic and PCR results due to clonality or
the spread of related MGEs?

Determination of sequence similarity of MGEs from collected
wastewater isolates with other published MGE sequences from the UK.
Investigation into the intracellular mobility of MGEs containing

carbapenemase genes.
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CHAPTER 2: MATERIALS AND

METHODS
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2.1 Growth and maintenance

2.1.1 Bacterial Strains

CHAPTER 2

The strains used in this study can be found in Table 2.1. Strains listed as controls

were used as positive and negative controls for the antibiotic susceptibility

testing disc diffusion assay (§2.3.1), while ATCC 25922 and NCTC 13476 were

also used as controls for the zinc-supplemented carbapenem inactivation

method (§2.3.2).

Table 2.1. Strains used in this study.

Strain name Description Use Reference
ATCC 25922 E. coli FDA strain Negative control American Type
Seattle 1946 [DSM Culture Collection
1103, (ATCC)
NCIB 12210]
NCTC 13476 E. coli containing Positive control National Collection
blawme of Type Cultures
(NCTC)
NCTC 13353 E. coli strain EO 487 @ Positive control NCTC
encoding blacrx-m-1s
CV601 kanf riff gfp* | E. coli K-12 Conjugation recipient | (Smalla et al., 2000)
derivative resistant
to kanamycin and
rifampicin that
includes green
fluorescent protein
(gfp)
J53 Azi® E. coli K-12 Conjugation recipient | (Yietal., 2012)
derivative resistant
to sodium azide
NEB® 5-alpha Chemically Transformation C2987H, New
Competent E. coli competent recipient England Biolabs

derivative of DH5a

(NEB), Hitchin, UK.
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2.1.2 Media

All media were prepared using reverse osmosis (RO) water and sterilised by
autoclaving at 121°C for 15 minutes at 15 psi, unless specified otherwise.
Where appropriate, supplements were added to the media once it had cooled
to 50°C. All growth media were obtained from Sigma-Aldrich, Gillingham, UK,

unless specified otherwise.

2.1.2.1 Lysogeny broth (Lennox) and Lysogeny broth (Lennox) with agar

Lysogeny broth (LB) was prepared to a final concentration of 10 g L™* tryptone,
5g L sodium chloride and 5 g L yeast extract. LB with agar used the same

concentrations with the addition of 15 g L' agar.

2.1.2.2 Mueller-Hinton broth and agar

Mueller-Hinton (MH) broth was prepared to a final concentration of 2 g L beef
infusion solids, 17.5 g L' casein hydrolysate and 1.5 g L' starch. MH agar used

the same concentrations with the addition of 17 g L™* agar.

2.1.2.3 Tryptone Soya Broth (Thermo Fisher Scientific)

Tryptone Soya Broth (TSB) was prepared to a final concentration of 17 gL*
pancreatic digest of casein, 3 g L't enzymatic digest of soya bean, 5 g L' sodium

chloride, 2.5 g L' dipotassium hydrogen phosphate and 2.5 g L™ glucose.
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2.1.2.4 MacConkey agar

MacConkey agar (MAC) was prepared to a final concentration of 17 gL?
peptone, 3 g L'! proteose peptone, 10 g L'? lactose, 1.5 g L?! bile salts no. 3,
5gL?! sodium chloride, 13.5gL? agar, 0.03 gL neutral red and 0.001gL?

crystal violet.

2.1.2.5 Tryptone Bile X-glucuronide agar

Tryptone Bile X-glucuronide agar (TBX) was prepared to a final concentration
15gL? agar, 1.5gL? bile salts, 0.075gL? X-B-D-glucuronide and 20gL*

peptone.

2.1.2.6 Brilliance CRE agar (Thermo Fisher Scientific)

Brilliance CRE agar containing 15 g L'! peptones, 2 g L'! carbohydrates, 5.1 g L*
titanium oxide, 1 gL chromogenic mix, 19 mLL? antibiotic mix (sic) and

15 g L'! agar was purchased as prepared medium.

2.1.2.7 CHROMagar mSuperCARBA agar

CHROMagar™ mSuperCARBA™ agar (CHROMagar, Paris, France) was prepared
to a final concentration 15 g L'* agar, 20 g L™ peptones, 5 g L' sodium chloride,
0.8 g L'! chromogenic and selective mix, 1.7 g L'! growth factors and 2 mL L?
growth factors mix supplement. RO water was used to make the desired
volume before bringing to the boil on a hotplate. This was followed by the
addition of 0.25 g L ‘selective mix supplement’ once the agar had cooled to

50°C.
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2.1.2.8 Super Optimal broth with catabolite repression (SOC) medium

(Thermo Fisher Scientific)

Super Optimal broth with catabolite repression (SOC) medium containing 2%
tryptone, 0.5% yeast extract, 10 mM sodium chloride, 2.5 mM potassium
chloride, 10 mM magnesium chloride, 10 mM magnesium sulphate, and 20 mM
glucose was purchased as prepared medium (Thermo Fisher Scientific,

Loughborough, UK).

2.1.2.9 SOC Outgrowth Medium (New England Biolabs)

SOC Outgrowth Medium containing 2% vegetable peptone, 0.5% yeast extract,
10 mM sodium chloride, 2.5 mM potassium chloride, 10 mM magnesium
chloride, 10 mM magnesium sulphate and 20 mM glucose was purchased as

prepared medium (New England Biolabs (NEB), Hitchin, UK).

2.1.3 Antimicrobial stock solutions

All antibiotic powders used in selective liquid or plate culture were obtained
from Sigma-Aldrich, prepared at 500X working concentration using Milli-Q
purified water (Millipore), filter sterilised using a 0.22 um filter (Sartorius,

Epsom) and stored in aliquots at -20°C, unless specified otherwise.

2.1.3.1 Ampicillin

100 mg mL? of ampicillin sodium salt was dissolved in water and used at a

working concentration of 100 pg mL™.
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2.1.3.2 Cefotaxime

1 mg mL? of cefotaxime sodium salt was dissolved in sterile water and used at

a working concentration of 2 ug mL.

2.1.3.3 Kanamycin

25 mg mL? of kanamycin sulphate was dissolved in sterile water and used at a

working concentration of 50 ug mL?.

2.1.3.4 Rifampicin

10 mg mL? of rifampicin (Thermo Fisher Scientific) was dissolved in 95% (v/v)

ethanol and used at a working concentration of 50 pg mL™2.

2.1.3.5 Meropenem

For meropenem selection, 1 mg mL? of meropenem trihydrate (APExBIO,
Texas, USA) was dissolved in sterile water and used at a working concentration
of 2 ug mL. For minimum inhibitory confirmation, 10 mg mL* of meropenem
trihydrate was dissolved in sterile water, filter sterilised using a 0.22 um filter
(Sartorius, Epsom, UK), and used on the same day at the required

concentrations.

2.1.3.6 Sodium azide

100 mg mL? of sodium azide was dissolved in sterile water and used at a

working concentration of 100 pg mL™.
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2.1.3.7 Anhydrotetracycline

220 pg mL*? of anhydrotetracycline hydrochloride (APExBIO) was dissolved in
50% (v/v) ethanol, stored in an opaque container at -20°C and used at a working

concentration of 200 ng mL™.

2.1.4 Buffers and Solutions

All chemicals were supplied by Thermo Fisher Scientific unless specified

otherwise. RO water was used to bring solutions to required volumes.

2.1.4.1 Maximum Recovery Diluent

Maximum Recovery Diluent (MRD) was prepared to a final concentration

8.5 g L'! sodium chloride and 1 g L' peptone and sterilised by autoclaving.

2.1.4.2 Dulbecco’s Phosphate Buffered Saline

Dulbecco’s Phosphate Buffered Saline (DPBS) was prepared to a final
concentration of 8.5 g L't sodium chloride, 2.16 g L™ sodium phosphate dibasic,
0.2 g L'! potassium chloride and 0.2 g L'! potassium phosphate monobasic and

sterilised by autoclaving.

2.1.4.3 Ethylenediaminetetraacetic acid

Ethylenediaminetetraacetic acid (EDTA) was prepared as a 0.5 M solution by
dissolving 186.1 g of EDTA in 800 mL of RO water, adjusted to pH 8.0 with 1 M

sodium hydroxide and sterilised by autoclaving.
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2.1.4.4 Tris(hydroxymethyl)aminomethane hydrochloride

Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) was prepared as a
1 M solution by dissolving 121.1 g of Tris base in 800 mL of RO water, adjusted
to either pH 8.0 or pH 7.5 with 1 M hydrochloric acid, brought to a final volume

of 500 mL with RO water and sterilised by autoclaving.

2.1.4.5 Tris-EDTA buffer

Tris-EDTA buffer was prepared to a final concentration of 10 mM Tris-HCI (pH

7.5) and 1 mM EDTA and sterilised by autoclaving.

2.1.4.6 Tris-acetate-EDTA buffer

Tris-acetate-EDTA (TAE) buffer was prepared to a final concentration of 40 mM
Tris-HCI, 1 mM EDTA and 20 mM glacial acetic acid, adjusted to pH 8.0 with

either 1 M hydrochloric acid or 1 M sodium hydroxide.

2.1.4.7 Glycerol

Glycerol solution was prepared to a final concentration of 50% or 10% (v/v) as

required and sterilised by autoclaving.

2.1.4.8 Ethanol

Ethanol solution was mixed with sterile RO water to a final concentration of

80% or 95% (v/v) as required.
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2.1.4.9 4% Rhamnose

4% (w/v) of L-Rhamnose monohydrate (Sigma-Aldrich) was dissolved in sterile

Milli-Q purified water and filter sterilised using a 0.22 um filter (Sartorius).

2.1.4.10 Zinc sulfate

240 mM Zinc sulfate was dissolved in sterile Milli-Q purified water and filter

sterilised using a 0.22 um filter (Sartorius).

2.1.5 Growth conditions

Bacterial liquid cultures were routinely grown in LB broth for 18 hours at 37°C
with shaking at 200 rpm (Medline Scientific™ ISF-7100 Floor Standing Incubator
Shaker). Bacterial cultures were routinely grown on LB agar plates for 18 hours
at 37°C. Where appropriate, antimicrobial stock solutions (Section 2.1.3) were
added to the media so that the final concentrations were as follows: 2 ug mL?!
meropenem, 2 ugmLlL? cefotaxime, 50 ugmL?! kanamycin, 50 ugmL?

rifampicin and 100 pg mL? sodium azide.

2.1.6 Long term storage of bacterial strains

A single bacterial colony was inoculated into 3 mL LB broth and incubated at
37°C for 18 hours with shaking at 200 rpm. 500 pl of this overnight culture was
mixed with 500 pl of sterile 50% glycerol in a 2 mL cryogenic storage tube and

stored at -80°C.
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2.2 Environmental sampling

2.2.1 Wastewater and river sampling

2.2.1.1 Wastewater collection

Samples were taken from two separate wastewater treatment plants in the
East Midlands between October 2019 and July 2022. The first, WWTP A, serves
a local village and university campus; while the second, WWTP B, serves a local
city that has a major hospital. Before the COVID-19 pandemic, a total of five
samples were collected. First, from WWTP A in October 2019, then WWTP B in
January 2020, and both A & B in February 2020 and on two occasions in March
2020. After the COVID-19 lockdown in March 2020, it was not possible to
collect wastewater influent, and so effluent samples were collected from
WWTP B on two occasions in May and July 2022.

Influent and effluent samples were collected in 200 mL volumes in sterile
containers from their respective inlet or outlet pipes and transferred to the
laboratory at ambient temperature. Samples from WWTP A were transported
to the laboratory within 20 minutes, and samples from WWTP B within an hour.
Samples taken in May and July 2022 were collected in 4 x 1L volumes and

transported on ice instead.

2.2.1.2 River water collection

At the same time as collecting wastewater in May and July 2022, samples
were also taken from the river which wastewater treatment plant B discharges

into. Sample points were 1) 100 m upstream of the effluent discharge point, 2)
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100 m downstream of the effluent discharge point and 3) 200 m downstream
of the effluent discharge point. Samples were collected in 4 x 1 L volumes in

sterile containers and transported to the laboratory on ice within 1 hour.

2.2.2 Bacterial isolation

Wastewater and river water samples were diluted ten-fold in sterile MRD in
triplicate and 100 ul of each dilution was spread onto an individual series of
agar plates that were incubated at 37°C for 18 hours. The agar plates used in
2019 and 2020 were: LB, Brilliance CRE, MAC, TBX, and MAC/TBX
supplemented with 2 pg mL* meropenem. The agar plates used in 2022 were
LB, mSuperCARBA, MAC, TBX and MAC/TBX supplemented with 2 ug mL*
meropenem or 2 ug mL? cefotaxime.

Colonies matching the morphology of E. coli on CRE and mSuperCARBA agar
plates (red/pink colonies) and TBX agar plates (blue/green colonies) were
streaked for single colonies on TBX agar and incubated for 37°C for 18 hours.
Colonies matching the morphology of other Enterobacteriaceae on CRE and
mSuperCARBA agar plates (blue colonies) or MAC plates (pink colonies) were
streaked for single colonies on MAC agar and incubated at 37°C for 18 hours.
Once pure cultures were obtained, these were then inoculated onto LB agar
and incubated at 37°C for 18 hours and then put into long term storage

(§2.1.6).

84



CHAPTER 2

2.2.3 Water filtration

50 mL of water from river water or wastewater samples from WWTP B was
vacuum filtered through sterile 0.22 um Durapore PVDF Membrane Filters
(MilliporeSigma, Feltham, UK) in a sterile magnetic filter funnel (Cytiva,
Marlborough, MA, USA). The filters were transferred to the surface of
individual LB, CRE or mSuperCARBA and TBX/MAC agar plates supplemented
with 2 ug mL? meropenem, 2 ug mL? cefotaxime or 100 ug mL* ampicillin (as
above) and incubated at 37°C for 18 hours. Pure cultures of isolates were then

obtained as in §2.2.2.

2.2.4 Enriched isolation

Due to the low numbers of carbapenem-resistant isolates expected to be found
in wastewater effluent and river water, bacteria from these samples were
enriched by overnight growth in broth supplemented with meropenem.
Triplicate samples of 50 mL of water were vacuum filtered through 0.22 um
Durapore PVDF Membrane Filters (MilliporeSigma) and these were transferred
to 50 mL of TSB supplemented with 2 ug mL! meropenem and incubated at
37°C for 18 hours with shaking at 200 rpm. Ten-fold serial dilutions of these
overnight cultures were performed and 100 ul of each dilution was spread onto
agar plates listed in §2.2.3. Pure cultures of isolates were then obtained as in

§2.2.2 and stored as in §2.1.6.
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2.2.5 Indole Testing

Each isolate was screened for the production of indole using the RapID Spot
Indole Reagent (Remel, Thermo Fisher, Dartford UK). The
p-dimethylaminocinnamaldehyde within the reagent reacts with indole to
produce a blue-green colour. A single colony was inoculated into a drop of
reagent in a sterile petri dish and mixed using a sterile loop. An isolate was
considered positive for indole production if a blue-green colour change was
observed within three minutes, and negative if no colour change was observed

in that time.

2.2.6 Oxidase Testing

Oxidase test strips (MilliporeSigma) were used to touch a single colony, and an
isolate was considered positive for oxidase production if a colour change was
observed within one minute, and negative if no colour change was observed in

that time.

2.3 Antimicrobial susceptibility testing

2.3.1 Disc diffusion assay

All isolates were screened for antimicrobial susceptibility using a modified
Kirby-Bauer disc diffusion method as recommended by the Clinical and
Laboratory Standards Institute (CLSI) (CLSI, 2012). Isolates were inoculated

onto LB agar plates and incubated at 37°C for 18 hours before colonies from
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these plates were suspended in Mueller-Hinton broth, adjusted to a turbidity
of around a 0.5 McFarland standard. Mueller-Hinton agar plates were
inoculated from this suspension using a sterile swab by swabbing in three
directions across the surface of the plate. Antibiotic discs were added to the
surface of the agar plate using a 16-disc antibiotic disc dispenser (i2a
diagnostics, Montpellier, France) within 15 minutes of inoculation. The
following antibiotics were used: Ampicillin 10 ug (AMP), Amoxicillin-clavulanic
acid 20 pg and 10 pg (AMC), Cefoxitin 30 pug (FOX), Cefotaxime 30 pg (CTX),
Cefpodoxime 10 ug (CPD), Aztreonam 30 ug (ATM), Meropenem 10 ug (MEM),
Streptomycin 10 ug (510), Oxytetracycline 30 pg (OT), Ciprofloxacin 5 ug (CIP),
Nalidixic Acid 30 pg (NA), Trimethoprim-sulfamethoxazole 1.25 ug and 23.75
pug (SXT), Chloramphenicol 30 pg (C), Nitrofurantoin 300 pg (F) and
Azithromycin 15 pg (AZM). All antibiotics were procured from i2a diagnostics.
The breakpoints used for determination of susceptible, increased susceptibility
or resistant results were taken from the CLSI M100 and M45 documents, or
where not available, breakpoints determined by the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) were used instead (CLSI, 2016,

2019; EUCAST, 2019).

2.3.2 Zinc-supplemented carbapenem inactivation method (zCIM)

Each isolate was screened for carbapenemase production using the zinc-
supplemented carbapenem inactivation method (Lucena Baeza et al., 2019). A

full 10 pl inoculation loop of bacteria was suspended in 400 ul TSB
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supplemented with zinc sulphate (0.3 mM final concentration) in a sterile
microcentrifuge tube. A single 10 ug meropenem disc was added to the tube
and the mixture was incubated at 37°C for 2 hours. After incubation, the disc
was removed from the tube and placed on a Mueller-Hinton agar plate
previously inoculated with a lawn of meropenem-susceptible E. coli ATCC
25922 as in §2.3.1. A fresh 10 pug meropenem disc was then placed on each
plate as a control. After 18-hour incubation at 37°C, the zones of inhibition
around the discs were measured, and isolates with zone diameters of <20 mm
were recorded as positive for carbapenemase production. The zCIM was also
performed on strains NCTC 13476 and ATCC 25922 as positive and negative

controls respectively.

2.3.3 Minimum inhibitory concentration

The minimum inhibitory concentration (MIC) of meropenem on
carbapenemase-producing isolates was measured by the agar dilution method
(Wiegand, Hilpert and Hancock, 2008). Pure cultures of bacterial isolates were
grown on LB agar at 37°C for 18 hours. A single colony of each isolate was
inoculated into 4 mL LB broth and incubated at 37°C for 18 hours with shaking
at 200 rpm. Each culture was diluted ten-fold and an optical density reading
was taken using a Jenway 7205 spectrophotometer at 600 nm with a 1cm path
length (Cole-Palmer Instrument Company Ltd, St. Neots, UK). A dilution series
from 10°-107 was performed and 100 pl of the 10 and 107 dilutions were

spread onto LB agar in triplicate and incubated at 37°C for 18 hours. Colonies
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were counted and the corresponding colony forming units (CFU) mL?

calculated.

Table 2.2. Concentration of meropenem used in Mueller-Hinton agar plates.

Concentration 0 0.5 1 2 4 8 16 32 64 128 256
(ng mL?)

Volume of 40 80 160 320 640
10 mg mL!
solution (pl)

Volume of 50 100 200
1 mg mL?
solution (pl)
Volume of 125 250
1 mg mL?
solution (pl)

Volume of 1000 | 875 750 950 900 800 960 920 840 680 360
H20 ()

Agar plates were prepared by adding 1 mL of various concentrations of
meropenem solution to 24 mL of Mueller-Hinton agar cooled to 50°C. The
concentrations used can be seen in Table 2.2.

A single colony of each isolate was again inoculated into 4 mL LB broth and
incubated at 37°C for 18 hours with shaking at 200 rpm. Each culture was
diluted ten-fold and an optical density reading was taken at 600 nm. This
reading was compared to the previous one and its corresponding CFU mL? to
calculate the current CFU mL?. An amount of culture was mixed with sterile
MRD in the wells of a 96-well plate such that each well contained 100 ul of each
culture at 1 x 108 CFU mL™L. A 48-pin stainless steel replicator (Sigma-Aldrich)
was used to transfer the inocula to triplicate Mueller-Hinton agar plates
supplemented with meropenem. The replicator was sterilised by soaking in
ethanol and passing through a Bunsen burner flame in between inoculating
each set of triplicate plates. The plates were left to dry and then incubated at

37°C for 18 hours.
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To confirm that the size of the bacterial inoculum was appropriate, 10 ul of the
contents of each well was diluted in 990 pl sterile MRD (1072 dilution), followed
by a serial dilution to 10, at which point 100 pl of the 10 and 10 dilutions
were spread onto LB agar and incubated at 37°C for 18 hours. After incubation,
colonies were counted and the MIC result considered valid if there were 50-
200 colonies on the 10° plate, i.e., the bacterial suspension contained
0.5-2.0 x 108 CFU mL™1.

Valid MICs were recorded as the lowest concentration of meropenem that
inhibited all growth of that isolate on all three agar plates inoculated; single

colonies were discounted for this purpose.

2.4 DNA preparation

2.4.1 Crude DNA extraction

Pure cultures of bacterial isolates were grown on LB agar at 37°C for 18 hours.
A single colony was suspended in 100 pl sterile Milli-Q purified water in a sterile
microcentrifuge tube and placed in a heating block set to 100°C for 30 minutes.
After centrifugation at 16,000 x g for 5 minutes (Eppendorf, 5417c, Eppendorf,
Hamburg, Germany), the supernatant was transferred to a fresh sterile

microcentrifuge tube.
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2.4.2 Genomic DNA extraction for sequencing

The Monarch® HMW DNA Extraction Kit for Tissue (NEB) was used to extract
DNA for whole genome sequencing, following the manufacturer’s protocol for
Gram-negative bacteria. Briefly, 1.5 mL of overnight culture was centrifuged,
and the pellet was resuspended in cold DPBS (§2.1.4.2). Lysozyme and HMW
gDNA Tissue Lysis Buffer were added, followed by incubation in an Eppendorf
ThermoMixer® Comfort thermal mixer (Eppendorf) at 37°C for 10 minutes at
1400 rpm. Proteinase K was added and then homogenisation was carried out
by incubating in a thermal mixer at 56°C for 30 minutes at 1400 rpm, followed
by incubation with RNase A. The DNA was separated from protein by the
addition of Protein Separation Solution and centrifugation for 10 minutes at
16,000 x g. DNA was transferred to a fresh tube using a wide-bore 1000 pl
pipette, followed by the addition of DNA capture beads and isopropanol. The
tubes were mixed on a Grant-bio, PTR-60 vertical rotating mixer (Grant
Instruments, Royston, UK) to attach DNA to the beads, which were then
washed twice with gDNA Wash Buffer, followed by incubation with elution
buffer at 56°C for 5 minutes at 300 rpm. The eluate was then centrifuged for
30 seconds at 16,000 x g through a bead retainer to remove the beads, and
then stored at ambient temperature overnight to encourage the DNA to

dissolve into solution, before use in downstream applications.
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2.4.3 DNA quality control

2.4.3.1 Quantification of DNA Concentration using a Nanodrop 1000

Spectrophotometer

The amount and purity of DNA was quantified using a Nanodrop 1000 (Thermo
Fisher Scientific) by measuring the absorbance of UV light of a 1 ul volume of
DNA. Purity was assessed by calculating the absorbance value ratios at
260/280 nm and 260/230 nm. A ratio of ~1.8 for 260/280 nm and ~2.0-2.2 for

260/230 nm is considered pure for DNA.

2.4.3.2 Quantification of DNA Concentration using a Qubit 3

Fluorometer

The amount of DNA was quantified using the Qubit 3 fluorometer and Qubit
dsDNA HS Assay kit (Thermo Fisher Scientific). Briefly, the fluorometer was
calibrated using the standards included in the assay kit, and then 1-10 ul of
sample was mixed with 190-199 ul of Qubit dsDNA reagent and buffer solution
in a thin walled 0.5 mL PCR tube. The samples were then quantified by the
fluorometer measuring the fluorescent signals emitted by the dyes used in the

reagent when bound to the sample DNA and excited by visible light at 502 nm.

2.4.3.3 DNA size determination using an Agilent 2200 TapeStation

The size of DNA fragments was determined by electrophoresis using the Agilent

2200 TapeStation with the Genomic DNA ScreenTape system (Agilent
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Technologies, Wokingham, UK). Samples and a DNA ladder were prepared by
mixing 10 pl Genomic DNA Sample Buffer with 1 pl genomic/ladder DNA in a
0.2 mL PCR tube. Tubes were centrifuged briefly (Mini Fuge PLUS, STARLAB,
Milton Keynes, UK), followed by vortexing at 2000 rpm for 1 minute in a
Thermo Fisher Scientific, IKA MS 3 mixer (Thermo Fisher Scientific), and then a
final brief centrifugation. Tubes were then loaded into an Agilent 2200
TapeStation device and size was determined using a gel matrix to resolve
nucleic acid samples according to molecular weight by electrophoresis. This
process uses micro-channels filled with a sieving polymer and fluorescent dye

that separates DNA molecules according to size.

2.4.4 Plasmid Purification

Plasmids were purified from isolates using the Monarch® Plasmid Miniprep Kit
(NEB). All centrifugation steps were carried out at 16,000 x g. A single colony
was inoculated into 20 mL LB broth and incubated at 37°C for 18 hours with
shaking at 200 rpm. 1.5 mL of this overnight culture was centrifuged for 30
seconds and resuspended in 200 ul Plasmid Resuspension Buffer. The cell walls
were broken down and the DNA denatured by alkaline lysis, by the addition of
200 pl Plasmid Lysis Buffer. This alkaline solution was then neutralised by the
addition of 400 pl of Plasmid Neutralization Buffer. The plasmid DNA dissolved
in solution while the larger genomic DNA fragments formed a precipitate with
other cell debris, and these were separated by centrifugation for 5 minutes.

The supernatant containing plasmid DNA was transferred to a spin column and
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the DNA bound to the silica membrane by centrifugation for 1 minute. 200 pl
of Plasmid Wash Buffer 1 was added and the column centrifuged for 1 minute
to remove cellular components. This was followed by the addition of 400 pl of
Plasmid Wash Buffer 2 and a 1-minute centrifugation to remove trace buffer
components. Finally, DNA was eluted in 30 ul nuclease-free water by

centrifuging for 1 minute.

2.5 Polymerase chain reaction (PCR)

A Bio-Rad C1000 thermal cycler (Bio-Rad, Watford, UK) was used for all PCR
reactions. Unless specified otherwise, the reaction mixture contained 10 pl
DreamTaqg Green PCR Master Mix (2X) (Thermo Fisher Scientific), 1 ul forward
primer, 1 ul reverse primer, x pl template DNA (1-2 ng plasmid DNA, or 5-50 ng
gDNA), and the final volume was made up to 20 ul with the addition of

nuclease-free water in a 0.2 mL PCR tube.
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2.5.1 Primers

All primers were synthesised by Sigma-Aldrich, using desalt purification to a concentration of 100 uM in nuclease-free water. Working stocks

were prepared at 10 uM by dilution in nuclease-free water and stored at -20°C.

Table 2.3. List of primers used in ESBL detection.

Primer name Sequence Product Size (bp) Reference

CTX-M Fw CGCTTTGCGATGTGCAG 550 (Poirel et al., 2001)
CTX-M Rv ACCGCGATATCGTTGGT

TEM Fw GAGTATTCAACATTTCCGTGTC 861 (Zaniani et al., 2012)
TEM Rv TAATCAGTGAGGCACCTATCTC

SHV Fw TTATCTCCCTGTTAGCCACC 795 (Weill et al., 2004)
SHV Rv GATTTGCTGATTTCGCTCGG

OXA-1 Fw ATGAAAAACACAATACATATCAACTTCGC 820 (Hasman et al., 2005)
OXA-1 Rv GTGTGTTTAGAATGGTGATCGCATT

OXA-2 Fw ACGATAGTTGTGGCAGACGAAC 602 (Hasman et al., 2005)
OXA-2 Rv ATYCTGTTTGGCGTATCRATATTC
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Table 2.4. List of primers used in acquired carbapenemase detection.

Primer name Sequence Product Size Reference
NDM Fw GGTTTGGCGATCTGGTTTTC 621 (Poirel et al., 2011)
NDM Rv CGGAATGGCTCATCACGATC

KPC Fw CGTCTAGTTCTGCTGTCTTG 798
KPC Rv CTTGTCATCCTTGTTAGGCG

OXA-48 Fw GCGTGGTTAAGGATGAACAC 438
OXA-48 Rv CATCAAGTTCAACCCAACCG

BIC Fw TATGCAGCTCCTTTAAGGGC 537
BIC Rv TCATTGGCGGTGCCGTACAC

AIM Fw CTGAAGGTGTACGGAAACAC 322
AIM Rv GTTCGGCCACCTCGAATTG

DIM Fw GCTTGTCTTCGCTTGCTAACG 699
DIM Rv CGTTCGGCTGGATTGATTTG

GIM Fw TCGACACACCTTGGTCTGAA 477
GIM Rv AACTTCCAACTTTGCCATGC

SIM Fw TACAAGGGATTCGGCATCG 570
SIM Rv TAATGGCCTGTTCCCATGTG

IMP Fw GGAATAGAGTGGCTTAAYTCTC 232
IMP Rv GGTTTAAYAAAACAACCACC

VIM Fw GATGGTGTTTGGTCGCATA 390
VIM Rv CGAATGCGCAGCACCAG

SPM Fw AAAATCTGGGTACGCAAACG 271
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SPM Rv

ACATTATCCGCTGGAACAGG

Table 2.5. List of primers used in PCR-based replicon typing.

Primer name Sequence Product Size Reference

HI1 Fw GGAGCGATGGATTACTTCAGTAC 471 (Carattoli et al., 2005)
HI1 Rv TGCCGTTTCACCTCGTGAGTA

HI2 Fw TTTCTCCTGAGTCACCTGTTAACAC 644

HI2 Rv GGCTCACTACCGTTGTCATCCT

11-ly Fw CGAAAGCCGGACGGCAGAA 139

11-ly Rv TCGTCGTTCCGCCAAGTTCGT

X Fw AACCTTAGAGGCTATTTAAGTTGCTGAT 376

XRv TGAGAGTCAATTTTTATCTCATGTTTTAGC

L/M Fw GGATGAAAACTATCAGCATCTGAAG 785

L/M Rv CTGCAGGGGCGATTCTTTAGG

N Fw GTCTAACGAGCTTACCGAAG 559

N Rv GTTTCAACTCTGCCAAGTTC

FIA Fw CCATGCTGGTTCTAGAGAAGGTG 462

FIA Rv GTATATCCTTACTGGCTTCCGCAG

FIB Fw TCTGTTTATTCTTTTACTGTCCAC 683 (Villa et al., 2010)

FIB Rv CTCCCGTCGCTTCAGGGCATT (Carattoli et al., 2005)
W Fw CCTAAGAACAACAAAGCCCCCG 242
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W Rv GGTGCGCGGCATAGAACCGT

Y Fw AATTCAAACAACACTGTGCAGCCTG 765

Y Rv GCGAGAATGGACGATTACAAAACTTT

P Fw CTATGGCCCTGCAAACGCGCCAGAAA 534

P Rv TCACGCGCCAGGGCGCAGCC

FIC Fw GTGAACTGGCAGATGAGGAAGG 262

FIC Rv TTCTCCTCGTCGCCAAACTAGAT

A/CFw GAGAACCAAAGACAAAGACCTGGA 465

A/CRv ACGACAAACCTGAATTGCCTCCTT

TFw TTGGCCTGTTTGTGCCTAAACCAT 750

TRv CGTTGATTACACTTAGCTTTGGAC

FIIS Fw CTGTCGTAAGCTGATGGC 270

FIIS Rv CTCTGCCACAAACTTCAGC

Fll Fw CTGATCGTTTAAGGAATTTT 258-262 (Villa et al., 2010)

Fll Rv CACACCATCCTGCACTTA

K/B/O Fw GCGGTCCGGAAAGCCAGAAAAC 160 (Carattoli et al., 2005)
K Rv TCTTTCACGAGCCCGCCAAA

B/O Rv TCTGCGTTCCGCCAAGTTCGA 159

X3 Fw GTTTTCTCCACGCCCTTGTTCA 351 (Johnson et al., 2012)
X3 Rv CTTTGTGCTTGGCTATCATAA

SAOHLIN ANV STVIYILYIN
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Table 2.6. List of other primers used in this study.

Primer name

Sequence

Product Size

Reference

GFP Fw ATATAGCATGCGTAAAGGAGAAGAACTTTTCA 714 (Andersen et al., 1998)
GFP Rv CTCTCAAGCTTATTTGTATAGTTCATCCATGC

16S rRNA 8 Fw AGAGTTTGATCCTGGCTCAG 1503 (Weisburg et al., 1991)
16S rRNA 1492 Rv GGTTACCTTGTTACGACTT (Eden et al., 1991)
IncP oriT Fw CAGCCTCGCAGAGCAGGAT 110 (Gotz et al., 1996)
IncP oriT Rv CAGCCGGGCAGGATAGGTGAAGT

colA Fw ACGAACATCACGAAATCTGAC 143 This study

colA Rv AAAGCCTCCACCACAACAC

¢ ¥Y31dVHD
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Table 2.7. List of primers used to generate fragments for Gibson assembly, and to check correct assembly of plasmid.

Reference

Primer name Sequence Product Size

CasTet Fw TTATAAGGTACCCTCTGGGCCTCATGGGCCGGTTATAATCCCTATCAGTGATAG 5180
AGATTG

CasTet Rv CCAGTATTACGCGTTCAGGGCAGGGTCGTTAAATAG

ccdA Fw CCCTGCCCTGAACGCGTAATACTGGTGTATAC 326

ccdA Rv CGCACAATGTTTATAGGTGTAAACCTTAAACTG

peml Fw GGTTTACACCTATAAACATTGTGCGTTAAAGCC 392

peml Rv GACTACCTGCTGAGCGAGACAAGCCAGATTTC

1S26 Fw GGCTTGTCTCGCTCAGCAGGTAGTCGTCGAAG 938

1S26 Rv GTCGTCAGCTTGTACAAGCAGGCATCACGAAG

KanRep Fw ATGCCTGCTTGTACAAGCTGACGACCGGGTC 2174

KanRep Rv GTTGAGCTCGTTGATGCGGCCTTGACGGCCACTGACAGGAAAATGGGCCATTG

1S26 no ATs Fw CCCTGCCCTGAACCAGCAGGTAGTCGTCGAAG 938

CasTet no ATs Rv GACTACCTGCTGGTTCAGGGCAGGGTCGTTAAATAG 5180

Var Fw GTGCAGAGCCAGCCTTCTTA 1947

Var Rv CCATCCTATGGAACTGCCTC

This study

SAOHLIN ANV STVIYILYIN
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2.5.2 Extended spectrum beta-lactamase (ESBL) PCR

All isolates were screened for five beta-lactamase genes: blacix-m, blatem,
blasnv, blaoxa-1 and blaoxa-2. PCR cycling conditions for blacrx-m, blatem, blasky
and blaoxa-2 primers (Table 2.3) were as follows: an initial denaturation at 95°C
for 5 minutes, followed by 35 cycles of 95°C for 30 seconds, 55°C for 1 minute
and 72°C for 1 minute with a final extension at 72°C for 5 minutes. For blaoxa-1,
conditions were as follows: an initial denaturation at 95°C for 5 minutes,
followed by 35 cycles of 95°C for 1 minute, 51°C for 1 minute and 72°C for

1 minute with a final extension at 72°C for 5 minutes.

2.5.3 Multiplex PCR for acquired carbapenemase genes

Isolates exhibiting carbapenemase production in the zCIM assay were screened
for acquired carbapenemase genes in three multiplex PCR reactions (Poirel et
al., 2011). These multiplex reactions contained primers for 1: blanom, blakec,
blaoxa-as and blasic; 2: blaam, blapim, blacim and blasiv; 3: blame, blavim, and
blaspm (Table 2.4). The reaction mixture for multiplexes 1 and 2 contained
12.5 ul Qiagen Master Mix (2X) (Qiagen, Manchester, UK), 0.25 ul of each
forward primer, 0.25 pl of each reverse primer, x pul template DNA (5-50 ng
gDNA) and were made up to a final volume of 25 pl using nuclease-free water.
Multiplex reaction 3 contained 12.5 pl Qiagen Master Mix (2X) (Qiagen), 0.5 ul
of each forward primer, 0.5 ul of each reverse primer, x ul template DNA (5-

50 ng gDNA) and were made up to a final volume of 25 ul using nuclease-free
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water. The PCR cycling conditions used were as follows: an initial denaturation
at 94°C for 10 minutes, followed by 35 cycles of 94°C for 30 seconds, 52°C for
40 seconds and 72°C for 50seconds with a final extension at 72°C for

5 minutes.

2.5.4 blaNDM PCR

For confirmation of blanom transfer, a simplex PCR using the blanom primers

(Table 2.4) and cycling conditions in §2.5.3 were used.

2.5.5 PCR-Based Replicon Typing

All isolates were screened for the presence of plasmids using PCR-based
replicon typing (PBRT), using the primers described in Caratolli et al. (2005),
with the updated FIB forward primer described in Villa et al. (2010). This
involved 5 multiplex reactions containing primer sets for the following plasmid
replicons: 1 —HI1, HI2, I11-ly; 2 - X, L/M, N; 3—FIA, FIB, W; 4-Y, P, FIC; 5-A/C,
T, Flls. Additionally, there were 2 simplex reactions for replicons K and B/O. The
Freps replicon PCR from Carattoli et al. (2005) was replaced with the Fll replicon
PCR as described in Villa et al. (2010). Finally, a simplex PCR for the X3 plasmid
replicon was also used (Johnson et al., 2012), and all of these can be found in
Table 2.5. The reaction mixture for the multiplex PCRs contained 10 pl
DreamTaqg Green PCR Master Mix (2X) (Thermo Fisher Scientific), 0.5 ul of each

forward primer, 0.5 ul of each reverse primer, x ul template DNA (5-50 ng
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gDNA), and the final volume was made up to 20 ul with the addition of
nuclease-free water in a 0.2 mL PCR tube. Simplex PCR reaction mixtures were
as described in §2.5. Cycling conditions for the multiplex PCRs were as follows:
an initial denaturation at 94°C for 5 minutes, followed by 35 cycles of 94°C for
1 minute, 60°C for 30 seconds and 72°C for 1 minute with a final extension at
72°C for 5 minutes. Conditions for the K, B/O and X3 replicons were identical
except for use of an annealing temperature of 52°C; and the Fll replicon PCR

was identical except for use of an annealing temperature of 54°C.

2.5.6 Green fluorescent protein (GFP) PCR

Transconjugants were confirmed by screening for the presence of the GFP gene
present in the genome of the E. coli recipient strain CV601. Primer sequences
are detailed in Table 2.6. The reaction conditions were as follows: an initial
denaturation at 95 °C for 5 minutes followed by 35 cycles of 94°C for 1 minute,
54°C for 2 minutes, 72°C for 1 minute with a final extension of 72°C for 10

minutes.

2.5.7 16S rRNA PCR

All isolates had their 16S rRNA gene amplified by PCR for species/genus
identification purposes. Primer sequences are detailed in Table 2.6. Cycling

conditions were as follows: an initial denaturation at 95°C for 5 minutes,
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followed by 35 cycles of 95°C for 30 seconds, 55°C for 1 minute and 72°C for

1 minute with a final extension at 72°C for 5 minutes.

2.5.8 IncP oriT PCR

To confirm transformation of plasmid pCURE2 into recipient cells, PCR
detection of the oriT gene found on that plasmid was performed. Primer
sequences are detailed in Table 2.6. PCR cycling conditions were as follows: an
initial denaturation at 94°C for 5 minutes, followed by 35 cycles of 94°C for 1
minute, 59°C for 30 seconds and 72°C for 30 seconds with a final extension at

72°C for 5 minutes.

2.5.9 colA PCR

To check for the transformation of plasmid pFREE/pFREE_IncF into recipient
cells, PCR detection of the colA replicon found on that plasmid was performed.
Primer sequences are detailed in Table 2.6. PCR cycling conditions were as
follows: an initial denaturation at 94°C for 5 minutes, followed by 35 cycles of
94°C for 1 minute, 52°C for 30 seconds and 72°C for 1 minute with a final

extension at 72°C for 5 minutes.
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2.5.10 Amplification of fragments for Gibson assembly

All PCR reaction mixtures contained 25 ul Q5® Hot Start High-Fidelity 2X Master
Mix (NEB), 2.5 pl forward primer, 2.5 pl reverse primer, x pl template DNA (5-
50 ng plasmid DNA), and the final volume was made up to 50 pl with the
addition of nuclease-free water in a 0.2 mL PCR tube. The following fragments
were amplified with primers listed in Table 2.7 and used the following cycling
conditions: CasTet — an initial denaturation at 98°C for 30 seconds, followed by
35 cycles of 98°C for 10 seconds, 70°C for 20 seconds and 72°C for 3 minutes,
with a final extension of 72°C for 5 minutes; ccdA and peml — an initial
denaturation at 98°C for 30 seconds, followed by 35 cycles of 98°C for
10 seconds, 69°C for 20 seconds and 72°C for 20 seconds, with a final extension
of 72°C for 2 minutes; 1S26 — an initial denaturation at 98°C for 30 seconds,
followed by 35 cycles of 98°C for 10 seconds and a combined annealing and
extension at 72°C for 40 seconds, with a final extension of 72°C for 2 minutes;
and KanRep — an initial denaturation at 98°C for 30 seconds, followed by 35
cycles of 98°C for 10 seconds and a combined annealing and extension at 72°C
for 1 minute, with a final extension of 72°C for 2 minutes. After using these
primers unsuccessfully, the fragment ccdA_peml_IS26 was amplified using
ccdA Fw and IS26 Rv primers (Table 2.7), using an initial denaturation at 98°C
for 30 seconds, followed by 35 cycles of 98°C for 10 seconds and a combined
annealing and extension at 72°C for 60 seconds, with a final extension of 72°C

for 2 minutes.
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2.5.10.1 PCR to confirm plasmid assembly

PCR primers were designed to amplify products that would span the insertion
sites and show that the plasmid had assembled properly. There were known as
“sgRNA” and “Var”; and used the following reaction mixtures: 10 pl Q5® Hot
Start High-Fidelity 2X Master Mix (NEB), 1 ul forward primer, 1 pl reverse
primer, x ul template DNA (5-50 ng plasmid DNA), and the final volume was
made up to 20 ul with the addition of nuclease-free waterina 0.2 mL PCR tube.
PCR cycling conditions were as follows: an initial denaturation at 98°C for 30
seconds, followed by 35 cycles of 98°C for 10 seconds, 67°C for 20 seconds and
72°C for 40 seconds, with a final extension of 72°C for 2 minutes. A PCR to
amplify across both insertion sites in one reaction was also used and contained
the Var Fw and sgRNA Rv primers using an extension time of 2 minutes instead

of 40 seconds.

2.5.11 Agarose gel electrophoresis

Unless specified otherwise, a 1% (w/v) gel was prepared by adding 0.5-2 g of
agarose (Sigma-Aldrich) to 50-200 mL 1X TAE buffer. The agarose was dissolved
by microwave heating. The agarose was cooled to around 50°C and ethidium
bromide added to a final concentration of 0.5 pg mL* before being poured into
a casting tray containing a well comb and allowed to cool to enable the gel to
set. The set gel was transferred to a gel tank containing 1X TAE buffer and 5 ul
of PCR product, or 50 ul for fragments used in Gibson assembly, was loaded

into each well, with 5 pl of either 100 bp or 1 kb Quick-Load® DNA ladder (NEB)
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added as a reference. PCR products generated using Q5® Hot Start High-Fidelity
2X Master Mix (§2.5.10) were mixed with Gel Loading Dye, Purple (NEB) in a
1:5 ratio of dye: product before loading. The agarose gel was electrophoresed

at 100 V for 30 minutes, unless specified otherwise.

2.5.12 Gel visualisation

DNA was visualised and imaged using a UV trans illuminator (Gel Doc XR+, Bio-

Rad).

2.5.13 Purification of PCR products

2.5.13.1 Purification by DNA purification kit

PCR products prepared for Sanger sequencing were purified using the
Monarch® PCR & DNA Cleanup Kit (NEB). Briefly, the PCR product was diluted
using Monarch® DNA Cleanup Binding Buffer and centrifuged at 16,000 x g for
1 minute through a spin column to bind the amplified DNA to the silica
membrane. PCR reaction components were then removed by the addition of
Monarch® DNA Wash Buffer, and DNA was eluted by centrifugation at 16,000

x g for 1 minute in 16 ul of nuclease-free water.

2.5.13.2 Purification by gel extraction

PCR products used for Gibson assembly were purified using the QlAquick® Gel

Extraction Kit (Qiagen). Briefly, the PCR products were visualised using a UV
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transilluminator (UPV TM-20, now Analytik Jena, Jena, Germany) following gel
electrophoresis. DNA fragments were then excised from the agarose gel using
a sterile scalpel and placed in a sterile 1.5 mL microcentrifuge tube. The weight
of the gel fragment was determined and then a 3:1 volume of Buffer QG:
agarose slice was added to the tube, followed by incubation at 50°C for
10 minutes to dissolve the agarose. Isopropanol was added to the solution and
then DNA was bound to the silica membrane in a spin column by centrifugation.
Buffer PE was used to wash through the spin column and DNA was then eluted

in 30 ul nuclease-free water by centrifugation.

2.5.14 Sanger sequencing of purified PCR products

Purified PCR products were quantified wusing a Nanodrop 100
spectrophotometer (§2.4.3.1) and were sent to Eurofins Genomics for Sanger
sequencing using the respective forward and reverse primer sequences in
§2.5.1. Sequences were analysed using SnapGene (www.snapgene.com) and

the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990).

2.6 Conjugation of plasmids encoding carbapenem-

resistance.

Isolates that harboured acquired carbapenemase genes and plasmid replicons
were subject to a conjugation assay, in order to determine whether the

identified plasmids were transmissible.
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2.6.1 Recipient strains

Descriptions of the E. coli K-12 CV601 and J53 strains used in conjugation

experiments can be found in Table 2.1.

2.6.2 Conjugation into E. coli CV601

A single colony of each isolate was inoculated into 20 mL LB broth
supplemented with 2 pg mL™* meropenem and incubated statically at 37°C for
18 hours. At the same time, a single colony of CV601 was inoculated into 20 mL
LB broth and incubated at 37°C for 18 hours with shaking at 200 rpm. After
incubation, triplicate cultures of the recipient were refreshed by inoculating
0.5 mL of overnight culture into 4.5 mL fresh LB broth and incubated at 37°C
for 2.5 hours with shaking at 200 rpm. Triplicate 5 mL donor and refreshed
recipient cultures were then centrifuged for 10 minutes at 1,487 x g (Hettich
EBA 12R) and the resulting pellets were each resuspended in 5 mL DPBS.
Centrifugation was performed once again, after which the pellets were
resuspended in 500 ul of DPBS. This suspension was serially diluted ten-fold to
108, and 100 pl of the 10°-10® dilutions were spread onto LB agar and
incubated at 37°C for 18 hours to determine the number of donors and
recipients per 100 pl of culture. One hundred microlitres of donor suspension
was then mixed with an equal volume of recipient and gently mixed in a sterile
microcentrifuge tube. Once mixed, 200 ul of the donor and recipient mixture

was inoculated onto an LB agar plate as a single spot, followed by incubation

109



CHAPTER 2

for 18 hours at 37°C. The following day, 1.5 mL PBS was added to the agar
plates and the spot was retrieved by using a sterile spreader to mix the entire
bacterial culture with PBS, which was then transferred to a 1.5 mL
microcentrifuge tube. This suspension was serially diluted ten-fold to 10* and
100 pl of each dilution was spread onto LB agar supplemented with 50 ug mL?
kanamycin, 50 pg mL* rifampicin and 2 pg mL* meropenem and incubated at
37°C for 18 hours. Ten colonies from each replicate plate (30 colonies in total
from 3 replicates), were patch plated onto separate LB agar plates containing
1) rifampicin and kanamycin and 2) meropenem, and these plates were
incubated at 37°C for 18 hours. Replicate colonies that were capable of growth
on both antimicrobial-supplemented agars were presumed to be
transconjugants. To confirm this, DNA extractions were performed (§2.4.1),
and these were used in PCR reactions to detect the presence of the genes
blanom and GFP (§2.5). Confirmed transconjugants were subjected to antibiotic
sensitivity testing as detailed in §2.3.1, to determine the resistances to

antibiotics conferred by the conjugated plasmid.

2.6.3 Conjugation into E. coli 53 Azi?

For 1S26 mobilisation, the plasmid pDD128_IncF was conjugated into E. coli
K-12 J53 Azi®, as both the original isolate and CV601 are resistant to kanamycin,
which was the desired selection mechanism for further transformation

experiments. These experiments used a modified method from that detailed in
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§2.6.2; in these the selective agar plates used contained 100 ug mL?! sodium

azide in place of the kanamycin and rifampicin antibiotics.

2.6.4 Determination of efficiency of conjugation

Efficiency of conjugation was determined using the following formula:

CFU ml™1 of transconjugants
CFU ml~1 of donors

Efficiency of conjugation =

2.7 1S26 mobilisation

2.7.1 Preparation of electrocompetent E. coli cells

An overnight culture of recipient E. coli CV601 or J53 Azi® cells was freshly
grown by transferring 100 pl of overnight culture into an 9.9 mL of sterile LB
broth and incubating for ~2.5 hours at 37°C with shaking at 200 rpm, until the
culture reached an optical density of 0.4 at 600 nm. 1 mL of this culture was
transferred to a 1.5 mL microcentrifuge tube and centrifuged at 20,000 x g for
30 seconds at 4°C (1-16k, Sigma Laboratory Centrifuges, Osterode, Germany).
The bacterial pellet was resuspended in 1 mL of sterile ice-cold 10% glycerol
and centrifuged again. This step was repeated once more. Finally, the washed
bacterial cell pellet was resuspended in 40 pl ice-cold 10% glycerol and either

placed on ice to be used immediately or stored at -80°C for future use.
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2.7.2 Transformation of plasmid DNA into electrocompetent cells

50 ng of plasmid DNA was added to a 40 ul aliquot of electrocompetent E. coli
cells and transferred to a pre-chilled 2 mm electrode gap electroporation
cuvette (FBR-202, Flowgen Bioscience, Hessle, UK). This transformation
mixture was electroporated at 2,500 V with a time constant of 4 ms (Eppendorf
Electroporator 2510, Eppendorf). 960 pl of SOC medium (§2.1.2.8) pre-warmed
to 37°C was immediately added and the electroporated cell culture was
incubated at 37°C for 1 hour. One hundred microlitre dilutions of this
electroporated culture were spread onto LB agar supplemented with the

relevant antibiotic and incubated at 37°C for 18 hours.

2.7.3 Plasmid curing using pCURE2

Attempts were made to cure IncF plasmids from transconjugant DD128J53
using the plasmid pCURE2 (Hale et al., 2010). The plasmid was purified via
MiniPrep (82.4.4), and transformed into electrocompetent DD128J53 cells
(82.7.1 and §2.7.2). PCR detection of the IncP oriT gene (§2.5.8) was used to
confirm transformation of pCURE2 into recipient cells, while PCR detection of

IncF replicons was used to detect plasmid curing (§2.5.5).
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2.7.4 Patch plating of transconjugants.

A patch plating method was used to confirm that transformants contained
pCURE2. Putative transconjugant colonies were streaked onto numbered
sections of multiple agar plates, containing meropenem, kanamycin and 5%
sucrose separately. Colonies were counted as transformants if they were able
to grow on agar containing kanamycin and not able to grow on agar containing

sucrose.

2.7.5 Design of pFREE_IncF plasmids

The plasmid pFREE (Figure 2.1) (Lauritsen et al., 2017) was used as a template
to create pFREE_IncF (Figure 2.2), which was made up of six DNA fragments:
the CasTet region containing the clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas9 gene from Streptococcus pyogenes and
TetR repressor amplified from pFREE; the KanRep region containing the
kanamycin resistance gene and ColA replicon also amplified from pFREE; peml/
containing the peml antitoxin gene found on environmental plasmid
pDD128 IncF (8§4.2.4); the ccdA region containing the ccdA antitoxin gene
found on pDD128 IncF; the 1S26 region containing the IS26 gene found on
pDD128 IncF; and single guide RNA (sgRNA) region containing the sgRNA array
from pFREE, with the spacers replaced with ones to target IncF replicons. Two
further plasmids were also designed: pFREE_IncF_No_Ats that did not contain

the peml and ccdA regions to test whether the antitoxin genes were necessary
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tet operator

©OR)

Figure 2.1. Plasmid map of unmodified pFREE (Lauritsen et al., 2017). CRISPR-Cas9 guide RNAs
are located between direct repeats labelled “DR”. The plasmid contains the TetR repressor for
inducible Cas9 expression, as well as kanamycin resistance gene aph(3’)-1 as a selectable marker.

for the cells to survive curing of the IncF plasmid; and pFREE_IncF_No_1S26 that
did not contain the 1S26 region to show that rates of 1IS26 mobilisation were

lower when the recipient plasmid did not contain an IS26 gene. The plasmids
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(9171) Sfil gRNA Rv (183 ..202)

(8858) Sfil

(8743 .. 8762) gRNA Fw \

(6942 .. 6961) Var Rv

(5015 .. 5034) Var Fw

Figure 2.2. Plasmid map of modified plasmid pFREE_IncF, derived from pFREE. KanRep and
CasTet regions were amplified by PCR using pFREE as template, ccdA, pem! and IS26 regions
were amplified by PCR using environmental plasmid pDD128 IncF as template, and sgRNA
section was synthesised by Thermo Fisher Scientific and digested using Sfil. Final plasmid was
assembled using Gibson assembly. Primers for sgRNA and Var sections were used to check the
inserts were assembled properly. Primers Var Fw-sgRNA Rv were used to check complete
assembly.

were designed to be assembled using Gibson assembly (Gibson et al., 2009),
which uses DNA fragments with overlapping regions of homology at their ends.
The reaction mixture contains a DNA exonuclease, DNA polymerase and DNA
ligase. The exonuclease creates overhangs at the 5’ end of each fragment that

allows the created single stranded ends to anneal; the polymerase fills the gaps
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produced by this process, and the ligase seals the DNA strands resulting in an

unbroken molecule of DNA comprised of the various designed fragments.

2.7.5.1 Design of CRISPR-Cas9 guide RNA

Available sequences of the IncFll (Fll_1-114), IncFIA (FIA_1-25) and IncFIB
(FIB_1-78) replicons were downloaded from PubMLST.org (Jolley, Bray and
Maiden, 2018) and aligned using MUSCLE in SnapGene with default settings
(Edgar, 2004). The FlIl, FIA and FIB consensus (with ambiguous bases input as in
FIl_2, FIA_4 and FIB_32 respectively) sequences were used as inputs in the
Custom Alt-R™ CRISPR-Cas9 guide RNA design tool to generate potential sgRNA
target sequences (Integrated DNA Technologies). The 5 potential sgRNA
sequences with the highest on-target score were compared to the replicon
alignments to select the sequence with 100% identity to the highest number of
replicons. All generated sequences were screened against bacterial
chromosomal assemblies to check for potential off-target matches with 290%
sequence identity. The final sgRNA array was synthesised by Thermo Fisher

Scientific and incorporated into a plasmid that can be seen in Figure 2.3.

2.7.5.2 Promoter prediction for antitoxin genes

The online tool BPROM was used to predict promoter sequences upstream of
the ccdA and peml ORFs, so that these could be incorporated into the amplified

sequences (Solovyev and Salamov, 2011).
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_Sfil (360)

22ADODBC_3388532_gRNA_section
2634 bp

Sfil (673)

Figure 2.3. Plasmid map of synthesised sgRNA array contained within a pMA-RQ (AmpR)
plasmid vector. This sgRNA section is flanked by Sfil restriction sites which were used to digest
the plasmid and purify the sgRNA section.

2.7.5.3 Primer design for Gibson assembly

Primers were designed using the NEBuilder® Assembly Tool (v. 2.7.0)
(https://nebuilder.neb.com/) using a minimum overlap of 25 nucleotides and
a minimum primer length of 18 nucleotides. The sgRNA section was originally
planned to be amplified by PCR, but upon synthesis of the fragment this was
changed to be by plasmid extraction and restriction digest by Sfil. The primers
for the fragments either side were modified to reintroduce the Sfil target sites,
so that the sgRNA array could be easily replaced in any future modifications of

the plasmid. The final fragment sizes can be found in Table 2.8.
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Table 2.8. Fragments used in Gibson assembly of pFREE_IncF

Fragment Size (bp)
CasTet region 5138
ccdA region 300
peml region 368
I1S26 region 912
KanRep region 2132
sgRNA region 326
ccdA —1S26 region 1606

2.7.6 Digestion of sgRNA section using Sfil

Plasmid DNA was extracted via Miniprep (82.4.4) and quantified using a
Nanodrop 1000 spectrophotometer (§2.4.3.1) before Sfil digestion (NEB). The
restriction enzyme mixture contained 1 pl Sfil (20,000 units mL?), 5 ul NEB
rCutSmart™ Buffer, 1 ug plasmid DNA, and was made up to a final volume of
50 pl using nuclease-free water in a 0.2 pl tube. This mixture was incubated in
a water bath at 50°C for 15 minutes, followed by gel electrophoresis and DNA
purification of the correct band size via gel extraction (§2.5.13.2). The resulting
purified DNA was quantified using a Nanodrop spectrophotometer and stored

at 2-8°C.

2.7.7 Gibson assembly of pFREE_IncF

DNA fragments generated in §2.5.10 were combined with the digested DNA
fragment from §2.7.6 to create pFREE_IncF using the NEBuilder® HiFi DNA
Assembly Cloning Kit (NEB). The assembly mixture contained varying amounts

of each DNA fragment (§5.2.5), 10 pul NEBuilder® HiFi DNA Assembly Master
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Mix (2X) and was made up to a final volume of 20 ul using nuclease-free water
in a 0.2 mL tube. The assembly mixture was incubated in a thermal cycler (Bio-

Rad, C1000) at 50°C for 1 hour and then placed on ice.

2.7.8 Transformation of HiFi Assembly mixture into chemically

competent cells

DNA from the assembly mixture (§2.7.7) was transformed into chemically
competent E. coli K-12 DH5a cells supplied with the NEBuilder® HiFi DNA
Assembly Cloning Kit (Table 2.1). Two microlitres of the assembly mixture was
added to 50 pl of chemically competent DH5a cells that had been thawed on
ice. After 30 minutes incubation on ice, the cells were subjected to heat shock
by immersion in a water bath for 30 seconds at 42°C, and then placed back on
ice for 2 minutes. 950 pl of ambient temperature SOC Outgrowth Medium
(82.1.2.9) was added to the cells, followed by incubation at 37°C for 1 hour with
shaking at 300 rpm. Dilutions were then spread onto pre-warmed LB agar
plates supplemented with 50 ug mL?! kanamycin and incubated at 37°C for 18

hours.

2.7.9 Extraction of pFREE-IncF from DH5a,

Single colonies from §2.7.8 were streaked onto LB agar plates supplemented
with 50 ug mL* kanamycin and incubated at 37°C for 18 hours. Plasmids were

extracted from these cultures via Miniprep (82.4.4), quantified by NanoDrop
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1000 spectrophotometer (§2.4.3.1) and checked for correct assembly via PCR

(82.5.10.1) as shown by the primer sites in Figure 2.2.

2.7.10 Sequencing of constructed plasmids

Plasmid extractions were quantified using a Qubit 3 Fluorometer (§2.4.3.2) and
analysed using long-read sequencing conducted by Plasmidsaurus

(https://www.plasmidsaurus.com/).

2.7.11 Transformation of pFREE-IncF into DD128J53

Plasmids were then transformed into an electrocompetent transconjugant
(82.6.3 and §2.7.1) as in §2.7.2, with the use of LB agar supplemented with
50 pug mL* kanamycin to select for transformants in place of ampicillin. Single
colonies from these plates were streaked onto LB agar plates supplemented
with 50 pg mL? kanamycin, followed by DNA extraction (§2.4.1) and PCR

detection of both IncFll and colA plasmid replicons (8§2.5.5 and §2.5.9).

2.7.12 Induction of the CRISPR-Cas9 system in pFREE-IncF

To determine that the CRISPR-Cas9 system was able to target and cleave the
intended plasmid DNA, a single colony of transconjugant transformant was
suspended in 100 pul MRD, and 10 pl of this suspension was used to inoculate

sterile LB broth supplemented with various combinations of antibiotics and
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inducers. These were as follows: 50 ug mL! kanamycin, both 50 pg mL*
kanamycin and 2 pg mL! meropenem, and LB broth without supplement, all
additionally containing 0.2% rhamnose and 200 ng mL! anhydrotetracycline
(aTc); while the same supplements without rhamnose and aTc were used as
controls. These broths were incubated at 37°C for 18 hours with shaking at
200 rpm. Each culture was diluted ten-fold and 100 ul of each dilution was
spread onto LB agar containing the following supplements: 50 pug mL*
kanamycin, 2 ug mL! meropenem, both 50 ug mL? kanamycin and 2 ug mL?
meropenem, and LB broth without supplement. These plates were incubated
at 37°C for 18 hours and colonies were counted the next day. A select number
of single colonies were subcultured onto LB agar and incubated at 37°C for
18 hours, followed by DNA extraction (§2.4.1) and detection of Fll, FIA, colA
and blanom genes by PCR (§2.5). Isolates where colA and blanom were detected
but no IncF replicons were present were suspected positive for 1S26

mobilisation.

2.8 Whole Genome Sequencing

2.8.1 External supplier sequencing

Genome sequencing was conducted by MicrobesNG
(http://www.microbesng.com). Isolates to be sent for short-read sequencing
were first grown on LB agar incubated overnight at 37°C. One colony from each

plate was inoculated into 100 pl DPBS and a 10 pl loop was used to streak onto
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LB agar. This was done in such a way that around one third of the plate would
be covered by a lawn of bacteria, while the rest was used to streak for single
colonies. This was used both as a purity check and to grow enough bacteria to
be harvested for sequencing. After overnight incubation at 37°C, a loop was
used to transfer all the bacterial culture from the plate to barcoded
Microbank™ tubes provided by MicrobesNG, which were then sent at ambient
temperature to arrive at MicrobesNG within two days.

Isolates sent for combined long and short-read sequencing were grown as
above until the inoculation into 100 ul DPBS step. A loop was then used to
streak for single colonies onto LB agar, and the remaining liquid was inoculated
into flasks containing 20 mL LB broth supplemented with 2 ugmL?
meropenem. These were then incubated overnight at 37°C at 200 rom. The LB
plates were used to determine that the cultures were pure, and the optical
density of the broth was measured at 600 nm. These readings were used to
determine the amount of culture to be harvested, such that the total amount
of bacteria would equate to at least 5 x 10° cells, or ODeoo of 10.0. Cells were
then centrifuged at 1,487 x g for 5 minutes (Hettich EBA 12R), washed in 1 mL
PBS, centrifuged again, and resuspended in 0.5 mL 1 x DNA/RNA Shield (Zymo
Research, Irvine, CA, USA) in 1.5 mL microcentrifuge tubes. These were
packaged and sent to MicrobesNG as above.

A copy of the MicrobesNG sequencing and bioinformatics methods can be
found here (MicrobesNG, 2021). Briefly, cells were lysed, and genomic DNA
was purified using SPRI beads, followed by quantification using a Quant-iT

dsDNA HS kit (Thermo Fisher Scientific). Genomic DNA libraries were prepared
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using the Nextera XT Library Prep Kit (lllumina, Cambridge, UK) and quantified
by the Kapa Biosystems Library Quantification Kit (Sigma-Aldrich). Sequencing
was performed on Illumina sequencers (HiSeg/NovaSeq) with a 250 bp paired
end protocol. Reads underwent adapter trimming using Trimmomatic followed
by de novo assembly via SPAdes and annotation using Prokka (Bankevich et al.,
2012; Bolger, Lohse and Usadel, 2014; Seemann, 2014).

For the enhanced genome service, in addition to the methods described above,
long-read genomic libraries were prepared with the SQK-LSK109 kit (Oxford
Nanopore Technologies (ONT), Oxford, UK) using 400-500 ng of high molecular-
weight DNA. Barcoded samples were pooled together into a single sequencing
library and loaded onto a flow cell in a GridlION sequencer (ONT). Reads were
trimmed using Trimmomatic; enhanced assembly was performed using
Unicycler, and this was also annotated using Prokka (Bolger, Lohse and Usadel,

2014; Seemann, 2014; Wick et al., 2017b).

2.8.2 In-house sequencing

Ten presumptive 1S26 mobilised isolates were selected for long-read
sequencing to confirm that mobilisation had occurred, alongside the original
pFREE_IncF transformed transconjugant as a control. Since MicrobesNG did
not perform sequencing on genetically modified organisms, this was
performed within the laboratory using the ONT MinlON sequencer on a R10.4.1
flow cell. Additionally, since data encompassing more than eleven bacterial

genomes can reliably be generated using a multiplex barcoding kit, all
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transconjugants were also selected for sequencing. Finally, two isolates that
had only undergone short-read sequencing by MicrobesNG were selected so
that better plasmid assemblies could be generated using long-read data. All

reagents in this section were supplied by ONT unless specified otherwise.

2.8.2.1 DNA repair and end-prep

For each isolate to be sequenced, DNA extractions from §2.4.2 were quantified
using a Qubit 3 fluorometer (§2.4.3.2), and 400 ng gDNA was prepared in a
total volume of 11 pl. This DNA sample was combined with 1 pl Diluted DNA
Control Sample, 0.875 ul NEBNext® FFPE DNA Repair Buffer, 0.875 ul Ultra Il
End-prep Reaction Buffer, 0.75 ul Ultra Il End-prep Enzyme Mix and 0.5 ul
NEBNext® FFPE DNA Repair Mix (NEB) in a 0.2 mL PCR tube. The reagents were
mixed by flicking the tube, and it was briefly centrifuged (Mini Fuge PLUS,
STARLAB) then incubated in a thermal cycler at 20°C for 5 minutes followed by
65°C for 5 minutes. 15 pl of resuspended AMPure XP Beads was added to each
tube and mixed by flicking gently, followed by incubation on a rotator mixer
(PTR-60, Grant Instruments) at ambient temperature for 5 minutes. The
samples were briefly centrifuged and placed on a NEBNext® Magnetic
Separation Rack (NEB) until a pellet formed. The supernatant was removed and
200 pl of freshly prepared 80% (v/v) ethanol was used to wash the beads whilst
they remained in the 0.2 mL PCR tube on the magnetic rack and then removed.
This wash step was repeated once more, then the 0.2 mL tubes were briefly
centrifuged and placed back on the magnetic rack and the pellets allowed to

dry for 30 seconds. The tubes were removed from the magnetic rack and the
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pellets were resuspended in 10 pl nuclease-free water, centrifuged briefly and
incubated at ambient temperature for 2 minutes. Finally, the tubes were
placed back on the magnetic rack until the eluate was clear and colourless. The
suspended samples were then aspirated and transferred to a clean 1.5 mL DNA

LoBind tube (Eppendorf).

2.8.2.2 Native barcode ligation

End-prepped DNA was quantified using a Qubit 3 fluorometer (§2.4.3.2), and
an equal concentration of each sample was used for barcode ligation using the
Native Barcoding Kit 24 V14 (SQK-NBD114.24). Each sample was assigned a
unique barcode and 7.5 pl end-prepped DNA was added to 2.5 ul native
barcode and 10 pl Blunt/TA Ligase Master Mix (NEB) in a 0.2 mL PCR tube. The
reagents were mixed by gently flicking the tubes, briefly centrifuged and
incubated at ambient temperature for 20 minutes. 2 pl of EDTA was then
added to each tube and mixed by flicking to stop the ligation reaction. The
barcoded samples were pooled together in a clean 1.5 mL DNA LoBind tube
and mixed with 0.4X AMPure XP Beads. This tube was mixed by flicking and
incubated on a rotator mixer (PTR-60, Grant Instruments) at ambient
temperature for 10 minutes. After a brief centrifugation, the tube was placed
on a MagneSphere® Technology Magnetic Separation Stand (Promega,
Southampton, UK) for 5 minutes, until a pellet formed. The supernatant was
removed and 700 pl of freshly prepared 80% (v/v) ethanol was used to wash
the beads whilst they remained on the magnetic rack. While still on the rack,

the supernatant was again removed and this wash and supernatant removal
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step was repeated once more, then the tube was briefly centrifuged and placed
back on the magnetic rack and the pellet allowed to dry for 30 seconds. The
tube was removed from the magnetic rack and the pellet resuspended in 35 ul
nuclease-free water by gentle flicking. The tube was incubated at 37°C for 10
minutes, with gentle flicking for 10 seconds every 2 minutes to encourage DNA
elution. Finally, the tube was placed back on the magnetic rack until the eluate
was clear and colourless, when it was extracted and transferred to a clean

1.5 mL DNA LoBind tube.

2.8.2.3 Adapter ligation and clean-up

30 pl of pooled barcode sample was mixed with 5 ul Native Adapter, 10 pl
NEBNext® Quick Ligation Reaction Buffer (5X) and 5 pl Quick T4 DNA Ligase
(NEB) in a clean 1.5 mL DNA LoBind tube and incubated at ambient
temperature for 20 minutes. 20 ul of resuspended AMPure XP Beads were
added to the tube and mixed by flicking, followed by incubation on a rotator
mixer (PTR-60, Grant Instruments) at ambient temperature for 10 minutes. The
tube was briefly centrifuged and placed on the magnetic rack until a pellet
formed. The supernatant was removed, and the pellet was washed by
resuspending it in 125 pl of Long Fragment Buffer by gentle flicking, then
returned to the magnetic rack until a pellet formed. This wash step was
repeated once more, then the tube was briefly centrifuged and placed back on
the magnetic rack and the pellet allowed to dry for 30 seconds. The tube was
removed from the magnetic rack and the pellet resuspended in 15 pl Elution

Buffer by gentle flicking. The tube was incubated at 37°C for 10 minutes, with
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gentle flicking for 10 seconds every 2 minutes to encourage DNA elution.
Finally, the tube was placed back on the magnetic rack until the eluate was
clear and colourless, when it was then extracted and transferred to a clean 1.5

mL DNA LoBind tube.

2.8.2.4 Library quantification and size determination

The amount of DNA was determined by quantification using a Qubit 3
fluorometer (§2.4.3.2), and average fragment size was determined using an
Agilent 2200 TapeStation system (§2.4.3.3). These values were used to
determine the molar amount of DNA using the following formula, where Q is

the quantity of DNA and N is the average size:

y pmol o 106
CHIX S0 g Trg

1
X — = l
N X pmo

The library was adjusted to 10-20 fmol in 12 pl by the addition of Elution Buffer

and stored on ice until ready to load onto the flow cell.

2.8.2.5 Priming and loading the MinION flow cell

Flow cell priming mix was prepared by adding 5 pl of 50 mg mL? Bovine Serum
Albumin (Thermo Fisher Scientific) and 30 pl Flow Cell Tether to 1170 ul Flow
Cell Flush, and the solution was mixed by pipette. After removing any bubbles
from the priming port, 800 ul of the priming mix was loaded onto the flow cell
via the priming port and then incubated at ambient temperature for 5 minutes.
During this time, 12 pl of DNA library was mixed with 25.5 pl resuspended

Library Beads and 37.5 pl Sequencing Buffer to prepare the library for loading.
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After the incubation time, the SpotON sample port cover was opened and a
further 200 pl priming mix loaded into the priming port. Immediately after this
step, the library was mixed by gently pipetting up and down and loaded onto
the flow cell via the SpotON sample port in a dropwise fashion. The sequencing
experiment was started using the MinKNOW software from ONT (v. 22.12.7)
until the required coverage was achieved, assuming an average genome size of

5 Mb.

2.8.2.6 Flow cell wash

Between sequencing experiments, the flow cell underwent a wash procedure
to eliminate DNA from previous samples. A flow cell wash mix was prepared by
combining 2 pl of Wash Mix with 398 ul of Wash Diluent and mixed by pipette
before being placed on ice. Subsequently, all liquid was removed from the flow
cell waste port and then the wash mix was loaded onto the flow cell via the
priming port. After 1 hour, all liquid was again removed from the flow cell waste
port and then 500 pl of Storage Buffer was loaded onto the flow cell via the
priming port. Finally, all liquid was once more removed from the flow cell waste

port, and the flow cell was stored at 4°C until the next sequencing experiment.
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2.9 Bioinformatics tools

2.9.1 Assembly and annotation of whole genome sequences

All sequencing runs were operated through MinKNOW. Basecalling was also
performed through MinKNOW using the FLO-MIN114 DNA Kit (400 bps) - Fast
settings. Reads were de-multiplexed using the native barcode sequences and
assigned as passed or failed reads based on their quality score by MinKNOW.
Passed read files were concatenated and the adapter sequences removed
using PoreChop (Wick et al., 2017a). Read files were quality checked using
FastQC (v. 0.12.0) (Andrews, 2010) and long-read only assemblies were
generated using Flye (v. 2.9.2) (Kolmogorov et al., 2019). Assemblies were
polished using medaka (v. 1.0.3) (Oxford Nanopore Technologies), analysed
using Quast (v. 5.0.2) (Gurevich et al., 2013), and then annotated using Prokka
(v. 1.14.6) (Seemann, 2014). Where previous short-read sequences existed for
the same isolate, hybrid assemblies were instead generated using Unicycler
(v.0.4.8) (Wick et al., 2017b), followed by polishing and annotation via medaka

and Prokka respectively.

2.9.2 Post-assembly processing of whole genome sequences

2.9.2.1 ResFinder and PointFinder

Assemblies of sequenced isolates were screened for acquired genes and point

mutations that confer antimicrobial resistance using ResFinder and PointFinder
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(v. 4.1) with default settings (Camacho et al.,, 2009; Zankari et al., 2017;

Bortolaia et al., 2020).

2.9.2.2 Multi Locus Sequence Typing (MLST)

Predicted sequence types of sequenced isolates were determined by inputting
the assemblies into MLST (v. 2.0.9) (Wirth et al., 2006; Jaureguy et al., 2008;

Camacho et al., 2009; Larsen et al., 2012).

2.9.2.3 Core Genome Multi Locus Sequence Typing

Core Genome Multi Locus Sequence Type (cgMLST) was determined using
cgMLSTFinder 1.2 (v. 1.0.1) using the Enterobase database (Clausen, Aarestrup

and Lund, 2018; Zhou et al., 2020).

2.9.2.4 PlasmidFinder

Plasmid replicons were detected in assemblies using PlasmidFinder 2.1 (v.
2.0.1) using the Enterobacterales database with default settings (Camacho et

al., 2009; Carattoli et al., 2014).

2.9.2.5 Plasmid MultiLocus Sequence Typing

Plasmid multilocus sequence typing (pMLST) analysis of the assembled

genomes was performed using pMLST 2.0 (v. 0.1.0) (Carattoli et al., 2014).
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2.9.2.6 The Comprehensive Antibiotic Resistance Database Resistance

Gene |dentifier

Antimicrobial resistance genes of genome assemblies were also predicted
using the Resistance Gene Identifier web portal from the Comprehensive
Antibiotic Resistance Database (CARD) (Alcock et al., 2020). The criteria used
was set to Perfect, Strict and Loose hits including 295% identity Loose hits to

be deemed as Strict.

2.9.2.7 Genome comparisons

Similarity of plasmids with any previously described plasmid was determined
by performing a Mash (v. 2.3) distance search against the Plasmid Database
(PLSDB) with the PLSDB webserver (v. 2021_06_23 v2) (Ondov et al., 2016;
Galata et al., 2019; Schmartz et al., 2022) and BLAST (Altschul et al., 1990). Core
genome alignments were performed using Roary (v3.13.0) (Page et al., 2015),
and a phylogenetic tree was made using Mashtree (v0.37) (Katz et al., 2019).
Sequence comparison images were created with BLAST Ring Image Generator
(BRIG) (Alikhan et al., 2011), Easyfig (Sullivan, Petty and Beatson, 2011), and
SnapGene (www.snapgene.com). Comparisons of SNPs between isolates were
performed using snippy (Seemann, 2015) through the Galaxy platform (The

Galaxy Community, 2024).
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3.1 Introduction

One of the key recommendations of the Review on Antimicrobial Resistance
chaired by Jim O’Neill was for increased surveillance of AMR (O’Neill, 2016).
One way to achieve this is the analysis of the influent of wastewater treatment
plants (WWTPs), a concept first proposed in the 1970s (Grabow and Prozesky,
1973; Linton et al., 1974). Now known as wastewater-based epidemiology, a
number of studies in recent years have used this method to monitor the levels
of SARS-CoV-2 in local human populations (Barcellos et al., 2023).

It has been shown that the increasing levels of AMR in the human population
is mirrored by increasing levels of resistance found in local WWTPs (Reinthaler
et al., 2013; Kwak et al., 2015), and recent studies have found that WWTPs
contain high levels of ESBL producing E. coli, predominantly of the CTX-M type
(Korzeniewska and Harnisz, 2013; Bréchet et al., 2014). Furthermore, as
acquired carbapenem resistance spreads around the globe, mobile
carbapenemase genes have been detected in WWTPs in many different
countries, including China, India, Japan, Saudi Arabia, South Africa, the United
States, the United Kingdom and multiple sites across Europe (Mantilla-
Calderon et al., 2016; Yang et al., 2016; Codjoe and Donkor, 2017; Ludden et
al., 2017; Subirats et al., 2017; Zurfluh et al., 2017; Lamba et al., 2018; Proia et
al., 2018; Cahill et al., 2019; Hoelle et al., 2019; Sekizuka et al., 2019; Alexander,
Hembach and Schwartz, 2020; Ebomah and Okoh, 2020; Makowska et al.,

2020; Flach et al., 2021).
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Recent focus on the One Health approach to AMR has also highlighted the
importance of WWTPs, as release of both treated and untreated sewage into
receiving waters may be one of the main sources of AMR dissemination into
the environment via the spread of Antimicrobial Resistant Bacteria (ARB) as
well as antimicrobials themselves (Bouki, Venieri and Diamadopoulos, 2013;
Rizzo et al., 2013). The concentration below which an antimicrobial is predicted
to have no effect on selection for resistance is known as the Predicted No Effect
Concentration (PNEC) (Bengtsson-Palme and Larsson, 2016), and studies have
shown that concentrations of antimicrobials above the PNEC but well below
the MIC for a particular organism still drive the selection of antimicrobial
resistance genes (ARGs) (Sandegren, 2014; Jutkina et al., 2016, 2018). During
water treatment within WWTPs, although total numbers of bacteria are shown
to be lower in the effluent than the influent, in some cases the relative
abundance of specific ARGs is found to be higher (Alexander et al., 2015;
Amador et al., 2015; Hiller et al., 2019). A recent investigation into the impact
of wastewater treatment in the UK suggests that this may be dependent on the
specific WWTPs and ARGs. It was found that macrolide and tetracycline genes
were less prevalent in effluent when compared to influent, while the relative
abundance of gacEA1 genes increased. The relative abundance of other genes
such as sull, gqnrS and intl/1 differed depending on the particular WWTP site
(UKWIR, 2022).

Diversity and abundance of AMR genes varies geographically, and the analysis
of wastewater has been proposed as an economically and ethically feasible way

to survey the local prevalence of AMR (Hendriksen et al., 2019). All CPE isolated
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from municipal wastewater in the UK to date have been collected from
treatment plants downstream of hospitals. Two studies have isolated CPE from
UK municipal wastewater directly (Ludden et al., 2017; Gibbon et al., 2021).
Another study sampled hospital wastewater effluent and detected multiple
CPE strains (White et al., 2016); while carbapenemase genes have also been
detected in metagenomes from UK municipal wastewater samples (Chau et al.,
2023). Of the previous studies on municipal wastewater, Ludden et al. (2017)
sampled multiple WWTPs across East Anglia on a single occasion, Gibbon et al.
(2021) sampled hospital and municipal wastewater over the course of a week,
while Chau et al. (2023) took samples for metagenomic sequencing over the
course of three days. The present study aimed to expand on this existing
knowledge by sampling in a geographical area not yet studied for the presence
of CPE using a longer timeframe to better understand the prevalence of CPE in

UK wastewater.

3.1.1 Aims and objectives

The aim of this study was to investigate the presence of ESBL and
carbapenemase-producing Enterobacteriaceae (CPE) in the raw and treated
sewage of two WWTPs in the East Midlands, one of which is downstream of a
major hospital. Samples were also taken from the receiving waters into which
the WWTPs discharge, to determine whether any resistant bacteria found in
the effluent could also be detected further downstream. The main objective

was to determine if carbapenemase-producing bacteria and cephalosporin-
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resistant Enterobacteriaceae could be isolated from any of the samples taken,

and to determine and compare the AMR profiles of any such bacteria.

3.2 Results

3.2.1 Isolation of cephalosporin-resistant bacteria

Samples were collected from: i) a small WWTP, referred to as WWTP A, that
serves a university campus as well as a village with a population of circa 2000
people; and ii) a large WWTP B downstream of a major hospital that serves a
population of circa 620,000 people. Samples were collected on five occasions
between October 2019 and March 2020, and two further occasions between

May and July 2022.

A total of 158 colonies were subcultured from multiple samples that were
divided into: 61 isolates from agars selective for cephalosporin resistance, and
97 isolates from agars selective for carbapenem resistance. Colonies were
chosen from selective chromogenic plates that matched the diagnostic
characteristics of Enterobacteriaceae: purple colonies on MacConkey, blue
(Klebsiella) or pale pink (E. coli) from Brilliance™ CRE agar and mSuperCARBA,
and blue colonies from TBX agar (§2.2.2). The isolates were subject to analysis
as shown in Table 3.1.

The cephalosporin resistant isolates were collected from the influent of WWTP
A (n=33), the effluent of WWTP B (n=16), and the river into which WWTP B

discharges (n=12). 30 isolates were presumptively identified as E. coli based on
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Table 3.1. Breakdown of the analysis performed on different groups of isolates.

Antibiotic Family No. of Analysis
selection isolates
Cephalosporin = Enterobacteriaceae 40 AST, PCR
Non-replicate 38 X
Non-Enterobacteriaceae 21 AST, PCR
Carbapenem Enterobacteriaceae 59 AST, PCR
Non-replicate 34 X
CPE 20 MIC
Unique CPE 18 Conjugation assays, WGS
Non-Enterobacteriaceae 38 AST, PCR
Carbapenem-hydrolytic 8 MIC
Carbapenemase-producing 1 WGS

Indented values indicate a subset of the isolates. All isolates underwent antimicrobial
susceptibility testing (AST) and PCR detection of plasmid replicon and antimicrobial resistance
genes. Data from non-replicate isolates was used in a Chi-squared test of association (x?). All
carbapenem-hydrolytic isolates were used in minimum inhibitory concentration (MIC) assays.
Unique carbapenemase-producing isolates were subjected to whole genome sequencing
(WGS) (Chapter 4). Carbapenemase-producing Enterobacteriaceae (CPE) refers to
Enterobacteriaceae isolates that have been confirmed to hydrolyse carbapenems and contain
a carbapenemase gene. Unique CPE refers to those that have unique plasmid replicon and
antimicrobial resistance gene PCR results from others isolates from the same sample.

positive indole and negative oxidase results (§2.2.5 and §2.2.6). 16S rRNA
sequencing (82.5.7) was carried out to determine the species/genus of the
isolates so that the correct antimicrobial breakpoints could be used to interpret
the disc diffusion assays, and the results can be seen in Table 3.2. Thirty-two of
63 isolates were identified to species level, while the remaining 31 were only
identified to the level of genus. Forty isolates belonged to the
Enterobacteriaceae family; while 12 were identified as Pseudomonas sp., 8 as
Aeromonas sp. and the remaining isolate as Sten. maltophilia.

Figure 3.1 shows the percentage of all Enterobacteriaceae isolates with
sensitive, increased susceptibility, and resistant results to each antibiotic
determined by the disc diffusion assay (§2.3.1). All isolates were resistant to

ampicillin (AMP), cefpodoxime (CPD), and cefotaxime (CTX). Most isolates were
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Table 3.2. Results of 16S rRNA sequencing of cultures isolated from cephalosporin-selective
agars.

Genus Species Number of isolates

Aeromonas 8
Ae. media 3
Ae. hydrophila 1

Enterobacter 1

Escherichia 31
E. coli 20

Klebsiella 8
K. pneumoniae 8

Pseudomonas 12

Stenotrophomonas 1
Sten. maltophilia 1

Species was determined by percentage identity of BLAST hits >98.65% with only a single species
with the highest percentage identity. Where multiple species shared the same percentage
identity as the target sequence, the isolate was considered identified to the genus level instead.

resistant to aztreonam (ATM) (29/40, 72.5%), amoxicillin/clavulanic acid (AMC)
(23/40, 57.5%), ciprofloxacin (CIP) (21/40, 52.5%) and azithromycin (AZM)
(33/40, 67.5%). Just under half of the isolates were resistant to trimethoprim-
sulphamethoxazole (SXT), streptomycin (S10), nalidixic acid (NA), and
tetracycline (TET) (all 19/40, 47.5%). Only a small proportion of isolates were

resistant to cefoxitin (FOX) (9/40, 22.5%), chloramphenicol (C) (8/40, 20%)
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Figure 3.1. Stacked bar graph showing the proportion of Enterobacteriaceae isolated from
cephalosporin-selective agar that had phenotypically susceptible, increased suceptibility, and
resistant results to 15 antibiotics. Antibiotic abbreviations: Ampicillin (AMP), Amoxicillin-
clavulanic acid (AMC), Cefoxitin (FOX), Cefotaxime (CTX), Cefpodoxime (CPD), Aztreonam
(ATM), Meropenem (MEM), Streptomycin (S10), Oxytetracycline (TET), Ciprofloxacin (CIP),
Nalidixic Acid (NA), Trimethoprim-sulfamethoxazole (SXT), Chloramphenicol (C), Nitrofurantoin
(F) and Azithromycin (AZM).

and nitrofurantoin (F) (4/40, 10%); and all isolates were susceptible to
meropenem (MEM). All but one (39/40, 97.5%) isolate were resistant to three
or more classes of antibiotics and so would be considered multidrug resistant.
PCR results showed that 95% (38/40) of cephalosporin resistant isolates
contained at least one of either blacrx-m, blatem or blasuy, while there were no
positive results for blaoxa-1, blaoxa-2, or any of the acquired carbapenemase
genes (§2.5.2 and §2.5.3). Of the 16 isolates containing a single beta lactamase

resistance gene, 7 isolates harboured blacrx-m, 7 contained blatem and 2
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contained blasyy. Of the 19 isolates harbouring 2 beta-lactamase genes, 11
contained both blactx-m and blaswy, while the remaining 8 contained both
blactx-m and blatem. A further three isolates contained all three genes, while
two did not contain any of the selected genes.

The PCR-based replicon typing (PBRT) (§2.5.5) results showed that 62.5%
(25/40) of isolates contained IncFll plasmid replicons, 40% (16/40) contained
IncFIA replicons, 25% (10/40) contained IncFIB replicons, and 17.5% (7/40)
contained Incl replicons, while none of the other plasmid replicons were
detected in these isolates.

These results were combined with those of the antibiotic sensitivity test (AST)
disc diffusion assays to create a map that can be seen in Figure 3.2. The figure
shows that the isolates cluster broadly by sample point/time, presumably since
the influent samples were taken only on one occasion, while the other sample
dates included multiple sample points. Effluent samples appear mostly to
cluster together with other river isolates, with three also interspersed with
E. coli isolated from the influent. In terms of species clustering, the
K. pneumoniae isolates form a subcluster with one other E. coli, mainly due to
them not containing any of the plasmid replicons found in the PBRT scheme.
The map shows there are three isolates, DD77, DD83 and DD87 that form a
subcluster that has identical results for the AST disc diffusion assay, beta-
lactamase detection and PBRT. Given that these were isolated from the same
sample point on the same date and are all Escherichia, it is likely these isolates

are replicates of the same organism.
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Figure 3.2. Map of AST disc diffusion and PCR results for beta-lactamase genes and plasmid replicons of
Enterobacteriaceae isolated using cephalosporin-selective agar. Coloured annotations show the antibiotic classes,
sample point, sample date and species of isolate. Isolates can be seen to cluster by species and sample point, with
K. pneumoniae forming a subcluster in the middle of the map, and effluent and river water isolates of Escherichia
forming a subcluster below. Antibiotic abbreviations: Ampicillin (AMP), Amoxicillin-clavulanic acid (AMC), Cefoxitin
(FOX), Cefotaxime (CTX), Cefpodoxime (CPD), Aztreonam (ATM), Meropenem (MEM), Streptomycin (S10),
Oxytetracycline (TET), Ciprofloxacin (CIP), Nalidixic Acid (NA), Trimethoprim-sulfamethoxazole (SXT),
Chloramphenicol (C), Nitrofurantoin (F) and Azithromycin (AZM).
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3.2.1.1 Cephalosporin-resistant non-Enterobacteriaceae

The results of the disc diffusion assay for Aeromonas isolates can be seen in
Figure 3.3. Only eight of the antibiotics tested are recommended by the CLSI
for the treatment of Aeromonas sp. infections, so only these results are shown.
All of the isolates were resistant to cefotaxime, while 87.5% (7/8) were
resistant to cefoxitin. All were susceptible to meropenem, aztreonam,
tetracycline and chloramphenicol. 87.5% (7/8) were susceptible to
trimethoprim-sulfamethoxazole while only 37.5% (3/8) were susceptible to
ciprofloxacin. Only one isolate contained any of the tested beta-lactamase
genes; DD270 harboured both blatem and blaoxa-1. DD244 was positive for an
IncP replicon, while the other isolates contained no other plasmids from the
PBRT scheme.

For Pseudomonas isolates other than P. aeruginosa, the CLSI (CLSI, 2019) does
not recommend the use of the AST disc diffusion assay, therefore no
breakpoints are available. The only breakpoints available for P. aeruginosa for
the antibiotics tested are for meropenem, aztreonam and ciprofloxacin. Of
these, 50% of the Pseudomonas isolates (6/12) were resistant to aztreonam,
8.3% were resistant to ciprofloxacin (1/12), and none were resistant to
meropenem.

The only antibiotic recommended by the CLSI for the treatment of
Stenotrophomonas is trimethoprim-sulfamethoxazole, to which the single

Sten. maltophilia isolate was susceptible.
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Figure 3.3. Map of disc diffusion and PCR results of Aeromonas isolated from cephalosporin-
selective agar. Coloured annotations show the antibiotic classes, sample point, sample date
and species of isolate. Antibiotic abbreviations: Cefoxitin (FOX), Cefotaxime (CTX),
Meropenem (MEM), Aztreonam (ATM), Oxytetracycline (TET), Ciprofloxacin (CIP),
Trimethoprim-sulfamethoxazole (SXT), Chloramphenicol (C).

3.2.2 Selection for carbapenemase-producing Enterobacteriaceae

The carbapenem-resistant isolates were mostly isolated from the influent of
WWTP B (n=73), with the remainder from the effluent of the same WWTP
(n=21) and 100 m downstream of the effluent point (n=3) the river into which
it discharges. Forty-four isolates were presumptively identified as E. coli based
on indole and oxidase results. 16S rRNA sequencing was carried out as
previously described and the results are shown in Table 3.3. Thirty-nine out of
97 isolates were identified to species level, with the remaining 58 could only
be identified to genus level. Compared to the indole/oxidase results, only 40

isolates were identified as either Escherichia or E. coli, with the remaining 4
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Table 3.3. Results of 16S rRNA sequencing of cultures isolated from carbapenem-selective

agar.

Genus Species Number of isolates

Aeromonas 28
Ae. media 9

Citrobacter 6
C. freundii 2

Enterobacter 2

Enterococcus 3

Escherichia 40
E. coli 25

Pseudomonas 7

Klebsiella 2

Klebsiella/Raoultella 1

Klebsiella/Enterobacter 5

Raoultella 3
R. ornithinolytica 2

Species was determined by percentage identity of BLAST hits >98.65% with only a single species
with the highest percentage identity. Where multiple species shared the same percentage
identity as the target sequence, the isolate was considered identified to the genus level instead.
Right-justified numbers indicate isolates identified to genus level, while left-justified numbers
indicated isolates identified to species level.

identified as Raoultella or Klebsiella/Raoultella. Other Enterobacteriaceae
identified were six Citrobacter, two Enterobacter, and two Klebsiella. Of the 38
non-Enterobacteriaceae isolated, 28 were identified as Aeromonas, 7 as
Pseudomonas and 3 as Enterococcus.

Figure 3.4 shows the proportion of Enterobacteriaceae isolates that had

sensitive, increased susceptibility, or resistant results to the antibiotics tested
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Figure 3.4. Stacked bar graph showing the proportion of Enterobacteriaceae isolated from
carbapenem-selective agar that had susceptible, increased susceptibility and resistant results
to the following 15 antibiotics: Ampicillin (AMP), Amoxicillin-clavulanic acid (AMC), Cefoxitin
(FOX), Cefotaxime (CTX), Cefpodoxime (CPD), Aztreonam (ATM), Meropenem (MEM),
Streptomycin (S10), Oxytetracycline (TET), Ciprofloxacin (CIP), Nalidixic Acid (NA),
Trimethoprim-sulfamethoxazole (SXT), Chloramphenicol (C), Nitrofurantoin (F) and
Azithromycin (AZM).

according to CLSI standard AST disc diffusion assay (§2.3.1). All isolates were
resistant to ampicillin (AMP), amoxicillin-clavulanic acid (AMC), and
ciprofloxacin (CIP)). Large numbers of isolates were resistant to cefoxitin (FOX)
(58/59, 98%), cefotaxime (CTX) (55/59, 93%), cefpodoxime (CPD) (56/59, 95%),
meropenem (MEM) (53/59, 90%), aztreonam (ATM) (50/59, 85%), nalidixic acid
(NA) (56/59 95%), and sulfamethoxazole (SXT) (47/59, 80%. Seventy-one
percent (42/59) were resistant to tetracycline (TET), while 66% (39/59) were

resistant to azithromycin (AZM).
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As with isolates from selective agar supplemented with cephalosporins, the
majority of isolates were susceptible to chloramphenicol (C) and nitrofurantoin
(F). Only 20% (12/59) and 19% (11/59) were resistant to chloramphenicol and
nitrofurantoin respectively, while only 34% (20/59) were resistant to
streptomycin (S10). All isolates were resistant to three or more classes of
antibiotic, with one that was resistant to all antibiotics tested. This was DD140,
identified as Enterobacter.

Isolates from cephalosporin-selective agar were phenotypically resistant to
between 3 and 11 antibiotics, while those from carbapenem-selective agar
were resistant to between 6 and 15, and the percentage of isolates with each
resistance profile can be seen in Figure 3.5. Overall, the median number of
phenotypic resistances was 11 for isolates from carbapenem-selective agar
compared to 7.5 for isolates from cephalosporin-selective agar. As
carbapenem-resistant isolates would be expected to be resistant to a greater
number of beta-lactam antibiotics when compared to cephalosporin-resistant
isolates, the median number of phenotypic resistances to non-beta-lactam
antibiotics was also compared. Isolates from carbapenem-selective agar had a
median of 5 phenotypic resistances results compared to 3 for cephalosporin-
selective isolates, and a Mann-Whitney/Wilcoxon rank-sum test confirmed
that these distributions were significantly different (p = 0.0008165). This shows
that isolates from carbapenem-selective agar were more likely to be
phenotypically resistant to non-beta-lactam antibiotics, suggesting co-

occurrence of resistance mechanisms.
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Figure 3.5. Comparison of the range of phenotypic results to antibiotics of isolates from
cephalosporin and carbapenem-selective agar. Isolates from cephalosporin-selective agar
were resistant to between 3 and 11 antibiotics (median 7.5); from carbapenem-selective agar
it was between 6 and 15 antibiotics (median 11).

Forty-two out of 59 isolates had a positive result to the zCIM test (§2.3.2),
identifying them as carbapenemase-producers. PCR detection of common
carbapenemase genes showed that 39 of these were positive for blanom, while
the remaining 3 strains contained blawpe. Additionally, five of the blanom-
containing isolates also were positive for carriage of OXA-48-like
carbapenemase genes. Thirty-eight of thirty-nine isolates containing blanom
belonged to the Escherichia genus, with the remaining isolate identified as
Klebsiella spp. Two of the isolates producing blaie were identified as

Citrobacter and the other as Klebsiella. Eight of the carbapenemase producers
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were isolated from the effluent of WWTP B, while the majority were isolated
from the influent of the same WWTP.

These data were combined with PCR results from the PBRT and other beta-
lactamase detection tests as well as the AST disc diffusion assay results to
generate a map as seen in Figure 3.6. The map shows that these results cluster
by genera, as Escherichia forms the entirety of the bottom subcluster, with the
remaining Enterobacteriaceae and three Escherichia making up the top
subcluster. However, there are several points on the map where multiple
isolates have identical AST and PCR results. Figure 3.6D shows a selection of 10
isolates with identical results, though 5 are split between sample dates and 2
were collected from the effluent rather than the influent. For this reason, a
second map was produced, where isolates with identical results were removed,
unless they differed solely by sample date/sample point, which resulted in the
removal of 23 Escherichia isolates.

Of the resulting 36 non-replicated isolates, 3 contained 4 of the tested beta-
lactamase genes, 10 contained 3 beta-lactamase genes, 13 contained 2
separate genes, and 4 isolates only had 1 beta-lactamase gene, while 6 isolates
were negative for all tested beta-lactamase genes (§2.5.2 and §2.5.3). The gene
detected most often was still blanom, at 19/36 isolates, with blacrx-m found in
18/36 isolates. Unlike the cephalosporin-selective agar isolates, a high
proportion of these contained blaoxa-1 at 15/36. Of the other beta-lactamases,
11/36 contained blatem, 4/36 contained blaspy, 3 contained blawe and 2

contained blaoxa-as.
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The plasmid replicon detected most often was IncFll, contained in 28/36
isolates (§2.5.5). The IncFIA and IncFIB replicons were found in 17 and 12
isolates respectively. Of the other incompatibility groups, 10 isolates contained
Incl plasmids, and 7 IncX3 replicons were also detected. There were also 4 IncY
replicons found, as well as 2 IncP and 2 IncA/C replicons. The AST and PCR
patterns in Figure 3.7 form two main subclusters, seemingly based on their
plasmid replicon PCR results. The lower subcluster, comprised mainly of non-
Escherichia Enterobacteriaceae, contained 21 plasmid replicons, while the top

subcluster that was comprised solely of Escherichia contained 61 replicons.

3.2.2.1 Carbapenem-resistant non-Enterobacteriaceae

A map was generated for the Aeromonas isolates as done previously (§3.2.1.1),
and this again showed a subcluster of replicate isolates, which were removed
before a new map was generated, which can be seen in Figure 3.8. Much higher
levels of antimicrobial resistance were found in these Aeromonas isolates than
those recovered from cephalosporin-selective agars. Similarly, 88% (21/24) of
isolates were resistant to cefoxitin, while 71% (17/24) were resistant to
cefotaxime. However, 42% (10/24) were resistant to meropenem, and 50%
(12/24) were resistant to tetracycline, which compared with 0% from the
cephalosporin-selective isolates. Seventy-five percent (18/24) were resistant to
ciprofloxacin, 25% (6/24) to trimethoprim-sulfamethoxazole, while 4% were

resistant to aztreonam and chloramphenicol (1/24). Of the Aeromonas isolates
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subcultured from cephalosporin-selective agar, only 12.5% (1/8) were
phenotypically resistant to any of the 4 non-beta-lactam antibiotics tested,
while the remainder were susceptible. Those isolated from carbapenem-
selective agar had larger numbers of phenotypic resistances, as only 12.5%
(3/24) of the non-replicated isolates were susceptible to all antibiotics tested.
Four percent (1/24) were resistant to all non-beta-lactam antibiotics, 12.5%
(3/24) were resistant to 3, 29.2% (7/24) were resistant to 2 and 41.7% (10/24)
resistant to only 1. The difference between these distributions was shown to
be statistically significant via the MWW test (p = 0.0004712).

Another difference was the numbers of beta-lactamase genes detected in
these isolates. From cephalosporin-selective agar, only a single Aeromonas
isolate contained a beta-lactamase gene, compared to 13 of 24 isolates from
carbapenem-selective agar. Nine of these contained both blatem and blasny,

with one containing blacrx-m as well. A single isolate was positive for blaoxa-2,
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which was the only blaoxa-2 detected in this study and so was confirmed using
Sanger sequencing. Seven Aeromonas isolates were positive for
carbapenemase production using the zCIM test but no carbapenemase genes
were detected by PCR.

Of the seven Pseudomonas isolates, three were resistant to aztreonam, while
one was resistant to both meropenem and ciprofloxacin. The latter isolate was
identified as P. aeruginosa which was also positive for carbapenemase
production using the zCIM test. PCR detection confirmed this, with the
detection of blave from isolate DD202. No other beta-lactamase genes were
detected via PCR.

Of the three Enterococcus isolates, only two distinct disc diffusion assay
patterns were seen for the five antibiotics recommended for use by the CLSI
(CLSI, 2019). One pattern was resistance to ampicillin, ciprofloxacin and
nitrofurantoin, increased suceptibility to tetracycline and susceptible to
chloramphenicol. The difference in the other AST pattern was susceptibility to
nitrofurantoin. None of the isolates were positive for plasmid replicons or beta-

lactamase genes.

3.2.2.2 Comparison of genera isolated by agar

The genus identified most often across all samples was Escherichia and it was
also the most common genus of isolates that were positive for carbapenemase
production. As TBX agar was used to isolate bacteria in this study, and this agar

is used specifically to isolate E. coli, analysis was performed to try and
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determine whether the large numbers of Escherichia isolated was due to

selection bias from the use of TBX agar. Figure 3.9 shows the proportion of

genera isolated on different agars. Overall, there were 38 strains isolated on

CRE agar, 76 strains isolated on MacConkey agar, 35 on TBX agar and 9 on

mSuperCARBA. The large number of isolates on MacConkey agar was due to

the first sample of 33 isolates from WWTP A, which was meant as a preliminary

sample and used only MacConkey agar for isolation. The number of isolates

identified as Enterobacteriaceae from each agar type was 55% (21/38) of

isolates from CRE agar, 66% (50/76) from MacConkey agar, 80% (28/35) from

TBX agar and 0% from mSuperCARBA.
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Figure 3.9. Percentage of isolates identified as a particular species by type of isolation agar.
The highest proportions of Enterobacteriaceae were isolated from MacConkey and TBX agars.
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Escherichia made up 45% (17/38) of those strains isolated from CRE agar, 39%
(30/76) from MacConkey and 68% (24/35) from TBX agar. A Chi-Squared test
of association was performed to test the association between the identification
of Escherichia and the use of TBX agar, and no significant association was found

(p=0.082).

3.2.3 Phenotypic-Genotypic Association using Chi-Squared test

Chi-Squared tests of association were performed between AST disc diffusion
assay and PCR results of non-replicate isolates for those combinations with
acceptable expected values, and these can be seen Figure 3.10. There were
multiple significant associations between various beta-lactamase genes and
resistance to beta-lactams, while plasmid genes were associated with a small
number of resistances. Carriage of blanom Was associated more phenotypic
resistances than any other beta-lactamase or plasmid gene. It was associated
with resistance to meropenem, ampicillin, cefoxitin and trimethoprim-
sulfamethoxazole. Association with beta-lactam resistance is unsurprising but
trimethoprim-sulfamethoxazole resistance may suggest co-occurrence of

different resistance genes among isolates harbouring blanpm.
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Figure 3.10. Heatmap showing the associations between resistance genes and resistant
phenotypes as identified by chi-squared tests with false discovery rate corrections.
Associations with lower adjusted p values (q) are shown as coloured squares. Associations with
adjusted p value (g) > 0.05 were considered non-significant. Tests of association were only
performed when expected values were all >3 or all >2 and 50% >5. Carriage of blanom was
associated with resistance to ampicillin, cefoxitin, meropenem, and trimethoprim-
sulfamethoxazole, which was the most associations of all beta-lactam and plasmid genes.

3.2.4 Minimum inhibitory concentration of meropenem on

carbapenem-hydrolytic isolates

Minimum inhibitory concentrations (MICs) of meropenem were determined
using the agar dilution method for all 50 carbapenem-hydrolytic isolates
(82.3.3). The CLSI breakpoint for meropenem resistance determined by MIC is

>4 ug mL! for Enterobacteriaceae and Aeromonas sp., and >8 ug mL? for
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P. aeruginosa (CLSI, 2016, 2019). MICs ranged from 16 pg mL* to greater than
128 ug mL?, and both MIC50 and MIC90s were 128 pug mL?, with the full
results shown in Table 3.4. Of the 39 Escherichia isolates containing blanpm, 32
had an MIC of 128 pg mL?, 5 had an MIC of 64 pg mL™* and the remaining 2 had
MICs of >128 ug mL. The Klebsiella isolate that also encoded blanom had an
MIC of 64 ug mL™. The isolates positive for blampe had MICs of 16 ug mL* for
the Klebsiella isolate, 64 and 128 pug mL* for the two Citrobacter isolates and
128 pg mL? for the Pseudomonas isolate. NCTC 13476, which also contains
blawve, was used as a control and had an MIC of 64 ug mL. Three of the
Aeromonas isolates with unidentified carbapenemases had MICs of 16 pg mL?,
two had results of 32 ugmL?, and the remaining isolate had an MIC of

128 ug mL™.

3.2.5 Conjugation experiments

PCR results from §3.2.2 showed that all isolated CPE also contained plasmid
replicons. Experiments were performed to determine whether the
carbapenemase genes could be transferred to a recipient E. coli by conjugation
(82.6.2), to see if these genes were found on conjugable plasmids. The recipient
strain used for these experiments was the K12 derivative E. coli CV601 kanR rif®
gfp*, which was resistant to the antibiotics kanamycin and rifampicin, and also
expressed the GFP protein (§2.1.1). This was chosen as a number of CPE did

not show phenotypic resistance to streptomycin, and it was thought that the
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Table 3.4. Results of MICs of meropenem for all carbapenem-hydrolytic isolates.

Isolate Genus/Species Carbapenemase MIC (pug mL?)
DD112 Klebsiella blanom 64
DD120 Aeromonas Unknown | 32
DD125 Aeromonas Unknown | 16
DD128 Escherichia coli blanom 128
DD129 Escherichia coli blanom 128
DD130 Escherichia coli blanom 64
DD137 Citrobacter freundii blawmp 64
DD144 Citrobacter freundii blawe 128
DD149 Klebsiella blame 16
DD150 Escherichia blanom 64
DD151 Escherichia coli blanom 128
DD152 Escherichia coli blanom 128
DD153 Escherichia coli blanom 128
DD154 Escherichia coli blanom 128
DD155 Escherichia coli blanom 64
DD156 Escherichia blanom 128
DD157 Escherichia blanom 128
DD158 Escherichia coli blanom 128
DD159 Escherichia blanowm 128
DD160 Escherichia blanom 64
DD161 Aeromonas Unknown | 128
DD162 Escherichia coli blanom 128
DD163 Escherichia blanowm 64
DD164 Escherichia coli blanom/blaoxa-as 128
DD165 Escherichia coli blanom/blaoxa-as 128
DD166 Escherichia coli blanom/blaoxa-as 128
DD167 Escherichia coli blanom/blaoxa-as 128
DD168 Escherichia coli blanom/blaoxa-as 128
DD169 Escherichia blanom >128
DD171 Escherichia coli blanom 128
DD172 Escherichia coli blanom 128
DD173 Escherichia blanom >128
DD174 Escherichia coli blanowm 128
DD176 Escherichia coli blanom 128
DD177 Escherichia coli blanom 128
DD178 Escherichia coli blanom 128
DD180 Escherichia blanom 128
DD181 Escherichia coli blanom 128
DD183 Escherichia blanom 128
DD185 Escherichia blanom 128
DD186 Escherichia blanom 128
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DD187 Escherichia coli blanom 128
DD189 Escherichia coli blanowm 128
DD190 Escherichia blanom 128
DD191 Escherichia coli blanom 128
DD192 Escherichia coli blanom 128
DD202 Pseudomonas aeruginosa blaive 128
DD243 Aeromonas Unknown | 16
DD269 Aeromonas Unknown | 16
DD270 Aeromonas Unknown | 32
ATCC25922  Escherichia coli blaime 0.25
NCTC13476 @ Escherichia coli None 64

ability to use double antibiotic selection would prevent the growth of the MDR
donors. Additionally, GFP expression was chosen so that transconjugants could
be identified on conjugation assay plates directly using UV light.

The AST and PCR results of the CPE isolates are shown in Figure 3.11. There
were two nodes where isolates had identical AST and PCR patterns, however
these were collected from different samples, either by date or sample type and
so were not replicates of the same organism. However, DD144 and DD167 were
excluded from further experiments, as although their AST patterns were
slightly different, the fact that they were isolated from the same samples as
other isolates with identical PCR results (DD137 and DD168 respectively)
implied they may have been clonal isolates of the same organisms. The
remaining 18 CPE were considered unique CPE and used in conjugation assays,
the results of which can be seen in Table 3.5. The highest efficiency of
conjugation was 1.36 x 10 from DD176, while the lowest was 9.30 x 108 from
DD137, the C. freundii isolate. No transconjugants were recovered from

experiments using DD128, DD129 and DD130 as donors. The AST disc diffusion
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assay showed a number of transconjugants had lost resistance to certain
antibiotics when compared to the results of their respective donors. The most
phenotypic resistance losses were seen in DD186, in which the transconjugant
was no longer resistant to aztreonam, streptomycin, tetracycline, ciprofloxacin,
nalidixic acid and azithromycin. All transconjugants were resistant to all
penicillins, cephalosporins and meropenem, which was expected, while
aztreonam, which is not hydrolysed by MBLs, was the most common resistance
loss. DD191/DD176/DD189 and DD151/DD158/DD181 shared patterns of
phenotypic resistance gain and loss suggesting their donor strains have the
same resistance genes encoded on their plasmid containing the
carbapenemase gene. Many transconjugants only lost one or two phenotypic
resistances when compared to their donors, suggesting that the majority of

resistance genes are found on the carbapenemase plasmid.
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Table 3.5. Results of conjugation assays and sequencing of transconjugants.

Efficiency of

Conjugation Phenotypic Resistance Change

Isolate Species

ATM- CIP-

; 6
DD149 K. pneumoniae 3.78 x 10 AMP* AMC* FOX* CTX* CPD* MEM* SXT*

cip-
DD137 C. freundii 9.30x 10 AMP* AMC* FOX* CTX* CPD* MEM* SXT*
AZM*
ATM- S10° CIP- NA-C F
DD177 E. coli 3.20x10° = AMP* AMC* FOX* CTX* CPD* MEM* TET* SXT*
AZM*
ATM- 510" CIP- NA- C
DD191 E. coli 4.61x10° | AMP* AMC* FOX* CTX* CPD* MEM* TET* SXT*
AZM*
ATM- S10 CIP- NA- C
DD176 E. coli 1.36 x 10° | AMP* AMC* FOX* CTX* CPD* MEM* TET* SXT*
AZM*
ATM- 510" CIP- NA" C
DD189 E. coli 2.56x10° | AMP* AMC* FOX* CTX* CPD* MEM* TET* SXT*
AZM*
CIP- NA-
DD155 E. coli 8.90x 108 AMP* AMC* FOX* CTX* CPD* ATM* MEM*
TET* SXT* AZM*
CIP NA-
DD151 E. coli 2.56 x 107 AMP* AMC* FOX* CTX* CPD* ATM* MEM*
TET* SXT*
CIP- NA-
DD158 E. coli 7.66x 108 AMP* AMC* FOX* CTX* CPD* ATM* MEM*
TET* SXT*
CIP NA"
DD181 E. coli 3.36 x 107 AMP* AMC* FOX* CTX* CPD* ATM* MEM*
TET* SXT*

ATM- TET SXT AZM-

; 7
2LHE) = @l 9.41x10 AMP* AMC* FOX* CTX* CPD* MEM* CIP*

ATM- NA-

DD168 E. coli 5.86 x 10”7 AMP* AMC* FOX* CTX* CPD* MEM* TET* CIP*
AZM*

ATM- CIP- NA-

DD128 E. coli 1.57 x 10° AMP* AMC* FOX* CTX* CPD* MEM* TET* SXT*

AZM*

ATM- S10° TET CIP- NA” AZM-

: 6

DD186 E. coli 9.58x 10 AMP* AMC* FOX* CTX* CPD* MEM* SXT*
ATM- CIP

Q 9 5
DD112 K. quasipneumoniae = 4.03 x 10 AMP* AMC* FOX* CTX* CPD* MEM"*

Efficiency of conjugation measured per donor CFU. Phenotypic resistance change refers to the
loss of phenotypic resistance of transconjugants compared to donors (shown in red) as well as
the gain of phenotypic resistance compared to original recipient strain (shown in bold); both
measured by disc diffusion test. No transconjugants were recovered for DD129, DD153 and
DD130. Identical resistance changes in DD191, DD176 and DD189; DD151, DD158 and DD181
may suggest the donor strains are related. Antibiotic abbreviations: Ampicillin (AMP),
Amoxicillin-clavulanic acid (AMC), Cefoxitin (FOX), Cefotaxime (CTX), Cefpodoxime (CPD),
Aztreonam (ATM), Meropenem (MEM), Streptomycin (S10), Oxytetracycline (TET),
Ciprofloxacin (CIP), Nalidixic Acid (NA), Trimethoprim-sulfamethoxazole (SXT), Chloramphenicol
(C), Nitrofurantoin (F) and Azithromycin (AZM).
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3.3 Discussion

A total of 158 cephalosporin or carbapenem resistant bacterial isolates were
collected from wastewater and river water and characterised to determine
their AMR profiles. The primary aim of this chapter was to determine whether
CPE could be isolated from wastewater in the East Midlands, and a total of 36
unique CPE were isolated, both from the influent (n=32) and effluent (n=4) of
a WWTP that serves a major city and hospital. In addition, eight carbapenem-
hydrolytic non-Enterobacteriaceae were isolated, with seven identified as

belonging to the Aeromonas genus and one P. geruginosa.

3.3.1 Multidrug resistance in Enterobacteriaceae

MDR bacteria were isolated from both cephalosporin and carbapenem
selective agars. All but one of the Enterobacteriaceae isolated from agars
supplemented with cephalosporins were resistant to three or more classes of
antibiotic, and were therefore classed as MDR according to the definition used
by Magiorakos et al. (2012)(. All Enterobacteriaceae isolated on agar
supplemented with carbapenems were classed as MDR and were more likely
to be resistant to a greater number of non-beta-lactam antibiotics.
Furthermore, there was a significant association with harbouring blanom and
being resistant to multiple other classes of antibiotic, more so than for any
other beta-lactam or plasmid replicon. All isolates but one containing blanpm

were classified as Escherichia, and all of those also contained IncF plasmid
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replicons. Additionally, IncF plasmids were also found in 26/29 non-replicate
Escherichia isolated from cephalosporin selective agar. These data are
consistent with previous studies showing that IncF plasmids are most
associated with E. coli and often contain ESBL and carbapenemase genes
(Rozwandowicz et al., 2018). The majority of CPE contained plasmids that were
able to be transferred to a recipient strain through conjugation. These included
two Klebsiella and one Citrobacter isolate, the plasmids of which were
transferred into E. coli. Many transconjugants had identical patterns of
phenotypic resistance gain and loss compared to their donor strains, and this
suggests these are closely related. Of the assays that were not successful, those
donors had previously been found to contain plasmid replicons, so this
suggests either the carbapenemase genes are chromosomally encoded, or
their plasmids are not conjugable. This will be investigated further in Chapter

4,

3.3.2 Comparison of CPE with UK epidemiology data

Overall, 20 non-duplicate CPE were identified in this study. These included 16
Escherichia and a single Klebsiella isolate containing blanom. Two of the
Escherichiaisolates were also positive for blaoxa-as, showing they contained two
distinct carbapenemase genes. The remaining CPE were identified as two
C. freundii and one Klebsiella sp. harbouring blamp.

Early data on national NDM-producing isolates collected from the UK Health

Security Agency (UKHSA; formerly Public Health England) Antimicrobial
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Resistance and Healthcare Associated Infections (AMRHAI) between 2008 to
2013 found that E. coli only made up 26% of isolates, while Klebsiella spp. made
up the majority at 59% (Jain et al., 2014). Data from AMRHAI collected from
clinical isolates in East Anglia between 2006 and 2015 showed 43% of CPE
produced NDM and only 41% of CPE were identified as E. coli (Ludden et al.,
2017). In the West Midlands between 2007 and 2014, NDM was found in the
majority of CPE at 58%, however only 22% of those were E. coli (Findlay et al.,
2017).

In October 2020, UKHSA published the Framework of Actions to contain CPE
(UKHSA, 2020), which requires diagnostic laboratories to notify UKHSA upon
detection of CPE and their resistance mechanism. Analysis of this surveillance
data from October 2020 to March 2023 showed similar results to the previous
studies, that K. pneumoniae is most frequently found in the UK (32.9% of
isolates), while E. coli makes up 31.0% of the species detected (UKHSA, 2023).
The data on specific carbapenemases showed that OXA-48-like genes were
most abundant (36.7%), with NDM (28.5%) and KPC (26.1%) the next most
common. Of the Escherichia strains, OXA-48-like made up the highest
proportion of carbapenemase genes at 40.9% of detected isolates, with NDM
at 36.1% and KPC 20.2%. Among Klebsiella species, once again OXA-48-like
carbapenemases are most abundant at 39.2%, with KPC the next most common
at 31.7% and NDM at 24.7%, while IMP makes up only 2.8%. In Citrobacter
isolates, IMP is relatively rare at 5.4%, behind OXA-48-like (42.8%), KPC
(25.1%), and NDM (22.2%). These data differed geographically, and in the East

Midlands, OXA-48-like carbapenemases make up an even higher proportion at
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65.3%. NDM was found in 24.9% of carbapenemase producers, with KPC and
IMP much lower than at the national level at 5.9% and 2.7% respectively.

Considering the data on CPE specifically in UK wastewater, Ludden et al. (2017)
found only 22% of those detected in East Anglia contained an NDM
carbapenemase, while the majority contained OXA-48. Of the detected CPE,
only 11% were identified as E. coli. A study by Gibbon et al. (2021), which
selected for Klebsiella in Southwest England hospital effluent and local
wastewater influent, found only the OXA-48 carbapenemase. These data seem
to suggest that although the prevalence of specific carbapenemases and
bacterial species varies between studies and geographic locations, E. coli and
NDM appear to be generally less abundant than other species and genotypes
in the UK. These results are in contrast with this study, where the majority of
carbapenemases detected were NDM, and E. coli the predominant carrier, with
all E. coli CPE isolates producing this carbapenemase. Although OXA-48-like
carbapenemases were detected, they were found in only 10% of non-duplicate

CPE, much lower than the 40.9% found in Escherichia by UKHSA.

3.3.3 Carbapenem-hydrolytic non-Enterobacteriaceae

Seven Aeromonas and one P. aeruginosa isolate were positive for carbapenem
hydrolysis, with the latter identified as containing the carbapenemase gene
blaime. The Aeromonas isolates were not positive for any of the carbapenemase
genes tested. However, although acquired carbapenemase genes have been

found in Aeromonas species, carbapenem resistance is more often caused by
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the production of chromosomal carbapenemases intrinsic to certain
Aeromonas species (Janda and Abbott, 2010). Whereas carbapenem-resistant
P. aeruginosa have been designated one of the three critical priority pathogens
by the World Health Organisation (WHO, 2017). Nationally, IMP
carbapenemases make up 21.0% of those found in P. aeruginosa isolates,
which makes it less common than VIM (33.6%) and NDM (27.3%) (UKHSA,
2023). This P. aeruginosa containing blave was the only Pseudomonas isolate
to be resistant or have increased susceptibility to all three antibiotics that are

recommended for use by the CLSI used in this study.

3.3.4 Comparison of influent and effluent isolates

Overall, only eight non-duplicate Enterobacteriaceae isolated on
cephalosporin-selective agar were found from the effluent of WWTP B. Five of
these clustered with other Escherichia that were isolated from river water
samples. The others clustered with influent samples, but none shared the same
AST and PCR profiles as those within their clusters. This is unsurprising as the
three samples that used cephalosporin-selective agar were collected across a
much longer timeframe than those using carbapenem selective-agars, with
effluent samples being collected years later than influent samples.

On carbapenem-selective agar, there were only four non-duplicate isolates
found in the effluent samples. These were identified as one blaimp-containing
Klebsiella sp. and three blanom-containing E. coli. The Klebsiella isolate

clustered with other non-Escherichia isolates, while two of the E. coli formed a
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small subcluster by themselves. However, the remaining E. coli isolate formed
an identical cluster with two other E. coli samples isolated from the influent of
the same WWTP, both from separate sample time points. This effluent sample
was collected only one week after a previous influent sample, so it was possible
that these organisms could be genetically related, and this is investigated in
more detail in Chapter 4.

CPE were detected in the effluent of WWTP B in March 2020 from two separate
samples, but neither sample taken in 2022 detected any CPE. Since the number
of CPE isolated from influent samples also varied across time points, it is
entirely possible that this is just seasonal variation. Previous studies have found
seasonal variation in the bacterial communities of WWTPs (Zhang et al., 2018).
However, seasonal patterns seem to vary by location; a study in China found a
higher abundance of ARGs in winter (Su et al., 2017), whereas a comparison in
the USA found ARG abundance was highest in Spring (Joseph et al., 2019).
Another possibility is that recent upgrades to the WWTP in 2021 have improved
the treatment process such that the abundance of CPE is much lower than was

the case using the old treatment processes.

3.3.5 Conclusion

The aim of this chapter was to determine whether Enterobacteriaceae with
acquired carbapenem resistance could be detected from local UK WWTPs that
have previously not been sampled for these types of ARB. Results showed this

was indeed possible and multiple isolates sharing the same AST and PCR
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patterns were isolated from both treated and untreated wastewater sampled
a week apart. Compared to Enterobacteriaceae isolates from cephalosporin-
selective agars, those with carbapenem resistance had higher levels of
resistance to non-beta-lactam antibiotics, while harbouring blanom was
associated with more phenotypic resistances than any other ARG or plasmid
replicon. Similarly, even Aeromonas isolates from carbapenem-selective agar
had higher levels of resistance to non-beta-lactams when compared to those
from cephalosporin-selective agar, and the only carbapenemase-producing
Pseudomonas had the most resistant results of all Pseudomonas isolates to the
antibiotics tested. It has been shown that efflux pumps contribute to increased
levels of MDR, as they can be responsible for the efflux of multiple different
classes of antibiotic (Meletis, 2016); however, this work shows that higher
levels of MDR are also associated with carbapenemase production. This has
serious implications for our treatment of bacterial infections, as there become
fewer antimicrobial therapies available for the treatment of these critical

priority pathogens.

3.3.6 Future work

This chapter describes preliminary work to assess the feasibility of isolating CPE
from wastewater and environmental samples, using the methods described. At
the time of sampling there was only one published paper describing CPE from
municipal wastewater samples taken in the UK. The selection for CPE was used

to determine whether any could be detected, and then longer-term
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experiments were planned to gather more data than is present here. However,
the COVID-19 pandemic meant that sampling had to be stopped in March 2020
and it has not been possible to take any further influent samples. The effluent
and river sampling of 2022 was designed to determine whether CPE could still
be detected in the WWTP effluent, as they were in 2020.

Future work would include negotiating to be able to take influent samples once
again, in order to be able to monitor the presence of CPE over a longer period.
Recent work has shown that composite samples, that are a combination of
multiple samples over the course of a day, are preferable to the short-term
grab samples taken in this study (Chau et al., 2022), given the transient nature
of ARB in wastewater. With this in mind, future samples would use composite
sampling.

Carbapenemase-producing bacteria identified in this chapter will be further
investigated in Chapter 4, especially focusing on the relatedness of CPE strains
that cluster together on the map in Figure 3.11 with specific focus on the
plasmids harboured by these MDR stains. Future work would include a wider
combination of phenotypic and genotypic analyses, such as gPCR for the
determination of ARG relative abundance between sample points, as well as
metagenomic approaches. Furthermore, there are several experiments that
could be performed on the existing isolates, such as identification of the
carbapenemases produced by the Aeromonas isolates, and PCR detection of
mobile genetic elements such as intl, 1S26 and ISEcpl in the
Enterobacteriaceae. Lastly, the antimicrobials used to determine sensitivity in

this study were chosen to represent a wide range of antimicrobial classes,
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where resistance may be found in isolates of environmental as well as human
and veterinary origin. With the knowledge that many of these isolates contain
ARGs of concern such as blanom and blaoxa-as, which are commonly detected in
human-derived isolates, the use of antibiotics for use specifically to treat CPE
such as fosfomycin or beta-lactamase inhibitor combinations for sensitivity

testing could be performed.

171



CHAPTER 4

CHAPTER 4: GENOMIC

ANALYSIS OF

CARBAPENEMASE-

PRODUCING ISOLATES

172



GENOMIC ANALYSIS OF CARBAPENEMASE-PRODUCING ISOLATES

4.1 Introduction

Whole genome sequencing has been used for a wide variety of applications,
such as identification of rare human diseases, genome-wide association
studies, mapping genomes of novel organisms, finishing genomes of known
organisms, comparative genomics between samples, as well as many others
(Krier, Kalia and Green, 2016; Illumina, 2023). The use of whole genome
sequencing enables detection of clonal isolates responsible for the
dissemination of AMR. Perhaps the most well-known examples of these are the
clonal spread of the blakpc-producing K. pneumoniae clone ST258 (Bowers et
al., 2015), and that of blactx-m-15 through E. coli ST131 (Stoesser et al., 2016).
Previous work on UK wastewater has shown that CPE strains of clonal origin
can be found in hospital wastewater at different time points (White et al.,
2016). Increasingly, long-read whole genome sequencing (WGS) data are being
used to characterise MDR plasmids that have spread between strains, which
helps us to understand non-clonal dissemination of AMR genes. Plasmids are
notoriously difficult to assemble using short-read data alone, due to repetitive
regions of DNA, especially those containing multiple MGEs which can often also
be found on the host chromosome, even more so when there are multiple
plasmids within the same cell (Arredondo-Alonso et al., 2017). Therefore, the
use of Oxford Nanopore Technologies sequencers is ideal for the resolution of
plasmid sequences, due to longer read lengths that can overcome these
repetitive regions, in many cases generating the full plasmid sequence in a

single read. This use of long-read sequencing has previously enabled
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identification of identical carbapenem-resistance plasmids discovered in
different bacterial species from municipal wastewater in East Anglia (Ludden
et al.,, 2017). Additionally, a study comparing 3,697 plasmid sequences of
bloodstream infections and wastewater isolates in Oxfordshire found that 19%
of these were formed of 225 groups of identical plasmids, many of which were
shared across species (Matlock et al., 2023). These studies highlight why long-
read WGS is vital to our understanding of the spread of AMR.

Chapter 3 showed that MDR isolates from wastewater contained
carbapenemase genes blanpm, blaoxa-as-like and blawe. These genes are
commonly associated with MGEs in the Enterobacteriaceae (Mathers, 2016;
Pitout et al., 2019), and all those isolates belonging to this family in Chapter 3
also contained plasmid replicons that are strongly associated with AMR
(Rozwandowicz et al., 2018). This chapter seeks to investigate this further, by
generating and analysing WGS data to understand the genetic context of these

MDR isolates.

4.1.1 Aims and objectives

The previous chapter showed that carbapenemase-producing bacteria with
identical phenotypic antimicrobial resistance patterns, as well as genotypic
patterns of ARGs and plasmid replicons, were isolated from different samples
from the same WWTP at different time points or locations. The aims of this
chapter were to determine whether these identical patterns were caused by

the isolates themselves being clonal, or the spread of identical plasmids

174



GENOMIC ANALYSIS OF CARBAPENEMASE-PRODUCING ISOLATES

between isolates; and to identify the genetic context of the carbapenemase

genes harboured by these bacteria.

4.2 Results

All of the unique CPE isolated in Chapter 3, as described in §3.2.5, were subject
to WGS performed externally. In addition, the P. geruginosa isolate DD202 was
also included for WGS. Although other carbapenem resistant non-
Enterobacteriaceae were isolated in Chapter 3, DD202 was the only one to
contain evidence of acquired carbapenem-resistance, as none of the
Aeromonas isolates were positive for any of the carbapenemase genes tested
by PCR (§3.2.2.1). This resulted in a total of 19 organisms sent for WGS,
comprised of 15 E. coli isolates, the Klebsiella isolates DD112 and DD149, the
C. freundii isolate DD137, and the P. aeruginosa isolate DD202. Originally, 12
isolates underwent both long-read and short-read sequencing, with a further 7
for short-read sequencing only (§2.8.1). Two isolates, DD153 and DD155 were
later sequenced in-house using long-read sequencing (§2.8.2) and these data

combined with short-read data to produce a combined assembly.

4.2.1 Genome assembly

Table 4.1 shows the assembly statistics for the sequenced isolates. All of those

assembled using both long-read and short-read sequencing data were
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Isolate No. of Largest Total length N50 (bp) lllumina or
contigs contig (bp) (bp) Combined
DD153 68 355,394 4,947,432 183,592 Illumina
DD155 66 786,960 5,309,479 145,641 Illumina
DD177 61 593,877 5,119,229 192,949 Illumina
DD181 82 738,883 5,403,526 240,212 Illumina
DD189 53 593,877 5,120,620 200,008 Illumina
DD112 27 4,872,239 5,595,098 4,872,239 Combined
DD128 4 5,212,517 5,494,739 5,212,517 Combined
DD129 3 4,869,615 4,921,671 4,869,615 Combined
DD130 8 4,863,231 5,098,155 4,863,231 Combined
DD137 17 4,667,704 5,587,169 4,667,704 Combined
DD149 45 5,208,047 6,134,145 5,208,047 Combined
DD151 28 5,164,288 5,638,736 5,164,288 Combined
DD153 6 4,861,820 5,020,120 4,861,820 Combined*
DD155 2 5,119,709 5,283,181 5,119,709 Combined*
DD158 7 5,115,716 5,486,835 5,115,716 Combined
DD165 7 4,754,964 5,021,818 4,754,964 Combined
DD168 7 4,755,030 5,026,952 4,755,030 Combined
DD176 4 4,906,150 5,165,591 4,906,150 Combined
DD186 16 4,838,282 5,131,797 4,838,282 Combined
DD191 4 4,909,719 5,185,139 4,909,719 Combined
DD202 1 6,953,711 6,953,711 6,953,711 Combined

* Assemblies were generated from Illumina short-read sequencing performed by MicrobesNG
combined with Oxford Nanopore sequencing performed internally. All other assemblies were
performed by MicrobesNG.

resolved into a smaller number of contigs (2-45 contigs) when compared to

those assembled using short-read sequencing alone (49-82 contigs). The

longest contig was 6,953,711 bp long and comprised the entire P. aeruginosa

assembly of DD202. The isolates DD153 and DD155 were originally sequenced
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via the lllumina platform alone and this resulted in assemblies containing 68
and 66 contigs respectively, with N50s of 183,592 and 145,641 bp. These were
later also sequenced on the Oxford Nanopore MinlON platform and these
reads were used to create combined assemblies that reduced the number of
contigs to 6 and 2 respectively and increased the N50 to 4,861,820 and

5,119,709 bp respectively.

4.2.2 Taxonomic distributions

The results of the Kraken analysis (§2.8.1) of the taxonomic distribution of
sequencing reads can be seen in Table 4.2. The NDM-producing Klebsiella was
identified as K. quasipneumoniae, while all the other NDM-producers were
identified as E. coli. The other two Enterobacteriaceae containing blawvp were
identified as K. pneumoniae and C. portucalensis (previously identified as
C. freundii by 16S), and the taxonomic distribution of DD202 matched the 16S
identification of P. aeruginosa. 80.38% of the DD202 reads matched that
species identification, whereas for the Enterobacteriaceae isolates, those

figures ranged from 23.70% to 75.01%.

4.2.3 Multi-Locus Sequence Typing and core genome Multi Locus

Sequence Typing

E. coli isolate whole genome sequences were inputted into the Centre for

Genetic Epidemiology (CGE) MLST and cgMLSTFinder tools (§2.9.2.2, §2.9.2.3)
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Table 4.2. Taxonomic distribution of sequencing reads, as identified by Kraken software.

Isolate  Most frequent Most Most frequent species  Most frequent
genus frequent species (%)
genus (%)
DD112  Klebsiella 69.61 K. quasipneumoniae 23.70
DD128 | Escherichia 77.57 E. coli 75.01
DD129 | Escherichia 52.52 E. coli 50.35
DD130 | Escherichia 50.22 E. coli 47.42
DD137  Citrobacter 83.76 C. portucalensis 57.22
DD149  Klebsiella 63.93 K. pneumoniae 32.21
DD151 | Escherichia 77.36 E. coli 74.66
DD153 | Escherichia 52.83 E. coli 51.06
DD155 | Escherichia 77.11 E. coli 74.40
DD158 | Escherichia 73.92 E. coli 70.89
DD165 | Escherichia 47.08 E. coli 45.49
DD168 | Escherichia 47.01 E. coli 45.26
DD176 | Escherichia 36.69 E. coli 33.95
DD177 | Escherichia 34.01 E. coli 34.01
DD181 | Escherichia 70.04 E. coli 67.62
DD186 | Escherichia 54.56 E. coli 52.80
DD189 | Escherichia 36.48 E. coli 34.07
DD191 | Escherichia 35.89 E. coli 33.42
DD202 @ Pseudomonas 94.30 P. aeruginosa 80.38

to identify the relatedness of the isolates, and the results can be seen in Table
4.3. Overall, there were six different sequence types detected amongst the E.
coliisolates: ST101, ST205, ST361, ST405, ST940 and ST2851. Of these, multiple
isolates were identified that belong to ST101, ST361, ST405 and ST2851, while
the ST205 and ST940 groups contained only a single isolate. The ST101 isolates

DD129 and DD153 that were isolated from WWTP influent samples and
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Table 4.3. Results of CGE MLST and cgMLSTFinder tools to identify the sequence types of E. coli
isolates.

Isolate Sample point Sample date MLST cgMLST
DD129 Influent 18.02.20 101 104245
DD153 Influent 03.03.20 101 104245
DD130 Influent 18.02.20 205 141815
DD176 Influent 03.03.20 361 115891
DD177 Influent 03.03.20 361 115891
DD189 Influent 10.03.20 361 115891
DD191 Effluent 10.03.20 361 115891
DD128 Influent 18.02.20 405 141146
DD151 Influent 03.03.20 405 106034
DD155 Influent 03.03.20 405 110910
DD158 Influent 03.03.20 405 129352
DD181 Influent 10.03.20 405 129352
DD186 Influent 10.03.20 940 110891
DD165 Effluent 03.03.20 2851 129451
DD168 Effluent 03.03.20 2851 129451

Core genome MLST results that were detected in multiple samples collected on different weeks
or from a different sample point are shown in bold.

collected on 18.02.20 and 03.03.20 respectively, were found to have identical
core genome MLST (cgMLST) results. The ST361 isolates, DD176, DD177,
DD189 and DD191, were also found to have identical cgMLST results. DD176
and DD177 were collected from the influent on 03.03.20; DD189 was collected
from the influent on 10.03.20; and DD191 was collected from the effluent on
10.03.20. DD177 was found to have the same cgMLST result as the other three,
despite having a different AST result. The five ST405 isolates, DD128, DD151,
DD155, DD158 and DD181, were found to be made up of four separate
cgMLSTs, with DD158 and DD181, which were isolated from influent samples
collected on 03.03.20 and 10.03.20, having identical cgMLST results. The same
was true of ST2851 isolates DD165 and DD168, which were identified as the

same core genome sequence type. Overall, there were six different sequence
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types using the MLST scheme and nine using the cgMLST scheme, and the

discrepancy between the two was found in the ST405 isolates.

4.2.4 Plasmid Replicon Detection and Sequence Typing

All assemblies were inputted into the CGE PlasmidFinder and pMLST tools
(§2.9.2.4, §2.9.2.5), to detect plasmid replicons and their corresponding
sequence type and the results can be seen in Table 4.4. PCR results from §3.2.2
showed that all Enterobacteriaceae isolates contained IncF plasmids, while the
P. aeruginosa isolate DD202 did not contain any of the plasmid replicons in the
PBRT scheme. Analysis of the sequence data confirmed this, as there were no
plasmids detected in DD202, while all other sequenced isolates contained IncF
plasmids of various sequence types. A number of isolates were found to have
identical pMLST results, including those isolated from different samples and

belonging to different E. coli sequence types.

4.2.5 Resistance Gene Detection

The assemblies were inputted into the CGE ResFinder tool (§2.9.2.1), CARD
Resistance Gene ldentifier tool (§2.9.2.6), and CGE PointFinder tool (§2.9.2.1),
in order to detect the presence and subtype of ARGs in the assembled
sequences, and the results can be seen in Table 4.5. The carbapenemase genes

detected in Chapter 3 were identified as blanpm-a,
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Table 4.4. Plasmid replicons detected in genome assemblies of isolates.

Sequence Plasmid

Isolate Species Type Plasmid replicon size (bp) pMLST
DD129 E. coli ST101 IncFll 49,758 F2:A-:B-
. IncC 101,123
DD153 | E.coli | ST101 IncFll 49,758 F2:A-:B-

IncFIB (H89) 113,585
, IncFll IncFIB 90,309 F66:A-:B32
DD130 E. coli ST205 i 16,139
Col156 5,091
IncFIl IncFIA 122,175 F2:A4:B-
DD176 @ E. coli ST361 IncY 89,634
Incly 47,632
IncFIl IncFIA - F2:A4:B-
DD177 E. coli ST361 IncY -
Incly -
IncFIl IncFIA - F2:A4:B-
DD189 @ E. coli ST361 IncY -
Incly -
IncFIl IncFIA 123,996 F2:A4:B-
DD191 E. coli ST361 IncY 89,634
Incly 61,790
IncFIl IncFIA 120,294 F2:A4:B-
DD128 @ E. coli ST405 p0111 97,552
Incly 64,376
p0111 99,371 F1:A1:B49
DD151 E. coli ST405 IncFIl IncFIA IncFIB 97,185
IncB/O/K/Z 85,738
DD155 @ E. coli ST405 IncFIl IncFIA IncFIB 163,463 F1:A2:B33
IncFll IncFIA IncFIB 149,168 F31/36:A4:B1
DD158 E. coli ST405 p0111 95,656
IncFll 72,721 F35:A-:B-
IncFIl IncFIA IncFIB - F31/36:A4:B1
DD181 @ E. coli ST405 p0111 -
IncFlI - F35:A-:B-
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IncFIl IncFIA IncFIB 142,480 F36:A1:B33
DD186 E. coli ST940 IncX3 46,161
Incly 71,037
IncFIl IncFIB 90,423 F66:A-:B32
DD165 E. coli ST2851 IncX3 ColKP3 51,479
Incly 26,272
IncFIl IncFIB 95,416 F66:A-:B32
DD168 E. coli ST2851 IncX3 ColKP3 51,479
Incly 26,272
IncFllx IncFIBg 142,577 K1:A13:B-
DD112 K. quas. N/A IncFIA(HI1) repB 48,790
IncX3 46,161
IncHI1A IncHI1B 299,854
IncFllyg 170,608 Y3:A-:B-
DD137 C. port. N/A IncC 140,924
IncFII(SARC14) 120,997
IncFllx IncFIBg 378,559 K5:A-:B-
DD149 | K. pneu. N/A IncC 169,477
IncFllk repB 130,171 K7:A-:B-
DD202 P. aeru. N/A - - -

DD177, D181 and DD189 were assembled from short-read data, and so plasmid size could not
be determined. DD202 did not contain any plasmid replicons. Matching pMLST results across
isolates are highlighted using formatting, i.e. bold, italics, underlined, bold and italic. K. quas. —
Klebsiella quasipneumoniae; C. port. — Citrobacter portaculensis; K. pneu. — Klebsiella

pneumoniae; P. aeru. — Pseudomonas aeruginosa.

carried chromosomally; blanpm-s, carried chromosomally, on IncF, and IncX
plasmids; blaoxa-1s1, carried on IncX3-ColKp3 fusion plasmids; blamp-70 in the
C. portucalensis isolate DD137 and K. pneumoniae isolate DD149; carried on
IncC plasmids, and blame7 in the P.aeruginosa isolate DD202, carried

chromosonally. All isolates contained sull, except DD186 which
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Table 4.5. Resistance genes detected in each isolate using ResFinder, PointFinder and CARD.

DD129 sT101
Chromosome IncFll
blanpva  aac(3)-lia mdtG parC
bIaCTX-M-IS aadAZ meA emI’K H'NS
blatem-ia baeSR pmrf emrY marAR
qacEA1 x2 CPXA bacA acrABR mdtEF blatev-1s
mdf(A) kdpE eptA acrDE mdtMN mph(A)
sullx?2 ampC yojl acrF mdto rmtB
dfrA12 ampC1 emrABR acrS mdtP mrx
blems. ampH gyrA CRP SoxRS
aph(3”)-1b EF-Tu gyrR evgAS tolC
aph(6)-1d glpT mdtH gadX
DD153 sT101
Chromosome IncFll IncC
blanpvs — aac(3)-lia mdtG parC
b/aCTX—M-IS aadAZ meA emrK H'NS
blatem-1a baeSR pmrF emrY marAR
qacEA1 CPXA bacA acrABR mdtEF blatem1e  blasuv-1
mdf(A) kdpE eptA acrDE mdtMN mph(A) qacEA1
sull ampC yojl acrf mdtO rmtB aac(3)-Iid
dfrA12 ampC1 emrABR acrS mdtP mrx aac(6’)-1b3
blewst ampH gyrA CRP SOXRS
aph(3”)-1b EF-Tu gyrR evgAS tolC
aph(6)-Id glpT mdtH gadX
DD130 sT205
Chromosome IncFll:B
dfrAl vanG emrABR acrF
aadAl mrx gyrA acrS mdtEF
baeSR msbA mdtH CRP mdtMN  blanows  dfrA12
CpxA pmrF parC evgAS mdtO blatem-18 blems.
kdpE sat2 emrK gadX mdtP gacEA1 mph(A)
leuO arnT emrY H-NS rsmA tetB aadA2
EF-Tu bacA tetR kpnE SOXRS sull gepA4
glpT eptA acrABR kpnF tolC
mdtG yojl acrDE marAR
DD176 DD177 DD189 DD191 sT361
Chromosome IncFII:A Incly
blaoxa1 amp(Cl1 bacA emrY marAR blanom.s
mdf(A) gmpH eptA acrABR mdtEF qacEA1
aadAl SitABCD yojl acrDE mdtMN tetA
gepAl EF-Tu emrABR acrF mdtO h(a) blacmy-14s
catAl glpT gyrA acrS mdtP mp
baeSR mdtG gyrR CRP SOxRS sull
CpxA emrE mdtH evgAS tolC dfrA12
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kdpE msbA parC gadX blemsL
ampC pmrF emrK H-NS aadA2
mrx
DD128 sT405
Chromosome IncFII:A Incly
baeSR cyaA ugd emrY H-NS blavow-s
CpxA glpT yojl acrABR marAR qacEAl
kdpE mdtG emrABR acrDE mdtEF tetA
ampC emrE gyrA acrfF mdtN mph(A)
blacwmy-1as
ampC1 msbA gyrR acrS mdtO sull
ampH pmrF mdtH CRP mdtP dfrA12
SitABCD bacA parC evgAS soxRS blems,
EF-Tu eptA emrK gadWx tolC aadA2
DD151 sT405
Chromosome IncFll:A:B
baeSR vanG emrABR acrf blanom-s
CpxA emrE gyrA acrS mdtEF blacryms ble’MBL
kdpE msbA mdtH CRP mdtN bl aac(6’)-1b-cr
doxat — gac(3)-Iid
leuO pmrF parC evgAS mdtO acEALX2
SitABCD arnT emrK gadwWx mdtP qa tetB aadA2
EF-Tu bacA emrY H-NS rsmA € aadA5
cyaA eptA tetR kpnE SoxRS sull x2 catB3A
glpT ugd acrABR kpnF tolC dfrA12 tmrB
mdtG yojl acrDE marAR dfrA17
DD155 sT405
Chromosome IncFll:A:B
mdf(A) cyaA ugd emrY H-NS blanows
baeSR glpT yojl acrABR marAR blacrymis dfrA12
CpxA mdtG emrABR acrDE mdtEF blaoxat blewg.
kdpE emrE gyrA acrfF mdtN acE A-l aac(6’)-Ib-cr
ampC msbA gyrR acrS mdto q aadA2
ampC1 pmrF mdtH CRP mdtP tetA catB3A
ampH bacA parC evgAS SOXRS mph(A) mrx
EF-Tu eptA emrK gadwx tolC sull
DD158 DD181 sT1405
Chromosome IncFll:A:B
mdf(A) cyaA yojl acrABR blanom.s
baeSR glpT emrABR acrDE mdtEF blacrnms dfrA17
CpxA mdtG gyrA acrF mdtN bla blems.
kdpE emrE gyrR acrS mdtO ac ECL)\X;; 5 aac(6’)-1b-cr
ampC msbA mdtH CRP mdtP q9 totA aadA2
ampC1 pmrF parC evgAS SOoxRS € aadA5
ampH bacA emrK gadwWx tolC sull x2 catB3A
SitABCD eptA emry H-NS dfrA12
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EF-Tu ugd tetR marAR
DD186 ST940
Chromosome IncFIl:A:B  IncX3 Incly Unknown
tetB arnT
dfrAl bacA CRP
evgAS
aadAl eptA
, gadX
baeSR yojl
H-NS
CpXA emrABR
kdpE gyrA kpnE
kpnF sul2
leuO mdtH
marAR mph(A) blanpwm-s blatem-18
EF-Tu parC blacwy-a>
glpT emrK mdtEF ermB blemsL aph(6)-1d
mdtG emrY mdtMN aph(3”)-1b
mdtO
vanG tetR
mdtP
mrx acrABR rsmA
msbA acrDE
SoxRS
pmrF acrF tolC
sat2 acrS
DD165 DD168 s12851
IncX3
Chromosome IncFll:B Incl
ColKP3 i
blanom.s
blacrx-m-1s mdtG parC blatem-18
gadX
mdf(A) msbA emrK H-NS gacEAl
baeSR pmrF emrY tetA
CpxA bacA tetR marAR y
P mdteF - mph(A)
kdpE eptA acrABR blaoxa-1s1
i mdtMN sull blacmvy-a2
ampC yojl acrDE mdtO d gnrS1
ampCl1 emrABR acrF mdtp ifrA12
ampH gyrA acrS <oxRS bleve.
EF-Tu gyrR CRP rolC aadA2
glpT mdtH evgAS qepA4 x2
mrx
DD112 K. quasipneumoniae
Chromosome LGS IncX3
(HI1)
blapua-1
blaokp-s-2 EF-Tu IptD adefF kpnG qacEAl
blaokp-s-15 uhpT marAR CRP kpnH sull bla
fosA vanG eptB H-NS OgxA h(3”)-1b b /NDM'S
baeR msbA emrR kpnE ogxB ap h( )- o EmeL
leuO arnT acrR kpnF rsmA aph(6)-1
qgnrB4
DD137 c. portaculensis
Chromosome IncFllyp (;::2;) IncC Unknown
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blacwy-as uhpT blarev-1s blaoxa1
qgnrB1 vanG CRP qackEAl tetA blawp-70
baeR mrx sull aac(6’)-b-cr  qacEA1  blaoxass
cpxA msbA IZ::; dfrAl12 catB3A sull qacEA1
kdpE pmrF konF mph(A)  PCOABCD  4epq sull
leuO sat2 marar  9ac(3)-lid ERS aac(6’)-1b3  aac(3)-1b
EF-Tu arnT remA aadA2  arsABCD sat2 aadA10
glpT emrBR <OxXS tmrB SilABCEFP  merACPRT
mdtG acrA merACPRT RS
DD149 K. pneumoniae
Chromosome IncC Unknown
blawp-70
gacEAl
blasny-a2 uhpT emrY kpnE marAR sull
fosA vanG acrA kpnF 0gxA dfrA1 qacEAl
baeR msbA adeF kpnG 0qgxB ere(A) sull
leuO arnT CRP kpnH ramR aac(6’)-1b3 gnrAl
EF-Tu emrR H-NS IptD rsmA aph(3’)-la
sat2
merACPRT
DD202 r. aeruginosa
Chromosome
blawp-70 aadA2b mexGHI-opmD mexJK mexV
blaoxa-ass aadA6 muxABC-opmB mexL mexW pars
blarao catB7 triA-opmH mexM mexyY pdc-35
gacEAl fosA ber-1 mexN mexZ pmpM
sull arnA-arnT cprR mexP nalC rsmA
aph(3’)-11b basRS cprs mexQ nalD soxR
aac(3)-Ic mexAB-oprM cpxR mexR nfxB van'W
aac(6’)-1b3 ~ mexCD-opr] emrE mexS opmE vajc
aac(6’)-Ib-cr  mexEF-oprN gyrA mexT parR

Carbapenemase genes are highlighted in red. Unknown refers to genes detected on circular
contigs with no known plasmid replicons. E. coli isolates are identified by their respective
sequence types, while other isolates are identified by their respective species.

contained su/2. All those containing blanom also harboured blems., a bleomycin

resistance gene, while all E. coli isolates except DD186 also contained dfrA12,

aadA2 and gacEA1. Notably, all isolates that contained the chloramphenicol
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resistance gene catB3A were determined to be phenotypically susceptible to

this antibiotic via AST in §3.2.2.

4.2.6 Sequence similarity of isolates

The software snippy was used to determine the number of SNPs between
isolates to identify whether those within sequence types were of clonal origin,
and the results can be seen in Table 4.6. Isolates were considered to be from
the same source if they contained 20 or fewer SNPs (Pightling et al., 2018).
The ST101 isolates DD129 and DD153 were identified as clonal with only 2 SNPs
detected between them. These were isolated from WWTP influent two weeks
apart, and the plasmid replicon and ARG results above show that in this time,
DD153 had gained an additional IncC plasmid when compared to DD129.
Additionally, the carbapenemase gene detected in DD153 was blanpm-s, while
the gene identified in DD129 was blanpwm-a.

The ST405 isolates DD158 and DD181 were isolated from samples collected a
week apart and these were also identified as clonal with only three SNPs
detected between them.

Of the ST361 isolates, DD176 and DD177 were isolated from WWTP influent on
03.03.20, DD189 was isolated from WWTP influent on 10.03.20, while DD191
was isolated from WWTP effluent on 10.03.20. DD176 and DD177 were
thought to be non-clonal due to their differing AST results (§3.2.2), but with 0

SNPs between their chromosomes and only 1 SNP difference in their Incly
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Table 4.6. Sequence similarity of suspected clonal isolates.

IsolateID1 IsolateID2 Sample Datel Sample Date2 ST SNP Distance
DD129 DD153 18.02.20 03.03.20 ST101 2

DD158 DD181 03.03.20 10.03.20 ST405 | 3

DD176 DD177 03.03.20 03.03.20 ST361 1 (Incly)
DD176 DD189 03.03.20 10.03.20 ST361 | 1 (Incly)
DD176 DD191 03.03.20 10.03.20* ST361 1

DD168 DD165 03.03.20* 03.03.20* ST2851 1

*These samples were collected from the effluent of the wastewater treatment plant, while all
others in this table were collected from the influent.

plasmid sequences this analysis showed that they were clonal isolates. DD189
had the same result as DD177, with only a single SNP between the Incly
plasmids, while DD191 had a single chromosomal SNP when compared to
DD176. This shows that isolates from a clonal origin were detected in three
separate samples: influent on 03.03.20, influent on 10.03.20 and effluent on
10.03.20.

The isolates DD168 and DD165 were also thought to be non-clonal due to
differing AST results (§3.2.2), but this analysis showed they had a single SNP
between them. However, their IncF plasmids differed by around 5 kbp in size,
which analysis showed was due to a duplication of the sequence containing an
IS91 transposase, grol, gepA4 and ynal. The read files of DD165 however
showed that this is an error in assembly, as multiple read files contained the

repeated section, including one that was 94,593 bp in length.
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Additionally, the plasmids from DD128 and the ST361 isolates that had identical
PMLST results in Table 4.4 were found to be very similar. The IncF plasmid of
DD128 had 4 SNPs, a 6 bp deletion, a 47 bp deletion, two 1.8 kbp ISEc37
insertions and a 15 kbp region between two 1S26 sequences that is inverted
when compared to the plasmid of DD191, as shown in Figure 4.1A.

Similarly, the plasmids of DD130 and DD168 were shown to be almost identical,
with only 2 SNPs as well as the duplication of a region containing an 1S91
transposase, grol, gepA4 and ynal in pDD168_IncF, as well as the insertion of
a hypothetical protein upstream of an ISIA element. The region on DD168 that
is located between IS26 elements was found to be inversely oriented in DD130
and was missing one of the 1S26 genes as shown in Figure 4.1B. This implies
that the IncF plasmid of DD130 is an ancestor of that found in DD168, and that
IS26 replicated via a copy-in mechanism and caused the intervening DNA
sequence to change orientation. Analysis of the direct repeats shows this to be
the case, as the 8 bp target site where IS26 does not exist in DD130 is duplicated
in DD168.

Finally, the IncX3 plasmids contained in DD112 and DD186 that were both
46,181 bp in length were found to be almost identical, with only 1 SNP between
them. As DD112 was isolated on 23.01.20 while DD186 was isolated on
10.03.20, this represents the longest period between isolation of related
plasmids. This is also the only occasion in this work where the same plasmid
was detected in differing species, as DD112 was identified as

K. quasipneumoniae, and DD186 as E. coli.
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A)
pDD128_IncF
pDD191_IncF

1Kbp

B)

pDD130_IncF

pDD168_IncF

Figure 4.1. A) Alignment of the IncF plasmids of DD128 and DD191. The region containing all-
but-one of the ARGs on both plasmids is inverted and found between two inversely oriented
copies of 1S26. B) Alignment of regions surrounding blanom on the IncF plasmids of DD130 and
DD168. Antimicrobial resistance genes are represented by red arrows, mobile genetic elements
by green arrows, 1S26 genes by blue arrows, while remaining coding sequences (CDS) are
represented by black arrows. The locations of I1S26 direct repeats and target site on
pDD130_IncF are represented by flags, with letters showing homologous repeats. The copy-in
mechanism of 1IS26 has resulted in an extra 1S26 element on pDD168_IncF and inversion of the
intervening region.

4.2.7 Genetic context of blanom

As all but one blanpwm isolate in this study contained blanpm-s, a BLAST search
was conducted to find other isolates containing blanom-s. As NDM genotypes
can differ by a single base pair, a BLAST search for 100% identity to blanom-s was
conducted in September 2021, and this resulted in 331 hits. The same search
in September 2023 resulted in 641 hits, and the breakdown of the country
metadata of these sequences can be seen in Table 4.7, grouped by global
region. The vast majority of blanom-s sequences recovered originate from Asia,

with only 16.6% in 2021 and 17.4% in 2023 being from outside the continent.
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Table 4.7. Global distribution of blanom-s sequences found in Genbank in 2021 and 2023.

Region 2021 2023
East Asia 51.7% 49.1%
South Asia 27.2% 23.2%
Southeast Asia 4.5% 10.3%
Europe 8.8% 6.9%
North America 4.8% 6.9%
Other 3.0% 3.6%

In 2021, a BLAST search of blanowm-s found 4 sequences isolated from the UK,
whereas in 2023 there were 9, and these were all downloaded to produce a
comparison of the regions surrounding the blanom-s gene. These sequences
included a K. pneumoniae from a blood sample in London (Turton et al., 2019);
7 E. coli strains isolated from other UK hospitals (Turton et al., 2022),
(unpublished, CP133853); and an E. coli isolated from the wound of a Springer
spaniel in Liverpool (Reynolds et al., 2019, accession number: CP031653.1).
Additionally, another sequence not found in Genbank was also used, the E. coli
isolate VRES0316 found in wastewater described by Ludden et al. in 2017.
Figure 4.2 shows an alignment using BLAST of all these UK strains alongside the
assembled plasmids from this study, except for DD130 and DD165 which were
not used due to their similarity to DD168. The region surrounding blanpm-5 on

the DD112 IncX3 plasmid only shares the beta-lactamase itself, the bleomycin
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Figure 4.2. Alignment of the blanom regions of isolates in this study compared to others from
the UK. Antimicrobial resistance genes are represented by red arrows, blanom by yellow arrows,
mobile genetic elements by green arrows, 1S26 genes by blue arrows, while remaining coding
sequences (CDS) are represented by black arrows. Sequences are annotated by bacterial
isolation source: WW - isolated from wastewater, A — isolated from an animal source, H —
hospital isolate. The genomic region surrounding blanom is conserved across the majority of the
sequences. Only the Klebsiella isolates CP034201 and pDD112_IncX3 shared less than 10 kbp
homology with other sequences.
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resistance gene, and genes trpF and dsbD with the other sequences. Both
DD129 and CP031653.1 contained their blanom genes on the chromosome;
while the VRES0316 sequence was generated using short-read data so it is
unknown whether the NDM is chromosomal or plasmid-based. All the
remaining sequences contained at least 1 1S26 gene within 3 kbp of their blanom
gene, with up to 5 being detected in DD158 and CP133853. The majority of
these conserved sequences also included the complex class 1 integron

containing ISCR1, sull, gacEA1, aadA2, dfrA12 and the integrase int/1.

4.2.8 Genetic context of blawp

The carbapenemase gene of P. aeruginosa isolate DD202, blaime-7, was located
within a class 1 integron, also containing sull, aadA2b, and aac(6’)-1b3, as
shown in Figure 4.3. This integron was found between two other insertion
sequences, 1IS6100 and an IS1182-family transposase.

The blame-70 gene of C. portaculensis isolate DD137 was found on its IncC
plasmid, contained within a class 1 integron, alongside aac(6')-1b3, sull and
gacEAl. In the K. pneumoniae isolate DD149, blamp-70 was once again found
within an integron on an IncC plasmid. In this isolate, an ereA gene had inserted
into the integron, which was otherwise identical to that found in DD137, as can
be seen in Figure 4.3B. Both sequences contained significant regions of

homology, including another integron upstream of blawp-70, as well as a
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Figure 4.3. A) The genetic region around blaive-7 on the chromosome of P. aeruginosa isolate
DD202. B) Alignment of the regions surrounding blame-7o0 on the IncC plasmids of
C. portaculensis isolate DD137 and K. pneumoniae isolate DD149. Antimicrobial resistance
genes are represented by red arrows, mobile genetic elements by green arrows, 1S26 genes by
blue arrows, mercury resistance genes by maroon arrows, while remaining coding sequences
(CDS) are represented by black arrows.

mercury resistance operon downstream. In DD149, an 1S26 PCT had formed

containing the aminoglycoside phosphotransferase gene aph(3’)-1a.

4.2.9 Transconjugant sequencing and analysis

The transconjugants produced in Chapter 3 were subject to in-house
sequencing using the ONT MinlON platform (§2.8.2). The assemblies were
inputted into PlasmidFinder (§2.9.2.4) to determine the plasmid replicons that
were mobilised from donor to recipient in the conjugation assays, the results
of which can be seen in Table 4.8. Plasmid analysis explained why no
transconjugants were recovered for DD129 or DD153 in conjugation assays in
the previous chapter. This was due to their IncF plasmids missing genes from
the tra operon which is responsible for conjugation (See Appendix Figure 8.1).

Similarly, no results were found for DD130 which also lacks tra genes, although

194



Table 4.8.

GENOMIC ANALYSIS OF CARBAPENEMASE-PRODUCING ISOLATES

Results of conjugation assays and sequencing of transconjugants

Isolate Plasmid replicons detected in donor Plasmid replicons detected in
transconjugant
DD112 | IncFli(K), IncFIB(K), IncFIA(HI1), repB, IncX3
IncX3
DD128 | IncFll, IncFIA, Incly, p0111 IncFll, IncFIA
DD129  IncFll =
DD130 @ Col156, IncFll, IncFIB, IncFIB(H89), Incly -
DD137 | IncC, IncFlI(SARC14), IncFlI(Yp), IncHI1A, | IncC, IncFlI(Yp)
IncHI1B,
DD149 | IncC, IncFlI(K), IncFIB(K), repB IncC
DD151 | IncB/O/K/Z, IncFll, IncFIA, IncFIB, p0111 | IncFIA, IncFIB
DD153 | IncC, IncFll -
DD155 | IncFll, IncFIA, IncFIB IncFll, IncFIA, IncFIB
DD158 @ Col(BS512), IncFll, IncFIA, IncFIB, p0111 | IncFIA, IncFIB
DD165 | IncFll, IncFIB, Incly, IncX3-ColKP3 IncX3-ColKP3
DD168 | IncFll, IncFIB, Incly, IncX3-ColKP3 IncFll, IncFIB, Incly, IncX3-ColKP3
DD176 @ IncFll, IncFIA, IncY Incly IncFll, IncFIA
DD186 | IncFll, IncFIA, IncFIB, Incly, IncX3 IncX3
DD191  IncFll, IncFIA, IncY Incly IncFll, IncFIA

Plasmid replicons detected via ResFinder in donor and transconjugant assemblies. Donor
plasmids containing carbapenemase genes are shown in bold (blanom) and italics (blaoxa-1s1).

transconjugants had been recovered from assays involving DD165 and DD168
which had very similar plasmids. However, DD165 and DD168 also contained
an IncX3-ColKP3 fusion plasmid containing blame, which in the case of DD165
has conjugated alone, and in DD168 has transferred to CV601 alongside the
IncF plasmid containing blanom. There were 2 transconjugants, CV601:DD151
and and CV601:DD158, where a plasmid replicon was missing from the
expected assembly. In both cases, the IncFIA and IncFIB replicons were
detected, but the IncFll genes were missing. The lowest efficiency of
conjugation from Chapter 3 was from DD137, and bioinformatic analysis

showed its IncC plasmid again does not contain tra genes, and this is explained
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by the transconjugant also harbouring the IncFll(Yp) plasmid from DD137,
which does. The next lowest efficiency was found from DD155, which may be
explained by the fact that pDD155_IncF was the largest carbapenem-resistance
IncF plasmid found in this study at 163 kbp. Overall, the results show that the
plasmids of DD130, DD165, DD168 and DD137 are mobilisable, while the

carbapenemase plasmids from all other conjugation assays are conjugable.

4.2.9.1 Donor YRIN/YRIK insertion and aztreonam resistance

As described in §3.2.5, the most common phenotypic loss of resistance in the
conjugation assays was to aztreonam, which suggested that aztreonam
resistance of the donors was not carried on their carbapenemase plasmids.
Sadek et al. (2020) showed that aztreonam-avibactam resistance in CPE was
caused by the isolates in that study having a combination of blacwy genes
alongside insertions of four amino acids, either YRIN or YRIK, in their PBP3
genes. An investigation into the loss of aztreonam resistance in
transconjugants from Chapter 3 showed that all E. coli donor sequences
contained an insertion of these amino acids in their PBP3 gene that confers
resistance to aztreonam (Sadek et al., 2020). Isolates DD128, DD155, DD158
and DD181 have the YRIK insertion and DD129, DD130, DD151, DD153, DD165,
DD168, DD176, DD177, DD186, DD189 and DD191 have YRIN at 1000-1011 of
their gene encoding PBP3. Additionally, 8 out of 15 E. coli donors harboured

blacmy enzymes, found entirely on Incly plasmids.
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4.3 Discussion

In this chapter, the use of WGS showed that E. coli strains isolated from
wastewater samples taken multiple weeks apart were clonal. Three separate
isolates were detected on multiple occasions, determined by the use of WGS
and cgMLST, including one found within multiple influent samples and an
effluent sample a week later. This is the first time the same CPE has been
detected in both the influent and effluent of a UK WWTP. Similar to previous
studies, these CPE were detected in municipal UK wastewater sampled from
the influent and effluent of WWTPs downstream of hospitals (Ludden et al.,
2017; Gibbon et al.,, 2021). In another previous study, the same
carbapenemase-producing strain was recovered in hospital wastewater at
multiple time points over a two-month period (White et al., 2016), so the
continual release of the same CPE from UK hospitals may explain why the same
CPE strains were found at multiple time points.

Using resistance gene databases, a wide array of ARGs were detected,
conferring resistance to almost all classes of antibiotics. All E. coli isolates
contained the YRIN(K) insertion in their PBP3 protein recently shown to reduce
susceptibility to Aztreonam (Alm, Johnstone and Lahiri, 2015). This is the only
clinically used beta-lactam not degraded by MBLs, while avibactam inhibits
serine-beta-lactamases, so Aztreonam-Avibactam combination therapy has
been proposed for treatment of infections caused by CPE, and is currently
under commercial development (Sadek et al., 2020). However, production of

CMY enzymes, particularly CMY-42, as well as an insertion of four amino acids
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(YRIN or YRIK) in the PBP3 gene is associated with increased MICs to this
combination (Sadek et al., 2020). Four of the ST405 strains all contained the
YRIK insertion while all others contain YRIN; while over 50% of sequenced E.
coli isolates also produced CMY enzymes.

All sequenced isolates contained MDR plasmids with a high level of relatedness
to those isolated from clinical samples around the world and belonged to
sequence types previously associated with clinical infections (§4.3.1),
suggesting these bacteria have the ability to cause severe and difficult to treat
infections. 15 out of 19 isolates were confirmed to be E. coli, while the
remaining strains were identified by Kraken analysis as K. pneumoniae,
K. quasipneumoniae, C. portucalensis, and P. aeruginosa. The majority of the
carbapenemase genes detected were blanom, which were almost exclusively
carried on IncFll plasmids, aside from two isolates which harboured their
blanom genes on IncX3 plasmids. Of the sixteen sequenced E. coli isolates, only
one contained blanom-4 while the remainder harboured blanpm-s. Another
isolate with identical cgMLST result and IncF plasmid compared to the blanom-a-
producing strain was found two weeks later and discovered to then contain
blanom-s, which is caused by a single aa substitution, potentially showing the
evolution of blanom over time. Additionally, multiple unique isolates contained
the same blanom-s-producing plasmids, including E. coli strains DD130 and
DD165; DD128 and DD191; as well as the K. quasipneumoniae isolate DD112
and E. coli DD186 sharing an IncX3 plasmid. Ludden et al. (2017) postulated
that plasmids shared between species detected in UK wastewater were shared

within the wastewater treatment plant itself, based on 0 SNP differences and
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the base mutation rate of 14 SNPs per genome per year. The results in this
chapter, that of an IncX3 plasmid found in two separate species 47 days apart
with only 1 SNP difference, both from influent samples, suggest that although
this is possible, there is certainly recent interspecies plasmid transfer going on

prior to the wastewater treatment process.

4.3.1 Sequence types of E. coli isolates

Of the 15 sequenced E. coli isolates, the sequence types detected in this study
were ST405 (5/15), ST361 (4/15), ST101 (2/15), ST2851 (2/15), ST205 (1/15)
and ST940 (1/15). As well as being associated with NDM (Dadashi et al., 2019),
ST405 is also an epidemic clone causing extraintestinal infections that is partly
responsible for the global distribution of CTX-M-15 (Coque et al., 2008). ST101
is an MDR clone associated with nosocomial outbreaks caused by MBL-
producing strains as well as non-outbreak related extraintestinal infections
across Europe and Asia (Santos et al., 2020). Although reports of ST361 are
relatively rare, it has been found producing NDM in clinical samples and
hospital screening in South Korea, China, Nepal and Bangladesh (Shrestha et
al., 2017; Hossain et al., 2020; Park et al., 2020). It has also been detected in
Europe harbouring an OXA-48-like carbapenemase (Hammerum et al., 2020;
Chudejova et al., 2021), as well as in ESBL-producing veterinary isolates (Freitag
etal., 2017; Zogg et al., 2018; Shnaiderman-Torban et al., 2020). ST2851 is even
less common, though it has once been found harbouring blanpm-s in a

surveillance network of clinical samples across Switzerland and Germany
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(Chakraborty et al., 2021), as well as in wastewater from a German hospital,
though its resistance genes are not described (Muller et al., 2018). An ST2851
isolate has also been found in a urine sample of a German patient that is almost
identical to those found in this study (100% ID over 99% query cover)
(Nordmann et al., 2021). Reports of ST940 and ST205 are also rare, but an
ST940 isolate has previously been found harbouring blanpm-s on an IncF plasmid
in a clinical sample from the United States (Flerlage et al., 2020); while an ST205
has been described containing a blaoxa-1s1 carbapenemase (Peirano et al.,
2022). A review of NDM-producing bacteria in clinical settings around the
world found that out of 212 E. coli isolates, ST101, ST167, ST131 and ST405
were the most common sequence types (Dadashi et al., 2019). However,
another review in the same year found that. of 305 NDM-containing E. coli
sequences deposited in GenBank, ST167, ST410 and ST617 were most
prevalent (Wu et al., 2019). A more recent analysis of UK CPE found the
sequence types ST405, ST648, ST167 and ST1702 were the most common
carriers of blanom-s (Turton et al.,, 2022). The most commonly detected
sequence type in this study was ST405, which aligns with Turton et al. (2022)
and Dadashi et al. (2019), while two ST101 isolates were also detected. The
ST2851 isolate was found recently in Germany so it is possible that this is due
to recent importation of this strain to the UK. It is likely that the data from this
study represents a brief snapshot of the CPE in this particular area, and more
samples would be needed to generate a more robust picture of the ST of CPE

in this region.
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Considering the plasmids containing blanom, Wu et al. (2019) found in the UK
that blanom were most commonly associated with the IncC, IncL/M and IncX
plasmid groups. Worldwide, blanpm-s is often associated with IncFll plasmids,
though IncX3 plasmids have been found to be more common (Wu et al., 2019).
Of those that are carried on IncFll plasmids, the FY4:A-:B36 and F2:A-:B- allele
types have been found to be most abundant (Wu et al., 2019). Similarly, of the
525 plasmid contigs containing blanom analysed by Acman et al. (2022), 48%
contained IncX3 replicons, with IncFll as the next most common replicon type.
However, when looking at Europe, the IncFll plasmids were found to be most
common, with IncN also highly detected (Acman et al., 2022). This study found
that blanom was found mostly on IncFll plasmids (12/16 isolates), with others
on IncX3 (2/16) or chromosomally inserted in isolates with IncFll plasmids
(2/16). The F2:A4:B- plasmid was detected in multiple sequence types, while
F2:A-:B- was also detected, and the latter of which aligns with Wu et al. (2019).
Overall, the incompatibility groups in this study seem to align with Acman et al.
(2022), in that IncF replicons were most common in this part of the world, and
the discrepancy with the previous investigation by Wu et al. (2019) may be due
to the geographic distribution of sequence data in current databases.

It is important to point out that the vast majority of the data in other studies is
generated in Asia. Of the 597 GenBank sequences containing blanom with
location data available in Wu et al., 61.2% were from East Asia, South East Asia
or the Indian subcontinent (Wu et al., 2019). Of the 269 E. coli sequences with
known locations, the percentage was 88.2%, while only 1.1% were from the

UK. Of the 212 E. coli sequences with known locations reviewed by Dadashi et
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al. (2019), the prevalence of Asian isolates was similarly high, at 68.4%; while
UK isolates made up only 5.2%. No specific percentages were available for
Acman et al.,, though the study mentions that East and South East Asian
countries make up the majority of collection sites, with China representing
31.8% of all isolates (Acman et al., 2022). For blanom-s specifically, this number
is even higher, as shown by BLAST analysis in this work, where 82.6% of blanpm-s

sequences identified through BLAST analysis were found to be from Asia.

4.3.2 Genetic context of blanom

It has been estimated that the UK is the second largest reservoir of blanpm-1
producers, behind the Indian subcontinent (Khan, Maryam and Zarrilli, 2017).
In the West Midlands in 2017, 87% of blanom producers harboured blanpm-1,
while blanom-s made up 9% (6/69) and blanpm-2 only 1% (1/69) (Findlay et al.,
2017). Data from a recent review shows Europe is similar, with blanpm-1 being
the most dominant genotype found in clinical isolates at 83% (65/78), with
blanpm-s making up 8% (6/78) and blanom-4 (2/78) being only 3% (Dadashi et al.,
2019). However, a more recent study on UK CPE involved the analysis of 1010
E. coli isolates submitted to UKHSA, found that 89 of the 105 blanpm isolates
contained blanpm-s (Turton et al., 2022). While the blanom genotypes identified
in this study are a small sample size so far, it is noteworthy that no blanowm-1 has
been found considering the sequence types are clinically associated.

All the blanom sequences found in this study contained the common features

of blemg., trpF and dsbD immediately downstream, which were previously
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shown to be found on the Tn125 transposon that mobilised blanom and these
associated genes into the Enterobacteriaceae (Bontron, Nordmann and Poirel,
2016). The strains with the blanom gene harboured on IncF plasmids contained
truncated ISAba125 genes immediately upstream, while those found on IncX3
plasmids contained an intact ISAba125 gene, with an IS5 inserted between,
showing these are distinct lineages. Downstream sequences in which ISCR1 has
inserted adjacent to dsbD and is followed by sul1, as is the case for the majority
of isolates in this study, are found almost exclusively on IncF plasmids in
Klebsiella and E. coli (Acman et al., 2022). As ISCR1 replicates via rolling-circle
replication, the orientation of the transposase in most cases prevents it from
mobilising blanom (llyina, 2012; Acman et al., 2022). However, Acman et al.
(2022) found other IS elements that are heavily associated with blanowm,
including IS5, predominantly found upstream on IncX3 plasmids from East Asia;
IS3000, forming the composite transposon Tn3000 in predominantly Klebsiella
isolates; as well as IS26. The section containing ISCR1 is followed by int/1 in all
but the ST2851 isolates, which have a further insertion between dfrA12 and
intl1. However, the upstream regions are more variable, as they contain a
variety of different resistance genes contained within IS26 arrays. These arrays
can be seen in Figure 4.2, where the majority of isolates contain at least three
IS26 elements in the region around their blanom gene. In DD155, this region
contains five copies of 1IS26, in both orientations, and the sequences between

these elements contained every resistance gene found on that IncF plasmid.
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4.3.3 Genetic context of other carbapenemase genes

The blaoxa-131 gene was found on an IncX3-ColKP3 fusion plasmid, contained
within an IS26 PCT. This matches the results found by an investigation into the
plasmids carrying blaoxa-1s1 found in GenBank, which determined that 64/81
contained both IncX3 and ColKP3 replicons (Yu et al., 2022). These isolates also
contained blanom, Which has previously been described in both K. pneumoniae
and E. coli in Korea, Nepal and China (Ahn et al., 2019; Sherchan et al., 2020;
Tao, Tan and Chen, 2023).

The blamp genes detected in this study were blamp-7 and blaiwve-70, both found
within integrons, on IncC plasmids as well as on a P. aeruginosa chromosome.
The blawpe gene has been detected within integrons since 1995 (Arakawa et al.,
1995), and a review in 2005 showed that most blavpe genes are in fact found on
class 1 integrons, though some have been detected within class-3 integrons as
well (Walsh et al., 2005). A P. aeruginosa isolate in Malaysia was found to
contain blawvp-7 in 2002, just as in DD202 (Ho et al., 2002), and has since been
discovered in Eastern Europe, Canada and Australia (Cornaglia, Giamarellou
and Rossolini, 2011; McCarthy et al., 2017).

The only published reports of blawpr-70 come from Providencia isolates from
urine samples in Japan, where the gene was found on IncA/C plasmids (Iwata
et al.,, 2020; Watanabe et al., 2022). In this study it was found on an IncC
plasmid in both K. pneumoniae and C. portucalensis. This new species of
Citrobacter was first described in 2017, found in a water sample in Portugal

(Ribeiro et al., 2017), and has since been characterised harbouring blanom and
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blakec in China (Cao et al., 2021; X. Luo et al., 2022) It was previously identified
as C. freundii through 16S sequencing in Chapter 3, but Kraken analysis of the
entire genome showed that 57.22% of reads were identified as C. portucalensis
instead. This appears to be the first report of this species in the UK, though it is
worth noting that previous studies which solely used 16S identification would

have labelled this as C. freundii.

4.3.4 Co-occurrence and co-selection of AMR

All the isolates sequenced in this chapter contained multiple AMR genes
conferring phenotypic resistance to a variety of antibiotic classes, as shown in
Chapter 3. Many of these genes co-occur in the same cell, as many isolates
contained multiple plasmids that harboured different ARGs, as well as
containing further ARGs or disinfectant resistance genes on the host
chromosome. However, many of these resistance genes were found on
genomic regions that are highly conserved across multiple different plasmids.
Previous in silico analysis has shown that carbapenemase genes spread through
the human microbiome via clonal spread of bacterial strains, plasmid transfer,
and transfer between plasmids via smaller MGEs such as transposons
(Sheppard et al., 2016). The fact that the blanom gene found on IncF plasmids
in this study was often surrounded by other ARGs all contained within an IS26
PCT shows that selection for any of these resistance genes has the potential to
select for all of the resistance genes contained within that PCT, if not all the

ARGs in the entire plasmid. Indeed, in the case of DD155, all the ARGs on the
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IncF plasmid were contained within an 1S26 PCT, so this cluster of ARGs has the
potential to spread via the methods above as a single unit of selection.

The C. portucalensis strain DD137 contained genes that confer resistance to
mercury, arsenic, silver and copper, all found on plasmids that contained ARGs.
A large-scale study of bacterial sequences containing ARGs and antimicrobial
metal resistance genes found that, although mercury resistance is commonly
found near ARGs on MGEs, other metal resistance genes rarely co-occur with
AMR genes on plasmids (Pal et al., 2015). Previous works have described how
antimicrobial metal resistance may be playing a role in the maintenance of
AMR in certain bacterial populations, and vice versa (Hobman and Crossman,
2015; Hobman, 2017; Pal et al., 2017). In wastewater specifically, although a
previous study found no association between the presence of antimicrobial
metals and ARGs in a Swedish WWTP (Bengtsson-Palme et al., 2016), a recent
investigation into AMR in 10 UK WWTPs found that the presence of copper was
significantly correlated with prevalence of ARGs (UKWIR, 2022). That the
C. portucalensis isolated in this study contains multiple antimicrobial metal
resistance gene operons on plasmids, either close to or within 1IS26 PCTs in the
same cell as blawp-70 contained within an 1S26 PCT, implies that there is the
potential for co-selection of metal and antibiotic resistance genes in this
isolate. Overall, the amount of ARGs, combined with the fact that nearly every
isolate in this study contained a conserved class 1 integron as well as the
antimicrobial metal resistance genes described here shows there is potential
for co-selection of a large variety of mechanisms alongside carbapenem

resistance in these isolates.
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4.3.5 ARG presence and phenotypic susceptibility

A number of isolates exhibiting susceptibility to chloramphenicol (§3.2.2) were
found to carry the catB3A gene, encoding part of a chloramphenicol
acetyltransferase (Table 4.5). Initially, these genes were annotated as catB3
using ResFinder. However, further investigation into the genotype-phenotype
discordance revealed that these genes were a truncated and non-functional
variant of catB3, usually referred to as catB4, as described by Graf et al. (2024).
Graf et al. proposed renaming this variant as catB3A to reflect its truncated
nature. They identified that the truncation occurred due to the insertion of an
IS26 element, and in this study, catB3A was consistently detected immediately
upstream of an 1S26 element in all relevant isolates. This highlights, once again,
the significant role of 1S26 in shaping antimicrobial resistance (AMR)
mechanisms, as well as the issues with inferring phenotypic resistance from

WGS data alone.

4.3.6 Conclusion

The prevalence of various genotypic factors of CPE such as species, plasmid
content, carbapenemase gene and specific genotype clearly vary by
geographical region (Acman et al., 2022); and the data we have on the spread
of blanom is dominated by sequences from elsewhere in the world. This chapter

adds to the data on UK CPE and shows that blanpwm is being spread by IncFll and
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IncX3 plasmids amongst enterobacteria in this area. These plasmids often
contain multiple other ARGs so selection for various classes of antimicrobial
has the potential to select for carbapenem resistance in these isolates. For
global surveillance of the spread of AMR to be effective, more research is
needed on the spread of CPE within Europe and the UK. This chapter is part of
that necessary research and adds to our knowledge of the MGEs responsible

for the spread of carbapenemases in the UK.

4.3.7 Future work

A recent review on the surveillance of AMR in wastewater argued that
composite samples of wastewater, where multiple samples are taken over a
time period and then mixed together, enable a more representative collection
of the bacterial species at that time point compared to a single grab sample
(Chau et al., 2022). However, another study by Chau et al. found that blanom
was detected in metagenomic data from a grab sample but not the
corresponding composite sample for that day (Chau et al., 2023). Any future
work collecting wastewater would ideally take this into account and collect
both grab and composite samples. The original goal of this study was to use a
combination of culture-dependent and culture-independent approaches to
determine the prevalence of AMR in wastewater. While unfortunately this had
to change due to the COVID-19 pandemic, any future research on this topic
would use a combination of approaches, such as culture, metagenomics, and

gPCR. The issue with detecting genes of low abundance is a common feature
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of metagenomic analyses of AMR genes, as resistant bacteria tend to be a
subset of the total population (Gweon et al.,, 2019). A potential way of
overcoming this issue would be to use culture-enriched metagenomics,
allowing for a greater sequencing depth of AMR bacteria (Zhang, Zhang and Ju,
2022).

Another proposed goal of this work was to compare the isolates found in
wastewater to those found in hospitals. So far, all CPE detected in UK
wastewater have been found downstream of hospitals, and the MGEs they
carry are closely related to those of clinical isolates in other countries. This
suggests that wastewater isolates reflect those found in hospitals, and yet a
clear link between these remains unproven. As we understand that the genetic
epidemiology of CPE differs geographically, examining the bacteria that are
isolated in a hospital and the receiving WWTP within a similar time period

would be ideal.
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5.1 Introduction

IS26 has been shown to have played a critical role in the dissemination of AMR
genes in Gram-negative bacteria, as it is associated with genes that confer
resistance to many different classes of antibiotics, as well as other mobile
genetic elements such as class 1 integrons (Harmer, Moran and Hall, 2014).
IS26 has been shown to form cointegrates with other DNA molecules,
preferentially targeting those that contain another 1S26 element. This method
of transposition is responsible for generating 1S26 arrays, where sections of
DNA contain multiple copies of 1S26 in sequence, bracketing intervening
sections of DNA (Harmer, Moran and Hall, 2014). Sections of these arrays,
where DNA sequences are bounded by two directly oriented IS26 elements, are
known as pseudo compound transposons (PCTs), and these are able to form
separate molecules of DNA, known as translocatable units (TUs), via
homologous recombination (Harmer, Pong and Hall, 2020). These TUs are then
able to form cointegrates with other DNA molecules and so transfer the
intervening sections of DNA, which is a key mechanism in the spread of AMR
genes. Previous bioinformatic analyses have shown that 1S26 is influential in
the formation of MDR plasmids, and has specifically played a role in the
dissemination of blanom, especially in IncF plasmids found in E. coli (Acman et
al., 2022). Experimental work has shown that artificially constructed TUs
formed of an I1S26 and antimicrobial resistance genes, are able to form
cointegrates with other DNA molecules containing 1S26, and so transfer the

resistance genes to these other DNA molecules (Harmer, Moran and Hall, 2014;
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Harmer and Hall, 2016). Excision of a TU from an E. coli chromosome and its
subsequent cointegration with a plasmid containing another 1S26 has also been
described (Hubbard et al., 2020). However, no experimental work has been
carried out to show that TUs containing multiple AMR genes that formed in
vivo from wild-type MDR plasmids have been successfully transferred to
another plasmid in the same cell. Though bioinformatic analysis strongly
suggests this to have been the case, this is a gap in our knowledge that this
work seeks to fill. A major reason for this gap is likely to be the difficulty in
selecting for successful transfer of AMR genes between replicative DNA
molecules. As TUs alone are not able to replicate, selection for the AMR genes
contained within them in a susceptible recipient will result in the selection of
only those that have successfully integrated somewhere within the host.
However, integration between two plasmids is more difficult to detect, as
selection for the relevant antibiotics will also result in the growth of bacteria
where cointegration has not occurred.

To combat this, the donor plasmid will have to be selected against, but the
usual methods of curing, such as heat or chemical stress, would also remove
the recipient plasmid. Possible methods to resolve this issue include the use of
the plasmid pCURE2, which uses anti-replication and anti-addiction systems to
cure IncF plasmids (Hale et al., 2010); other potential plasmid-curing methods

have used CRISPR-Cas based systems (Buckner, Ciusa and Piddock, 2018).
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5.1.1 Incompatibility-based plasmid curing

The pCURE2 method of plasmid curing uses the mechanism of plasmid
incompatibility to displace resident IncF plasmids. The plasmid pCURE2
contains sections of the FIA and FIB replicons, which contain DNA sequences
responsible for blocking replication that are responsible for controlling the
copy number of IncF plasmids (Womble and Rownd, 1988; Saul et al., 1989). It
also contains the sequence for the antisense RNA, CopA, that indirectly blocks
translation of the Fll repA gene, again as part of regulation of plasmid copy
number (Blomberg, Nordstrom and Wagner, 1992), as well as a kanamycin
resistance gene. The combination of these sequences is used to block
replication of other IncF plasmids, which often contain multiple replicons.
Introduction of pCURE2 into a cell in combination with kanamycin selection can
result in loss of IncF plasmids alongside maintenance of pCURE2 (Hale et al.,
2010). Additionally, pCURE2 also contains the sacB gene used for sucrose
counter selection. This encodes the levansucrase enzyme that converts sucrose
to levans, which is harmful to the cell (Gay et al., 1985). When grown on media
containing sucrose, any cells containing pCURE2 will produce this enzyme,
resulting in cell death, and this can be used to select for plasmid-free cells.

Many IncF plasmids contain genes that ensure their propagation to daughter
cells through the mechanism of postsegregational killing (PSK). This mechanism
involves the production of two genes, a short-lived antitoxin combined with a
long-lived toxin, and is also known as a Toxin-Antitoxin (TA) system (Brendler,

Reaves and Austin, 2004; Unterholzner, Poppenberger and Rozhon, 2013). The
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first of these systems to be described, ccdA/ccdB, involves the production of
two proteins. The first, CcdA, encodes an antitoxin, which binds to the toxin
CcdB forming a protein-protein complex that results in toxin neutralisation.
However, the toxin is stable in the cell, while the antitoxin is rapidly degraded
by nucleases. This means that daughter cells will inherit the toxin from their
parent, and only those which also contain the plasmid that encodes the
antitoxin gene will survive (Unterholzner, Poppenberger and Rozhon, 2013).
Many IncF plasmids contain one or more PSK systems, so successful curing of
IncF plasmids will most often result in cell death unless the appropriate
antitoxin is also present. For this reason, pCURE2 also contains the fimB, ccdA,
peml and srnC genes which encode for antitoxins from the most common PSK

systems of IncF plasmids (Hale et al., 2010).

5.1.2 CRISPR-Cas9-based plasmid curing

While the previously described method of plasmid curing occurs using the
indirect mechanism of incompatibility, others such as the CRISPR-Cas9-based
method use a more direct approach. In this method, specific sequences of
target plasmids are cleaved by the action of the Cas9 nuclease, directed to the
target sequence by one or more designed single guide RNAs (sgRNA), alongside
the CRISPR system. In some cases sgRNAs have been used to target specific
plasmid replicons (He et al.,, 2021), while in other experiments, ARGs
themselves have been used as targets (Kim et al.,, 2016; Buckner, Ciusa and

Piddock, 2018; Walker-Siinderhauf et al., 2023). The plasmid pFREE (Figure 2.1)
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contains a CRISPR-Cas9 system with sgRNAs designed to target the replicons of
common laboratory cloning plasmids, including itself, in order to produce
plasmid-free cells after complex cloning experiments (Lauritsen et al., 2017).
This system is inducible, with the sgRNA array under the control of the PrhaBAD
promoter, induced by the addition of rhamnose, while the Cas9 nuclease is
controlled by the Ptet promoter, which can be induced by the addition of
anhydrotetracycline (aTc). The plasmid also contains a kanamycin resistance

gene for antibiotic selection.

5.1.3 Aims and Objectives

This chapter aims to show the transfer of blanom and other resistance genes,
found in the environmental plasmids described in Chapter 4, to another
plasmid via cointegration of 1S26 elements found on both plasmids, and a
representation of hypothesised I1S26 mobilisation between plasmids is shown
in Figure 5.1. To detect this, the donor plasmid will have to be cured from the
cell, so that under antibiotic selection, only cells where mobilisation from one
plasmid to another has occurred will survive. As the plasmids isolated in the
previous chapter contain PSK systems, the recipient plasmid will also have to
contain antitoxin genes to prevent cell death after plasmid curing. To promote
the mobilisation of I1S26 between plasmids, the recipient plasmid will also need
to contain an IS26 gene. Overall, this will require construction of a recipient
plasmid containing 1S26, antitoxin genes, a selectable marker, as well as a

system of plasmid curing. Following this, the constructed plasmid will need to
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Figure 5.1. Predicted route of cointegration formation between recipient plasmid and blanom
region of DD128_IncF. Cointegrate will form between both plasmids (left), or by homologous
recombination of the recipient plasmid and a translocatable unit formed from the blanom
region (right). Removal of pDD128_IncF (bottom) using a CRISPR-Cas9 system will result in
recovery of cointegrates after antibiotic selection for blanom. Arrows represent the relative
frequencies of the homologous recombination-mediated and Tnp26-mediated reactions.
Image created with BioRender.com.

be transformed into a cell containing the MDR environmental plasmid,
followed by curing of the MDR plasmid and antibiotic selection. This chapter
will investigate the feasibility of using both incompatibility-based and CRISPR-
Cas-9-based plasmid curing for the recipient plasmid. Confirmation of plasmid
curing and mobilisation of AMR genes via IS26 cointegration will be performed

by long-read sequencing using the ONT MinION platform.
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5.2 Results

5.2.1 Conjugation of IncF plasmids into E. coli K-12 )53 Azi?

As the potential recipient plasmids, pCURE2 and pFREE, use kanamycin as a
selective marker, the environmental isolates to be used were tested for
kanamycin susceptibility. The plasmid pDD128 IncF was chosen to be used as
a donor for the IS26 TU, as this plasmid had been detected in multiple isolates
from different samples in Chapter 4 and so possibly represented a dominant
plasmid in this environment. A diagram of the genetic region containing blanom
on this plasmid can be seen in Figure 5.2. Although ResFinder predicted that
DD128 would be susceptible to kanamycin, experiments showed that it was
able to grow on LB agar containing the antibiotic. Since DD128 contains
multiple aminoglycoside resistance genes (§4.2.5), but only aadA2 is found on
pDD128 IncF, and this only confers resistance to streptomycin and
spectinomycin (Ahmed and Shimamoto, 2004), it was hypothesised that a
transconjugant of DD128 into a kanamycin susceptible recipient would remain

kanamycin susceptible. Similarly, since pDD168_IncF also contains aadA2 and
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Figure 5.2. The genetic region of pDD128 IncF containing blanom. Antimicrobial resistance
genes (ARGs) are annotated in red, blaNDM is annotated in yellow, mobile genetic elements
annotated in green and 1S26 genes annotated in blue. The two directly oriented 1S26 genes
form a pseudo compound transposon (PCT) containing blanom and other ARGs. This PCT can
excise from the plasmid and form a transposable unit (TU), which could be transferred to a
recipient plasmid, as is the aim of this chapter.
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no other aminoglycoside resistance genes, this was also used as a donor in a
conjugation assay. Since kanamycin susceptibility was necessary to use either
pPCURE2 or pFREE, the kanamycin-resistant recipient CV601 used in previous
conjugation experiments could not be used as a recipient strain. For this
reason, the sodium azide-resistant E. coli J53 Azi® was used instead (Table 2.1).
Conjugation of pDD128_IncF into J53 Azif was performed (§2.6.3), however an
accurate count of total transconjugants and therefore conjugation efficiency
was not determined due to low numbers of recovered transconjugants. For
pDD168_IncF, an average of 5.2 x 102 transconjugants were recovered which
translates to an efficiency of conjugation of 1.9 x 107 transconjugants per
donor cell. Ten colonies from each conjugation experiment were screened for
the presence of the IncFll replicon (found on donor plasmids) and absence of
either the Incl replicon (§2.5.5) (contained on another plasmid in donor DD128)
or absence of blactx-m (§2.5.2) (found chromosomally in donor DD168). All
colonies screened were positive for IncFll, negative for Incl or blacrx-m
respectively, and were unable to grow on LB agar containing kanamycin, and

therefore identified as transconjugants.

5.2.2 Transformation of pCURE2 into transconjugants

Transformation into DD128J53 was carried out (§2.7.2) and colonies were
patch plated (§2.7.4) onto LB agar containing sucrose, kanamycin and
meropenem respectively. Since pCURE2 contains the sacB gene, sucrose

counterselection can be used to determine successful transformation; colonies
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containing pCURE2 should not be capable of growing on LB agar supplemented
with sucrose. Colonies that contain pCURE2 where the IncF plasmid has been
successfully cured should be susceptible to sucrose and meropenem, and
resistant to kanamycin. Any recipient cells that do not contain pCURE2 should
be susceptible to kanamycin but resistant to meropenem and sucrose.
However, all 14 colonies tested were able to grow on all agars, while controls
did not, suggesting that both pCURE2 and pDD128_IncF were present within
the cells. PCR was performed on five transformants to detect the IncFIA
(82.5.5) and IncP oriT (§2.5.8) replicons of both pDD128_IncF and pCURE2, and
all five were positive for both plasmid replicons.

Transformation experiments were repeated with DD168J53, and results from
patch plating were the same: all transformants were able to grow on all agars,
suggesting that both pCURE2 and the IncF plasmids were present within the
cells. Bioinformatic analysis showed that the copA genes of both IncF plasmids
have 100% homology with the corresponding gene in plasmid pEK499
(Woodford et al., 2009), which pCURE2 has been shown to be incapable of
curing due to a lack of sequence similarity of their replicons, and this explains
why pCURE2 was not able to cure the IncF plasmids in this study. Although a
modified pCURE2 was shown to be able to cure pEK499 (Lazdins et al., 2020),
lack of easy access to this plasmid led to the decision being made to modify a

different plasmid, pFREE, for the mobilisation experiments.
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5.2.3 Transformation of pFREE into transconjugant DD128J53

Transformation of pFREE into DD128J53 was carried out (§2.7.2) and five of the
resulting colonies were determined by PCR to be positive for the presence of
colA, the replicon found on pFREE (§2.5.9). One of these transformants was
used to determine that the CRISPR-Cas9 system could successfully be induced
by the addition of aTc and rhamnose (§2.7.12), and the results can be seen in
Figure 5.3. This shows that the overall number of colonies were similar, but
kanamycin-resistant colonies were reduced after CRISPR-Cas9 induction, which
suggests that pFREE has been successfully cured from the majority of cells.

Although, analysis of variance showed these results were not significant.
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Figure 5.3. Growth of kanamycin-resistant colonies after CRISPR-Cas9 induction of cells
containing pFREE, which contains a kanamycin resistance gene. The numbers of kanamycin-
resistant colonies recovered on LB agar supplemented with kanamycin were reduced after
induction of the CRISPR-Cas9 system when compared to a control with no induction. As the
pFREE replicon is a target of its own CRISPR-Cas9 system, this reduction implies induction of
the CRISPR-Cas9 system and replicon cleavage was successful. Analysis of variance showed the
results were not significant.
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5.2.4 Modification of pFREE to target IncF replicons

The sgRNAs contained on pFREE target the replicons of common laboratory
plasmids. To use this plasmid to cure IncF plasmids, these sgRNAs would need
to be changed to target IncF replicons. Similar to the design of pCURE2, the
modified pFREE was designed to target FIA, FIB and Fll replicons, so it would
need three sgRNAs corresponding to these sequences. Although the precise
sequences of the replicons in pDD128_IncF could have been used, the new
sgRNAs were designed to target conserved regions of the IncF replicons, so this
system could potentially be used with different IncF plasmids. To design sgRNA
spacer sequences, the Custom Alt-R™ CRISPR-Cas9 guide RNA design tool was
used (§2.7.5.1). A consensus sequence of each IncF replicon was generated,
with ambiguous bases replaced with those found in pDD128_IncF for FIA and
Fll replicons, or pDD168_IncF for the FIB replicon. The FIA sgRNA sequence with
the highest on-target score was 96, with 100% identity to 15/25 FIA replicons.
However, it differed from 8/10 of the others by 3 or more base pairs. The sgRNA
sequence that had 100% identity with the highest number of replicons, 16/25,
had an on-target score of 82, while only differing from the remaining 9
replicons by 2 or fewer base pairs, as can be seen in Figure 5.4. This sequence
is position 143-162 of the 384 bp FIA consensus sequence and was selected for
use in the sgRNA array. The 2 sgRNA sequences with the highest on-target
score for the Fll replicon had a joint score of 70 but were only found with 100%

identity in 14 and 16 of the 114 Fll replicons respectively, so were not used.
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LI ICACTTCACATGGATCTGTC CApN e c]c

TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGACCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTAACATGGACCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCGCATGGACCTGTCATGGCGG
TCACACTTCGCATGGACCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGACCTGTCATGGCGG
TCACACTTCACATGGGCCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGACCTGTCATGGCGG
TCACACTTCACATGGACCTGTCATGGCGG
TCACACCTCACATGGACCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG
TCACACTTCACATGGATCTGTCATGGCGG

Figure 5.4. Comparison of designed IncFIA gRNA to alignment of IncFIA replicons. Base pair
differences are highlighted in white, with bases that match the consensus shaded in grey. The
designed sgRNA is highlighted in blue. 16 replicons share 100% identity with the sgRNA
sequence, while 5 differ by 2 bp, and the remaining 4 only 1 bp.

The sequence chosen to be used in the modified sgRNA array had the 3™

highest on-target score of 69 and was detected in 110 of 114 replicons at

position 114-133 of the 158 bp IncFll consensus sequence. The sequence

chosen for FIB, bases 259-278 of the 373 bp replicon, had the highest on-target

score of 96, while also sharing 100% identity with 59/78 replicons, the highest

of all potential sequences. The final sgRNA array can be seen in Figure 5.5.
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Direct Repeat Fll Direct Repeat FIA Direct Repeat FIB Direct Repeat

Figure 5.5. Single guide RNA spacer array in pFREE_IncF. Spacer sequences targeting the IncF
replicons are labelled with coloured boxes. Each 20 bp spacer is bordered by direct repeats
(DR).

5.2.5 Plasmid assembly and transformation into competent cells

NEB recommend a 1:1 ratio of DNA fragments in a 4+ fragment assembly, so
the first 2 attempts to assemble the plasmid used a DNA fragment ratio of 1:1
and a total DNA concentration of 21.15 nM (§2.7.7). The third attempt used
33.35nM and a 1:1.69 ratio of the largest fragment to all other fragments.
However, none of these assembly mixtures generated any transformants. On
the fourth attempt, using the same 1:169 ratio, a single transformant was
recovered, but PCR results showed that the plasmid had not assembled
properly (§2.5.10.1). PCR products spanning the Var and gRNA insertion region
(Figure 2.2) individually were amplified, but no product was detected that
encompassed both insertion regions. Due to this, an assembly mix was
prepared using primers for pFREE_IncF_No_ Ats, which was a version of
pPFREE_IncF that did not contain the two antitoxin genes (§2.7.5), as this would
reduce the number of fragments in the assembly from six to four. This reaction
used a 1:1 ratio and a total DNA concentration of 10.1 nM. Alongside this,
another assembly mix for pFREE_IncF was prepared using a 1:1.69 ratio and
23.2 nM DNA, and the following day a single transformant was recovered from

each of the assembly mixture transformations. Yet again, PCR showed that
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PFREE_IncF  had not assembled properly. However, PCR using
PFREE_IncF_No_Ats as template did produce the products, though across one
insertion region the product was around 1 kb shorter than expected. It was
hypothesised that this was due to the assembled plasmid not containing the

912 bp 1S26 section.

5.2.6 Four-fragment assembly of pFREE_IncF

Since using a four-fragment assembly generated an assembled plasmid in
PFREE_IncF_No_Ats, it was proposed that the number of DNA fragments
needed to assemble pFREE_IncF be reduced. Since previous transformants had
yielded a PCR product from primers either side of the three fragments
encompassing the antitoxin and 1S26 regions, the previous assembly mix was
used as a template to amplify these as a single fragment, using the ccdA Fw and
IS26 Rv primers, as can be seen in Figure 5.6, and this resulted in a 1606 bp
DNA product (Table 2.8). When purified and used in a four-fragment assembly
mixture in a 1:1 ratio with 12.5 nM total DNA, this resulted in the recovery of
four transformants. One of these: G4, was shown to amplify products in all
three PCR reactions used to check assembly, though not of the correct sizes, so
was stored for later analysis. Finally, 3 assembly mixtures were set up
concurrently, containing 1) a 1:3 ratio and 13.7 nM total DNA; 2) a 1:1 ratio and
12.5 nM total DNA; and 3) a 1:2 ratio of the 2 largest to 2 smallest fragments
and 18.7 nM total DNA. These assembly mixtures resulted in 6, 5 and 8

transformants respectively, which all had their plasmids purified to check for
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Fragment 5 Fragment 3
(KanRep) (KanRep)
Fragment 6 Fragment 4
sgRNA sgRNA
array array
Fragment 1 Fragment 1
(CasTet) (CasTet)
Fragment 4 \/
(Is26) Fragment 3 Fragment 2
(peml) ccdA-1S26

X

b "

Fragment 2
(ccdA)

Figure 5.6. Representation of the original six-fragment Gibson assembly of pFREE_IncF (left)
and the modified four-fragment assembly (right). Fragments 2-4 were amplified by PCR, using
primers shown as arrows, from previous assembly mixtures where this region had been shown
to assemble correctly by PCR. Image created with BioRender.com.

correct assembly by PCR. Seven amplified the correct product sizes across
all the insertion regions, and one was sent for sequencing by Plasmidsaurus
(82.7.10), along with pFREE_IncF_No_Ats and one of the apparently incorrectly

assembled plasmids, G4.

5.2.7 Sequencing of assembled plasmids

Plasmid sequencing by Plasmidsaurus generated a 9177 bp assembly of
PFREE_IncF and a 4087 bp assembly of G4; while the results of
PFREE_IncF_No_Ats were too low quality to generate a plasmid assembly. The
relevant sequencing statistics can be found in Table 5.1. The 9177 bp assembly

of pFREE_IncF differed from the designed 9176 bp by the insertion of a single
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Table 5.1. Sequencing statistics of plasmids.

Sequence Reference Reads Mapped Breadth of Mean depth
length reads coverage of coverage

pFREE_IncF 9177 36 24 100% 7.92

G4 | 4087 572 560 100% 399.19

PFREE_IncF_No_Ats | 8508* 23 5 16.77% 0.28

Reference length refers to the generated assembly from Plasmidsaurus. * The reads of
PFREE_IncF_No_Ats could not be assembled so were compared to the original designed
sequence. Breadth and mean depth of coverage refer to the percentage of bases in the
reference sequence present in the read files and mean number of times each base in the
reference sequence is present in the read files, respectively.

adenosine in the replicon. However, this insertion was between two other
adenosine bases and only present in 4/10 of the read files that cover that
region, and not present in 397/495 of G4 reads, so it is more likely that
PFREE_IncF assembled as it was designed, and this is a sequencing error. The
assembled sequence of G4 is missing the 5138 bp CasTet region, which explains
its size, but since two of the primer sites used to check assembly are found in
this region, it does not explain why amplified products were detected by PCR.
Since the results showed pFREE_IncF had assembled correctly and could be
used to test 1IS26 mobilisaiton, G4 was not investigated further.

Although an assembly of pFREE_IncF_No_Ats was not generated, BLAST results
showed that fragments of the CasTet and KanRep fragments were present in
the mapped reads. The sequences of unmapped reads were found to be from
other common cloning plasmids not used in this study, so presumed to be

contamination from other DNA samples being sequenced at Plasmidsaurus.
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5.2.8 Induction of the CRISPR-Cas9 system

After pFREE_IncF and pFREE_IncF_No_Ats were transformed into the
transconjugant DD128J53 (§2.7.11), these were grown in various broths
containing antibiotic supplements and aTc and rhamnose to induce the CRISPR-
Cas9 system (8§2.7.12). Each broth was diluted, and these dilutions spread onto
selective and non-selective agar plates. Colonies were then counted and
compared to controls without CRISPR-Cas9 induction.

Induction of the CRISPR-Cas9 system in pFREE_IncF_No_Ats resulted in an
8.9 x 10° reduction in CFU on LB agar containing kanamycin, when compared
to pFREE_IncF and controls without induction, as shown in Figure 5.7. With no
induction, a large proportion of cells remained kanamycin resistant, showing
that they contain the kanamycin resistance gene found on pFREE_IncF_No_Ats.
Whereas after induction, most cells are kanamycin sensitive, showing that the
surviving bacteria do not contain pFREE_IncF_No_Ats. By comparison, most
bacteria in the pFREE_IncF experiments are kanamycin resistant both with and
without induction. This suggests that cells containing pFREE_IncF are better
able to survive CRISPR-Cas9 induction than cells containing
pFREE_IncF_No_Ats, which is expected as the latter does not contain the pem/
or ccdA antitoxin genes that would prevent cell death due to the long-lived
PemK and CcdB toxins produced by the IncF plasmid.

Cells where 1S26 had mobilised blanom and the CRISPR-Cas9 system had also

cured the IncF plasmid should be resistant to both kanamycin and meropenem,
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Figure 5.7. Growth of kanamycin-resistant colonies after CRISPR-Cas9 induction. The top panel
shows the growth of transconjugants transformed with pFREE_IncF on LB agar and LB agar
supplemented with kanamycin both after previous overnight incubation in LB broth with and
without induction of the CRISPR-Cas9 system. The bottom panel shows transconjugants
transformed with pFREE_IncF_No_Ats under the same conditions. After induction, a 4-log
reduction in kanamycin-resistant colonies was observed from plates with pFREE_IncF_No_Ats
compared to those in which no induction occurred. This suggests that induction of the CRISPR-
Cas9 system results in the death of cells containing pFREE_IncF_No_Ats, but the same result is
not seen for PFREE_IncF. However, analysis of variance found the results were not significant.
not significant.

so cultures of the transconjugant transformant of pFREE_IncF and
DD128J53, hereafter known as DD128J3p, were grown in broths both with and
without the two antibiotics (§2.7.12). These were diluted and spread onto agar
plates with and without the antibiotics. Figure 5.8 shows there is little to no
reduction in CFU between non-selective and kanamycin-selective agar both
with and without induction for the two broths, suggesting that most cells still

contain pFREE_IncF. However, there is a reduction in meropenem-resistant
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Figure 5.8. Growth of colonies on selective agar plates after CRISPR-Cas9 induction. Top panel
shows CFU ml! after growth in non-selective broth. Bottom panel shows CFU ml?! after growth
in broth containing meropenem. Both panels show no reduction in kanamycin resistance,
suggesting that all cells retain pFREE_IncF, but reductions in meropenem resistance. Growth in
broth containing meropenem led to higher levels of meropenem resistance with no induction,
but a similar level when induced. Analysis of variance showed these results were not
significant.
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plasmid. It is worth noting that most cells in the broth without antibiotics are
not meropenem-resistant, which may be due to some cells losing the plasmid
naturally and having a higher growth rate compared to those that retain it and
its corresponding fitness cost in the absence of antibiotic selection. Overall,
after induction in both broths, there is a reduction in meropenem-resistant
colonies with little to no reduction in kanamycin-resistant colonies, which
implies that a large proportion of cells contain pFREE_IncF but not the IncF
plasmid. This suggests that the IncF plasmid was successfully cured but with no
mobilisation of blanom via 1S26 in the majority of cells.

Colonies that were able to grow on agar containing kanamycin and meropenem
were subcultured onto fresh agar plates to be used for PCR detection of the
plasmid replicons ColA (§2.5.9), IncFIA and IncFll (§2.5.5), as well as blanom
(82.5.4). Ten colonies were taken from each set of plates diluted from broth
containing no antibiotics, kanamycin only, and meropenem and kanamycin
respectively for a total of thirty colonies. ColA and blanom were detected in all
30 colonies, while the IncF replicons were detected in 9/10 colonies from broth
with no antibiotics, 8/10 from broth containing only kanamycin and 1/10
colonies from broth containing meropenem and kanamycin. It was noted that
the colonies from which the IncF replicons were not detected were smaller
than those in which they were detected. Therefore, DNA from ten of these
small colonies was extracted and used in the same PCR reactions as previously,
and the results can be seen in Figure 5.9. As ColA and blanom were both
detected in all ten, while the IncF replicons were not, these isolates were

presumed positive for IS26 mobilisation of blanom and subjected to whole
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Figure 5.9. Gel images showing the PCR products generated using primers for A) FIA replicon
and blanowm, B) blanom (controls) and ColA replicon of pFREE_IncF, and C) Fll replicon. All 10
isolates were positive for blanom and ColA and negative for both IncF replicons, implying that
blanom has been mobilised onto pFREE_IncF. Controls were H>0, recipient strain J53, previous
post-induction isolate F3, transconjugant DD128J53 and transconjugant transformant
DD128J3p.

genome sequencing using the ONT MinlON (§2.8.2). The original

transconjugant DD128J53 and transformation transconjugant DD128J3p were
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Table 5.2. Summary of transconjugants and transformants used in these experiments.

Donor Recipient Transconjugant Transformed Post-induction Name
plasmid isolate
DD128 | J53 Azi? DD128J53 pFREE_IncF_ | N/A 128J53pFree_
No_Ats IncF_No_Ats*
DD128 | J53 Azi? DD128J53 pFREE_IncF N/A G4*
N/A 128J3p
1 12813p1
2 128J3p2
3 128J3p3
4 128J3p4
DD128 | J53 Azi? DD128J53 pFREE_IncF 5 128J3p5
6 128J3p6
7 128)3p7
8 128J3p8
9 128J3p9
10 128J3p10

* indicates the plasmids were deemed to be assembled incorrectly in these strains.

also sequenced as controls, and a summary of these isolates can be seen in

Table 5.2

5.2.9 Whole Genome Sequencing of isolates presumptive for 1IS26

mobilisation

Assemblies were generated (§2.9.1) for all 12 isolates and the summary
statistics can be seen in Table 5.3. The assembled genomes were between 4.5
and 4.8 Mbp in size with average coverage ranging from 15X to 161X. The
assembled genomes were inputted into the Center for Genomic
Epidemiology’s cgMLSTFinder tool (§2.9.2.3) to check that each isolate had the
same cgMLST and it was not the same as that of the original donor DD128,
which was 141146. Eight isolates were found to belong to cgMLST 62585, as

was the transconjugant DD128J53 and transconjugant transformant DD128J3p.
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Table 5.3. Key statistics of read files and assemblies for isolates with presumptive 1S26
mobilisation, as well as the original transconjugant and transformation transconjugant as
controls.

Passed Total length Average Assembly Average Contigs
reads read length length coverage
1 193,276 185,971,302 962.2 4722640 39.38 2
2 174,492 168,466,363 965.5 4703570 35.82 2
3 129,581 107,654,524 830.8 4707025 22.87 28
4 205,799 760,779,419 3,696.70 4703157 161.76 4
5 47,803 70,949,050 1,484.20 4730912 15.00 16
6 323,324 387,133,367 1,197.40 4711327 82.17 4
7 268,824 722,277,687 2,686.80 4704551 153.53
8 202,750 292,698,179 1,443.60 4704014 62.22 2
9 255,434 189,118,098 740.4 4542234 41.64 77
10 227,122 194,751,531 857.5 4721955 41.24 4
128)53 326,510 728,821,741 2,232.20 4822982 151.11
128J3p | 79,055 244,620,246 3,094.30 4762124 51.37 3

Strains 5 and 10 were identified as different sequence types, but as only 11.54%
and 24.15% of the cgMLST alleles were present in those two assemblies, it

could not be determined if these results were accurate.

5.2.9.1 Detection of the IncF plasmid sequence

The assemblies were screened for the presence of the conjugated IncF plasmid.
The assembly of DD128J53 contained a 120,281 bp contig that shared 99.93%
identity with the IncF plasmid of DD128, which combined with its cgMLST result
confirms the IncF plasmid of DD128 was successfully conjugated into J53. The
assembly of DD128J3p contained two smaller contigs, of 46 kbp (contig 2) and
30 kbp (contig 3) respectively that contained sections of the IncF plasmid. The
46 kbp contig shared 99% identity with a 46 kbp region of DD128 IncF. The 30

kbp contig was made up of two sections of DD128 IncF, bordering the
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transformed plasmid pFREE_IncF, with IS26 genes at the intersections, as can
be seen in Figure 5.10. That a region of DD128 IncF between two I1S26 genes is
missing from contig 3 suggests pFREE_IncF has not simply inserted between
the sections of DD128_IncF but had formed a cointegrate with the plasmid on
two separate occasions. Due to the nature of how read files are assembled, it
was considered that this could be an error due to an assembly problem, as
repetitive regions, such as 1S26 arrays, can lead to erroneous results. If
pFREE_IncF had formed two separate cointegrates in different cells, A to B and
B to C, then due to the nature of genome assembly algorithms contig 3 could
have been assembled as A to C when that might not actually be the case.
Therefore, the read files were aligned with the section of contig 3 that contains
the sequence 2 kbp either side of pFREE_IncF, to find any reads that mapped

across both potential cointegrate formations.

DD128J3p contig 2

DD128 IncF

DD128J3p contig 3

Figure 5.10. Map of BLAST alignments over 1000 bp of pDD128_IncF and the non-chromosomal
contigs of the assembly of transconjugant transformant DD128J3p. Red, green and blue
segments represent distinct alignments with over 99% identity. The black segment on contig 3
represents the sequence of pFREE_IncF, orange sections represent 1S26 elements. Contig 3
shows cointegrate formation of pFREE_IncF and pDD128_IncF.
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Five reads were found that had an e-value of <1e2° and covered 90% of the
sequence. These were aligned with the IncF plasmid DD128 IncF and
PFREE_IncF and this can be seen in Figure 5.11. None of the reads show a
similar structure to that found in contig 3, with pFREE_IncF found between two
separate sections of DD128_IncF, so the structure of contig 3 is likely an error
in assembly. The reads do show that pFREE_IncF has formed cointegrates with
different IS26 elements within the IncF plasmid. Figure 5.11A and Figure 5.11B
show cointegration at the 3’ end of the leftmost IS26, while Figure 5.11E shows
cointegration at the 5’ end of the same element. Figure 5.11C and Figure 5.11D
show that pFREE_IncF has formed a TU with the region containing blanpwm, as
the sections flanking pFREE_IncF are from either end of this region, showing
this read must come from a circular section of DNA. These reads along with
contig 2 also show that although the full sequence of DD128 IncF wasn’t
present in the assembly, at least large sections of the plasmid still exist in
DD128J3p.

The assemblies of the 10 post-induction isolates were screened for the
presence of the IncF plasmid, to check it was successfully cured by the CRISPR-
Cas9 system. Since it was expected that some contigs would contain the blanom
region, they were aligned with the sequence of DD128 IncF with the 1S26
elements and intervening sequences removed. Furthermore, the read files of

each assembly were also aligned to this sequence to check that the results of
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the previous alighment were not due to incorrect assembly. 9/10 of the
assemblies did not contain any contigs with regions >1 kbp from the plasmid
and contained between only 1 and 7 reads that aligned with the plasmid
sequence. In contrast, the two controls DD128J53 and DD128J3p, contained
500 and 277 reads respectively that aligned to the plasmid sequence. However,
the last remaining assembly did contain a 19 kbp contig that aligned with
pDD128_IncF, as well as 349 reads that also aligned with this sequence, which

suggests the IncF plasmid was not successfully cured in this isolate.

5.2.9.2 Detection of 1IS26 mobilisation of blanom

Having confirmed that 9/10 of the isolates had been effectively cured of the
IncF plasmid, they were screened for the presence of the predicted cointegrate
of pFREE_IncF and the blanom region. The assemblies were varied; some of
them included these sequences as two individual contigs, and some as a single
contig, but all nine contained both sequences in some form. Overall, 3
assemblies contained a 19.6 kbp contig that shared 99% identity with the
expected 19.6 kbp TU formed from pFREE_IncF and the blanom region of
pDD128 IncF. A further 3 assemblies contained both sections on separate
contigs, while the remaining 3 assemblies contained contigs larger than 19.6
kbp with multiple copies of each section. Two of these were 39.2 kbp, and the
last was 78.5 kbp, and these contained 2 and 4 copies of each section
respectively, and these results can be seen in Figure 5.12.

It was again presumed that the assemblies may not be accurate due to the

repetitive nature of the TU. Therefore, the read files of each assembly were
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Figure 5.12. Contigs of two post-induction isolates that contain multiple copies of pFREE_IncF.
Grey boxes show BLAST alignments >1 kbp with pDD128_IncF above and pFREE_IncF below.
IS26 genes are shown as arrows coloured in blue, antimicrobial resistance genes in red, other
mobile genetic elements in green, and all other genes in black. Both contigs show the expected
cointegration of pFREE_IncF with the blanom region of DD128 IncF, but this is replicated
multiple times.

aligned with the pFREE_IncF_NDM sequence and those that aligned over 90%
of the sequence were recorded. The 9 sequence files each had between 3 and
105 reads that aligned to the predicted 19.6 kbp pFREE_IncF_NDM sequence,
with a combined total of 278 aligned reads. The average length of these reads
was 34.3 kbp with 6 over 100 kbp in length. The longest was 138,792 bp in
length and contained 8 copies of pFREE_IncF and can be seen Figure 5.13. The
5 longest reads of each sequence file (or all if less than 5) were aligned to

pPFREE_IncF and DD128_IncF separately to determine their structure and each
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Figure 5.13. Longest read file containing pFREE_IncF and the blanom region of DD128_IncF. Grey
boxes show BLAST alignments >1 kbp with pDD128_IncF above and pFREE_IncF below. 1S26
genes are shown as arrows coloured in blue, antimicrobial resistance genes in red, other mobile
genetic elements in green, and all other genes in black. This read contains 7 copies of the
DD128_IncF region and 8 copies of pFREE_IncF in a cyclical pattern, presumably formed by
multiple cointegrations of smaller translocatable units.

shared the same cyclical pattern of pFREE_IncF —1S26 — blanpm region — 1S26 as

shown in Figure 5.12 and Figure 5.13.

5.2.9.3 Verifying the rhamnose induction of the CRISPR-Cas9 system

Due to an oversight in plasmid design, the induction of the CRISPR sgRNAs may
have been affected by disruption of the pRhaBAD inducible promoter. The
location of the promoter is not labelled on the publicly available sequence from

addgene.com, and so the design of fragments used in Gibson assembly did not

rhal; rhal,
ATCTTTCCCTGGTTGCCAATGGCCCATTTTCC Tl G [l A GEITEJAACGAGAAGGT
FLLL LI DL L L L L iy RSN NN
ATCTTTCCCTGGTTGCCAATGGCCCATTTTCCTEENYEITEEE RN Y YA AN AN SN Y YIGEEIA GEATHAACGAGAAGGT

Figure 5.14. Alignment of the RhaS binding sites rhal: and rhal> of pFREE (above) and
pFREE_IncF (below). The alignment shows that rhal: is intact but rhalz has been disrupted in
pFREE_IncF, and binding sites are much further apart than in pFREE.
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take this into account. The location of the RhaS binding sites in the original
unaltered pFREE and in pFREE_IncF can be seen in Figure 14. The changes to
the rhal sites could have meant that RhaS did not bind to the DNA and
therefore pRhaBAD was not induced and the sgRNAs were not transcribed. To
test whether this likely influenced the CRISPR-Cas9 system, the host of
unaltered pFREE was grown in broth with aTc and rhamnose as well as aTc
alone and compared to controls. The results can be seen in Figure 5.15. There
is still a reduction in kanamycin-resistant colonies without the addition of
rhamnose, suggesting that the sgRNAs are transcribed, though analysis of
variance showed the results were not statistically significant when compared
to aTc and rhamnose or no induction.
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Figure 5.15. Detecting the effect of the pRhaBAD promoter of pFREE on induction of the
CRISPR_Cas9 system. Growth of kanamycin-resistant colonies after induction using
anhydrotetracycline (aTc) and rhamnose, or anhydrotetracycline alone. Less colonies are
recovered after induction with both substances, though the results were not significant.
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5.3 Discussion

5.3.1 Use of transconjugant as recipient

The idea of these experiments was to show evidence of 1S26 mobilisation of
AMR genes between plasmids in environmental isolates of clinical relevance,
mimicking the proposed conditions that occur in the spread of AMR in nature.
The qualities of these environmental isolates that make them so worthy of
study is that they are highly resistant to a range of antibiotics, which
unfortunately complicates experimental designs using antibiotic selection
mechanisms. For this reason, it was necessary to perform the experimentsin a
strain that was susceptible to the antibiotic selection of the plasmids used,
which required transferring the wild-type plasmids via conjugation into a
kanamycin-susceptible recipient strain. This does not fundamentally change
the outcome of the experiments, with the added benefit of not creating an
even more resistant environmental isolate by the addition of further resistance

mechanisms.

5.3.2 Design of pFREE_IncF

The intention of using pFREE_IncF was to create a plasmid that would be able
to cure IncF plasmids while preventing cell death from plasmid PSK systems.
This led to the incorporation of antitoxin genes into the sequence, as this
method is used by the plasmid pCURE2, which was originally tried in this study,

to achieve that goal. As the IncF plasmids used in this study contain the pemIK
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and ccdAB PSK systems, the antitoxin of each system was added to pFREE_IncF.
The reduction in the number of kanamycin-resistant colonies when using
PFREE_IncF_No_Ats, which did not contain these antitoxin genes, suggests that
these genes are functional in pFREE_IncF, and required to prevent PSK after
plasmid curing.

The sgRNAs used in the CRISPR_Cas9 system were designed to be as conserved
across IncF replicons as possible, so that this plasmid could easily be used to
cure other IncF plasmids, such as others found in previous chapters. For this
reason, the consensus sequences of the IncF replicons were used as inputs in

the design tool.

5.3.3 Detection of plasmid curing

The enumeration of meropenem-resistant colonies showed that there was a
reduction in CFU after induction of the CRISPR-Cas9 system, though these
results were not statistically significant. Previous studies have used CRISPR-
Cas9 systems to cure AMR plasmids either by targeting the plasmid replicons,
or specific AMR genes. Bacteriophage have been used for delivering a CRISPR-
Cas9 system into E. coli that targeted blanom-1 and blacrx-m-15 genes (Yosef et al.,
2015). Another system used the conserved region of blatem and blasny genes as
sgRNA to cure the ESBL plasmid of a clinical isolate with a 1 x 103 reduction in
resistant colonies (Kim et al., 2016). He et al. (2021) used 1S26 to transpose a
CRISR-Cas9 system targeting both IncX and IncH plasmids as well as AMR genes

into an E. coli chromosome. This was able to show 80% curing efficiency of
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plasmids containing mcr-1 after 12 hours and 100% after 24 hours. More
recently, a plasmid targeting the kanamycin resistance gene aacCl was
conjugated into resistant strains and showed around 50% reduction in plasmid
carriage (Walker-Siinderhauf et al., 2023). This shows a range of curing
efficiencies present in the literature, and this study showing a 2.65 x 107
reduction in meropenem resistant colonies after meropenem selection is
higher than in some other experiments.

PCR detection of plasmid replicon genes did show that the majority of surviving
colonies tested retained the IncF plasmid, confirming that the CRISPR-Cas9
system was not effective in these cells. It is possible that the sgRNAs could be
further optimised, and other studies have shown that optimisation can
improve the efficiency (Dang et al., 2015). In particular, one study using an aTc
inducible CRISPR-Cas9 system to target Mycobacterium tuberculosis genes was
able to improve from 10-50% efficiency to 80-90% efficiency by modifying the
sgRNA used (Singh et al., 2016).

However, PCR results did show that a subset of colonies did not contain IncF
replicons while still containing the blanom gene and pFREE_IncF replicon. This
was confirmed by long-read sequencing which showed that there were
colonies where the IncF plasmid had been successfully cured, as sections of it

were only detected in a total of 35 out of 1.98 x 108 reads across 9 isolates.
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5.3.4 1S26 cointegrate formation

The sequencing results show that where the IncF plasmid had been successfully
cured, cointegrate formation of the 1S26 elements on pFREE_IncF and the MDR
region containing blanom has occurred. Even in the assemblies where these
were found on separate contigs, analysis of the read files showed that
cointegrate formation had occurred. Regions of DNA found between two
directly oriented 1S26 elements can move as pseudo composite transposons,
as the IS26 genes can undergo homologous recombination resulting in the
formation of a translocatable unit (TU). For the circular DNA sequence of
PFREE_IncF — IS26 — MDR region — 1S26 to have been formed, one of two
pathways must have been used. Either the MDR region must have formed a TU
and then cointegrate formation catalysed by the IS26 transposase occurred; or
vice versa in that cointegration of both molecules happened while the MDR
region is still found on the IncF plasmid, followed by homologous
recombination of the IS26 genes at either end of the entire 19.6 kbp section. It
is not possible to know which of these has happened from these data, but
either way it shows IS26-mediated mobilisation of the MDR region.

Multiple copies of this cointegrate were found on the same DNA molecule in
individual reads from every post-induction isolate. This is likely because
pPFREE_IncF is a medium-copy number plasmid so there would be many 1S26
genes available within the cell with which to form cointegrates. The numbers
of pFREE_IncF regions found on these reads were in multiples of 2, which

suggests that these are forming from cointegrate formation, followed by
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replication, followed by another cointegrate formation of these replicants.
Otherwise, if multiple cointegrations between smaller plasmids were occurring
it would be expected to find an uneven number of pFREE_IncF regions on a
DNA fragment. However, it is very possible that these exist and were not
detected by the bioinformatic methods used. These formations were detected
in reads up to 138 kbp, and it is quite possible that this is due to the limitation
of read lengths, as the longest read file in all isolates was only 249 kbp.

These findings are similar to those discovered when a constructed PCT
containing blakec flanked by two 1S26 genes on the plasmid pUC57 was
introduced into a recipient strain (Wei et al., 2022). After antibiotic selection
and subsequent sequencing, the PCT was detected across multiple reads where
it formed tandem arrays of itself. The fact that the colonies in this study that
had been cured of their IncF plasmids were very small, coupled with the fact
that they contained these large arrays of 1IS26 cointegrates, suggested that they
may be incurring a fitness cost due to the increased burden of these

cointegrates.

5.3.5 Conclusion

The aim of this work was to show that AMR genes, including those conferring
resistance to critical antibiotics such as blanom, can be shown to transfer as
pseudo compound transposons from one replicative plasmid to another, via
cointegrate formation of 1IS26 elements. This aim was achieved as bioinformatic

analysis from post-induction isolates shows the MDR region of DD128_IncF has
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formed a cointegrate with pFREE_IncF, transferring the resistance genes to that
plasmid. The use of CRISPR-Cas9 to cure the IncF plasmid by targeting its
replication genes allows selection and detection of these cointegrates. This
study is the first to use this method of curing IncF plasmids by using CRISPR-
Cas9 cleavage of plasmid replicons, and this adds to our knowledge of methods
to remove MDR plasmids. Finally, this work also shows that care should be
taken when interpreting whole genome assemblies from isolates containing
IS26, as its ability to form TUs and cointegrates with other IS26 genes can mean
that different cells can have different IS26 formations within the same culture,
leading to mismatching reads. Analysis of these assembled regions of DNA
containing multiple 1S26 genes requires checking the read files to have

confidence of the assembly results.

5.3.6 Future work

To optimize the construction of pFREE_IncF, the DNA fragments used in Gibson
assembly should first be modified to include the correct rhal sites, aiming for
better induction of the sgRNA array. Additionally, when combined with
experiments targeting other sequences within the IncF replicons, this
modification could potentially achieve a more efficient level of plasmid curing.
The DNA fragments adjacent to the sgRNA array were designed to reintroduce
the Sfil restriction sites so that this could more easily be achieved once a new
array was synthesised. Alongside this, more replicates of these and the

previous experiments measuring the CFU mL? of antibiotic resistant isolates
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would be performed to better resolve whether the reductions are statistically
significant.

Other donors would be used to show that pFREE_IncF also works with other
IncF plasmids, including those that contain the FIB replicon that was designed
and added to the sgRNA array for this purpose. The plasmid pDD168_IncF was
successfully conjugated into J53 and would have been used in similar
experiments if more time was available. A donor plasmid that contains more
than two directly oriented IS26 elements, such as pDD158_IncF, could be used
to detect the formation and cointegration of differently sized TUs from the
same plasmid, depending on which pair of 1IS26 elements form the TU.

Finally, this method could be used to analyse the rate of mobilisation of IS26 in
the presence of different compounds or stressors. Wei et al. (2022) showed
through gPCR that the copy number of IS26 increased in the presence of
antibiotic stress. Similarly, ARGs found on 1S26 PCTs have been showed through
gPCR to be increased in expression in the presence of antibiotic stress
(Hubbard et al., 2020). This system could potentially be used to test whether
the levels of meropenem-resistant colonies are increased, i.e., more
cointegrates have formed, when cells are grown in the presence of sublethal

amounts of oxidative stressors or antimicrobials.
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6.1 Discussion

The aims of this research, described in Chapter 1 were:

i.  Isolation and phenotypic characterisation via disc diffusion assay of
cephalosporin and carbapenem resistant enterobacteria from raw and
treated sewage and receiving waters.

1.  Genotypic characterisation of relevant AMR genes through PCR and
whole genome sequencing.

iii.  Characterisation of the MGEs of carbapenem resistant isolates,
including conjugation assays to determine mobility of MGEs and
associated ARGs.

1v.  Investigation of genetic relatedness of isolates across a range of time
points: are similarities in phenotypic and PCR results due to clonality
or the spread of related MGEs?

v.  Determination of sequence similarity of MGEs from collected
wastewater isolates with other published MGE sequences from the
UK.

vi.  Investigation into the intracellular mobility of MGEs containing
carbapenemase genes.

6.1.1 Isolation and characterisation of cephalosporin and

carbapenem resistant bacteria

Chapter 3 showed that cephalosporin and carbapenem resistant
enterobacteria can be isolated from raw and treated sewage from wastewater
treatment plants in the East Midlands region of the UK. This is the first report
of CPE identified in wastewater from this region, and only the third time CPE
have been isolated from UK municipal wastewater (Ludden et al., 2017; Gibbon
et al., 2021). This is also the first report of C. portucalensis in the UK, although
it is worth noting that 16S sequencing first identified this as C. freundii, so
previous studies which also used 16S identification will have described this

species as C. freundii.
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Antimicrobial resistance gene characterisation revealed that cephalosporin
resistance patterns broadly aligned with the trends observed in prior studies of
ESBL-producing enterobacteria in the UK. Specifically, CTX-M enzymes were
found to be the most prevalent, with the blactx-m-15 genotype being the most
frequently detected, while TEM enzymes followed as the next most common
(Day et al.,, 2019; Raven et al.,, 2019; Ibrahim et al., 2023). However, the
patterns of CPE resistance were unlike those seen both regionally and
nationally within the UK, where OXA-48-like enzymes and K. pneumoniae are
most common, compared to the predominantly NDM-producing E. coli
detected in this study. It was considered that the use of selective isolation
media may have skewed the results of this study, but analysis showed no
significant associations between the use of specific agar and the genera
isolated on that media. Additionally, strains isolated from carbapenem-
selective agar had a greater number of resistances to different classes of
antimicrobials than those from cephalosporin-selective agar, and this seems to
be driven by isolates harbouring blanowm, as this gene was associated with the
most phenotypic resistance patterns. Whole genome sequencing showed this
association is most likely because the majority of NDM-producing isolates
contained MDR encoding regions surrounding the blanom gene, facilitated by
the formation of pseudo compound transposons by the insertion sequence
IS26. As blanowm is itself heavily associated with 1S26 in E. coli (Acman et al.,
2022), the association found in Chapter 3 between blanom and phenotypic
resistances is likely a proxy for the association of I1S26 with MDR phenotypes,

due to its targeted method of transposition.

250



GENERAL DISCUSSION AND CONCLUDING REMARKS

6.1.2 Characterisation by whole genome sequencing

The use of WGS enabled the full characterisation of the resistome of these
isolates, from which the genotypes of the various beta-lactamase genes could
be identified. This showed that all but one of the NDM-producing isolates in
this study contained the blanom-s gene, while the remaining isolate that
harboured blanpm-2 was of the same core genome multi locus sequence type as
an isolate with blanpm-s collected two weeks later. There were only two SNPs
between these isolates, and this suggests that the NDM gene in this isolate has
mutated from blanpm-4 to blanpm-s in the intervening period. Combined with the
overall high abundance of blanom-s found in this study, this evidence matches
the recent UK and EU data that blanowm-s is increasing in prevalence, and is now
the most common genotype found in E. coli in this region, which matches the
pattern previously found in Asia (Wu et al., 2019; Turton et al., 2022; ECDC,
2023b).

The use of long-read sequencing was key to resolving the plasmid sequences
to enable characterisation of the MGEs responsible for dissemination of ARGs
in these isolates. Short-read sequencing was used to confirm clonality of
isolates found on different sample dates, and from those assemblies, none of
the sequences of plasmids carrying ARGs could be fully resolved. However, the
hybrid sequencing results using both long and short reads, were able to resolve
most plasmids in this study, which enabled their phylogenetic analysis. This
showed there were several distinct isolates that shared the same AMR

plasmids. The ST361 group and ST405 isolate DD128 harboured blanom-5 genes
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on IncF plasmids that shared a recent common ancestor, and these closely
related plasmids were isolated in multiple influent and effluent samples over a
three-week period. The ST2851 isolates and ST205 isolate DD130 also
contained very closely related IncF plasmids, which were detected in separate
samples collected a week apart. Finally, the K. quasipneumoniae isolate DD112
and E. coli DD186 both harboured an almost identical (1 SNP difference) IncX3
plasmid containing blanom-s. These isolates were detected from untreated
wastewater samples collected 47 days apart. Analysis of plasmid sequences
also explained why conjugation experiments for isolates DD129, DD130 and
DD153 were unsuccessful, as they do not contain the complete tra operon
responsible for plasmid transfer.

In the isolates where blanom was found either on IncF plasmids or
chromosomally encoded, the region around blanom was very highly conserved.
This region also had high levels of similarity with sequence data from blanpm-s-
containing strains isolated from wastewater, clinical, and veterinary samples in
the UK. The genetic environment of the blanom-s sequence found on IncX3
plasmids shared less sequence similarity, with only the region containing three
downstream genes being found in other isolates. This was also the case with
the downstream region of the K. pneumoniae clinical isolate (CP034201) that
was used as comparison to the wastewater isolates in this study. That this IncX3
plasmid was found in a Klebsiella isolate, and this was distinctly different to
sequences found in E. coli, supports the analysis performed by Acman et al.
(2022) that there are distinct lineages of the genetic regions around blanpm that

have formed and proliferated in different species. The regions surrounding
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blanom in the majority of E. coli isolates contained multiple 1IS26 genes, more so
than for any other MGE, which matches previous analyses that this gene is
heavily associated with blanom, as well as ARGs more broadly
(Leekitcharoenphon et al., 2021; Acman et al., 2022).

The AMR genes found in CPE in this study appeared to be spread via the
transfer of similar plasmids between isolates of the same and different species,
but also by clonal dissemination. Overall, there were three core genome
sequence types that were detected in multiple different samples, in all cases
these were detected from samples taken a week apart. This included the ST361
isolates, which were collected in untreated wastewater on 3™ and 10™ March
2020 as well as treated wastewater on 10" March. Whether an ancestor of this
IncF plasmid spread to DD128 because of the clonal spread of these isolates, or
whether their dissemination is in part driven by the acquisition of this plasmid,
or perhaps another explanation, it is not possible to determine this from the
current data.

To compare these strains and their respective plasmids to those of clinical
isolates in the local region, CPE from the hospital served by WWTP B were
obtained and subject to whole genome sequencing. Unfortunately, there was

not time to analyse the generated data before submission of this work.

6.1.3 Mobilisation of IS26

Chapter 5 showed that the MDR genetic region containing blanom and

associated ARGs could be mobilised by the activity of 1S26, via formation of a
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translocatable unit (TU) and transposition through the targeted conservative
route. This mechanism has previously been experimentally demonstrated to
occur between TUs and plasmids (Harmer, Moran and Hall, 2014), as well as
bacterial chromosomes and plasmids (Oliva et al., 2018; Hubbard et al., 2020),
while plasmid fusion has been demonstrated to occur between plasmids both
containing IS26 (Wang et al., 2019). Chapter 5 showed that TUs can transfer
ARGs between plasmids, and this resulted in repetition of the MDR region due
to formation of multiple 1S26 arrays, presumably due to repeated TU excision
and transposition between the medium copy number plasmid vector. Previous
studies have shown that these kinds of arrays can reduce susceptibility to
antibiotics due to hyperproduction of ARGs found within them (Hubbard et al.,
2020; Wei et al., 2022).

The answer to the question of whether hyperproduction of ARGs confers a
fitness cost is not quite clear. Some previous studies have shown that
hyperproduction of ARGs due to I1S26 arrays does incur a fitness cost (Adler et
al., 2014; Hansen et al., 2019; Wei et al., 2022), while Hubbard et al. (2020)
found no evidence of a fitness cost for the hyperproduction of blatem. This may
be due to the number and/or length of arrays generated by 1S26 as the
hyperproduction of blatem in the study by Hubbard et al. (2020) was caused by
duplication of a 10.9 kbp region. In contrast, hyperproduction of blatem
described by Hansen et al. (2019) was caused by an array of 1S26 - blatem - 1S26
where blatem was detected 114 times in a single read. This would have resulted
in over 218 kbp of additional DNA and subsequent RNA/protein produced by

the cell, which is a possible reason why this was found to incur a fitness cost.
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In this study, the largest repeat array of I1S26-flanked regions detected was 138
kbp in length, containing 7 copies of the intervening gene sequence. The
bacterial colonies that were found to have these multiple 1IS26 arrays were seen
to be smaller than colonies that had not been cured of their IncF plasmids.
However, as the latter colonies were not sequenced, it is not possible to be
sure that they did not also possess these multiple arrays.

Studies have shown that where these repeated arrays are discovered during
antibiotic selection, the number of arrays is reduced once the antibiotic
selection is removed (Adler et al., 2014; Hansen et al., 2019). Further evidence
of gene loss through the excision of 1S26 PCTs has also been shown by
bioinformatic analyses of plasmid sequence data where, when compared to
ancestral sequences, large plasmid regions were no longer present (Wyrsch et
al.,, 2019; Luo et al., 2022). This suggests that IS26 PCTs play a role in genome
evolution by enabling the excision of genomic sections that are no longer
necessary or useful to the cell, and those that lose them may have an
evolutionary advantage. However, that 1S26 arrays are responsible for the
proliferation of AMR genes in Gram-negative bacteria by the formation of
multiple ARG arrays, and these persist even in the absence of antibiotic
selection, raises the question of why these large genomic sections with
multiple PCTs are not lost over time. This same question has often been asked
in the past about large plasmids, and, in addition to the plasmid PSK systems
described previously, many studies have also shown that compensatory
mutations in host cells are capable of overcoming the initial fitness costs of

plasmid acquisition (Hall et al., 2020, 2021; Bird et al., 2023). It seems clear that
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if there is no fitness cost to harbouring these plasmids (or that there is a cost
associated with losing them), the presence of the AMR genes they carry can
only be a net positive. Regarding 1S26, perhaps in the absence of antibiotic
selection and resulting hyperexpression, the multiple 1S26 arrays found within
MDR plasmids are simply too small to impose a fitness cost on the cell and are

not an evolutionary disadvantage.

6.1.4 The potential future of NDM carbapenemases

The recent history of ESBLs serves as a warning for the future spread of
carbapenemases in the UK and worldwide. Initially identified in the UK in
nosocomial pathogens, the spread of ESBLs outside hospitals in the wider UK
community was first described in 2004 (Woodford et al., 2004; Pitout et al.,
2005). Years later, Woerther et al. (2013) showed that rates of ESBL carriage in
the community were increasing globally, especially in Asia. In 2017, it was once
again shown that the global rate of ESBL carriage in the community was further
increasing, and it was suggested that the spread of ESBLs to IncF plasmids
mediated by IS26 in E. coli was a contributing factor (Johnson et al., 2016;
Bevan, Jones and Hawkey, 2017). A recent meta-analysis showed that this
increase is still ongoing, and that globally, 17.6% of healthy individuals carry
ESBL-producing E. coli in their intestine (Bezabih et al., 2022). As was the case
with previous studies, this number is driven largely by studies from South-East
Asia, where community prevalence was 35.1%, compared to 32.9% of hospital

in-patients. In Europe, this number was much lower, as community carriage
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was measured at 6.0% compared to hospital carriage at 13.8%. In the UK in
2014, the rate of carriage of CTX-M outside hospital settings was estimated to
be 7.3%, and was significantly higher for those who were born in or recently
travelled to South Asia (McNulty et al., 2018). This level of community carriage
is reflected in the detection of human-associated ESBL-producing E. coli in
multiple WWTPs in the UK (Bashawri, 2019; Day et al., 2019), including those
that do not receive hospital wastewater (Raven et al., 2019), as well as the
small rural WWTP A described in this and a previous study (Pritchard, 2022).

The spread of blanom mirrors the rise of blacrx-m in many ways. Both were
discovered in Europe but found to be prominent in Asia, where community
carriage is significantly higher than elsewhere. Both are associated with
transposition events, including mobilisation by 1S26 and IncF plasmids. Also,
they have both spread faster than some previously detected ESBLs or
carbapenemases, such as blatem and blasny in the case of blacrx-m and blaime and
blavim for blanom. The CTX-M enzymes became the globally dominant ESBL,
which is not yet the case for NDM. However, between 2020 and 2021, the
proportion of NDM among carbapenemase families isolated in the UK
identified by the UKHSA was 25%, behind OXA-48-like enzymes at 41% (UKHSA,
2021). Between 2022 and 2023, the proportion of NDM amongst the
carbapenemases had increased to 31.7% while OXA-48-like enzymes were
reduced to 35.3% (UKHSA, 2023). This suggests the prevalence of NDM may be
increasing in the UK. Another similarity between the CTX-M and NDM enzymes
is the increased prevalence of a particularly successful genotype. Recently in

the UK and Europe, blanom-s has become the dominant genotype in E. coli
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(Turton et al., 2022; ECDC, 2023b), and perhaps this may be similar to the rise
of blactx-m-15 as the most dominant ESBL genotype (Canton, Gonzalez-Alba and
Galan, 2012; Bevan, Jones and Hawkey, 2017).

According to UKHSA, the current burden of carbapenemase-producing bacteria
in the UK is 2.12 positive samples per 100,000 population (UKHSA, 2023). This
is measured by the number of positive samples from hospital patients, the
majority of which are screening samples taken for the prevention of the spread
of carbapenemase-producing organisms (CPO) within hospitals, compared
against the local population of the NHS Trust. This shows that the current
burden of CPO is lower than that of ESBL-producing organisms, and this may
explain why to date the only CPOs isolated from UK wastewater have come
from downstream of hospitals, as the community burden is not yet high
enough for these to be detected elsewhere. If the spread of NDM does carry
on in its similarity to the spread of the CTX-M enzymes, then at some point this
will change, and NDM-producing bacteria will be found in wastewater that is
not downstream of a hospital. Absent widespread community screening,
wastewater-based epidemiology is the most viable tool to track this potential
community spread and will enable more cost-effective surveillance of CPO
outside of hospitals. More studies will be required like this one, but ideally
those which attempt to isolate CPO from multiple WWTPs of similar sizes, so
that the comparisons between wastewater in receipt of hospital effluent can

be made.
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6.1.5 Wastewater treatment and AMR: A One Health perspective

This study has focused on the surveillance of wastewater influent as a proxy for
surveillance of AMR within the local clinical and/or community populations, but
as CPO were also discovered in the treated effluent discharged from the
WWTP, the impact of this on the environmental resistome needs further
discussion. It is clear that the contamination of environmental water sources
through discharge of untreated wastewater plays a key role in the spread of
AMR in LMICs. It is estimated that 80% of the world’s wastewater flows into
the environment without being treated (UNESCO, 2017), and as a result, at
least 2 billion people drink water from a source that is contaminated with
human faeces (UNESCO, 2023). A report by the World Economic Forum (WEF)
stated that “[i]n countries lacking universal wastewater treatment and access
to clean water and sanitation, water is a primary vector in the spread of AMR
and AMR diseases. Water access and pollution control can have a pivotal effect
on AMR development and outcomes” (WEF, 2021). Similarly, the WHO
identified improvements in water sanitation and hygiene (WASH) to be critical
to reducing the spread of AMR in its Global Action Plan (WHO, 2020). A global
study of wastewater by Hendriksen et al. (2019) found that although
antimicrobial usage was correlated with AMR across countries, a much
stronger correlation was seen between AMR and sanitation and health via the
human development index. This problem is further exacerbated by the
amounts of antibiotic residues detected in treated wastewater from LMICs. In

one study, ciprofloxacin was detected at concentrations of 31 pg mL™* (Larsson,
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de Pedro and Paxeus, 2007), which is 31 times higher than the clinical
breakpoint for resistance, and over 480,000 times higher than the predicted no
effect environmental concentrations (PNEC) (Bengtsson-Palme and Larsson,
2016). Altogether, this evidence suggests that the spread of AMR through
water sources in LMICs impacts the dissemination of AMR between human
populations, which highlights the importance of wastewater treatment
processes in those countries.

However, the impact of wastewater on the spread of AMR in high income
countries is less well understood. Many studies have shown that antibiotic
resistant bacteria are present in the effluent of wastewater treatment plants
in the UK (Amos, Hawkey, et al., 2014; Amos, Zhang, et al., 2014; Amos et al.,
2015; Ludden et al., 2017, 2020; Bashawri, 2019; Gouliouris et al., 2019; Raven
et al., 2019; Pritchard, 2022; Matlock et al., 2023), but there are few studies
showing that this poses a significant risk of transmission back into the human
population. One study in Finland found that drinking water contaminated by
wastewater effluent resulted in an outbreak of gastroenteritis (Lienemann et
al., 2011), while surfers in the UK and open water swimmers in the Netherlands
have been found to harbour ESBL-producing E. coli at significantly higher rates
than the general population (Leonard et al., 2018; Blaak et al., 2019). A
modelling study of intestinal carriage of ESBL and plasmid-mediated-AmpC-
producing E. coli in the Netherlands estimated that swimming in surface
freshwater was responsible for 2.3% of community acquisition (Mughini-Gras
et al., 2019), and another modelling study from Italy estimated that 0.21% of

clinical Klebsiella isolates originated in the environment (Thorpe et al., 2021).
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It has also been suggested that wastewater possibly contributes to the spread
of AMR through transmission of bacteria into the environment that spreads to
food-producing animals and then into humans (Gholizadeh et al., 2023).
Studies that have analysed the contribution of AMR in animal reservoirs to
clinical infections in the UK have found that these environments for the most
part contain distinct lineages. Multiple studies have shown that human clinical
ESBL-producing E. coli isolates are dominated by ST131 and blacrx-m-15, while
livestock isolates harboured ST10, ST602 and blacrx-m-1 (Day et al., 2019; Raven
et al., 2019). Other studies have shown that UK livestock is not associated with
clinical K. pneumoniae isolates (Ludden et al., 2020), and that ESBL-producing
E. coli isolated from retail chicken meat is again associated with blacrx-m-1
(Randall et al., 2017). A systematic review in 2015 of the transmission of ESBL-
producing E. coli between food-producing animals and humans found that 6
studies showed evidence of bacterial transmission between these
environments, 13 showed evidence of HGT, while 17 studies did not
demonstrate bacterial transmission, 2 did not demonstrate HGT, and of 4
observation epidemiological studies, 3 supported the hypothesis of animal to
human transmission of ESBL-producing E. coli (Lazarus et al., 2015). The case of
mcr-1 is clear evidence that the spread of AMR from animals to humans has
had a major effect on the resistome of human clinical isolates (Poirel and
Nordmann, 2016; Wang et al., 2018), but precisely how much interaction there
is between different environmental niches remains uncertain, especially in high
income countries. Many papers have highlighted the fate of AMR in the

environment as still being a vast knowledge gap (McCubbin et al., 2021;
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Niegowska et al., 2021; Bengtsson-Palme et al., 2023; Gholizadeh et al., 2023),
and so the impact of the release of CPO into UK rivers through treated

wastewater is still unclear.

6.2 Conclusion

The surveillance of AMR in WWTPs gives an insight into the presence of AMR
in a local population. Tracking the spread of specific AMR genes, and crucially
their wider genetic environment such as the MGEs and plasmids on which they
are found, is of major public interest given the rapid dissemination and
dominance of specific resistance genes around the globe. This study shows that
CPE showing high levels of multidrug resistance can regularly be isolated from
a major UK WWTP that is downstream of a hospital in the East Midlands. The
CPE isolated belonged to sequence types that have been associated with
clinical infections around the globe, and the plasmids they carried were often
mobilisable and highly similar to plasmids isolated from previously identified
clinical isolates. Genetic characterisation of isolated CPE showed higher levels
of blanom-containing E. coli in this area than have been found previously in this
and other parts of the country, and this is important for tracking the spread of
the next major evolution in UK antimicrobial resistance.

This study adds to our knowledge on the impact of IS26 in the spread of AMR,
as bioinformatic analysis showed that this insertion sequence was heavily
involved in the construction of MDR regions within the majority of

carbapenem-resistance plasmids detected here. Experiments showed that IS26
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was responsible for the transfer of the genetic region containing blanom along
with a class 1 integron containing multiple ARGs, and this region could be

transferred from one plasmid to another by the activity of 1S26.

6.3 Future direction of work

Wastewater based epidemiology (WBE) is increasingly being used to monitor
the spread of AMR in various communities and locations around the world
(Chau et al., 2022). As stated in recent reviews, standardisation of WBE
methods would greatly improve the ability of researchers to compare results
and to track the AMR burden across different parts of the globe (Chau et al.,
2022; Tiwari et al., 2022). Chau et al. (2022) also called for the use of composite
sampling over longitudinal timeframes (>12 months) to generate more robust
data on the presence of AMR in the sampled area. The original timeframe for
this study was intended to be much longer to get a broader picture of AMR
from the sampled WWTPs, rather than the “snapshot in time” that is captured
from shorter sampling periods, but this had to be curtailed due to the COVID-
19 pandemic. Future work in this area would involve longer sampling periods,
and had that been the case in this study, it may have helped to answer the
qguestion of whether the nearly identical bacteria and plasmids that were
detected were found due to temporal variations or truly represent a consistent
spread of these genotypes. Chau et al. (2022) also pointed out that genomic
approaches such as metagenomic sequencing enable a more unbiased

approach to the surveillance of AMR. This is useful for comparing the overall
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burden of AMR across studies, but with regards to the spread of certain
clinically relevant bacteria such as CPE, bias may be warranted. If we are
interested in the spread of the most clinically important genes, then unbiased
metagenomics may not be the most appropriate tool as even a very high
sequencing depth cannot entirely capture the total diversity of AMR in a
sample (Gweon et al.,, 2019). For this reason, so-called culture-enriched
metagenomics has been used to investigate the cystic fibrosis lung microbiota
(Whelan et al., 2020), the resistome of Enterobacteriaceae in wild owls (Miller
et al., 2020), as well as the presence of carbapenem-resistant bacteria from
WWTPs (Zhang, Zhang and Ju, 2022; Acosta et al., 2023). This involves culture-
based enrichment for a particular subset of bacteria; in the latter case,
selection by culturing on agar containing carbapenems and/or other
antimicrobials, followed by metagenomic sequencing. It combines the
advantages of culture-based techniques, that clinically important bacteria can
be selected for, with the advantages of metagenomics, in that all the bacteria
within the enriched sample will be sequenced. For ARG detection, the use of
this technique has so far been limited to short-read metagenomic sequencing.
In this study, the use of long-read technology was crucial to understanding the
role MGEs and plasmids have played in the spread of AMR, by enabling the
circular assembly of plasmid sequences and identification of the MGEs
upstream and downstream of their MDR regions. For this reason, culture
enriched metagenomics using a hybrid approach of long and short-read
sequencing could be an important method in the future of WBE. So far, only

one study has wused culture-enrichment combined with long-read
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metagenomics, which was used to generate nearly complete microbial
genomes from the microbiota of oceanic sediment (Wang et al., 2021). It seems
only a matter of time before this method is used to investigate the clinically
relevant fraction of the wastewater resistome, and ideally, future work would
use this to better understand the spread of CPE in UK wastewater.

The experiments in this work using CRISPR-Cas9-based curing of an IncF
plasmid to facilitate detection of 1S26 mobilisation raised the question of the
potential fitness costs of large numbers of repetitive 1S26 regions. To further
understand the transfer of 1S26 between plasmids, experiments to measure
any fitness costs of the transconjugant transformants described in Chapter 5
could be performed. It was also hypothesised that the repetitive sections of
multiple blanom regions were caused by cointegration of multiple 1526
molecules followed by plasmid replication followed by further cointegration
events. If this did produce a fitness cost, then this would suggest 1S26
transposition to medium or high-copy number plasmids would be detrimental
to the cell, and this could perhaps be related to the fact that MDR plasmids that
are commonly associated with 1S26 are all low-copy number (Rozwandowicz et
al., 2018). As many studies have previously shown, IS26 plays an important role
in the evolution of AMR, and its preferred mechanism of transposition leads to
the formation of increasingly drug-resistant bacteria. Here we present that

there is more knowledge required to fully understand its magnificence.
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Table 8.1. Antibiotic sensitivity results for strains isolated on agar supplemented with cefotaxime.

Isolate Species/Genus SDaar;r;pIe ii::':le
77 E. coli 01/10/2019 | InfA
78 E. coli 01/10/2019 | InfA
79 K. pneumoniae 01/10/2019 | InfA
80 E. coli 01/10/2019 | InfA
81 Pseudomonas 01/10/2019 | InfA
82 Pseudomonas 01/10/2019 | InfA
83 E. coli 01/10/2019 | InfA
84 K. pneumoniae 01/10/2019 | InfA
85 E. coli 01/10/2019 | InfA
86 K. pneumoniae 01/10/2019 | InfA
87 Escherichia 01/10/2019 | InfA
88 K. pneumoniae 01/10/2019 | InfA
89 Escherichia 01/10/2019 | InfA
90 Escherichia 01/10/2019 | InfA
91 Escherichia 01/10/2019 | InfA
92 Escherichia 01/10/2019 | InfA
93 E. coli 01/10/2019 | InfA
94 E. coli 01/10/2019 | InfA
95 E. coli 01/10/2019 | InfA

AMP

AMC

8 ¥Y31dVHD



143

96 K. pneumoniae 01/10/2019 | InfA
97 Pseudomonas 01/10/2019 | InfA
98 E. coli 01/10/2019 | InfA
99 E. coli 01/10/2019 | InfA
100 Escherichia 01/10/2019 | InfA
101 Pseudomonas 01/10/2019 | InfA
102 Escherichia coli 01/10/2019 | InfA
103 Pseudomonas 01/10/2019 | InfA
104 E. coli 01/10/2019 | InfA
105 Escherichia 01/10/2019 | InfA
106 Pseudomonas 01/10/2019 | InfA
107 E. coli 01/10/2019 | InfA
108 K. pneumoniae 01/10/2019 | InfA
109 Pseudomonas 01/10/2019 | InfA
244 Aeromonas 12.05.22 u
245 Enterobacter 12.05.22 D1
246 Aeromonas 12.05.22 Eff B
247 E. coli 12.05.22 D1
248 Escherichia 12.05.22 D2
249 Escherichia 12.05.22 Eff B
250 E. coli 12.05.22 Eff B
251 Escherichia 12.05.22 D2

XIAN3ddV



143

252 Pseudomonas 12.05.22 D2
253 Pseudomonas 12.05.22 D2
254 Ae. media 12.05.22 Eff B
255 Ae. media 12.05.22 Eff B
256 Ae. media 12.05.22 Eff B
257 Escherichia 12.05.22 Eff B
258 Escherichia 12.05.22 Eff B
259 E. coli 12.05.22 Eff B
260 Sten. maltophilia 12.05.22 Eff B
265 Pseudomonas 12.05.22 D1
267 Escherichia 05.07.22 D1
268 E. coli 05.07.22 D1
270 Aeromonas 05.07.22 D1
272 Pseudomonas 05.07.22 D2
276 Ae. hydrophila 05.07.22 Eff B
277 Aeromonas 05.07.22 Eff B
280 E. coli 05.07.22 Eff B
281 E. coli 05.07.22 Eff B
282 E. coli 05.07.22 Eff B
284 E. coli 05.07.22 Eff B

8 Y31dVHD



0€€

Table 8.2. Antibiotic sensitivity results for strains isolated on agar supplemented with carbapenems.

Isolate | Species/Genus ;:Lple iz:::le
112 Klebsiella 23.01.20 Inf B
119 R. ornithinolytica 18.02.20 Inf B
120 Aeromonas 18.02.20 Inf B
121 Aeromonas 18.02.20 Inf B
122 Aeromonas 18.02.20 Inf B
123 Escherichia 18.02.20 Inf B
124 Aeromonas 18.02.20 Inf B
125 Aeromonas 18.02.20 Inf B
126 Aeromonas 18.02.20 Inf B
127 R. ornithinolytica 18.02.20 Inf B
128 E. coli 18.02.20 InfB
129 E. coli 18.02.20 InfB
130 E. coli 18.02.20 InfB
131 Escherichia 18.02.20 Inf B
132 Aeromonas 18.02.20 Inf B
133 Aeromonas 18.02.20 Inf B
134 Raoultella 18.02.20 Inf B
135 K. aerogenes/Enterobacter 18.02.20 Inf B
136 C. freundii 18.02.20 Inf B

AMP

AMC

FOX | CTX | CPD | ATM | MEM

§10 | OT | CIP

NA

XIAN3ddV
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137 C. freundii 18.02.20 Inf B
138 Citrobacter 18.02.20 Inf B
139 Citrobacter 18.02.20 Inf B
140 Enterobacter 18.02.20 Inf B
141 Raoultella/Klebsiella 18.02.20 Inf B
142 Aeromonas 18.02.20 Inf B
143 C. freundii 18.02.20 InfB
144 C. freundii 18.02.20 Inf B
145 K. aerogenes/Enterobacter 18.02.20 Inf B
146 K. aerogenes/Enterobacter 18.02.20 InfB
147 K. aerogenes/Enterobacter 18.02.20 Inf B
148 K. aerogenes/Enterobacter 18.02.20 Inf B
149 Klebsiella 0303.03.20 | Eff B
150 Escherichia 03.03.20 Inf B
151 E. coli 03.03.20 Inf B
152 E. coli 03.03.20 Inf B
153 E. coli 03.03.20 Inf B
154 E. coli 03.03.20 Inf B
155 E. coli 03.03.20 Inf B
156 Escherichia 03.03.20 Inf B
157 Escherichia 03.03.20 Inf B
158 E. coli 03.03.20 Inf B
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159 Escherichia 03.03.20 Inf B
160 Escherichia 03.03.20 Inf B
161 Aeromonas 03.03.20 Inf B
162 E. coli 03.03.20 InfB
163 Escherichia 03.03.20 Inf B
164 E. coli 03.03.20 Eff B
165 E. coli 03.03.20 Eff B
166 E. coli 03.03.20 Eff B
167 E. coli 03.03.20 Eff B
168 E. coli 03.03.20 Eff B
169 Escherichia 03.03.20 Inf B
170 Aeromonas 03.03.20 Inf B
171 E. coli 03.03.20 Inf B
172 E. coli 03.03.20 InfB
173 Escherichia 03.03.20 Inf B
174 E. coli 03.03.20 Inf B
175 Pseudomonas 03.03.20 Inf B
176 E. coli 03.03.20 Inf B
177 E. coli 03.03.20 InfB
178 E. coli 03.03.20 InfB
179 Ae. media 10.03.20 Inf B
180 Escherichia 10.03.20 Inf B

XIAN3ddV



1333

181 E. coli 10.03.20 InfB
182 Ae. media 10.03.20 Inf B
183 Escherichia 10.03.20 Inf B
184 Ae. media 10.03.20 Inf B
185 Aeromonas 10.03.20 Inf B
186 Escherichia 10.03.20 Inf B
187 E. coli 10.03.20 Inf B
188 Ae. media 10.03.20 Inf B
189 E. coli 10.03.20 InfB
190 Escherichia 10.03.20 Inf B
191 E. coli 10.03.20 Eff B
192 Escherichia 10.03.20 Eff B
193 Ae. media 10.03.20 Eff B
194 Pseudomonas 10.03.20 Inf B
195 Enterobacter 10.03.20 Inf B
196 Pseudomonas 10.03.20 Inf B
197 Ae. media 10.03.20 Inf B
198 Ae. media 10.03.20 Inf B
199 Ae. media 10.03.20 Inf B
200 Ae. media 10.03.20 Eff B
201 Aeromonas 10.03.20 Eff B
202 P. aeruginosa 10.03.20 Eff B

8 Y31dVHD



1433

203 Aeromonas 10.03.20 Eff B
204 Aeromonas 10.03.20 Eff B
205 Aeromonas 10.03.20 Eff B
243 Aeromonas 12.05.20 Eff B
261 Enterococcus 12.05.20 Eff B
262 Enterococcus 12.05.20 Eff B
263 Enterococcus 12.05.20 Eff B
264 Pseudomonas 12.05.20 D1

266 Pseudomonas 12.05.22 D1

269 Aeromonas 05.07.22 D1

274 Aeromonas 05.07.22 Eff B
278 Pseudomonas 05.07.22 Eff B
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Figure 8.1. Plasmid map of pDD129_IncF. GC content is annotated on an inner ring and predicted coding
sequences (CDS) on an outer ring. Resistance genes are annotated in red, mobile genetic elements annotated in
green, and DNA replication/plasmid transfer in yellow.
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Figure 8.2. Plasmid map of pDD153_IncC. GC is content annotated on an inner ring and predicted coding
sequences (CDS) on an outer ring. Resistance genes are annotated in red, mobile genetic elements
annotated in green, and DNA replication/plasmid transfer in yellow.
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Figure 8.3. Plasmid comparison of pDD191_IncF compared via BLAST to the closest alignment in Genbank,
p52148 _NDM_5, and pDD176_IncF. The predicted coding sequences (CDS) of pDD191_IncF are annotated on an
outer ring, with resistance genes in red, mobile genetic elements in green, and DNA replication/plasmid transfer in
yellow. The aligned regions of the other plasmids are shown by coloured rings.
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Figure 8.4. Plasmid comparison of pDD155_IncF compared via BLAST to the closest alighments in Genbank, p106,
and pNDM_P30_L1_05.20. The predicted coding sequences (CDS) of pDD155_IncF are annotated on an outer ring,
with resistance genes in red, mobile genetic elements in green, and DNA replication/plasmid transfer in yellow. The
aligned regions of the other plasmids are shown by coloured rings.
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Figure 8.5. Plasmid comparison of pDD158 IncF compared via BLAST to the closest alignment in
Genbank, pCTXM15_000837. The predicted coding sequences (CDS) of pDD158_IncF are annotated on
an outer ring, with resistance genes in red, mobile genetic elements in green, and DNA
replication/plasmid transfer in yellow. The aligned regions of the other plasmid are shown by a coloured
ring.
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Figure 8.6. Plasmid comparison of pDD151_IncF compared via BLAST to the closest alignment in Genbank, an
unnamed E coli plasmid. The predicted coding sequences (CDS) of pDD151_IncF are annotated on an outer ring,
with resistance genes in red, mobile genetic elements in green, and DNA replication/plasmid transfer in yellow.
The aligned regions of the other plasmid are shown by a coloured ring.
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Figure 8.7. Plasmid comparison of pDD168_IncF compared via BLAST to the closest alignment in Genbank, pS253-
NDMS5, as well as pDD165_IncF. The predicted coding sequences (CDS) of pDD168_IncF are annotated on an outer
ring, with resistance genes in red, mobile genetic elements in green, and DNA replication/plasmid transfer in yellow.

The aligned regions of the other plasmids are shown by a coloured ring.
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Figure 8.8. Plasmid map of pDD168_IncX3_ColKP3 containing blaive. GC content is annotated on an inner ring
and predicted coding sequences (CDS) on an outer ring. Resistance genes are annotated in red, mobile genetic
elements annotated in green, and DNA replication/plasmid transfer in yellow.
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Figure 8.9. Plasmid map of pDD186_IncX3. GC content is annotated on an inner ring and predicted coding
sequences (CDS) on an outer ring. Resistance genes are annotated in red, mobile genetic elements annotated
in green, and DNA replication/plasmid transfer in yellow.
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Figure 8.10. Plasmid map of pDD137_IncC. GC content is annotated on an inner ring and predicted coding

sequences (CDS) on an outer ring. Resistance genes are annotated in red, mobile genetic elements annotated
in green, metal resistance genes in maroon, and DNA replication/plasmid transfer in yellow.
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Figure 8.11. Plasmid maps of the two IncF plasmids of DD137. GC content is annotated on an inner ring and
predicted coding sequences (CDS) on an outer ring. Resistance genes are annotated in red, mobile genetic
elements annotated in green, metal resistance genes in maroon, and DNA replication/plasmid transfer in
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Figure 8.12. Plasmid comparison of pDD149 IncC compared via BLAST to the IncC plasmid of DD137, both
containing blaive-70. The predicted coding sequences (CDS) of pDD149_IncC are annotated on an outer ring, with
resistance genes in red, mobile genetic elements in green, and DNA replication/plasmid transfer in yellow. The

aligned regions of pDD137_IncC are shown by a coloured ring
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