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Abstract

Wastewater treatment plants (WWTPs) act as reservoirs for antibiotic resistant
bacteria (ARB) and may facilitate transmission of antibiotic resistance genes (ARGs)
between bacterial populations including pathogens that in turn may persist in wider
aquatic environments. ESBL-producing Escherichia coli (E. coli) cause both hospital
and community-acquired infections globally and may serve as a proxy of a wider
problem. The aim of this research was to investigate the abundance and diversity of
ESBL-producing E. coli released from a municipal WWTP to the river AlImond in West
Lothian, Scotland. Further, whole genome sequence (WGS) analysis of ESBL-
producing E. coliisolates was undertaken to gain insight to the potential contribution

of this WWTP to the resistome in the adjacent aquatic environment.

A culture-based study found approximately 2.0 x102 CFU ml! cefotaxime resistant E.
coli in the effluent outflow from the WWTP. Isolates were confirmed as E. coli by
gadA and uidA targeted primers and further characterised to five E. coli phylogroups
(B1, B2, C, D, and F) and 5 REP-PCR types. Representatives of each REP type were
confirmed to carry Group 1 and 9 CTX-M enzymes. All but 1 isolate exhibited multi
drug resistance (MDR) when challenged with representatives from different
antibiotic classes. Whole genome sequencing (WGS) and analysis was performed on
four resistant E. coli isolates. ARGs, mobile genetic elements, and genetic lineages
were identified using web-based bioinformatic tools. All resistant strains were
confirmed to carry CTX-M genes. ARGs conferring resistance to beta-lactams,
aminoglycosides, macrolides, fluoroquinolones, tetracyclines, folate pathway
agonists, phenicols, and disinfectants were also identified amongst the resistant
strains. ESBL resistance was mobilised, either by I1S6 family composite transposons
maintained in IncFll or Incll plasmids. Other MDR regions were mobilised by Intl
integrons. Importantly, 3 of the 4 isolates belong to globally recognised lineages
associated with bacteraemia in humans, including sequence type (ST)131 and ST69.
In conclusion, the presence of ESBL-producing, and indeed globally important multi-
drug resistant E.coli strains in the effluent indicate a potential role of the WWTP in
the dissemination of ARB. These findings support the case for active surveillance of

ARB and ARGs released from municipal WWTPs.
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1. Introduction

1.1. Antibiotics and antibiotic resistance.

Antimicrobials are ancient bioactive molecules that are ubiquitous throughout the natural
environment (Davies and Davies, 2010). They are produced as secondary metabolites by
microorganisms as a response to competition and predation (Ageitos et al., 2017; Khalil et al.,
2019), and facilitate niche exploitation with producers selectively acquiring resistance to their
own production (Gillings, 2013). At lower concentrations, these compounds are also involved

in bacterial cell-to-cell signalling (Linares et al., 2006).

1.1.1. Historical perspective.

Resistance to antimicrobials is as ancient as the biosynthesis of antimicrobials themselves
(Perry et al., 2016) due to both defensive response and as a response to self-toxicity. Some B-
lactamases are estimated to be a least 2 billion years old with mobilisation possibly occurring
millions of years ago. What is important though is that mechanisms that provide resistance
to antibiotics are present in the absence of antibiotic selection, suggesting alternative
putative functions associated with these genes (Diene et al., 2020). Darwinian selection has
favoured the development of multi-resistance mechanisms against these molecules with pre-
existing adaptions being modified rapidly through mutations, recombination and becoming
mobile by gene transfer events, such as lateral gene transfer (LGT) (Davies and Davies, 2010;

Jansen and Aktipia, 2014).

Although in the modern clinical sense, the first antibiotic discovery is attributed to Fleming in
1929, a plethora of natural phytochemicals, including the moulds that produce penicillin, have
found traditional uses as antimicrobials by various civilisations for millennia (Guzman et al.,
2012). Adoption of antimicrobials into the clinical mainstream occurred shortly after germ
theory was first linked with algae and fungi (the latter once postulated as being responsible
for cholera) and then popularised with bacteria through the initial identification of
microorganisms as the causative agents of infectious diseases by Louis Pasteur (Wainwright,
2008; Berche, 2012; Smith, 2012). Around this time, microbial antagonism began to be
recognised as demonstrated by the inhibitory effects of Penicillium glaucum on bacterial

growth by T.H Huxley, an observation not investigated again until the serendipitous

12
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meanderings of fungi favoured Fleming in 1928 (Friday, 1974). However, the use antibiotics
has come with a substantial cost with bacterial cells developing resistance to antibiotics used
widely in clinical settings through mutations and uptake of foreign DNA, an occurrence

observed by Fleming almost immediately (Fleming, 1929).

In the present day, antimicrobial resistance is considered a global pandemic. A final report by
O’Neill (2016) commissioned by the UK prime minister David Cameron in 2014, suggested
AMR to be responsible for 700,000 deaths globally a year, a number projected to reach 10
million by 2050 (O’Neill, 2016). These findings were mirrored by the United Nations
declaration on AMR (UN 2016) and the EU AMR action plan of 2017 (EU 2017) and act as a
part of the WHO One Health Global Action Plan encouraging collaboration between countries
(WHO 2017). Since the report by O’Neill (2016), it has been predicted that AMR was
associated with an estimated 4.95 million deaths in 2019 with drug resistant bacteria, namely
the ESKAPE priority pathogens, comprising of about 1.27million (26%) of these deaths
(Murray et al., 2022).

1.1.2. Penicillin and the B-lactams.

Penicillin G, also known as benzylpenicillin, was the first penicillin antibiotic to be produced
and together with penicillin V (phenoxymethylpenicillin) targeted streptococcal and
staphylococcal infections. However, widespread resistance to these natural penicillins quickly
emerged in staphylococci that produced penicillinase (beta-lactamase), an enzyme that
hydrolytically cleaves the beta-lactam ring of penicillin (Figure 1a) inactivating its efficacy.
Indeed, Fleming noted resistance against penicillin in his initial paper in 1929 and again in
1940 (Abraham and Chain, 1940). This led to the development of new penicillinase resistant

penicillins or semi-synthetic penicillins (Figure 1c).

This surge in development subsequently initiated the development and clinical use of the B-
lactam antibiotics and two strategies to combat B-lactamase activity emerged. Firstly, the
mass screening for B-lactams and synthetic adjustments to B-lactams as a method to evade
B-lactamase enzymatic activity. Secondly the development of inhibitors to actively target B-

lactamases, with the latter to be used in combination with the former (Papp-Wallace, 2019).

13
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B-lactam Semi-synthetic penicillin
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Figure 1.1 a) 4 membered 2-azetidinone ring (B-lactam ring) as the structural core of (b)
Benzylpenicillin (6-aminopenicillinic acid). It comprises of 5 membered thiazolidine ring and
an acyl-amino side chain attached to the 6-position carbon. c) Synthetic adjustments at
position 6, facilitates the addition of synthetic side chains.

While penicillin was the first clinically applied B-lactam, the B-lactam market until the 1970’s
comprised of penicillins followed by the cephalosporins (initially isolated from Acremonium
chrysogenum). Even though similarly structured utilising the 4 membered 2-azetidinone ring,
(B-lactam ring), the cephalosporins were identified with a fused 6 membered heterocyclic ring

as opposed to the 5 membered heterocyclic ring in penicillin (Hamed et al., 2013).

Structural differences define the B-lactams into their family groups (Hamed et al., 2013). All
B-lactams comprise of the 4-membered B-lactam ring which may be either fused with 5
membered (thiazolidine) 6 membered (dihydrothiazine) heterocyclic rings. The heteroatom
at position 1 may either be a sulphur (penicillins and cephalosporins), an oxygen (clavams),
or a carbon atom (carbapenems). The one exception to this are the monocyclic B-lactams,
which as the name suggests is solely structured around the B-lactam ring and do not have a

fused thiazolidine or dihydrothiazine ring (Hamed et al., 2013; Bush and Bradford, 2016).

14
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1.1.3. B-lactamases.

B-lactamases were commonly regarded as a direct bi-product of the modern antibiotic era.
However, exploration in modern times have identified unique gene sequences in bacterial
species that have been isolated for millions of years. Further to this is the observation that
they are not unique to bacteria as they have been identified in fungi as well. B-lactamase
genes are potentially 2 billion years old and are suggested to have become mobilised from
chromosomes onto plasmids from as early as 500 million years ago and evolved
simultaneously with B-lactamase producing microorganisms as a counter measure to B-
lactams production through co-evolution with other B-lactam producing microorganisms as a
counter measure to B-lactamase production. This pre-clinical observation of B-lactamase
activity is further demonstrated by genomics which consistently find unique B-lactamase type

genes without homology to the commonly identified B-lactamases (Bush, 2018).

Despite the ancient origins of B-lactamases, the discovery has no doubt been expediated
through their rapid deleterious effect on efficacy of clinically administered B-lactams. Activity
of B-lactamases functions through the hydrolysis of the amide bond in B-lactams. This
effectively prevents the B-lactam from inhibiting cellular penicillin binding domain function.
B-lactamase hydrolytic functionality mainly occurs through one of two mechanisms. Firstly,
through an active site serine residue that utilizes an acylation-deacylation mechanism, and
secondly, through zinc ions in metallo-B-lactamase active sites that utilises different
mechanisms depending upon the enzyme. Recognition of these two different functionalities
has subsequently facilitated the broad classification of B-lactamases into four classes, A-D,
with Class A, C and D being the serine B-lactamases and Class B being the metallo-B-
lactamases, although more recently these four groups can be broken down into 17 functional
groups and even further using sequencing data (Drawz and Bonomo, 2010; Hamed et al.,

2013; Tooke et al., 2019).

Serine B-lactamases share an almost identical structure to the serine transpeptidases (the
main cross-linking enzymes in most bacteria), sharing the serine-xxaa-xxaa-lysine motif
although they lack the serine peptidase activity. However, despite the conserved residues in
Penicillin Binding Proteins (PBP’s), functional behaviour is not similarly conserved. For

example, while both enzymes have a rapid acylation step the deacylation rate of

15



40328586

transpeptidase PBP’s mentioned above is slow and conversely it is rapid in B-lactamases

(Hamed et al., 2013).

The class A B-lactamases are the most widely studied and include the PC1, KPC, TEM, SHV and
CTX-M enzymes. The TEM, SHV and CTX-M enzymes have rapidly become notorious in the
Enterobacteriaceae. The precipitous expansion in spectrum of activity due to the enzymes
swift mutational adaption to new clinical substrates has resulted in an additional
nomenclature to Extended Spectrum B-lactamase (ESBL). Not only have these class A -B-
lactamases expanded their spectrum of activity but are observed to possess an affinity with
Mobile Genetic Elements (MGE’s) resulting in their global distribution. A recent addition to
the clinical arsenal were the carbapenems which functioned to acetylate most of the serine
B-lactamases including the many of the class A B-lactamases. The KPC enzymes can effectively
hydrolyse carbapenems owing to structural variability due to an expanded active site which
increases hydrophobicity effectively prolonging the hydrogen-bonding interaction long
enough for deacetylation to occur. Again, these KPC enzymes (although mostly restricted to
Klebsiella pneumoniae) are globally renowned as the most prevalent Class A carbapenemases

(Drawz and Bonomo, 2010; Hamed et al., 2013; Bush and Bradford, 2016; Tooke et al., 2019).

The Class D enzymes have the OXA nomenclature and are all Oxacillinases. Originally activity
was restricted to penicillins, but more recently the spectrum of activity has expanded to
include both cephalosporins and carbapenems and currently have a broad host range,
disseminating into both Gram positive and negative bacteria (Tooke et al., 2019). OXA
enzyme activity is identified as lysine carboxylation in the active site and similarly to the KPC
enzymes, the OXA enzymes have an increased hydrophobicity in this active site, due to
increased non-polar surface area in comparison to the other Class A enzymes. Again, similarly
to KPC activity against carbapenems is demonstrated to be due to steric constraints upon the
carbapenem acylenzyme orientation. It is now recognised that the nucleophilic serine,
characteristic of the serine B-lactamases is affected by more than just carboxylation of the
active site lysine in these OXA enzymes (Drawz and Bonomo 2010; Hamed et al., 2013; Bush
and Bradford, 2016; Tooke et al., 2019). There are currently five separate clades of OXA
enzymes with activity against Carbapenems. While four of these (OXA-23, 24/40, 51 and 58)
are limited to A. baumanni, the fifth, OXA-48 are mobilised on plasmids in Enterobacteriaceae
and increasingly associated with carbapenem failure in clinical settings (Poirel et al., 2012).

16
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1.2. Escherichia coli.
1.2.1. Clinical important of E. coli.

Originally identified by Theodor Escherich in childhood diarrhoea in the late 19t century, E.
coli is a rod shaped, Gram-negative member of the Enterobacteriaceae and the most
investigated organism and core laboratory workhorse (Blount, 2015). E. coli is identified as a
common human and animal commensal both transiently passaging through and residing
within the gastrointestinal tract and excreted as a proportion of faeces. Subsequently E. coli
has adapted to life outside of the host and is supported/can be isolated from in/a wide array
of environmental niches including sediments and water compartments which in turn further
drives E. coli evolution through acquisition and exchange of genes from environmental

bacteria (Vila et al., 2016; Gonzalez-Alba et al., 2019; Touchon et al., 2020).

E. coli can also serve as an opportunistic pathogen in humans (Long et al., 2022), and is the
most frequent cause of both intestinal pathogenic E. coli (InPEC and IPEC), diarrheagenic E.
coli (DEC) and extraintestinal pathogenic E. coli (EXxPEC) infections, often resulting in severe
bacteraemia and sepsis (Poolman, 2017; Geurtsen et al., 2022). As a pathogen, E. coli is the
causative agent of multiple pathologies such as Haemolytic Uremic Syndrome (HUS)
associated with renal dysfunction, to urinary tract infections (UTI) commonly associated with
disease of the lower urinary tract (Bonten et al., 2021). In the UK, E. coli is the most common

cause of UTI’'s (EUSPAUR, 2021).

Virulence determinants feature as a main driver of pathogenicity and can turn a benign strain
into a pathogen assisting colonisation and survival in hostile environments. For example,
adhesins facilitate ‘adhesion’ to epithelial cells and promote biofilm formation which in turn
may provide protection against a clinical response. Iron acquisition systems facilitate iron
scavenging assisting survival and persistence in iron depleted regions such as the urinary tract.
While existing as a diverse and potentially critical pathogen the clinical concern surrounding
E. coli is further compounded with the emergence of drug resistant strains (Vila et al., 2016;

Johnson et al., 2018; Geurtsen et al., 2022).
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1.2.2. Antimicrobial resistance (AMR) in E. coli.

Concern has been growing over the role of pathogenic species belonging to the
Enterobacteriaceae, notably Escherichia coli, in the spread of multi-drug resistance (Carattoli
2009; Nordmann et al., 2011; Woodford et al., 2011). Clinical treatment of bacteraemia that
involve prescribing antibiotics introduce E. coli to a variety of stresses that drive the selection
for a variety of resistance mechanisms (Woodford and Ellington, 2006; Paitan 2018; Jutkina
et al., 2018), such as the production of ESBL’s as a response to B-lactam exposure (Mederios,

1997).

According to the European Centre for Disease Prevention and Control (ECDC) around 11% of
tested E. coli isolates in the UK have been reported to be resistant to third generation
cephalosporins (ECDC, 2019). A recent 2019 report by Public Health England (PHE) showed an
overall 12% increase in Bloodstream infections (BSI’s) caused by E. coli. According to the
yearly report by SONAAR (2017) the rise was 1.4% in Scotland between 2013 and 2017, with
the same report identifying a rise in the number of Gram-negative BSI with resistance to 3™
generation cephalosporins. A potentially greater concern is the observed rise in
carbapenamase producing bacteria (38% in Scotland 2013 - 2017) which peaked in 2019 but
has significantly declined in the following years. However, the figure is observed as only a
2.8% reduction from the preceding 5 years. The most frequently identified genes being OXA-
48 like carbapenemases (SONAAR, 2020).

While causing extensive global problems in the clinical environment (Pitout and Laupland,
2008), ESBL carriage has now been shown to shuttle between environmental, clinical and
community settings (Canton et al., 2008, Burke et al., 2012; Gonzalez-Alba et al., 2019). This
is currently becoming increasingly more relevant to local settings and policy (Drieux et al.,
2016; Donker et al., 2017; Dorado-Garcia et al., 2017; Low et al., 2019; Parnanen et al., 2019;
Larsson and Flach, 2022).

1.2.3. Extended-spectrum beta-lactamases (ESBLs) in E. coli.

In recent years, the dominant ESBL activity has been with CTX-M enzymes (Pitout et al., 2008;
Canton et al., 2012, Bevan et al., 2017) the proliferation of which has been driven by

substantial application of third generation cephalosporins. Subsequently, with an increase in
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CTX-M B-lactamase mediated resistance, there has been an increase in the application of
carbapenems. This has subsequently driven an increase in carbapenem resistant
Enterobacteriaceae (CRE) and their dissemination (Hawkey, 2015). CTX-M B-lactamases were
first recognised around 1989 in Enterobacteriaceae, occurring almost simultaneously in both
S. America and Europe and now comprise 172 variants (Bevan et al., 2017). The term CTX-M
is derived from the preferred hydrolytic activity against cefotaxime (CTX) and M refers to the
first isolation in Munich. Subsequently, the first cefotaxime B-Lactamase was referred to as

CTX-M1 (Canton et al., 2012).

CTX-M B-lactamases were possibly captured and mobilised from chromosomal Kluyvera
species. The blaKLUA genes from Kluyvera ascorbata share 100% identity with CTX-M-2
(Humeniuk et al., 2002). There are 5 main sub-lineages within the CTX-M B-lactamases,
identified as CTX-M groups 1, 2, 8, 9 and 25. A few structural hybrids form different variants
the majority of which are possibly derived from CTX-M groups 1 and 9 (Canton et al., 2012;
D’Andrea et al., 2013). CTX-M enzymes have almost displaced other ESBLs such as b/aTEM
and blaSHV due to lower fitness costs (Stoesser et al., 2016) and being rapidly captured and
disseminated by highly mobile genetic platforms within dominant clones that often contain
other multiple resistance elements (Canton et al., 2012; Johnson et al., 2016a). A good
example of this would be the EXPEC ST group 131 or B2 025:H4-ST131. ST131 has been shown
to be transferable to humans through companion animals (Zhang et al., 2018a). While other
ST groups such as ST73 and ST127 also have a high occurrence in urinary tract infections
(UTI’s), they are usually susceptible to extended spectrum cephalosporins. Both ST73 and
ST131 are globally recognised, possibly spread by human migration. However, CTX-M genes
are commonly found associated with ST131. Subsequently, ST131 is considered as high risk,
globally recognised MDR clone predominately associated with community onset infections
related to outpatients and geriatrics and linked with increased mortality rates (Petty et al.,

2014, Dale and Woodford, 2015).

While there are 5 main CTX-M genotype groups, two dominant CTX-M enzyme variants are
generally associated with ESBL’s, namely CTX-M-14 (group 9) and CTX-M-15 (group 1)
reported to have originated in India and China (Bevan et al., 2017). These appear ubiquitous
throughout all environmental and ecological niches, possibly attributable to anthropogenic

influences upon these compartments and subsequent connectivity within and throughout
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global regions (Morris et al., 2008, Lau et al., 2009, Amos et al., 2014; Bevan et al., 2017;
Conte et al., 2017).

1.2.4 E. coli as an indicator species.

The association of E. coli with the digestive tracts of warm-blooded animals and more
specifically with human faeces makes it a suitable marker for faecal contamination in aquatic
environments (Rice 1991; Ishii and Sadowsky, 2008; WHO 2011;). Standard methods for
identification and enumeration of faecal coliforms utilise membrane filtration and selective
media utilising B-D galactosidase and B-D glucuronidase biochemical activity (Kaspar et al.,

1986, Rompre et al., 2002; Environment Agency 2009; ISO-9308-1:2014).

1.2.5. ExPEC pathogenic E. coli.

As described in section 1.2.2., E. coli is the most common cause of EXxPEC infections. Multilocus
sequence typing (MLST) can identify an E. coli strain to a predefined population structure and
subsequently infer whether phylogenetic relationships exist between isolates during an
outbreak as well as delineate strains within a global context (Zhou et al., 2019). Using this
typing system, it has been possible to identify specific clonal lineages in E. coli as predominant
pandemic lineages, namely ST69, ST73 ST95 and ST131 (Riley, 2014). By far the most
notorious of these ST’s is ST131 which has become synonymous with ESBL dispersal. Stepwise
evolution of ST131 was driven by previous interactions with prophages, genomic islands, and
insertion sequences, although it appears without ESBL genes notably in clades A & B
(Woodford et al., 2011, Zakour et al., 2016). ST131 clonal sub-group, fimH30 or clade C, is the
most common lineage evolving from the ST131 clade B. Clade C, while not necessarily driving
ST131 expansion (Kallonen et al., 2017), maintains a potentially primed phenotype for rapid
expansion determined by previous co-evolutionary relationships with plasmid replicons and
insertion sequences (1S), is identified as driving the global expansion of CTX-M genes as well
as integrating fluoroquinolone resistance. This has now been identified to occur with the two

fimH30 clades, C1/H30-R and C2/H30-Rx (Zakour et al., 2016).

Initially, evolution of the more notorious C2 appears to have occurred predominately through
IncFll plasmids and 1S26 mediated events, with the chromosomal insertion of an MDR gene

cassette accompanied by further IS insertions, deletions, and re-arrangements. This
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facilitated rapid dissemination due to the amelioration of fitness costs enabled through
adaptive plasticity thereby facilitating the retention of beneficial traits (Johnson et al., 20164a;
Stoesser et al., 2016), and with the relationship of these MGE’s within C2 strains often
unstable, it is possible that plasmid retention is evolving towards chromosomal fixation
(Johnson et al., 2016a). A 3™ ancestral clade, CO, has been identified with susceptibility to
fluoroquinolones and while sharing identity with other clade C members also shares some
homology with clade B (no CTX-M carriage) and has been classified as an intermediate strain

(Stoesser et al., 2016; Zakour et al., 2016).

The resistance phenotype carried by C2/H30-Rx provides resistance to fluoroquinolones
through mutations in parC and gyrA and resistance to extended spectrum cephalosporins
through CTX-M 15 carriage, was a property that first gained ST131 its notoriety (Coque et al.,
2008; Johnson et al., 2013, 2016b; Stoesser et al., 2016). More recently the acquisition of the
plasmid mediated aac(6’)-lb-cr resistant determinant provides resistance against
fluoroquinolones and aminoglycosides (Phan et al., 2022). C2H30-Rx has even been shown to
carry carbapenemases such as OXA-48 (De Toro et al., 2017; Ellaby et al., 2019) and blaxpcz
(Cai etal., 2014), highlighting the burgeoning danger that resides within this highly adaptable
clonal lineage, epitomized by its high fitness, pathogenicity, adept colonisation capabilities
and rapid adaption to hostile heterogenous environmental conditions with a seemingly

inherent aptitude for resistance gene acquisition and shuffling (Vila et al., 2016).
1.2.6. Horizontal gene transfer (HGT) in E. coli.

Horizontal gene transfer is a critical factor in the spread of resistance determinants (Carattoli,
2013). Plasmids enable the bacterial host to adapt to a diverse range of environments
occurring through the accumulation of gene combinations that affect virulence, fitness, and
resistance. A variety of genetic elements are responsible for carriage and transmission of
resistance genes such as genomic islands, plasmids, integrons, integrative conjugative
elements, insertion sequences and transposons. Given the ubiquitous nature of such
elements, resistance profiles may be complex mosaics of various sequences accumulated via
diverse genetic exchanges and interactions between independent mobile elements (Hall et
al., 2017; Carvalho et al., 2015). Plasmids function independently of the host genome and

demonstrate a high degree of plasticity facilitated by insertion sequences and their
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transposons. Due to the conserved nature of the replication regions, this allows for plasmids
to be identified by a process known as incompatibility group typing with each group
demonstrating unique characteristics such as copy number and host range (Carrattoli, 2009;

Mathers et al., 2015).

Plasmids, and in particular IncFll plasmids, are responsible for the transmission of resistance
genes such as the CTX-M family genes and recently their prevalence and possible
chromosomal integration in ‘high-risk’ clones such as ST131 CH30 (Mathers et al., 2015).
Indeed, the plasmid type most associated with b/laCTX-M-15 gene is the IncFll plasmid group
(Carottoli, 2013). The IncFll plasmid has a narrow host range, low copy number and is
equipped with addiction and post-segregational killing systems that facilitate maintenance
and stability, as occurs in E. coli ST131 (Johnson et al., 2016a; Pitout and DeVinney, 2017).
Importantly, they can be maintained in the absence of selection pressure from antibiotics,
indicating a low fitness cost and potential benefit from their carriage. Interestingly, these
plasmids can contain multiple replicons that may be either active or silent during replication.
IncFll plasmids often capture and carry multiple resistant elements. For example, pEK-499
plasmid identified in an E. coli ST131 isolate was identified with blaTEM-1, blaCTX-M-15,
blaOXA-1, aac(6=)-1b-cr, mph(A), catB4, tetA, dfrA7, aadA5, and sull genes (Woodford et al.,
2009). Further, IncFll plasmids in E. coli have been identified with carbapenemase genes such

as the blaOXA-48 gene (Moussa et al., 2020).

To further complicate resistance occurring within clinical settings, is the relative ease that
mobile elements flow between different bacteria. In addition, this is shown to occur in a
variety of environmental settings and may be promoted by anthropogenic activities (Stokes
and Gillings, 2011; Larsson and Flach, 2022). A particular mobile element that epitomises this
would be the Class 1 integron (Gillings, 2018). The Class 1 integrons, now seemingly
ubiquitous, possess definitive regions of shared ancestral homology, indicating its purveyance
to be directly attributable to the commencement of human applied antimicrobial therapy
(Gillings, 2014). Their ubiquity is demonstrated in anthropogenically impacted settings and
can be intimately tied to faecal contamination. The Class 1 Integrons accumulate a variety of

resistance mechanisms in extended arrays of genes called cassettes (Gillings, 2014).
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Class 1 integrons can be activated as a bacterial stress response. The genes within the cassette
can rearrange and be expressed in a preferential response to an environmental stress. The
high replicability rate in response to selection pressures encourages their selection as they
confer selection advantages to their bacterial hosts and are autonomous (Gillings, 2014). Due
to their association with faeces and, environments influenced by anthropogenically derived
selective agents (such as WWTP effluent), are often defined by a high abundance of Class 1
integrons containing multiple resistance genes. Consequently, detection of Class 1 integrons
has been used as a proxy for anthropogenic influence on surface water ecosystems (Amos et

al., 2015, 2017; Gillings, 2018; Quintela-Baluja et al., 2021).

1.3. Biological wastewater treatment and the spread of AMR.

Wastewater treatment plants (WWTP’s) can provide suitable conditions for human
pathogens to act as, or promote, the establishment of reservoirs of resistant determinants
(Bengtsson-Palme et al.,, 2017; Suzuki et al., 2019). In turn, this may lead to increased
opportunities for the persistence of opportunistic human pathogens and/or facilitate
horizontal gene transfer of antimicrobial resistance genes to environmental species that may
be later transmitted back into opportunistic human pathogens (Leonard et al., 2015;
O'Flaherty et al., 2019). While a reduction of enteric species occurs, the resistant profile, or
resistome, of the wastewater community has a strong correlation with the resistome present
in the gut microbiome, and more often these genes are not removed during the WWT
process. Additionally, microcontaminants that may act as selective agents such as
pharmaceuticals, antibiotics, detergents, and metal containing products remain ubiquitous,
exposing the microbial communities to stresses that can lead to enrichment and mobilisation
of antibiotic resistant determinants (Dealtry et al., 2014; Pal et al., 2015; Lehmann et al., 2016;
Ye et al., 2017; Burgmann et al., 2018; Lu et al., 2018; Numberger et al., 2019). This effect is
not just limited to the various treatment stages, as an association between resistance element
abundance and proximity to WWTP outflows has been observed using upstream water quality
as a baseline (Amos et al., 2014; Li et al., 2015; Lekunberri et al., 2018). Additionally, there
are multiple factors that influence the contribution of WWTP’s as environmental polluters,
including season, climate, plant design, treatment methods and operational parameters

(Amos et al., 2015; Gao et al., 2018).
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Selection processes and bacterial dynamics throughout wastewater networks and the
receiving environment appear ecologically compartmentalised and complex (White et al.,
2016; Auguet et al., 2017; Hultman et al., 2018; Gao et al., 2018; Zhou et al., 2018; Quintela-
Baluja et al., 2019; Paulhaus et al., 2019). While underlined by great complexity, WWTPs are
currently considered a point source or hotspot for ARG and ARB proliferation and
dissemination into the environment (Pruden et al., 2012; Czekalski et al., 2014; Rowe et al
2017; Che et al., 2019). Changes that occur in aquatic environments in receipt of wastewater,
include enrichment of human and animal pathogen families and an increased abundance of
ARG’s (Subirats et al., 2017; Lekunberri et al., 2018; Quintela-Baluja et al., 2019). WWTPs
influence and legacy effect on the resistome, mobilome as well as species abundance and

diversity have been shown to persist into receiving aquatic environments (Corno et al., 2019).

Monitoring of AMR in wastewater can provide a cost-effective and unobtrusive method of
testing communities and complement existing clinical surveillance data (Marano et al., 2020;
Robins et al., 2022). Recent research suggests monitored changes in microbial populations,
specific resistance genes and even chemicals may present an early warning system for
potential outbreak of AMR related disease (Riquelme et al., 2022). However, the diverse array
of microorganisms and potential resistance genes presents a challenge for monitoring.
Standardisation of techniques is also required and crucially, must be cost effective, so that
data collected can be universally compared across regions (Hassoun-Kheir et al, 2021,
Klumper et al., 2022). The WHO and the Advisory Group on Integrated Surveillance on AMR
(AGISAR) recommend the “Tricycle protocol” (WHO, 2021) utilising ESBL producing
Escherichia coli as a single indicator species for national multisectoral surveillance across

human, animal and environmental sectors.

1.4. Study rationale and scope.

Alarm has been growing over the role of Gram-negative bacteria, specifically pathogenic
species of the Enterobacteriaceae, in the global spread of multidrug resistance and the impact
of this on human health (Carattoli 2009; Nordmann et al., 2011; Woodford et al., 2011).
Municipal wastewater and its association to environmental dimension of AMR has recently
received increasing attention (Paulshus et al., 2019; Larsson and Flach 2022). The WHO ‘One

Health’ Framework concerning antibiotic resistance recommends unified surveillance of AMR
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indicator species (Matheu et al., 2017; WHO, 2021). E. coli that produce Extended Spectrum
Beta-Lactamases (ESBL’s) and are resistant to third generation cephalosporins offer a suitable
marker for monitoring resistance epidemiology and to better understand the associated risk
of AMR in environmental settings (Leonard et al., 2018; Hutinel et al., 2019; Marano et al.,
2020). The rationale for this is based on the association of E. coli with faecal contamination,
and the ubiquity of this species as a human and animal intestinal commensal, colonist, and
potential pathogen. Further, ESBL’s are responsible for increased disease burden and can
cross the species barrier (Matheu et al., 2017; WHO, 2021). ESBL’s are often found to be
ubiquitous in WWTP effluent (Day et al., 2019) and have subsequently been detected in
receiving water bodies (Korzeniewska and Harnisz, 2013; Brechet et al., 2014). Recent studies
have identified similarities in the resistance patterns between the clinical and wastewater
treatment works (Parnanen et al., 2019). Many ESBL producing E. coli isolates in the clinic
have a strong association with the potentially pathogenic E. coli sequence type, ST131, other
ST groups which are generally found to harbour CTX-M 15 encoding genes (Coque et al., 2008;
Lau et al., 2008; Dolejska et al., 2011; Day et al., 2019)

1.5. Aim and Objectives.

The aim of this study is to investigate the presence and diversity of ESBL producing Escherichia
coli released in tertiary treated effluent to the river Aimond from the East Calder Wastewater
Treatment Plant. In addition, for selected isolates, to explore the genetic environment of
cefotaxime and other antibiotic resistance genes including any associations with mobile
genetic elements. In turn, this study will contribute to our understanding of the potential
contribution of treated effluent to the freshwater resistome via transmissible antibiotic

resistance genes.
The specific objectives of the study are to:

1. Isolate and quantify ESBL producing E. coli present in freshwater and river sediment
at the outlet of a WWTP using selective isolation techniques.
2. Characterise the phylogenetic diversity of cefotaxime resistant E. coli using PCR based

assays.
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3. Compare the genotypic and phenotypic antibiotic resistance profiles of representative
E. coli isolates from different phylogroups using PCR based assays and antibiotic
sensitivity tests.

4. Establish the local genetic environment of cefotaxime and other antibiotic resistance
genes and any associations with mobile genetic elements in selected isolates using

whole genome sequencing and bioinformatics tools.
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Figure 1.2. a) The river Almond catchment area and b) the location of the WWTP at East Calder and
the discharge point where treated effluent enters the river Alimond.

2. Materials and Methods
2.1. Environmental sampling.

East Calder Wastewater Treatment Works (55°53'57”N , 003°28'08"W) which operates an
activated sludge process (ASP) with tertiary treatment for municipal waste was investigated
in this study. This large WWTP (capacity 96,000 pe) discharges to the river Almond, near the
town of East Calder, West Lothian, Scotland. Treated wastewater effluent samples were
collected from the outflow discharge point to the river Almond, on a single sampling day in
November 2019. Effluent samples were collected from random points in the outflow channel
using a grab sample technique. Briefly, four independent 250ml grab samples were taken at
5 min intervals to give a 1L composite effluent sample. Additional samples were collected
from river sediment at random points within three meters from the end of the outflow

channel. Approximately 50mm of submerged sediment was collected as 10 samples using a
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10mm diameter core sampler. The top 30mm of sediment from each sample was removed
from the core sampler and collected in a sterile plastic bag to form a composite sample to be
comparatively analysed at a ratio of 1g sediment to 1ml effluent. The samples were
transported to the laboratory at 4°C and held at this temperature until use. All effluent and

river sediment samples were processed within 24 h.
2.2. Selective isolation and enumeration of non-E.coli coliforms and E. coli.

The abundance of total NECC (Non-E. coli coliforms) and total E. coli as well as cefotaxime
resistant sub-populations were determined using a protocol adapted from the EPA Method
1603 (2014) and EA Microbiology of Drinking Water (2009) - Part 4. Sediment samples were
prepared by mixing 1g of sediment with 9ml PBS and vigorously mixed. Samples were
prepared as 10-fold serial dilutions of water and sediment samples down to 10* in triplicate
using phosphate buffered saline (PBS) and 10ml volumes filtered through sterile Whatman
filters (0.45um diam.). Filters were transferred aseptically on to the surface of Coliform
Chromselect agar (CCA) plates with or without cefotaxime (4mg L?). Following incubation at
30°C for 18-24 hours, presumptive NECC (red colonies) and presumptive E. coli (blue colonies)

were enumerated on those plates containing between 20-80 colonies.
2.3. DNA extraction, PCR, and gel electrophoresis.

Genomic DNA was extracted using a boiled lysate protocol adapted from Cavaco &
Hendriksen (2015) with the TE buffer and wash step omitted. Briefly, several colonies from an
overnight culture were suspended in 200ul sterile distilled water (dsH20) and boiled in a
heating block (Flowgen Bioscience) for 10 mins at 95°C. The lysate was placed on ice and
centrifuged (Hettich Micro 2000, Germany) at 14,000 rpm for 5 minutes. Deviations from this
basic extraction protocol are stated in the relevant PCR assay methods below. Each PCR assay
was prepared according to protocols adapted from the relevant literature. PCR amplifications

were conducted in a Techne Prime thermocycler (Bibby scientific Ltd, UK).

Amplicons were separated and visualised using 2% w/v agarose gels (Bioline, UK)
electrophoresed for 45 minutes at 100 volts, unless otherwise stated. A 100bp or 1Kb ladder
(Bioline, UK) was added as a size marker to an appropriate well, as required. Electrophoresed
gels were imaged using a Bio-Rad CHEMdoc XRS Molecular imager with Image lab software

(Bio-Rad Laboratories Inc.).
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2.4. PCR assays.
2.4.1. Simplex PCR for Escherichia coli species confirmation.

DNA was extracted and PCR performed as described in section 2.3. Two primer pairs were
used to identify presumptive E. coliisolates (Table 3.1): a gene specific for E. coli, gadA, which
codes for glutamate decarboxylase enzyme (Doumith et al., 2012) and the uidA gene, which
encodes for B-glucuronidase (Berthe et al., 2013). Amplification mixtures contained primers
at a final concentration of 1uM for gadA and 20uM for uidA primers. Amplification of uidA
was run as a 2 step PCR with the annealing and extension steps combined. The amplification
conditions for uidA included an initial denaturation step for 3 min at 95°C followed by 25
cycles of 60 s at 94°C and 50°C and a final extension at 72°C for 5 min. The amplification
conditions for gadA included an initial denaturation for 4 min at 94°C followed by 30 cycles of
30sat94°C, 65°Cand 72°C and a final extension at 72°C for 5 min. Escherichia coli ATCC 47055
was used as a positive control strain for both gadA and uidA detection and Klebsiella

pneumoniae (NCIMB 8805) was used as a negative control.

Table 2.1. Primers used for detection of gadA and uidA marker genes.

Product length
(bp)

Target gene | Primer sequence (5’ —3’)

(f) GATGAAATGGCGTTGGCGCAAG
(r) GGCGGAAGTCCCAGACGATATCC

(f) CATTACGGCAAAGTGTGGGTCAAT
uidA 600
(r) CCATCAGCACGTTATCGAATCCTT

Abbreviations: f, forward; r, reverse primer.

2.4.2. PCR for Phylogroup assignment.

Genomic DNA extraction and PCR amplification were performed as described in section 2.3.
Multiplex PCR was performed according to the method of Clermont et al. (2013) using gene
specific primers at given concentrations (Table 2.2) to assign E. coli isolates to established

phylogroups. Modifications to the assay included the replacement of amplification mixture
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components to 2x concentration HS MyTaq with nuclease free water. The final primer
concentration is given in Table 2.2. The PCR reactions were performed with an initial
denaturation step at 94°C for 4 min followed by 30 cycles of 5 sec at 94°C and 20 sec at 59°C
(for the quadruplex and group C confirmation), or 20 sec at 57°C (for group E confirmation)
with a final extension step at 72°C for 5 min. Interpretation of bands and confirmation assays
as described by Clermont et al. (2013). Phylogroup assignment was determined according to
the presence or absence of bands in the quadruplex assay. Depending upon the sequence of
positive or negative results, isolates were either immediately assigned to a phylogroup or
alternatively a further two assays were performed to confirm isolates as belonging to either
group C or A or group E or D. Two E. coli strains, ERI39 and ERI40, were used as in-house

positive controls for phylogroups B2 and D, respectively.
2.4.3. Rep-PCR Fingerprinting for strain characterisation.

Rep-PCR was used to amplify the non-coding repetitive extragenic palindrome (Rep)
sequences from E. coli isolates to generate DNA fingerprint patterns (Malathum et al. 1998;
Rademaker et al., 2008). This allows for identification of clones or near identical populations
through unique band patterning. DNA was extracted from overnight cultures grown in Tryptic
Soy Broth (Sigma). Briefly, 25ul from each culture broth was centrifuged for 1 min at
12,000rpm and the pellet resuspended in a mixture of 25ul nuclease free water and 75ul of
10% w/v Chelex (Bio-Rad) resin. The suspension was vortexed for 10 s, held at 100°C for 10
min in a heating block (Flowgen Bioscience), vortexed again for 10 s and centrifuged (Hettich
Micro 2000) for 3 min at 12,000rpm. PCR assays were performed using primers targeting
repetitive extragenic palindromic elements (Table 2.3). Stock primers were diluted to give a
final concentration of 50 pmol/ul Table 3.3). The PCR reactions were performed with an initial
denaturation step at 95°C for 7 min followed by 35 cycles of 30 sec at 95°C and 60 sec at 40°C
and 8 min at 65°C with a final extension step at 65°C for 8 min. Interpretation of the DNA Rep
typing pattern was performed according to the methods of Malathum et al., (1998) whereby
a difference of 2 or more bands was taken to indicate a different Rep-Type. Klebsiella
pneumoniae (NCIMB 8805) was used as an internal reference strain to allow comparison of
patterns between gels. Electrophoresis was conducted as described in section 2.3 except with
a run time of 110 minutes at 70V. To compensate for effects of smiling, 6ul of 1Kb ladder

(Bioline, UK) was added to the left- and right-hand lanes.
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Table 2.2. Primer sequences and product length used in the PCR assays to determine the

phylogroup of E. coli isolates (adapted from Clermont et al., 2013).

Table 2.3. Primers used to generate rep-PCR banding patterns (Versalovic et al., 1993).

Abbreviations: f, forward; r, reverse primer. |, Inosine; N denote either A,G,T or C nucleotides. Both | and N act

as degenerate oligonucleotides.
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2.4.4. ESBL resistance gene characterisation (SHV, TEM and OXA).

Genomic DNA extraction was performed as described in section 2.3. Multiplex PCR was
performed to detect bla genes using primers specific to ESBL encoding genes from the SHV,
TEM and OXA families (Dallenne et al., 2012) detailed in Table 2.4. The PCR reaction mixes
contained blaTEM, SHV or OXA primer pairs at a final concentration of 0.4pmol/ul. PCR
amplification included an initial denaturation at 94°C for 10 min, followed by 30 cycles of 94°C
for 40 s, 60°C for 40 s and 72°C for 1 min, followed by a final extension at 72°C for 7 min. Two

E. coli strains, ERI39 and ERI40, were used as in-house positive controls for phylogroups.
2.4.5. ESBL resistance gene characterisation (CTX-M group).

DNA was extracted as described in section 3.2. Multiplex PCR amplification was performed
using primers specific to ESBL encoding genes for the simultaneous detection of blaCTX-M
Groups 1, 2, 8,9 and 25 (Woodford et al., 2006). PCR reaction mixes contained primers (Table
3.5) at a final concentration of 10pmol/pl. Group 8 and 25 share a reverse primer (Gp8/25R)
hence the final concentration of this primer was 20 pmol/ul. PCR amplification conditions

included an initial denaturation at 94°C for 5min followed by 30 cycles of 94°C for 25 s, 60°C

for 40 s and 72°C for 50 s and a final extension at 72°C for 6 min. Escherichia coli ATCCC 47055
was used as a negative control. Previously identified cefotaxime resistant isolates, ERI39,
AT1.2, AT1.3 and ERI41 were used as positive controls for group 1 and group 9. No controls
were available for groups 2, 8 and 25 hence amplicon sizes from Woodford et al. (2006) were

used to interpret gels.
2.4.6.Characterisation of five main E. coli sequence types (ST).

DNA was extracted as described in section 3.2. Multiplex PCR was performed using target
specific primers for the simultaneous detection of predominant clinically relevant E. coli clonal
lineages ST69, 73, 95, 131. An additional multiplex PCR was performed using target specific
primers for the detection of E. coli ST127 (Table 2.6). Adjustments included the replacement
of amplification mixture components to 2x concentration HS MyTaq with nuclease free water.
Final primer concentrations are given in Table 2.6. Identification of all three gene targets was
required for positive confirmation of clonal group ST127. PCR amplification conditions
included an initial denaturation at 94°C for 3 min followed by 30 cycles of 94°C for 30 s, 60°C

for 30 s and 72°C for 30 s and a final extension at 72°C for 5 min. PCR amplification conditions
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Table 2.4. Primer sequences and targets for detection of ESBL (b/aTEM, blaSHV and blaOXA)
genes (Dallenne et al., 2012).
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Table 2.5. Primer sequences used to detect CTX-M groups (1, 2, 8, 9 and 25) and expected
product lengths (adapted from Woodford et al., 2006).
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Table 2.6. Primers used to detect five predominant sequence types of E. coli associated with
potential EXPEC pathotypes (adapted from Doumith et al., 2015 and O’Hara et al., 2019).
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for the ST127 sequence type followed O’Hara et al., (2019) with initial denaturation at 98°C
for 8 min then 30 cycles of 95°C for 30 s, 58°C for 60 s and 72°C for 40 s and a final extension
at 72°C for 5 min.

2.5. Kirby-Bauer disc diffusion method.

The E. coliisolates were tested for susceptibility to 12 antibiotics, listed in Table 2.7, using the
Kirby-Bauer disc diffusion assay. Freshly prepared Mueller-Hinton (MH: Oxoid CM0337) agar
plates (90mm) were acclimatised to room temperature and any plates with excess moisture
or surface liquid placed in an incubator 37°C for 1-2 hours until the agar surface was dry.
Approximately five colonies were selected from an agar plate incubated overnight using a
sterile swab and suspended in 2ml sterile saline solution. This was vortexed to create a
homogenous distribution of biomass before adjusting the turbidity to a 0.5 McFarland
standard equivalent. The bacterial suspension was then swabbed across the surface of MH

plates using a sterile swab before aseptically applying antibiotic discs (Oxoid), six per plate.

The discs were placed at least 24mm apart and within 24mm from the plate edge. Each disc
was applied with a small amount of pressure to ensure full and even contact with the agar
surface. All tests were conducted in duplicate. The method was conducted using the 15-15-
15-minute rule with a maximum of 15 minutes lapse between each step in the procedure
(EUCAST, 2021). The plates were inverted and placed in an incubator at 35(+2°C) for 16-18
hours. The diameter of the zones of inhibition was measured to the nearest millimetre on
plates with confluent growth using a black backlit background. If the diameter was insufficient
the radius was measured and then multiplied by a factor of two to give the diameter. The
recorded diameters were interpreted using European Committee on Antimicrobial
Susceptibility Testing guidelines for Enterobacteriaceae (EUCAST, 2021). Results were
recorded as susceptible, intermediate, or resistant. The negative controls used were E. coli
(ATCCC 47055) and Klebsiella pneumoniae (NCIMB 8805). Two previously characterised E. coli

isolates ERI39 and ERI41 were used as additional positive controls.
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Table 2.7. Antibiotics from various classes tested using the Kirby-Bauer disc diffusion method
with disc concentration (ug) and diameter of the zone of resistance (mm) according to
EUCAST guidelines.

Zone
Disc diameter
Antibiotic content Antibiotic class

(mg) S> | R<

Ampicillin 10 14 14 | Aminopenicillin
Aztreonam 30 26 | 21 | Monobactam
Cefotaxime 5 20 20 | 3™ Gen Cephalosporin
Cefoxitin 30 19 19 | 39 Gen Cephalosporin
Ceftazidime 10 22 19 | 3 Gen Cephalosporin
Chloramphenicol 30 17 17 | Chloramphenicol
Ciprofloxacin 5 25 22 | Fluoroquinolone
Ertapenem 10 25 25 | Carbapenem
Gentamicin 10 17 17 | Aminoglycoside
Meropenem 10 22 22 | Carbapenem
Tigecycline 15 18 18 érl‘;((:ﬁyelglch;er;c;acycline /
Trimethoprim / 1.25/ 1 |11 Dihydrofolate Reductase /
Sulfamethoxazole 23.75 Sulfonamide

Abbreviations: EUCAST: European Committee on Antimicrobial Susceptibility Testing; Gen.: generation.
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2.6. Whole Genome Sequencing of ESBL E. coli isolates.
2.6.1 Isolate preparation.

Four E. coli isolates, (LIB201, LIB202, LIB210 and LIB211), selected for whole genome
sequencing were streaked for single colonies from glycerol (50%, v/v) stocks held at -20°C on
to MacConkey agar plates and incubated for 18-24 hours at 24°C. Subsequently, single
colonies were used to prepare a lawn of biomass for each isolate on MacConkey agar after
incubation for 18 hours at 24°C. The biomass from each plate was collected and resuspended
in 10ml PBS buffer and adjusted to ODeoonm. Each suspension was centrifuged at 14,000rpm
for 3 mins, the supernatant discarded, and the pellet washed twice in 1ml PBS. Each pellet
was then resuspended in 0.5ml of 1x DNA shield buffer (Zymo Research, USA) and transferred
to a barcoded 2ml screw cap tube, packaged, and shipped according to instruction P650

specifications provided by MicrobesNG UK Birmingham.
2.6.2. In silico Genome Analysis utilising Centre for Genomic Epidemiology web-based tools.

Data extension files were received as Prokka output files in various formats . In silico genome
analysis was first performed using the Centre for Genomic Epidemiology (CGE) based tools

(http:/cge.cbs.dtu.dk/services/). Individual isolate sequences were uploaded for analysis in

‘Assembled Genomes/Contigs’ (FASTA) file format unless otherwise stated. A threshold
parameter setting of 90% sequence identity was selected unless otherwise stated, so that a
query gene required an identity match of 290% to be mapped against a reference gene in the
database. In addition, a threshold of 60% minimum coverage length was selected which
required any given nucleotide sequence to align or overlap with 60% of a reference gene to

be considered a match.
2.6.2.1. Multilocus sequence typing.

MLST finder 2.0.4 (Larsen et al., 2012) was used to identify E. coli sequence types (ST’s) based
on Multi-Locus Sequence Typing (MLST). Sequence type is determined using the presence and
absence of internal nucleotide sequences in multiple housekeeping genes. The configuration
was determined using the E. coli #1 Scheme 1 which includes 7 housekeeping genes and
identifies 99.6% of relevant alleles (Wirth et al., 2006). Scheme 1 is considered a more
complete database than the alternative scheme, E. coli #2, which utilises 8 genes and

identifies 96.9% of relevant alleles (Jaureguy et al., 2008).
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2.6.2.2. fumC and fimH (CH) typing.

CHTyper (Roer et al., 2018) was used to predict the E. coli CH type (Weissman et al., 2012).

The CH typing scheme allows identification of sub-ST clonal diversity based on fumC, one of
the household genes used in the seven-locus-based MLST scheme 2, and an internal fragment
of the type 1 fimbrial-adhesion-encoding gene fimH. A 95% threshold was set as the default
for identity to increase the accuracy and enhance the MLST profile prediction (Roer et al.,

2018).
2.6.2.3. Serotype.

Serotype finder v2.0 (Joensen et al., 2015) was used to identify clinically relevant E. coli
serotypes based on the unique combination of O-type and H-type antigen genes. The default

setting of 85% threshold for identity with 60% minimum length was used.
2.6.2.4. Resistance gene detection.

ResFinder v4.1 (Zankari et al., 2013, 2017; Bortolaia et al., 2020) was used to identify known
acquired resistance genes from the curated ResFinder and PointFinder E. coli databases.
Analysis of known chromosomal point mutations that cause resistance were included in the
parameter settings. Additional analysis targeted mutations which conferred no known
phenotypic resistance in either ResFinder or PointFinder database. This setting was included

as these unspecified mutations may contribute to an antimicrobial resistant phenotype.
2.6.2.5. Mobile Genetic Element.

MobileElementFinder v1.0.3 (Johansson et al.,, 2021) enables the identification of mobile
genetic elements (MGE) and plasmids. To enhance detection of the MGE genetic environment
within each isolate, antimicrobial resistant and virulence accessory genes were incorporated
into the search using ResFinder and VirulenceFinder v2.0 (Camacho et al., 2009; Clausen et

al., 2018) databases.
2.6.2.6. Plasmid replicon types.

PlasmidFinder v2.1 (Carattoli and Hasman, 2020) was used to identify and annotate plasmid
incompatibility (Inc) groups in each strain. PlasmidFinder provides two database options for
analysis, Gram Positive or Enterobacteriaceae; the latter was selected using a default of 95%

threshold for identity.
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2.6.3. Insilico genome analysis using a bespoke stepwise bioinformatic pipeline.

Further stepwise genome analyses were performed on each isolate using a bioinformatic
pipeline developed during this project with web-based genome annotation and visualisation
tools. This process involved three key steps as outlined in Figure 2.1: In step 1, contigs with
specific Regions of Interest (ROIs) containing genes involved in multiple drug resistance (MDR)
and mobile genetic elements (MGE) were identified based on the genome annotations
performed using CGE based tools in section 2.6.2. In step 2, these ROls were resolved further
by a stepwise bioinformatic approach using various software to identify additional genes,
their length and position on the contig. In step 3, each annotated gene was checked against
multiple web-based annotation databases using other comparative tools including Blast and

KEGG and a consensus gene map constructed for the ROI’s for each isolate.
2.6.3.1. Genome annotation of Regions of Interest (ROI) (Step 1).

The criteria for selection of ROIs in step 1 included identification of CTX-M enzymes and
regions containing single or multiple AMR genes resistant to commonly used antibiotics.
Additionally, regions that contained MGE’s adjacent to an AMR gene identified using CGE data

(see section 2.6.2.5) also met the criteria for selection.

WGS were analysed using CARD (Alcock et al., 2019) and Prokka (Seeman 2014) annotation
tools in Proksee (Grant et al., 2008), to identify additional contigs with ROI’s. All regions with
clustered antimicrobial resistance genes and bla-CTX-M genes with a potential association
with mobilisation events due to the presence of plasmids, transposable elements and

integrons were identified as potential ROI (Figure 1).

These ROI were further analysed again using PlasmidFinder, MGEfinder and RESfinder, for
additional resolution of the genetic environment of the ROI. This included details on gene

coordinates and strand direction facilitating initial gene positioning for the ROl during step 3.
2.6.3.2. Comparative analysis (Step 2).

The annotation files provided by MicrobesNG were interrogated using secondary annotation
tools provided by RAST v2.0; Rapid Annotation using Subsystem Technology (Aziz et al., 2008;
Brettin et al., 2015) which uses the SEED viewer (Overbeek et al., 2005) as a data visualisation
tool. Each isolate genome was additionally reannotated using Prokka hosted in Galaxy.

Comparison of genome annotations between Prokka and RAST annotations were
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subsequently checked for agreement. Blast (NCBI) was then used to resolve any conflicting
annotations between platforms and to provide greater discriminative resolution within a
species-specific context. Integrons were identified using SEED viewer and confirmed using
IntegronFinder (Cury et al., 2016). Consensus annotation between RAST and Prokka was then
contrasted with the data obtained by MGEfinder. Identification of MGE’s length, position, and

direction, was then inputted to and visualised in Proksee in step 3.
2.6.3.3. ROl visualisation (Step 3).

The construction of a fully annotated consensus map of the genomic environment (gene map)
of each ROl was performed using the web-based comparative genomics tool provided by
Proksee (Grant et al., 2008). Proksee acts as a surrogate wrapper/host i.e., it imports and runs
scripts so that the operator can run multiple programs with no need for proficiency in code.
Using the Prokka tool in Proksee, individual genomic features were annotated according to
strand direction and position on the contig. The annotation and analysis of amino acid and
nucleotide sequences from steps 1 and 2 were then added to the viewer in Proksee. All
genomic features were adjusted into the existing track (visible row of consensus annotated
genes) or added as a new track. Each visualised genomic feature was colour coded according

to representative gene function.
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Figure 2.1. Pipeline for comparative analysis of assembled genomes of Escherichia coli strains isolated from East Calder WWTP discharge point into the river
Almond. Analysis comprised of three steps: Step 1: identification of Regions of Interest (ROI) including MGE’s and associated ARG’s and Virulence genes, using
the Centre of Genomic Epidemiology suite of online tools; Step 2: exploration of the genomic environment within each ROI using various tools to provide

annotated data required for comparative analysis and deeper resolution of the genomic environment. Step 3: application of a visualisation tool to facilitate

construction of a visual map of the ROl at gene level.
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3. Results
3.1. Abundance of E.coli and non-E.coli coliforms in the WWTP effluent and river sediment.

Total viable counts of presumptive E. coli and non-E.coli coliforms (NECC) and cefotaxime
resistant sub-populations were determined for treated effluent taken at the outflow channel
from East Calder WWTP and for adjacent sediment from the river Almond. E. coli or NECC
colonies recovered on Chromogenic Coliform Agar (CCA) plates were differentiated based on
colony colour. Higher numbers of NECC than E. coli were recovered from both environmental
samples. Total E. coli and NECC numbers were higher in the effluent from the WWTP outflow
than in the river sediment (Table 3.1). Similarly, the abundance of cefotaxime-resistant E. coli
and NECC were higher in the outflow effluent (Table 3.1). Cefotaxime resistant E. coli
accounted for 2.44% of the total E. coli count in the effluent whereas none were recovered
from the sediment. Cefotaxime resistant NECC were recovered from both outflow effluent

and sediment and accounted for 0.84 and 0.13%, respectively (Table 3.1).
3.2. Simplex PCR for Escherichia coli species confirmation.

To confirm the specificity of the selective media used in the study (Chromogenic Coliform
Agar) and to confirm species identity, 13 isolates (10 E. coli and 3 NECC) were selected based
on differences in appearance and tested by PCR using two highly specific primer pairs for E.
coli gadA and uidA. The 13 isolates were each assigned a unique reference identification
number. No amplicons were detected for the negative control whilst amplicons of
approximately 373bp and 600bp were observed for the positive controls confirming the
validity of the assay. The results for both the uidA and gadA PCR assays were in agreement
for all 13 isolates screened (Table 3.2). The results revealed that one isolate, namely LIB212
presumptively identified as E. colion CCA medium, was incorrect as no amplicon was detected
with either PCR assay (Table 3.2). Additionally, one presumptive NECC isolate (LIB205),

identified as a red colony using the CCA, was identified with the E. coli specific marker gene.
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Table 3.1. Viable counts for total and cefotaxime resistant presumptive E. coli and non-E.coli
coliform (NECC) determined for treated effluent and receiving river sediment collected at the
outflow from East Calder WWTP, after membrane filtration and cultivation on Chromogenic
Coliform Agar (CCA) with or without cefotaxime (4mg L) at 30°C for 18-24 h.

Bacterial count (cfu/ml)
Bacterial group

Effluent Sediment
Total E. coli 8.3 x 103* 8.3 x 10*
CTX-R E.coli 2.0x 10%* 0*
Total NECC 2.8 x 10°* 4.0 x 10*
CTX-R NECC 2.3x103* 5.4 x 10'*

Proportion of total count (%)

Resistant E.coli 2.44 0

Resistant NECC 0.84 0.13

*Indicates cfu counts outside of the recommended 20-80 c
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Table 3.2. PCR identification of 13 representative isolates presumptively identified by colony colour
growing on CCA plates as E. coli (blue) or NECC (red) after isolation from WWTP effluent outflow or
river sediment.

Presumptive PCR assay
Isolate code Sampling point

identification gadA uidA
LIB 201 Effluent E. coli + +
LIB 202 Effluent E. coli + +
LIB 205 Sediment NECC + +
LIB 206 Sediment NECC - -
LIB 207 Sediment NECC - -
LIB 209 Sediment E. coli + +
LIB 210 Effluent E. coli + +
LIB 211 Effluent E. coli + +
LIB 212 Effluent E. coli - -
LIB 213 Effluent E. coli + +
LIB 214 Effluent E. coli + +
LIB 215 Effluent E. coli + +
LIB 216 Effluent E. coli + +

Abbreviation: NECC = Non-E. coli Coliforms
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Figure 3.1. Agarose gel (2% w/v) electrophoresis of PCR amplified gadA (373bp) and uidA (600bp) gene
fragments a) Lanes 1:100bp ladder (bioline), 2: LIB201, 3: LIB202, 4: LIB205, 5: LIB206, 6: LIB207, 7:
LIB209, 8: LIB210, 9: LIB211, 10: LIB212, 11: LIB213, 12: LIB214, 13: LIB215, 14: LIB216. b) Lanes 1:
100bp ladder, 2: empty, 3: E. coli ATCC47055 (+ control), 4: species NCIMB805 (-control). c) Lanes 1:
100bp ladder, 2: E. coli ATCC47055 (+ control), 3: empty, 4: species NCIMB805 (-control).
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3.3. Diversity of E. coli isolates.
3.3.1 REP-PCR Fingerprinting for strain characterisation.

Due to a technical issue one of the isolates (LIB209) was removed after the species
confirmation assay. Subsequently, nine isolates confirmed as E.coli by PCR amplification of
gadA and uidA gene fragments were analysed by REP-PCR to investigate their diversity (Table
3.3). Rep-PCR amplifies non-coding repetitive extragenic palindrome (Rep) sequences to
generate DNA fingerprint patterns (Malathum et al. 1998; Rademaker et al., 2008).
Differences in genome sequences lead in different band patterns. In this study, isolates with
2 or more band differences were assigned to different REP-types. Five unique REP-PCR
banding patterns (labelled REP-types 1 — 5) were generated for the isolates on agarose gels
(Fig. 3.2). Two isolates, LIB201 and LIB205, gave rise to identical banding pattern (REP-type
1). Four isolates (LIB 202 and 214-216) were identified as a single REP-type (REP-type 2). The
remaining 3 isolates (LIB210, LIB211 and LIB213) were identified as separate REP-types.

3.3.2. PCR for Phylogroup assignment.

A representative isolate from each of the REP-types (n=5) was assigned to phylogenetic
groups using the PCR assay of Clermont et al. (2013). This assay allows E. coli to be categorised
into one of eight phylogroups, A, B1, B2, C, D, E, F or G on the basis of surface proteins.
Different phylogroups are defined by the presence or absence of amplified gene products
(arpA, chuA, yjaA and TspE4.C2) identified in different combinations from amplified PCR
products. Results in Figure 3.3. (a-c) clearly identified each REP-type as belonging to a unique
phylogroup. LIB201 was identified as B2 and indicates that LIB205 also belongs to this
phylogroup, LIB 202 was identified as Phylogroup B1 indicating that all REP-type 2 isolates
belong to this phylogroup. LIB210 was identified as phylogroup C, LIB211 as phylogroup D and
LIB213 as phylogroup F. A confirmation assay distinguished isolates LIB210 and LIB211 from
phylogroups A (Figure 3.3b) and E (Figure 3.3c), respectively.
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Figure 3.2. Agarose gel image of REP-PCR patterns generated for gadA and uidA confirmed E.coli
isolates (n=9). Lanes 1 & 15 contain 1kb ladder (source), 2: empty, 3: LIB201, 4: LIB202, lane 5 — LIB205,
Lane 6 — LIB210, lane 7 — LIB211, lane 8 LIB213, lane 9 — LIB214, lane 10 — LIB215, lane 11 — LIB216,
lane 12 — redundant, lane 13 — redundant, lane 14 — NCIMB8055 used as a reference pattern.
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Figures 3.3. Agarose gel images of E. coli phylogroup patterns selected as representatives of each
unique REP-type (n=5). a) Lane 1 — ERI40 (group D control), Lane 2 — ERI39 (group B2 control), Lane 3
— Ladder (100bp), Lane 4 — LIB213, Lane 5 - LIB211, Lane 6 — LIB210, Lane 7 — LIB202, Lane 8 — LIB201,
Lane 9 — Ladder (100bp). b) Confirmation assay required for phylogroup A or C assighment. Lane 1 —
Ladder (100bp), Lane 2 — Blank, Lane 3 — LIB210. c) Confirmation assay for phylogroup D or E

assignment. Lane 1 — Ladder (100bp), Lane 2 — ERI40 (group D control), Lane 3 — LIB211.
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3.4. Characterisation of ESBL resistance.
3.4.1. ESBL resistance gene characterisation (b/laSHV, TEM and OXA).

Further resistance characterisation of the nine isolates confirmed as E.coli by PCR
amplification of gadA and uidA gene fragments was performed to identify blaTEM, blaSHV
and blaOXA ESBL marker genes. Only three isolates were identified with these marker genes
(Figure 3.4). Two isolates were identified with a b/aTEM gene (LIB 205 and LIB 211), although
the band was weak for LIB211. The remaining isolate, LIB210, was identified with a blaOXA

gene. blaSHV genes were not identified in any of the isolates.

1 2 3 4 5 100bp 7 8 9 10
Ladder

blaOXA (800bp)
blaTEM (564bp)

Figures 3.4. Agarose gel image of assay characterising blaTEM, blaSHV and blaOXA ESBL variant
presence. Positive identification of these ESBL genes is dependent on the presence of bands with an
amplicon size of 800bp for b/aTEM variants, 713bp for b/aSHV variants and 564bp for b/laOXA variants.
Lane 1 — LIB201, lane 2 — LIB202, lane 3 — LIB210, lane 4 — LIB211, lane 5 — LIB213, Lane 7 1kb ladder,
lane 7 — LIB205, lane 8 — LIB214, lane 9 — LIB215, lane 10 — LIB216.

3.4.2. ESBL resistance gene characterisation (b/laCTX-M group).

Further resistance characterisation of the nine isolates confirmed as E.coli by PCR
amplification of gadA and uidA gene fragments was performed to identify b/aCTX ESBL marker
genes. Only two CTX-M groups were identified; blaCTX-M1 genes were identified in all isolates
except LIB201 by the presence of a visible band at 415bp. LIB201 was identified with a b/laCTX-

M9 gene by the presence of a visible band at 205bp (Figure 3.5).
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Figure 3.5. Image from gel electrophoresis assay characterising the ESBL activity (CTX-M type) present.
Positive identification is dependent on the presence of bands with an amplicon size of 415bp for CTX-
M type 1 and an amplicon size of 205bp for CTX-M type 9 an amplicon size. Lane 1 — LIB201, lane 2 —
LIB202, lane 3 — LIB210, lane 4 — LIB211, lane 5 — LIB213 // lane 7 — LIB205, lane 8 — LIB214, lane 9 —
LIB215, lane 10 — LIB216.

3.5. Characterisation of Five main E. coli sequence types (ST).

E. coliisolates LIB201 and LIB211, identified as members of phylogroup B2 and D respectively,
were screened by multiplex PCR to determine whether they belonged to extraintestinal
pathogenic (EXPEC) sequence type lineages ST69, ST73, ST95, ST131 or ST127. These
sequence types only persist in phylogenetic groups B2, and D therefore isolates assigned to
other phylogroups were excluded from this assay. Although the in-house ST131 strain (ERI39)
performed correctly as a positive control, none of the isolates tested gave rise to an amplicon

for any sequence type tested.
3.6. Antimicrobial Susceptibility Testing (AST) for isolates confirmed as E. coli.

A selection of 12 discs representing clinically relevant antibiotics (Table 2.7) from 5 classes,
commonly used in the treatment of E. coli bacteraemia were used to screen for multidrug
resistance in the six isolates identified as E. coli. These six isolates represent 5 REP-types,

including two identified as phylogroup B2 (isolates LIB201 and LIB 205).

Resistance to Cefotaxime was observed in all six isolates and confirmed the phenotype
observed during the initial screen using supplementation of 4mg/l Cefotaxime to CCA.

Resistance to Ampicillin and Aztreonam was also observed in all six isolates.
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Ciprofloxacin and Ceftazidime resistance was observed in five of the six isolates (LIB201,
LIB205, LIB210, LIB211 & LIB213). Three of the six isolates (LIB201, LIB205 and LIB210)
demonstrated resistance to the trimethoprim/Sulfamethoxazole (SXT) combination disc. Only

LIB210 demonstrated resistance to Gentamicin.

All six isolates demonstrated susceptibility to five of the 12 antibiotics (Meropenem, Cefoxitin,

Tigecycline, Chloramphenicol and Ertapenem).
3.7 Summary

This study demonstrated that the East Calder WWTP was discharging potentially pathogenic
E. coli into the river Almond at the time of sampling. A difference in coliform numbers and
populations was identified between the effluent and river sediments. This study identified
CTX-M genes associated with resistance to 3™ Generation Cephalosporins suggesting ESBL
production is occurring in E. coli phylogroups regarded as commensal environmental
generalists as well as those phylogroups more generally identified as potentially pathogenic
strains of E. coli. Resistance to multiple antibiotics can be observed to occur in clinically
recognised bacteraemia and bacteriuric strains as well as the more generalist strains often

associated with animal commensals and the environment.

A considerable proportion of the E. coli isolates belonged to the same REP-type and
subsequently identified as phylogroup B1. These isolates were isolated from the effluent but
also in macrophyte mucilage although these were not included further in the study. Due to
the small sample size statistical analysis of sediment and water column diversity was not
feasible. However, sediment had significantly lower proportion of cefotaxime resistant and

sensitive NECC and E. coli in comparison the water column.
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Table 3.3. Characterisation of Cefotaxime resistant E. coli isolates from treated effluent in the outflow
channel from East Calder WWTP and adjacent river sediment within the immediate vicinity of

discharge point.

2 Type of matrices at the sampling location point adjacent to East Calder WWTP outflow; ® Both gadA
and uidA were used as Escherichia coli specific gene targets; ¢ REP typing was in accordance with
Malathum et al. (1998) with a difference of 2 or more bands taken to indicate different REP types; ¢
Phylogroup interpreted in accordance with Doumith et al. (2012) and Clermont et al. (2013); ¢ B-
Lactamase screen for TEM, OXA and SHV groups were used according to Dallenne et al. (2010); f CTX
group assignment was based on the 5 main CTX-M enzyme groups according to Woodford et al.
(2006); & AST was performed comprising of a diverse selection of antibiotic classes. AMP-Ampicillin;
CIP — Ciprofloxacin; CTX — Cefotaxime; CAZ -Ceftazidime; ATM — Aztreonam; CN — Gentamicin; SXT -
trimethoprim/Sulfamethoxazole
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3.8. Whole genome sequence analysis of ESBL resistant E. coli isolates.

Whole genome analysis provides an opportunity to further interrogate selected genomes to
compliment the previous phenotypic assays performed and provides a deeper discrimination

of strain type and resistance profile.
3.8.1. Genome assembly metrics.

Four cefotaxime resistant isolates recovered from the treated effluent from East Calder
WWTP and confirmed as E. coli underwent whole genome analysis using an external
sequencing service (MicrobesNG). These isolates were selected to represent different REP-
PCR, phylogroup and serotypes and exhibited different antibiotic resistance profiles. Genome
size (bp) ranged from 4.87MB to 5.58MB and the G+C mol% content ranged from 50.57% -
50.82% for the assembled sequences (Table 3.4). The number of coding sequences (CDS)
identified on each genome ranged from 4550 on the smallest to 5241 CDS on the largest
genome. No relationship could be identified between abundance of resistance genes and
genome size. The final genome assemblies contained between 77 to 297 contigs with the
shortest contig length at 128bp; the higher abundance of contigs suggestive of regions with

lower quality in some assemblies.

Table 3.4. Genome assembly metrics for the ESBL resistant E. coli isolates from the effluent outflow at
East Calder WWTP.

Total genome | G+C content Total genes

Isolate code size (bp) (%) (CDS) Contigs (no.)
LIB201 5027995 50.76 4701 77
LIB202 4876405 50.82 4550 136
LIB210 4940008 50.77 4696 151
LIB211 5583489 50.57 5241 297

Abbreviations: CDS, coding sequence; G+C, guanine + cytosine.
3.8.2. In silico genome analysis of E. coli isolates
The core genomes of the four isolates were analysed using three in silico strain tying methods
according to MLST, which facilitates identification of potential pathogens through strain

typing; CHtype, which expands on MLST data to evaluate sub-ST clonal diversity; and serotype

which can be used to identify potentially pathogenic strains and classify them into clonal
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groups (Table 3.5). The four isolates were assigned to different MLST types (Table 3.5); two
of these sequence types (ST131 & 69) are commonly identified in human and animal
bacteraemia, and another, ST44 which resides within the ST10 clonal complex, is linked to
pathogenesis. A total of 4 fimH types were identified with fimH54 being identified in 2 isolates
(LIB202 and LIB210) whilst four separate fumC genes were observed (Table 3.5). The isolate

all had different O-antigen types.

Table 3.5. Multi-locus sequence, Sero- and CH-types determined by in silico analysis of the assembled
genomes of ESBL resistant E. coli isolates from the effluent outflow at East Calder WWTP.

Isolate code MLST CH Type Serotype
LIB201 ST131 H30-C40 025b:H4
LIB202 ST58 H54-C4 0120:H25
LIB210 ST44 (CC10) H54-C11 0101:H4
LIB211 ST69 H27-C35 015:H18

Abbreviations: CC, clonal complex; CH, FumC and FimH type; MLST, multi-locus sequence type; ST,
Sequence type

3.8.3. Antimicrobial resistance genes identified on the E. coli genomes by in silico analysis.
The genome sequence data provided by WGS was interrogated using a bioinformatics
pipeline developed in-house with multiple web-based open-source bioinformatic tools.
Resistance and resistance gene mobility in the genome of each E. coli isolate was
characterised and visualised as outlined in Fig 2. in the Materials & Methods section. The
genomes of all four isolates were found to harbour between 1 (LIB202) and 14 (LIB210)
resistance genes (Figure 3.6) belonging to four or more antibiotic classes (Table 3.6) Isolates
with a wider abundance of phenotypic resistance (LIB201, 210 and 211), featured a greater

diversity in predicted resistance genes using RESFinder.

Genes encoding ESBLs (b/aCTX genes), and other B-lactams were found to be present on the
genome of all four isolates LIB201, LIB202, LIB210, LIB211. Identification of blaCTX, blaTEM
and blaOXA genes confirmed the findings from PCR assays and confirmed the phenotypic
resistance to [B-lactams and susceptibility to cefoxitin observed in the antibiogram.
Importantly, these genes were found on contigs identified as plasmids and/or associated with
mobile elements such as insertion sequences, transposable elements and/or integrons and in

many instances alongside other antimicrobial resistance genes.
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Figure 3.6. Abundance of antimicrobial resistance genes present on assembled genomes of the ESBL
resistant E. coli isolates

Both isolates LIB201 and LIB202 were identified with only one ESBL gene. The blaCTX-M27 in
LIB201 with predicted resistance to four B-lactams and the b/laCTX-M1 gene in LIB202 with
predicted resistance to nine beta lactams. The presence of these two genes explained the
phenotypic resistance to Ampicillin, Cefotaxime and Aztreonam (AMP;CTX&ATM) identified
in the antibiogram (Table 3.6) in these isolates. However, resistance to ceftazidime was
predicted in LIB202 but no phenotypic resistance was observed in the antibiogram. All other
blaCTX-M genes were predicted to confer resistance to ceftazidime and confirmed the results

of the antibiogram in all isolates other than LIB202.

Both LIB210 and LIB211 were identified with a blaCTX-M15 gene. This blaCTX-M15 gene gave
predicted resistance to nine B-lactams. This explains the resistance to Ampicillin, Cefotaxime
and Aztreonam (AMP;CTX&ATM) identified in the antibiogram (Table 3.6). In both these
isolates, additional B-lactamase genes were observed with a b/aOXA-1 in LIB210 and b/aTEM-
1B in LIB211.

The blaOXA-1 gene in LIB210 was predicted to confer resistance to four of the same B-lactams
as the blaCTX-M15. The blaOXA-1 gene gave predicted resistance to p-lactam

antibiotic/inhibitor combinations and was the only isolate with this type of predicted
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resistance. The blaTEM-1B in LIB211 was predicted to confer resistance to four of the same

B-lactams as the blaCTX-M15 gene as well as cephalothin.

However, although marginal (1 nucleotide over and 99.88% identity), the blaOXA-1 gene was
identified as a non-perfect match by RESfinder and subsequently it could not be confirmed
whether this non perfect score affected the efficacy of the gene as no phenotypic screen was
performed for this enzyme beyond those that could be explained by the presence of the

blaCTX-M15 enzyme.

Quinolone resistance was detected in three isolates with the identification of resistance
genes, aac(6')-lb-cr gene in LIB210 and gnrS1 in LIB211. Mutations in the gyrA genes at
positions p.S83L and p.D87N were also identified in two isolates LIB201 and LIB210. The
mutations in the gyrA genes were the only mechanism of resistance observed in LIB201. As
shown in Table 3.6, LIB210 carried an additional mechanism for quinolone resistance, an
aac(6')-lb-cr gene. This gene indicated predicted resistance to both Quinolones and

Aminoglycosides and was only identified in isolate LIB210.

The aac(6')-1b-cr gene was the only quinolone resistant mechanism with predicted resistance
to fluoroquinolone identifying LIB210 to carry resistance to three different quinolone
antimicrobials. In contrast mutations in the gyrA genes in LIB201 conferred resistance to both
ciprofloxacin and nalidixic acid and the gnrS1 gene in LIB211, only conferred resistance to a
single quinolone, ciprofloxacin. In summary, quinolone resistance identified using ResFinder

confirmed the phenotypic resistance to ciprofloxacin in the antibiogram.

Genes identified as gacE which facilitates resistance to quaternary ammonium compounds
and sitABCD which provides resistance to hydrogen peroxide, were found in three isolates
but did not meet the minimum criteria for sequence identity and sequence length,
respectively (Table 3.6). Being that phenotypic resistance to these antimicrobials was not

screened for no confirmation could be assumed.

Three folate pathway agonists were identified amongst three isolates (LIB201, LIB210 and
LIB211). ResFinder identified multiple genes that could be responsible for the phenotypic
resistance. Sulphonamide resistance genes were identified in the same three isolates,
represented by su/l gene in each isolate, and an additional su/2 gene was identified in LIB201.

Moreover, predicted resistance to Trimethoprim was only identified in two of these three
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isolates (LIB201 and LIB210) with identification of a dfrA17 gene. Being that the only folate
pathway agonist identified in LIB211 was su/l gene it can be suggested that this was the cause
of phenotypic resistance observed in all three isolates. Folate pathway agonists were
screened for using a combination disc of trimethoprim and sulphonamide and ResFinder

confirmed the results from the antibiogram.

Genes conferring resistance to phenolics were not identified amongst the isolates apart for
isolate LIB210 which was found to harbour a gene most closely matched to catB3, a
chloramphenicol acetyltransferase gene using RESFinder, although this identification did not
meet the 90% similarity threshold. The results of the antibiogram did not reveal resistance to

chloramphenicol in LIB210 or any of the E. coli isolates.

Five genes involved in resistance to aminoglycosides aac(6')-Ib-cr, aac(3)-lla, aph(3)-Ib,
aph(6)-1d and aadA5 were identified in total (Table 3.6). Isolate LIB201 had three of these,
aph(3)-lb, aph(6)-Id and aadA5 which all predicted resistance to streptomycin. The aadA5
gene was also predicted with resistance to spectinomycin. This gene was the only
aminoglycoside resistance gene identified in isolate LIB211 and similarly had predicted

resistance to both streptomycin and spectinomycin.

By far the most diverse predicted resistance to aminoglycosides was observed in LIB210.
Similar to isolate LIB201, three different aminoglycoside resistance genes were identified in
LIB210. However, while both these isolates carried aadA5 genes LIB210 carried aac(6')-1b-cr
and aac(3)-lla genes instead of the aph(3)-Ib and aph(6)-Id genes carried by LIB201. This
provided predicted resistance to an additional six aminoglycosides. The only aminoglycoside
screened for in the antibiogram was gentamicin and resistance to this was identified in isolate

LIB210. ResFinder confirmed this resistance to be due to the aac(3)-/la gene.
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Table 3.6. Types of resistance genes identified using ResFinder on the assembled genomes of Escherichia coli isolates from the effluent outflow at East

Calder WWTP. Antibiogram results are included in the bottom row.

Resistance to antibiotics

Antibiotic class:
Aminoglycoside
Beta-lactam
Disinfectant

Folate Pathway Agonist

Quinolone

Macrolide
Phenicol

Tetracycline

Mutations

Antibiogram

LIB201

aadA5;
aph(3”)-lb
aph(6)-Id
blaCTX-M27

sitABCD?;
qacE®
dfrAl7;
sull;
sul2
(see mutations)

mph(A)
ND
tet(A)

gyrA;
parC;
parE

LIB202

ND

blaCTX-M1

ND

ND

ND

ND
ND
ND
ND

AMP;CIP;CTX;CAZ,ATM; | AMP;CTX; ATM

SXT

E. coli isolate

LIB210

aadA5
aac(3)-lla;
aac(6')-1b-cr;
blaCTX-M15;
blaOXA-1°
sitABCD?;
gacE®
dfrAl7.
sull

aac(6')-1b-cr;
(see mutations)
mph(A)

catB3®
tet(B)

gyrA;
parC;
parE

AMP;CIP;CTX;CAZ;CN;
ATM; SXT

LIB211

aadA5

blaCTX-M15;
blaTEM-1B
SitABCD?;
qacEP
sull

gnrS1

mph(A)
ND
ND
ND

AMP;CIP;CTX;CAZ,ATM

Abbreviations: AMP, ampicillin; ATM, Aztreonam; CAZ, Ceftazidime; CIP, Ciprofloxacin; CN, Gentamicin; CTX, Cefotaxime; SXT, Trimethoprim-Sulfamethoxazole.

2 non-perfect match (<threshold of 60% minimum length). ®, non-perfect match (<threshold 90% identity). ND, none detected.
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Table 3.7. Mobile genetic elements and associated resistance genes identified using MobileElementFinder on the assembled genomes of Escherichia coli

isolates recovered from the effluent outflow at East Calder WWTP.

E. coli isolate

G typic ch teristi
enotypic characteristic LIB201 LIB202 LIB210 LIB211
Plasmid no. 6 1 8 8
] ) IncFll Incll IncFIl (n=2) IncFlI
Resistant plasmids
IncFIB/IncFIA
(1s6) ---(ISAs1) mdf(A) ---(1S6) aac(6’)-lb-cr, (1S6cn)-[ISKradis])
Composite transposon and insertion gnrS1, blaCTX-M15]
sequence associated resistance CTX-M27 blaOXA-1, catB3
IncFll Incll IncFIl (n=2) IncFll
[I1S6cn- CTX-M27] - CTX-M1 [IS6cn- aac(6’)-1b-cr, aadAb5, gacE, sull,
sul2, aph(6)-Id, tet(A) mph(A) —[IS6cn-(ISKra4)
laOXA-1 B3] --- -
and aph(3”)-Ib blaOXA-1, catB3] — qnrS1, blaCTX-M15]
Plasmid mobilised resistance aac(3)-lla, blaCTX-M15
IncFIB/IncFIA
SitABCD
Int1 ND Int1 ND
dfrA17 dfrA17
Integrons and gene cassette aadA5 aadA5
qack gacE
sull sull
Abbreviations: Cn/cn & IS/is = composite transposon with an embedded insertion sequence. --- = separate entries. ___ = plasmids
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Although predicted resistance to tetracyclines was identified by RESFinder, with tet(A) and
tet(B) genes identified in isolates LIB201 and LIB210, no predicted resistance to last line
tetracyclines were identified in ResFinder. Resistance to Tigecycline, was screened for in the
antibiogram but no phenotypic resistance to Glycylcycines (tetracycline derivatives) was
observed. Last line carbapenem antibiotics ertapenem and meropenem were screened for in
the antibiogram but no isolates presented phenotypic resistance. This observation was
confirmed by the ResFinder analysis as no genes were identified with predicted resistance to

these antibiotics.

Although no macrolides were screened for in the antibiogram a mph(A) gene was identified
by ResFinder in three isolates, LIB210, LIB210 and LIB211 and in all cases indicated a predicted

resistance to the same four macrolides.
3.8.4. Mobile genetic elements identified on the genomes of the E. coli isolates.

To further characterise ESBL resistance the MGEFinder tool was used to identify contigs that
contained regions of interest (ROI’s) with potential mobile resistant elements (plasmids and
composite transposons) and utilise this information as a baseline for annotation. Subsequent
analysis of these ROI’s was conducted using the annotation tools provided by web-based
platforms annotation tools provided by RAST and Galaxy to further visualise and compare the

genetic environment of these MGE’s.
3.8.4.1. Plasmids.

Multiple plasmids were detected in each of the cefotaxime resistant E. coli isolates except for
isolate LIB202 which carried only one plasmid (Table 3.7). Although other IncF plasmid types
(FIA/B) were identified in LIB210, the majority of resistance genes identified in three isolates
(LIB201, LIB210 and LIB211), were most associated with Incompatibility F group (IncFll) type
plasmids. The exception, isolate LIB202, instead carried the one resistance gene detected,

blaCTX-M1, on an incompatibility group 11 (Incl1) plasmid (Table 3.7).

The IncFll plasmids found in isolates LIB201, LIB210 and LIB211, carried ESBL’s (b/aCTX-M15,
blaCTX-M27 and blaOXA), which were commonly associated with composite transposons.
However, the blaCTX-M15 resistance gene identified in isolate LIB210 was slightly upstream
from the transposon which carried the b/laOXA enzyme. The only resistance gene not

associated with a plasmid was the blaTEM-1B gene found in isolate LIB211.
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On plasmids, resistance genes not carried by transposons appeared as “resistance gene-rich”
regions adjacent to the composite transposons. However, two “resistance gene-rich” regions
containing folP/sul2, gacE_A1, ANT(3”)-la and dfrA17 genes adjacent to each other were
identified inn isolates LIB201 and LIB210. These both featured on separate small contigs with
no association to any plasmids. While these two “resistance gene-rich” regions in isolates
LIB201 and LIB210 were identical to each other (Figures 3.9 and 3.10), a similar pattern with
just the folP/sul2, gacE_A1, ANT(3”’)-la genes adjacent to each other did occur on the IncFll

plasmid supported in LIB211 (Figure 3.8).
3.8.4.2. Composite transposons.

Both insertion sequences and their composite transposons are known to have a significant
association with ARG’s. This association can be further resolved to specific IS family members

especially IS6 family of IS and includes the clinically relevant 1S26.

Insertion sequences were frequently identified by MGEfinder in all isolates. Three 1S6
composite transposons frequently associated with resistance gene mobilisation were
identified along with the associated IS6 insertion sequences and were commonly identified

as carrying resistance within plasmids (Table 3.7).

These were identified in isolate LIB201 with a blaCTX-M27 gene (Figure 3.6) and in isolate
LIB210 incorporating aac(6’)-1b-cr, two blaOXA-1 and catB3 resistance genes (Figure 3.7). A
third 1S6 composite transposon was identified in isolate LIB211. Although flanked by 1S6
insertion sequences the composite transposon had numerous transposases within it including
an ISKra4 family member insertion sequence. This latter transposon carried blaCTX-M15 and

gnrS1r resistance genes and are visible as red between positions 31563-37735 in Figure 3.8.
3.8.5. Integrons identified on the genomes of the E. coli isolates.

Further analysis of these ROl using the SEED viewer in RAST, and IntegronFinder in Galaxy,
broadened the search to include Integrons. Integrons are usually associated with
chromosomes and feature 3 core elements that form a gene capture system capable of
recruiting genes into expansive pools of cassettes. No integrons were detected on the
genomes of the E. coli isolates using MGEFinder however, further analysis with RAST and
IntegronFinder identified two Intl integrase genes in isolates LIB201 and LIB210 (Table 3.7).

The integrons identified on isolates LIB201 and LIB210 were identical and formed the

61



40328586

“resistance gene-rich” region identified by MGEfinder (section 3.8.4.1), now identified as
multiple drug resistant gene cassettes containing, folP/sul2, gacE_A1, ANT(3”’)-la and dfrA17

(Figure 3.9 and 3.10, respectively).

Upon further investigation of a specific region of these integrons in both LIB201 and LIB210
(Figures 3.9. and 3.10), using the online BLASTn tool, a highly conserved region was identified
between the attC binding site and folP gene. These were identified in another study by
Qunitela-Baluja et al., (2021), who identified that these two genes are fused together and as
such can be identified by this highly conserved region. This identifies both these integrons as
Class 1 and highly specific to anthropogenic polluted environments and not clinical settings.
Although not identified by MGEfinder, the RAST annotation tool identified additional genes
associated with the macrolide resistant region which may have an association with an 1S6
family insertion sequence upstream from the cassette. This macrolide resistance region

upstream from the integron was absent in LIB210.
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Figure 3.7. Linear map of the genome section in E. coliisolate LIB201 that encompasses the genetic environment of the blaCTX-M27 gene. Putative genes are
coloured according to the predicted functions of their products. The orange region (position 5913-9072) is an 1S26 composite transposon identified by
MGEFinder in CGE. The direction of the arrows indicates the orientation of gene transcription.
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Figure 3.8. Linear map of a region of interest on the multiple drug resistant IncFll plasmid in E. coli isolate LIB210 identified using MGEFinder. Putative genes
are coloured according to the predicted functions of their products. The yellow region features an 1IS26 composite transposon which harbours an AAC(6')-1b-

cr fluoroquinolone-acetylating gene, blaOXA-1 genes and catB3 genes. Immediately adjacent to this transposon is an aac(3)-/la gene (red). Further upstream
from this region and flanked by transposases is a blaCTX-M15 gene (red). The direction of the arrows indicates the orientation of gene transcription.
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Figure 3.9. Linear map of a region of interest on the genome of E. coli isolate LIB211 that includes multiple antimicrobial resistance genes including adjacent
genes antl, qack, sul2 and ChrA (red) with Mph/R(A) (red) further upstream identified using MGEFinder on the CGE platform. Putative genes are coloured
according to the predicted functions of their products. The yellow region is identified as an 1S26 composite transposon which harbours both a blaCTX-M15
and gnrS resistance genes. The direction of the arrows indicates the orientation of gene transcription.
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Figure 3.10. Linear map of a region of interest on the genome of E. coli isolate LIB201 that includes multiple antimicrobial resistance genes including dfrA17,
aadA5, gacE_deltal, folp/sull (red), genes associated with macrolide resistance including mphA and mph(A), and integron/gene cassette system with

integron-integrase gene int/l1 and two cassette recombination sites (attC), confirmed using IntegronFinder. Putative genes are coloured according to the
predicted functions of their products. The direction of the arrows indicates the orientation of gene transcription.
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Figure 3.11. Linear map of a 4984bp region of interest on the genome of E. coli isolate LIB210 that includes a mobilised multidrug resistance region
containing genes folP/sull, gacE_deltal, ANT(3”’)-la and dfrA17 (red) flanked by an integron-integrase gene int1 gene and two cassette recombination sites
(attC) [confirmed using IntegronFinder}. Putative genes are coloured according to the predicted functions of their products. The direction of the arrows

indicates the orientation of gene transcription.
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4. Discussion

This study suggests ESBL production and identifies multidrug resistance in both human
commensal and potentially pathogenic E. coli lineages as well as lineages with the potential
to survive for extended periods in a hostile non-host environment, isolated from the treated

wastewater effluent at East Calder Wastewater Treatment Plant.
4.1. Coliform abundance in effluent and sediment.

Overall, a difference could be observed in coliform population structure. The river sediment
had a lower abundance of coliforms and had a significantly lower proportion of resistant E.
coli and resistant Non-E. coli coliforms (NECC) compared to the effluent (Table 3.1). However,

a delay in processing the sediment samples may explain the latter.

The abundance of E. coli determined for the WWTP effluent in the present study (2.0 x10?
cfu/1ml) was similar to that reported in other studies, for example Verburg et al. (2019)
reported 1x10%cfu/ml and Zanotto et al. (2016) reported 1.5x10%cfu/ml. However, Ouatarra
et al. (2011) reported a logio higher numbers (5.4x103cfu/ml) as did Osinka et al. (2016) who
reported 1.6x103cfu/ml. A similar study by Turolla et al. (2018) found E. coli abundance in
effluent from three WWTP’s to be slightly less than 10-fold lower (1-10cfu/ml) than the
present study. A study by Watkinson et al., (2007) which partially focussed on effluent
exposed to chlorination treatment, reported E. coli numbers 2-4-fold lower than the present

study (0.02-2.0 cfu/ml).

The abundance of NECC (4.0x10%) in the sediment is more than 10-fold lower than in the
effluent (2.85x10°). The total abundance of NECC in the effluent fit well within the range (1.9-
5.5 log cfu/ml) demonstrated for untreated, treated, freshwater and tap water established by
Rocha et al. (2018) and the range found by Servais et al. (2007) determined from the effluent

of 12 WWTP’s with varying treatments.

While there are no set standards in the UK for WWTP effluent, the concentration of E. coli
and NECC discharged from the WWTP in the current study (2849cfu/ml) would be just below
the standard limit for discharge set at 3000cfu/ml in Japan (Wako et al., 2012). However, the
limit for E. coli discharge directly to an inland bathing water is 900cfu/100ml (based on a 90-
percentile evaluation) (The Bathing Waters (Scotland) Regulation 2008). This is 10-fold lower

than the number reported (8300cfu/ml) in the effluent at East Calder. However, according to

68



40328586

the WHO, the numbers found in the present study would still be suitable for crop and pasture

irrigation using spray or sprinkler systems (Blumenthal et al., 2000).

Overall, the numbers of NECC in the present study, as in other studies, demonstrated that E.
coli abundance in the effluent was well above that of non-point sources (Ouattara et al.,
2011), rivers closer to anthropogenic influence (Petit et al., 2017) and agricultural waters
(Khan et al., 2007). It is possible that the association of bacteria with particulate matter would
form a readily settleable fraction which subsequently settles out of the water column into the
sediment. This translates into an accumulation of organic matter at a higher proportion in the
sediment when compared with the proportion of organic matter, as Total Suspended Solids,

in the effluent (Brown et al., 2019a, 2019b).

Previous research has indicated that diversity in E. coli concentrations between
effluent/water and sediment is related to season and hydrological factors that influence
sediment resuspension events which promotes increased interaction and mixing between
these compartments (Jang et al., 2015). At the time of sampling there were no major
hydrological events occurring from the previous week. However, the proximity of the grab
sample collection point to that of sediment extraction point would indicate continuous
mixing, settling and suspension events leading to constant turbidity, as indicated by the sandy
texture of the sediment, devoid of settled organic matter, although the exact size of

particulate was not measured.

The lower proportion of E. coli as a percentage of total coliforms (0.2%) in the sediment
compared to the effluent (2.9%) may demonstrate the influence of effluent properties on
sediment communities and visa-versa. A proportion of the E. coli population in the sediment
may also be present in a viable but non-culturable (VBNC) state as these results appear a little
unusual (Robben et al., 2018). Garzio-Hadzick et al., 2010). Previous studies indicate that an
increase in abundance of E. coli is generally found in sediment due to the longer die off
periods and lower inactivation rates of E. coli in sediments. This may in turn be due to the
hospitable (high nutrient / low light) environment (Pachepshy and Shelton, 2011). Given the
nutrient and particulate matter content in the effluent (not measured) and with extended E.
coli survival rates known to occur in sediment, results contrary to the present study may have
been assumed (Haller et al., 2009; Malham et al., 2014). However, the low (not measured)

winter temperature (Smith et al., 2019) and sediment properties, physiochemical interactions
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(Hassard et al., 2016; 2017) and bacterial surface charge (Wyness et al., 2018), could influence
the abundance and proliferation of bacteria in the sediment. When taking into consideration
a delay in processing of sediment samples (72 hours), this is the more likely explanation for

the lower than assumed E. coli abundance.
4.2 Phenotyping and genotyping of ESBL producing E. coli.

The initial screening for cefotaxime resistant isolates indicates that the wastewater treatment
plant at East Calder was discharging potentially pathogenic E. coli into the river Almond at the
time of sampling. Resistance to multiple antibiotics was observed to occur in clinically
recognised bacteraemia and bacteriuric strains (Dale and Woodford, 2015), identified using

culture based phenotypic and genotypic screens.
4.2.1 E. coli species confirmation

The efficacy of genotyping assays using gadA and uidA specific primers used to confirm E. coli
species from the McConkey selective media culture-based screen was demonstrated by the
identification of a presumed NECC isolate as E. coli and confirms this as a necessary step in a
screening process. This isolate was later identified as a B2 phylogroup member and an
identical REP type to another isolate. However, other isolates were removed from the
selection process due to an initial misidentification as E. coli. This again confirmed the
necessity of this additional confirmation assay which may have revealed cross contamination
occurring during the colony picking process. No relationship between sampling point and

identification status could be conferred (Table 3.2).
4.2.2 Characterisation of E. coli strains and phylogroups.

Four of the nine cefotaxime resistant isolates were identified as the same REP type (Figure
3.2). These four clonal isolates all recovered from the effluent, were subsequently identified
as belonging to phylogroup B1. However, (data was not shown) an additional REP-PCR screen
did identify a fifth clonal isolate which was cefotaxime sensitive from the sediment. These
results demonstrate the utility of this assay as a method to study clonal diversity in
environmental isolates as reviewed by Ishii and Sadowsky (2009) and to identify relationships
between microbial populations in different matrices and seasonal variations (Jang et al.,

2015).
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Phylogroup B1 is suggested to maintain a generalist lifestyle strategy and is commonly
identified in the environment (Pachepsky, 2011; Petit et al., 2017). The presence of this
cefotaxime resistant strain suggests it is dominant throughout the latter stages of wastewater
treatment process with potential to persist in the receiving environment. The antibiogram of
for isolate (Table 3.3) determined no other resistance than cefotaxime and may suggest a
lower fitness cost associated with less resistant gene carriage and a possible strategy for
environmental persistence (Johnson et al., 2003) which could in turn explain the higher

abundance compared to the other isolates.

Two of the remaining isolates were also identified as clonally related, and, as mentioned in
section 4.2.1 were both belonged to B2 phylogroup and were found in both the effluent and
sediment. With the remaining three isolates all being different REP types and subsequently
different phylogroups (C,D and F) the results suggest that while E. coli diversity is present in
the effluent a single cefotaxime resistant clonal group, considered a human commensal and
generalist (Picard et al., 1998; Gonzalez-Alba et al., 2019) is dominant. Any further

assumptions are less than tentative due to the small sample size.
4.2.3 Evaluation and comparison of antimicrobial resistance and lineage.

The antibiogram screen identified resistance against multiple classes of antibiotics spread
across all isolates except for the B1 clone. While all cefotaxime resistant isolates, confirmed
by the antibiogram, carried blaCTX-M genes as confirmed by the PCR, additional B-lactam
resistance was identified in the three bacteraemic strains including blaOXA in LIB210
(phylogroup C) and blaTEM in both LIB205 (phylogroup B2) and LIB211 (phylogroup D).
Multiple Drug Resistance was identified in the antibiogram but was restricted to those

phylogroups more frequently associated with bacteraemia (Clermont et al., 2016).

Although LIB201 and LIB205 are identified as clonal with identical antibiogram resistance
profiles, this was not reflected in ESBL gene carriage, as only LIB205 carried a blaTEM gene.
Further, the isolates differed in blaCTX gene carriage with LIB201 identified with a group CTX-
M-9 gene and LIB205 with a group CTX-M-1 gene. It was this difference in CTX-M group which

influenced the selection for WGS.

Both phenotyping and genotyping identified an assortment of phylogroups with pathogenic

potential as retaining a higher abundance of ARGs. Phylogroups B2, C and D are well
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renowned for causing bacteraemia associated with AMR (Clermont et al., 2016). Two isolates
that were identified as belonging to this phylogroup, LIB201 and LIB211, were identified as
carrying multiple resistance. Both these isolates also maintained ciprofloxacin and cefotaxime
resistance suggesting that these were indeed isolates of clinical concern (Dale and Woodford,
2015). With LIB201 and LIB205 being phylogroup B2 members and LIB211 being a phylogroup
D member, further genotyping of the sequence type (ST) determined by MLST was performed

but failed to identify them as clinically recognised pathogenic clonal lineages.

To maintain diversity, the phylogroup F isolate (LIB213) while having an identical result to the
antibiogram screen as the phylogroup D isolate LIB211, was not identified with additional
ESBL resistance, this isolate was not investigated with WGS (Table 3.3). Additionally, only one
of the phylogroup B2 isolate clones, LIB201 was carried forward due to the difference in CTX-
M group. This meant that only four isolates, LIB201, LIB202, LIB210 and LIB211 were selected

for WGS analysis.
4.3 In-silico analysis.

The selected four isolates with their genomes fully sequenced, were subjected to in silico

analysis.
4.3.1 Identification of ST lineages.

All four isolates were identified as belonging to potentially pathogenic ST groups (Table 3.5).
Two isolates (LIB201 and LIB211) were identified as belonging to renowned pathogenic clonal
lineages ST131 and ST69 (Riley 2014), respectively. Both these ST groups were screened for
using PCR but were not detected and only identified as such using MLST finder. This indicated
that while the positive control in the PCR assay worked correctly, an unidentified error
occurred during processing such as processing of incorrect or non-viable controls. Due to time

constraints this was not repeated.

The remaining two resistant isolates were also identified as potentially pathogenic lineages,
ST58 and ST44 (a sub-lineage of ST10), both commonly identified in bacteraemia. However,
these two ST groups were not screened for during genotyping. Isolate LIB202 (ST58) was the
only resistant isolate identified as a human commensal and generalist although has

pathogenic potential.
4.3.2 Analysis of individual isolate ST lineages and pathotype.
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4.3.2.1 Isolate LIB201.

In comparison to the other 4 resistant isolates, LIB201 (ST131), can be classified as a higher
risk EXPEC member and is renowned for global distribution with strong associations to CTX-M
ESBL genes (Nicolas-Chanoine et al., 2014; Zakour et al., 2016). The 025:H4 serotype of this
isolate is concerning as in the UK ST131 with a 025 serotype is commonly associated with

both urinary tract and bloodstream infections (Ciesielcuk et al., 2016).

Previous analysis identified a CTX-M9 group gene carried by LIB201 and with additional
analysis with ResFinder this was shown to be a blaCTX-M-27 gene. Subsequently, LIB201 fits
the profile of a newly emerged H30/R1 sub-clade, C1-M27, according to Matsumura et al.
(2016). To further confirm this assumption, a BLAST identified 100% homology with prophage
1 region that provides designation to the C1-M27 clade (Matsumura et al., 2016). The

classification was further confirmed by the class C virotype (Blanco et al., 2013).

What makes identification of this isolate especially interesting is that not only is this a newly
emerging clone, but CTX-M27 (ST131 H30R1/Clade 1) variants are more commonly identified
in East Asia whereas in Europe CTX-M15 (ST131 H30Rx/Clade 2) (Matsumura et al., 2015;
Merino et al., 2018). This observation may suggest that the other B2 isolate identified during
the preliminary screen (LIB205) may in fact be the C2 variant due to the differing CTX-M group

enzyme.

There appears to be a higher frequency of the Cl-sub-group across host species and
environmental compartments (Jamborova et al., 2018). However, in general, this C1 sub-
group is not as frequently identified in clinical samples when compared to the C2 sub-group,
again a little surprising as the class C virotype assigned to this strain is suggestive of a
metabolic profile directed towards infection over colonisation (Blanco et al., 2010) and
studies have identified that the presence of both papA and KPSIIM virulence genes are

positively correlated with fatal mortality rates in murine model studies (Merino et al., 2020).
4.3.2.2 Isolate LIB211.

Similar to LIB201, isolate LIB211 is also identified as a similar higher risk EXPEC member and
globally distributed (Riley, 2014). The sequence type assigned to LIB211 (ST69), like ST131 and
is considered as one of 4 priority MLST’s (although the list is expanding) associated with EXPEC

and UPEC in the UK and is commonly identified in Europe (Roer et al., 2017; Johnson et al.,
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2019). However, ST69 is regarded as ecologically distinct from the other MLST’s and is often
commonly identified circulating within the community and hospital associated infections
(Goswami et al., 2018; Fox et al., 2020). The serotype of 015:H18 has been pathotyped to
Enteroaggregative E. coli (EAEC) in a study by Beutin et al. (2004) and an identical serotype
and CH type are recognised in another clinical study although with a differing resistance
pattern (Marchetti et al., 2020). More recently a similar isolate was found circulating in Wild
Ibis in Australia (Wyrsch et al., 2019) with similar pan-genome features such as plasmid type

and Insertion sequence family.
4.3.2.3 Isolate LIB210.

The sequence type of isolate LIB210 (ST44) is a clonal complex member of ST10 (STc10). STc10
is more often associated with phylogroup A but is also commonly identified in phylogroup B1
(Racicot-Bergeron et al., 2012; Zingali et al., 2020; Zhao et al., 2022) and generally there is
relative stability with STc phylogroup distribution. However, LIB210 is a phylogroup C member
and some of the classification schemes may rely on the older Clermont typing which would

not distinguish phylogroup A from C (Clermont et al., 2013).

While STc10 is subject to antigenic diversity, the 0101:H4 fimH54 with ciprofloxacin
resistance and the ESBL encoding genes in LIB210 present a unique diversification pattern
compared to other members of this ST10 complex. The 0101:H4 serotype is known for
causing an outbreak of haemorrhagic diarrhoea in 2011 in Germany (Bielaszewska et al.,
2011). However, this was not caused by a STc10 strain but a rare ST678 isolate with a Shiga

toxin encoding prophage, which appears absent in LIB210.

In the UK, between 2013 and 2014, during a comparison of ESBL producing E. coli isolates
causing clinical bacteraemia and ESBL producing E. coli from different non-clinical settings
(where ST10 isolates dominated cattle and slurry isolates) STc10 accounted for 3 out of 253
cases of bacteraemia (in contrast ST131 accounted for 188/253). This again also highly specific
on serotype. Generally, STc10 is considered antimicrobial susceptible and a benign intestinal
commensal (Manges and Johnson, 2012). However, there have been instances of MDR with
some ESBL production in this group with the 0101 serotype isolated from Human faecal swabs
and Animal cloacal swabs and the subsequent retail products (Racicot-Bergeron et al., 2012;
Zhao etal., 2022). A similar ST44 (cc10) isolate was detected in cockroaches identified to carry
CTX-M group 1 enzymes and a TEM enzyme and is suggestive of presenting a household
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conduit for this strain to enter humans (Obeng-Nkrumah et al., 2019). Subsequently, STc10 is

also emerging as a potentially pathogenic clone (Manges and Johnson, 2012).
4.3.2.4. Isolate LIB202.

While commonly regarded as benign commensals, virulence gene acquisition has also been
identified in members of the B1 phylogroup (Johnson and Stell, 2000; Jang et al., 2013;
Poolman, 2017) which may warrant concern if these commensals have acquired a more
pathogenic genotype (Wright et al., 2008; Gillings et al., 2008; An et al., 2018). Isolate LIB202
was identified as ST58, which resides within the ST155 clonal complex and comprises solely
of B1 phylogroup members and shares similar phylogroup conservation in this respect to
LIB201, the ST131 isolate. ST58 is frequently identified with ESBL carriage possibly due to the
presence of ESBL carrying plasmids, as demonstrated by this study, and is recognised, globally,
as a sequence type common in bacteraemia (McKinnon et al., 2018; Mamani et al., 2019). It
has also been isolated from food-producing animals as well as wild and captive animals
(Ahmed et al., 2017; Wyrsch et al., 2020; Rojas-Jiminez et al., 2021). Interestingly, a study by
Ahmed et al. (2017) identified potentially mobilised ESBL production (b/aTEM-1b genes) in

ST58 isolates in the absence of antibiotic selective pressure.

However, the serogroup is currently unknown and could not be identified using Enterobase
but may indicate a potentially non-pathogenic clade
(https://enterobase.warwick.ac.uk/species/ index/ecoli). Although lack of abundance of
virulence factors is common for this phylogroup, the virulence genes that were present were
interesting as they may facilitate the pathogenicity of this isolate given that they are often

associated with UPEC and ExPEC pathotypes (Clermont et al., 2017).

4.3.3 Characterization of Antimicrobial resistance.
4.3.3.1 ESBL resistance in LIB202 mobilised by an Incl1 plasmid.

When challenged with the antibiogram, isolate LIB202 (B1) showed resistance to 3 classes of
B-lactams antibiotics only, Ampicillin, Cefotaxime and Aztreonam a commonly prescribed
monobactam. In silico analysis using ResFinder confirmed the AST Antibiogram and the
genotyping results, identifying a blaCTX-M1 gene as responsible for all three confirmed

resistance phenotypes.
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The blaCTX-M1 gene was mobilised by an Inc1 plasmid and was the only resistance mobilising
plasmid type other than IncF types identified. This was the only plasmid identified in this
isolate and subsequently another reason this isolate is particularly interesting. This plasmid
family is common in Enterobacteriaceae and is frequently associated with the carriage of
ESBL’s in E. coli (Day et al., 2016), and is considered clinically relevant (Caratolli et al., 2018;
Petrin et al., 2021). Antibiotic selection pressure from both clinical and veterinary practice has
resulted in these plasmids developing into major vehicles of ESBL dissemination (Carattoli et
al., 2018). A previous study by Sallem et al. (2013) identified this plasmid type in ST58 isolates
circulating in humans and companion animals and, similarly to the LIB202 isolate, these were

also carrying CTX-M1 group enzymes.

The blaCTX-M1 gene was identified adjacent to an ISEcp1 transposition unit in amongst the
Incll conjugation machinery which is a common occurrence in these plasmids (Zong et al.,
2015; Stosic et al., 2021) as well as both narrow and broad host range plasmids (Canton and
Coque, 2006). However, in LIB202, the integration of the blaCTX-M-1 gene into the ISEcpl
transposition unit appeared incomplete when compared to these previous studies. However,
the position of both the blaCTX-M1 gene and the transposition unit within the plasmid
conjugative machinery, the shufflon region, does appear highly similar with these studies

(Zong et al., 2015; Stosic et al., 2021).

Flanking the blaCTX-M1 gene was a tryptophan synthetase gene which may ameliorate the
cost of carriage (Dunn et al., 2008). Indole acts as an interspecies signal molecule known to
modulate processes such as AMR, tolerance to acids as well as virulence (Zarkan et al., 2020).
More interestingly it has been shown to inhibit conjugation so potentially the tryptophan
synthase gene may affect both blaCTX-M gene expression and ameliorate the cost associated
with carriage and conjugation of this plasmid (Zarkan et al., 2020; Xiong et al., 2021). This may

be an interesting target to conduct knock-out studies and abundance studies.
4.3.3.2 Multiple drug resistance is mobilised by IncF type plasmids pathogenic lineages.

The three remaining isolates (LIB201, LIB210 and LIB211) were identified with multiple
plasmids. This observation, together with the multiple drug resistance profile, provided a
clear contrast between these potentially pathogenic lineages and the more general
commensal LIB202. The ESBL’s were mobilised in IncF type plasmids except for LIB202 (Table
3.7).
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The resistant profiles of the three IncF type carrying isolates suggests that this multiple drug
resistance commonly shuffled across the species as similar regions of resistance were
observed between isolates. IncF plasmids are frequently identified in Enterobacteriaceae with
carriage of MDR also commonplace (Carattoli, 2009) however, through BLASTN analysis these

remain partial sequences thereby limiting interpretation.

However, due to the sequencing method which used short read only, replicons were
recognised as separate contigs, and full resolution was not possible. This may be due to
extended regions of repetitive nucleotide sequences greater that 250bp in length and is a
limitation of this study method. However, characterisation was possible with the coverage
provided as some of the replicon types were identified in contigs containing resistance gene

regions.

The IncFll replicon associated with MDR in LIB201 shared homology with a plasmid (pRSB107)
isolated from an uncultured bacterium that also demonstrated MDR. Interestingly, this
plasmid was also isolated from a WWTP (Szczepanowski et al., 2005) suggesting its
persistence in this environment. The other replicons (IncFIA and IncFIB) identified in LIB201
as separate contigs, could be resolved to be a single plasmid. If this was the case then these
replicons could in fact be the same RepFIA, FIB and Fll plasmid backbone identified by
(Szczepanowski et al., 2005) and indicate a typical sized (>100kb) IncF type plasmid (Villa et
al., 2009).

4.3.3.3 I1S6 family insertion elements mobilise drug resistance in the IncF type plasmids.

The 1S6 family insertion sequences are commonly associated with the spread and
rearrangement of antimicrobial resistance genes (Razavi et al., 2020), and form intimate
relationships with plasmids (Harmer and Hall, 2019; Varani et al., 2021). Multiple 1S6 family
insertion sequences were identified in all three and were the predominant mobile elements
associated with resistance in these isolates. The abundance of these family of insertion
elements confirms the findings by Razavi et al. (2020) who also identified their high

abundance in similar wastewater environments.

IS6 family insertion sequence derived composite transposons mobilised ESBLs in all three of
the isolates. In LIB210 and LIB211 these transposons contained both ESBL and quinolone

resistance. Although the ESBL resistance in LIB210 was associated with both the b/laOXA-1 and
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blaCTX-M15 genes only the blaOXA gene was carried in the transposon. Of concern here is a
potential growing trend of Carbapenemase resistance in these strains with both plasmid
mediated quinolone resistance (aac(6”)-lb-cr) and through mutations (Phan et al., 2022).
However, although the ST131 isolate had mutation mediated quinolone resistance only the
ST69 isolate carried both plasmid and mutation mediated quinolone resistance. However, in

LIB 210

The blaCTX-M15 gene in LIB210 was adjacent to the transposon (Figure 3.7). Similar to LIB202
this blaCTX-M gene was flanked by a tryptophan synthase gene and also was embedded in an
ISEcpl transposition unit, and both were adjacent to an additional transposon (Tn3 family)
flanked by 1S6 family insertion sequence types. Although this was not identified as a
composite transposon it may suggest that the insertion into LIB202 is a truncated insertion
element which has become potentially fixed in the shufflon region although did not share
complete homology with the study by Stosic et al. (2021) However, it is indicative of similar
resistance mobility occurring between these two plasmid types. Additionally, it suggests a

relationship between indole scavenging and CTX-M gene maintenance (Xiong et al., 2021).

A recurring resistance pattern was observed as a region of resistance genes identified as
carried by a Class 1 integron in isolates LIB201 and LIB210 (section 4.3.3.4). These same genes
were present in LIB211 in the same order forming a MDR region but mobilised by a different
transposase in a region flanking the composite transposon (Figure 3.8). This same drug
resistant region appears conserved as it appears commonly in IncFll plasmids found in ST131

strains with the same association with IS6 family insertion sequence (Johnson et al., 2016).
4.3.3.4 LIB201 and LIB210 carry an identical multidrug resistant Class1 integron.

The integron identified on isolate LIB201 (Figure 3.9) shared 100% homology with similar Class
1 integrons isolated from multiple similar ST131 C1/H30R isolates from both humans and pigs
carrying the blaCTX-M27 gene in Japan (Matsuo et al., 2020) and unpublished studies in Israel
and the UK. An identical integron was also detected in isolate LIB210 (Figure 3.10) and carried
the same four resistance genes: sull, gacE_deltal, ANT(3”)-la and dfrA17 (Figures 3.9 and
3.10). The identification of a highly conserved fused region between attC site and gacEA this
integron is suggested by studies (Quintela-Baluja et al., 2021) to be indicative of and
responsive to anthropogenic activity (Gillings et al., 2014; Lehmann et al., 2016) typifying its

identification in this study. The presence in both animals and humans in the above studies
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highlights a concern that this is maintained by clinically recognised pathogens with global

distribution in the non-clinical environment (Quintela-Baluja et al., 2021).

This integron was featured as a small contig for isolates LIB201 and LIB210 but may be
mobilised on the IncF type plasmids as reported in other studies and subsequently readily
circulating in other reciprocal bacterial species (Villa et al., 2009; Carattoli, 2009). This study
agrees with other studies that suggest the Class 1 integrons are suitable markers for

anthropogenic pollution (Gillings, 2017; Quintela-Baluja et al., 2021).
5. Conclusion and future studies.

This study identified potentially pathogenic E. coli with mobilised multidrug resistance in the
treated effluent being discharged into the river Almond from the wastewater treatment plant
at East Calder. The isolation study showed that approximately 2.4% of the total E. coli
recovered had ESBL activity. A confirmation assay using E. coli specific primers identified
additional isolates as E. coli indicating the use of both coliform selective and McConkey
selective media should be followed up with genotype screening. Genes relevant to ESBL
production were initially identified in multiple phylogroups, but multidrug resistance as
identified by the Kirby-Bauer assay occurred in the more pathogenic phylogroups. An
additional isolate was observed with a single blaCTX-M1 gene that accounted for
approximately 50% of all the resistant isolates although this occurred in a commensal strain.

This gene was mobilised by an Incl1 plasmid.

Resistance to multiple antibiotics including ESBL, quinolones, macrolides, aminoglycosides,
disinfectants, and folate pathway agonists was observed in IncF type plasmids carried by
clinically recognised bacteraemia and bacteriuric strains of E. coli. Three globally renowned
ST were identified ST131 and ST69 as well as ST44 (which resides in clonal complex ST10). The
ST131 isolate was identified as the global pandemic clone (ST131 H30R1/Clade 1) and
demonstrates the continuing spread of this clonal lineage. Resistance genes were commonly
associated with 1S6 family transposable elements and similar patterns could be observed in
different lineages and was suggestive of interspecies transmission. Additionally, two Class1

integrons with identical gene cassettes were identified in the ST131 and ST69 lineages.
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Although a limited number of isolates were assessed, their presence is clinically concerning
and warrants further investigation of WWTP’s and receiving surface waters due to high

transmissibility of ESBL and other resistance genes.
Future characterisation studies.

As the B1 clone is observed to be the dominant species to persist in the outflow and
Phylogroup C (LIB210) is considered a sister lineage, if not indistinguishable from Phylogroup
B1, a future study may investigate the genetic environments of these two isolates. This would
include traits that can be linked to non-host survival and potential cross over between the
two. Certainly, virulence factor acquisition such as those pertaining to biofilm formation
would indicate a strategy evolved towards non-host survival. A further key area would be
plasmid identification, resistance carriage by these plasmids and incompatibility between
plasmids and their host phylogroups. Another study direction could be to further characterise
the plasmids using both short and long read sequencing platforms to further resolve the IncF
plasmids. In addition to this, the study would also benefit from conjugation assays to
determine the transmissibility of the resistance genes identified. Further knock-out studies
could also assess whether the tryptophan synthase gene, identified in two isolates, lowers
the cost of b/laCTX-M gene carriage. Other biological characterisation of the wastewater could
also be advantageous such as chemical analysis as there is the potential legacy effect from
previous industrial activity within the vicinity that may drive some of these selection

processes.

Being that CTX-M27 (ST131 H30R1/Clade 1) variants are more commonly identified in East
Asia, a future study may be directed towards confirming this observation to determine
whether this clonal groups is in fact circulating within the representative population and being

released into the environment.

Mucilage populations were isolated but not quantified. This plant associated matrix has also
received little research. One study suggested that while diversity may decrease in this matrix,
mucilage may provide a specific environmental niche, rich in nutrients, which may support or
encourage diversity (Quero et al., 2015). This non-hostile environment with potentially high
frequency shedding events may in turn facilitate survival of E. coli and persistence further

downstream subsequently suggesting further research is required of this particular matrix.
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