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Thesis Summary

Escherichia coli is the most prototypical bacteria known by laymen, while also being
the most extensively studied of the prokaryotes (due in part to its being the genetic
workhorse of molecular biology). Yet, it is quite remarkable how there is still so much
to learn about this organism. Throughout this report, | hope to demonstrate that there
are still merits to be found in macro and micro observations of E. coli’s genetics,
distribution, and behaviour.

Although each chapter within this report exists as an independent entity, the unifying
theme is that of extended-spectrum (B-lactamase (ESBL) resistance within E. coli and
its common occurrence with pathogenic strains. The choice of this theme is simple:
ESBLs are the most successful and important resistance mechanisms in E. coli.

The importance of ESBLs in E. coli cannot be understated. E. coli is a common
bacterial agent of infection, and upon acquisition of an ESBL, infection can become
very difficult to treat. This is firstly because the ESBL provides protection against
penicillins and most cephalosporins, which are typically the gold standard for a
broad-spectrum treatment against infection and secondly that ESBLSs are often
accompanied by other resistance mechanisms in dominant individual strains of E.
coli, such as ST131.

E. coli is such a ubiquitous organism and so historic in its study that many papers
have been published using various cohorts of isolates. Within this report exists a
comprehensive analysis of past E. coli literature, and through this scrutiny, | chose
contemporary strains of E. coli that are routinely carried in the human gut in several
different nations.

| specifically utilised a previously archived library of E. coli captured across the UK in

2014 as a part of a wider Public Health England study (n= 300) and sampled from

XXV



five different geographic regions across the UK, including both human carriage
isolates as well as those causing serious disease. It was these isolates that made up
the body of work presented in Chapter 3.

The 2014 study sought to understand the epidemiology of resistant E. coli across the
UK and genotypically compare isolates found in bacteraemia, faeces, sewage, and
meat. Interestingly, the study found that resistant E. coli associated with meat was
unique and separate from those found in bacteraemia and human carriage. All the
isolates captured as a part of this 2014 study were grown on antibiotic-selective
media, thereby creating a bias in selection. Additionally, one of the key observations
of this study was that the proportions of E. coli sequence types between blood
isolates, faecal isolates, and sewage isolates were very similar. This led to the
natural question of what types of E. coli are associated with human carriage
when antibiotic selection is removed? And since this 2014 study had also shown
the strength of sewage as a measure of both faecal carriage and subsequent
disease: we utilised sewage across the UK to address these questions. Sampling
two sites in South Wales, one in Bristol, and three near London, a library of some
600 E. coli isolates was generated (approximately 100 isolates per site) without
antibiotic bias and representing common E. coli types that are carried by the human
population at these different locations. This collection serves as a unique snapshot of
E. coli’s pathogenicity, resistance, and prevalence in the UK. This body of work
demonstrates how variable levels of E. coli bacteraemia rates across the UK are
directly related to higher or lower carriage of pathogenic E. coli types by local
populations and E. coli sepsis rates will likely be ineffective until this is

acknowledged.
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Simultaneous to the UK sewage work, through my own initiative and our international
collaborations, we collected sewage from Kazakhstan, Saudi Arabia, and
Bangladesh. The E. coli libraries created from these samples were again simple in
their design. For each site, sewage samples were grown on selective and non-
selective media to get an accurate representation of the E. coli associated with
human carriage in 2019 from various parts of the world. Where possible, whole
genome sequencing was utilised to definitively interrogate these organisms and shed
light upon E. coli’s true phylogenetic composition in the different national locations.
Within this body of work, | believe | have provided the most comprehensive analysis
of chromosomal and plasmid insertions of blactx-v-15 to date for E. coli. This has
demonstrated the huge importance of the chromosomal carriage of this particular
resistance mechanism and has also highlighted the chromosomal carriage of other
important resistance mechanisms. Equally, | believe my 2019 cohort of some 600
isolates captured across the UK without selection stands as one of the most
complete archives of human E. coli carriage to date and has shed an important light
on the enigma of the rising E. coli sepsis rates in the UK. Finally, the collections of
strains from different nations have demonstrated that the E. coli types circulating in
the different nations can be manipulated using antibiotics to select more pathogenic
phylotypes. Thus, the use of antibiotics can not only increase antibiotic resistance

rates but also increase pathogenic types leading to increased sepsis rates.
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Chapter 1 : General Introduction



1.1 Escherichia coli

Escherichia coli is a Gram-negative, rod shaped, non-sporulating, facultative
anaerobic bacterium belonging to the Enterobacterales family. It was originally
named as bacterium coli commune when first discovered by Theodor Escherich in
1885. He presented his findings to the Society for Morphology and Physiology in
Munich (Shulman et al. 2007), and it was not formally renamed until 1958 (Lapage

1979).

Table 1.1 Taxonomic categorization of Escherichia coli

Rank

Domain Bacteria

Phylum Proteobacteria

Class Gammaproteobacteria
Order Enterobacteriales
Family Enterobacteriaceae
Genus Escherichia

Species Escherichia coli (E. coli)

E. coli has been the most intensively studied bacterial organism over the last
century, with many studies using the Escherichia coli K-12 laboratory strain and
derivatives. These studies have advanced the disciplines of genetics, molecular
biology, physiology, and biochemistry. However, despite this intense study, the huge
genetic variation amongst the E. coli species has only come to light in recent years
with large sequencing programs that have now sequenced more than 200,000 E. coli
isolates (Lukjancenko et al. 2010). Moreover, the common strains that are carried by
human and animal species in different locations of the world are still poorly studied
(Hobman et al. 2007). E. coli is both a normal inhabitant of the gut flora and the most

isolated Gram-negative bacillus in faeces and human infections (Whitman et al.



1998). It colonises the intestines of most warm-blooded animals, in addition to those
of many fish (Guzman et al. 2004) and reptiles (Ramos et al. 2019). It is also known
to be able to survive for long periods of time in soils that are classified as temperate
(Ishii et al. 2006). E. coli may be present in all mammals, although not always in all
individuals of each species (Conway and Cohen 2015). For example, some studies
have indicated that humans have a prevalence of 90% (Mitsuoka and Hayakawa
1973; Penders et al. 2006); however, wild animals, birds, and reptiles have lower
proportions of gut carriage, with 56%, 23%, and 10%, respectively (Gordon and
Cowling 2003). Humans typically have 107 to 10° colony forming units (cfu) per
gramme of faeces, and domestic animals typically have a lower amount, 10* to 10°
cfu (Slantez and Bartley 1957; Mitsuoka and Hayakawa 1973). The importance of E.
coli comes from its ability to cause a variety of serious illnesses, including food
poisoning, urinary tract infections, neonatal meningitis, bone infections, intra-
abdominal infections, pneumonia, haemolytic uremic syndrome, septic shock, and
bacteraemia in humans (Vogt and Dippold 2005). It is transmitted between humans
via contact, including skin-to-skin, mucous membrane-to-mucous membrane, and
largely by the faecal—oral route or by the consumption of raw undercooked meat
products, milk, or raw vegetables, as well as the drinking of water contaminated by
sewage. E. coli is a highly successful competitor in the human gut, and it is the most
common facultative anaerobe found in human intestinal microflora. Interestingly, one
study demonstrated that E. coli can occupy a highly specific metabolic niche by
exploiting its ability to utilise gluconate in the colon (Sweeney et al. 1996).

James Johnson and colleagues (Johnson et al. 2019) initiated a molecular definition
of extraintestinal pathogenic E. coli (EXPEC) and uropathogenic E. coli (UPEC) by

identifying bacterial traits among faecal and clinical isolates separately. Two main



general clinical syndromes can result from infection with one of the E. coli
pathotypes: urinary tract infections (UTIs) and sepsis. Among E. coli isolates causing
intestinal disease, there are six well-described categories based on their O and H
antigens. The O antigen consists of a repeating polysaccharide chain in the
lipopolysaccharide (LPS), a component of the outer membrane, while the H antigen
is determined by the flagellum. E. coli isolates causing intestinal disease to be
divided into various pathotypes including: Enteropathogenic E. coli (EPEC),
enterohaemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC),
enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC) and diffusely
adherent E. coli (DAEC) (Nataro and Kaper 1998).

Shigella spp. and E. coli are genetically very similar (Brenner et al. 1972), yet belong
to distinct species. In fact, Shigella are essentially decayed versions of E. coli. In
clinical and public health settings, distinguishing between E. coli and Shigella and
identifying the specific Shigella species is necessary (Chattaway et al. 2017).
Infection with any of the four Shigella species can result in dysentery, but only S.
dysenteriae type 1 can induce haemolytic uremic syndrome (HUS) because of the
Shiga toxin it produces. The kidneys, the heart, and the nervous system can all fail
and cause death in patients with HUS. Similarlry, S. dysenteriae is a common cause
of travelers’ diarrhoea in the UK. When compared to S. sonnei (49%), S. flexneri
(39%), and S. boydii (7%), S. dysenteriae is the species that is often isolated least in
England (Terry et al. 2018).

Different approaches can be used to define E. coli pathotypes, such as the target
organ (like the urinary tract and uropathogenic E. coli, or UPEC), the infected host
(like a bird and avian pathogenic E. coli, or APEC), or the connection between an

organ and a host (like cerebrospinal fluid in new-borns and newborn meningitis E.



coli, or NMEC). The connection with the targeted organs, the presence of specific
genes, or the virulence in an animal model (e.qg., extra-intestinal pathogenic E. coli,
or EXPEC); the pathophysiology caused by the strains (for example, diarrhoea and
intestine pathogenic E. coli, or INPEC); the presence of a certain gene or genes,
either on their own or in combination (for example, Shiga-toxin encoding Stx gene
and Shiga-toxin producing E. coli [STEC]); intimin-encoding eae with or without pili-
encoding bfp gene(s) and typical or atypical enteropathogenic E. coli tEPEC or
aEPEC, respectively]); or a specific phenotype when observed outside of the living
host, such as adherence to and invasion of epithelial cells or adherent-invasive E.
coli (AIEC). A comprehensive listing of the pathotypes that are most frequently
encountered, along with the primary features of each, is provided in (Table 1.2)

(Denamur et al. 2021).



Table 1.2 Main characteristics of the more commonly E. coli pathotypes (Denamur et

al. 2021
Pathotz/pe Definition basis Main strain | Main virulence | Strain Main sequence types
Main host genes phylogenetic
background
ExPEC Non- intestinal Human, Genes B2 STc131, STc73, STc95, STc12,
infection, specific domestic encoding STcl4,
genes, animal model | mammals, adhesins, D STc69
birds toxins,
protectins and | C STc88
iron capture £ STc62
systems
UPEC Isolated from urine Human, papGll, papGlil | B2 STc131, STc73,
domestic STc95, STcl2,
mammals STcl4
D STc69
NMEC Isolated from Human Genes B2 STc95
cerebrospinal fluid of encoding
neonates the K1 antigen, | F STc59
pS88 genes STc62
Pneumonia | Isolated from lung Human hly, sfa B2 STc73
associated STc127
E. coli STc141
APEC Isolated from birds Poultry pColV genes B2 STc95
C STc88
G STcl17
InPEC Diarrhoeal disease Human, Various All Numerous
domestic phylogroups
mammals
STEC stx genes Human, stx, eae, ehxA E STcl1l
and/or cattle,, B1 STc29
EHEC sheep. ST17
EPEC Attaching and Human, eae, bfp A ST1788 (EPEC5) STc10
effacing domestic (EPEC10)
lesions on intestinal mammals B1 STc3 (EPEC2) STc328 (EPEC7)
epithelial cells STc15 (EPEC1) STc28 (EPEC4)
B2 STc5342 (EPEC8) STc2346
(EPEC9)
E STc335, STc32




Pathotype | Definition basis Main strain | Main virulence | Strain Main sequence types
Main host genes phylogenetic
background

ETEC Heat-stable Human, pig, | Genes A B1,CE Numerous
and heat- labile cattle encoding
enterotoxins enterotoxins

and
colonization
factors

EIEC Colonocyte invasion | Strictly ipa, isc, vir A ST6

human Inactivation of | B1 ST270
nadA, nadB E ST280
and cadA

EAEC Aggregative Human, Aggregative A B1,B2,D Numerous
adhesion domestic adherence
on enterocytes mammals fimbriae

(aaf/agg)

and
transcriptional
(aggR) genes

DAEC Diffuse adhesion on Human Genes All Numerous
enterocytes encoding phylogroups

adhesins (afa
and dra)

AIEC Adhesion and Human Unknown All phylogroups | ST135
invasion of intestinal with a majority | ST73, ST95,
epithelial cells of B2 ST127,ST131

Hybrid EHEC and EAEC Human stx, aggABCD, | B1 ST678

InPEC characteristics aggR

Hybrid HUS and septicaemia | Human, stx, eae, pS88 A ST301

INPEC- cattle ExPEC genes

ExPEC




In recent years, complex hybrid pathotypes have emerged, either within the INPEC
pathotypes (for example, enterohaemorrhagic E. coli (EHEC) and enteroaggregative
E. coli (EAEC)) or between the INPEC and ExPEC pathotypes. Some examples of
these complex hybrid pathotypes include enterohaemorrhagic E. coli (EHEC) and
enteroaggregative E. coli (for example, EHEC and ExPEC), which cause the
pathotype categorisation to be complicated and difficult to understand. Additional
uncertainty was caused by both the description of cryptic Escherichia clades12 and
the fact that it is difficult to identify other Escherichia species. Simultaneously, the
accessibility of whole-genome sequencing (WGS) has resulted in the collection of
genomic data, which may enable phylogenomic methodologies to be used in the

classification of pathogenic E. coli strains.

1.2 The population structure of E. coli

1.2.1 Escherichia genus and E. coli species phylogeny.

The taxonomy of the genus Escherichia has undergone significant revisions because
of the identification of five previously unknown Escherichia clades as well as the
reassignment of the species Escherichia blattae, Escherichia hermanii, and
Escherichia vulneris to other genera. Escherichia coli, Escherichia albertii, and
Escherichia fergusonii are the three species that make up the genus Escherichia
today. Additionally, there are five Escherichia clades that have been labelled I-V.
These clades are indistinguishable from E. coli in terms of their phenotypic
characteristics, yet they differ from E. coli in their nucleotide sequences in varying
degrees based on the typical identity of the nucleotides. E. coli sensu stricto

possesses a robust phylogenetic structure that is comprised of at least eight distinct



phylogenetic groups that are organised into two primary clusters: phylogroups B2, G,

F, and D; and phylogroups A, B1, C, and E (Denamur et al. 2021).

1.2.2 Order and disorder in E. coli genomes

Plasmids and a circular chromosome are the two components that make up the E.
coli genome. The E. coli genome size (excluding Shigella) can range anywhere from
4.2 to 6.0 Mb, which is equivalent to 3,900-5,800 genes, respectively (Hendrickson
2009). During the process of divergence, E. coli underwent several frequent
acquisitions and deletions of DNA segments, which led to the current diversity. The
observed size variation is significantly influenced by phylogenetic factors. The
shortest genomes are found in strains that belong to phylogroups A and B1, whereas
the biggest genomes are found in strains that belong to phylogroup E (Chattaway et
al. 2017). The core genome of E. coli has around 2,000-2,500 genes, while the
remaining genes in a strain come from the pan-genome. All E. coli strains share
these core genes. The pangenome, also known as the total number of genes among
a species, can range anywhere from 15,000 genes in 20 genomes to 90,000 genes
in 1,500 genomes, depending on the number of genomes that are analysed
(Touchon et al. 2020). On the chromosome, there is evidence of a significant amount
of homologous recombination, also known as gene conversion, which occurs at least

as frequently as mutations do (Land et al. 2015).

This wide range of reported recombined fragment lengths could be explained by the
various effects of the restriction systems of the recipient cells, which reduces the
length of the acquired DNA, as well as the result of successive overlapping
incorporations of large fragments, which over time leads to a mosaic of small

segments. Both factors can shorten the length of the acquired DNA. There are two



hotspots of recombination situated at the O-antigen biosynthetic gene cluster and the
fim operon. Although recombination is dispersed over the chromosome, it is less
common towards the terminal of replication. It is interesting to note that the same
regions that are hotspots for recombination are also hotspots for integration. This
suggests that homologous recombination may play a role in the acquisition of
substantial portions of DNA. In addition, many E. coli strains have plasmids, often
between two and four different plasmids per strain. The type of plasmid is species-
specific as demonstrated by the frequent occurrence of plasmids belonging to the
incompatibility group IncF and Incl in E. coli, and the number of plasmids appears to

fluctuate within species according to the strain’s phylogeny (Denamur et al. 2021).

1.2.3 Defining a clone in the genomic era

A clone is formed of isolates that are either indistinguishable from one another or
extremely closely related and that share a common ancestor. E. coli has a clonal
population structure, which means that alleles are strongly linked in a way that is not
random (linkage disequilibrium) and that only a few of the many possible multilocus
genotypes are often found (Smith et al. 1993). As mentioned before, this is because
of the rate and pattern of recombination (horizontal transfer), which involves small
pieces that do not break up the vertical evolution caused by mutation. By using
phenotypic serotype determination (somatic (O-serogroup), capsular (K), and
flagellar (H) antigens) (Orskov et al. 1976), and multilocus enzyme electrophoresis
(MLEE) (Selander and Levin 1980), this clonal structure was initially identified. The
development and widespread use of Sanger sequencing technology has led to the
replacement of these phenotypic tests by the sequencing of 500bp segments of
seven to eight housekeeping genes. This method is known as multilocus sequence

typing (MLST), which is an analogue to MLEE (Maiden et al. 1998). Whole genome
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sequencing (WGS) has made it possible to do in-silico typing of strains for a variety
of genotyping techniques. It is possible to do traditional typing using it, such as O:H
typing, MLST typing (Jaureguy et al. 2008), or fimH allele typing (Roer et al. 2017),
which is based on small differences in sequence. Core genome MLST or whole
genome MLST can also be done, depending on how closely related the isolates are
to one another. In addition to allele typing, sequencing yields nucleotide sequences,
and a phylogenetic tree may be generated based on SNPs in the core genome that
reliably infer the evolutionary history of the isolates. Both processes are performed
by sequencing the genome. Currently, MLST is the most common method to define
strains. The sequence type designation of an isolate is a clone (Denamur et al.

2021).

1.3 Virulence and differente linages of E. coli

E. coli ST131 strains are the leading cause of bacteraemia and urinary tract
infections (cystitis and pyelonephritis) acquired in hospitals and communities
worldwide. One study used genome sequencing to analyse the temporal and spatial
correlation of many E. coli ST131 strains obtained from six different geographical
areas worldwide. E. coli ST131 strains are unique among other extraintestinal
pathogenic E. coli and originated from a single progenitor strain before the year 2000
(Petty et al. 2014). ST131 is also responsible for other forms of infections, such as
intra-abdominal and soft tissue infections, meningitis, osteoarticular infection,
myositis, epididymo-orchitis, and septic shock. The range of infections that ST131
causes is typical of EXPEC and has heightened the degree of worry over this strain,
which is already seen as a serious potential issue related to its resistance to many
drugs (Nicolas-Chanoine et al. 2014). The origin of ST131 is not well defined in the

current literature (Loh et al. 2013). However, we have unpublished evidence
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indicating that E. coli ST131 was widespread across several major hospitals in India
in 2000 (Babenko et al. 2019).

In a study that was conducted at a general hospital in San Francisco between the
years 2007 and 2010, ST131 E. coli infections were found in 23% of E. coli
bacteraemia patients. However, more than 70% of these infections were found in
patients who were admitted within the first 48 hours of the study, which indicates that
these infections were acquired in the community (Imai et al. 2019). Within this
therapeutically relevant species, E. coli sequence type 131 (ST131) has emerged as
the most common extraintestinal pathogenic lineage. This lineages connection with
fluoroquinolone and extended-spectrum cephalosporin resistance has a substantial
influence on therapy. The majority of ESBL-associated E. coli infections are typically
caused by a recently emerged EXPEC clone of ST131 (ST131RX) that has spread
throughout the world in the last two decades (Banerjee and Johnson 2014). The
proliferation of ST131 is largely responsible for the rise in antibiotic resistance in
EXPEC infections, particularly ESBL-producing and fluoroquinolone-resistant EXPEC
(Stoesser et al. 2016). Resistance is mostly mediated by the ESBL genes blacrx-m-1s,
blacTx-m-27 and blacTx-v-14. Although blacrx-v-15 is by far the most common of these
and typically expressed plasmids. ST131 is also often fluoroquinolone resistant
which is mostly caused by mutations in the chromosomal genes gyrA and parC
(Stoesser et al. 2016). Although upregulated efflux pumps and plasmid-encoded
resistance mechanisms can reduce fluoroquinolone (FQ) susceptibility in E. coli,
high-level resistance typically requires one-two point mutations within the quinolone
resistance-determining regions (QRDRS) of gyrA and parC, which are the
chromosomal genes encoding the FQ targets DNA gyrase and topoisomerase 1V,

respectively (Johnson et al. 2013).
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Other studies have investigated the genetic basis of non-ST131 EXPEC success.
Alhashash et al. studied 22 isolates of multidrug-resistant ST73 and observed
significant genomic heterogeneity, indicating an extended period of evolution. The
authors determined that the rise in ST73 resistance was not caused by the
dissemination of certain clones. ST73 is highly successful, unlike the clonal ST131,
however the reasons for its success remain unknown (Alhashash et al. 2016).
ST1193 is a newly identified worldwide MDR high-risk strain that significantly
contributes to community-acquired urine and bloodstream infections. ST1193 is
mimicking E. coli ST131, the most successful multidrug-resistant clone in history.
Both clones have been crucial in the worldwide dissemination of multidrug-resistant
E. coli. The global incidence of ST1193 has been on the rise since 2012, and it has
even replaced ST131 in some locations. The blactx-m genes are quickly spreading
among ST1193 isolates, similar to what happened with ST131 in the 2000s (Pitout et
al. 2022).

Although main sequence types play a crucial role in worldwide infections, there is still
limited understanding of the variations in performance across distinct lineages in

extraintestinal sites and the gut.

1.4 Serotyping and subtyping of E. coli

1.4.1 Serotyping

The practise of serotyping, which has been around since the 1940s and has now
been refined into standard operating procedures, is one of the most frequent
methods for categorising E. coli. The O: K: H system of serotyping is derived from a
mixture of three immunogenic structures. These components are the

lipopolysaccharide (LPS) (O antigen), the capsular antigen (K antigen), and the
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flagellar (H) antigen. The current serotyping system for E. coli includes a total of 188
O groups with the designations O1 through O188. In addition, the groups 031, 047,
067, 072, and 0122 have been removed from the scheme (Kauffmann 1947). The
scheme consists of a total of 53 H antigens, which are classified from H1 to H56.
However, the H13, H22, and H50 antigens have been removed (Joensen et al.
2015). Agglutination responses of the O antigen with antisera produced from rabbits
against each of the O groups serve as the basis for this theory (grskov et al. 1975). It
is important to note that serotyping may also be done in silico and based on the
sequencing of the entire genome. This is possible since serotyping is dependent on

gene products (Orskov et al. 1976).

1.4.2 Phylotyping

There are a few different approaches that may be used to identify the phylotypes of
E. coli (See materials and methods section). In the 1980s, the research conducted
by Whittam and his colleagues demonstrated that the bacterium E. coli had a genetic
substructure. These studies demonstrate that the distribution of E. coli was not
random, and that various strains belong to distinct phylogroups depending on the

location from where they were isolated (Whittam et al. 1983).

1.4.3 Multilocus enzyme electrophoresis (MLEE)

From the beginning of the 20th century, microbiologists have relied on MLEE as a
tried-and-tested technique for a better comprehension of the heterogeneity of
microorganisms, particularly virulent bacteria. The first time that MLEE was used to
differentiate between different types of bacteria was in 1963 (Andrews and Chilton
1999). The MLEE method distinguishes between strains by analysing the

electrophoretic mobility of primary metabolic enzymes. The amino acid sequence of
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a protein is what determines its electrostatic charge. Differences in molecular weight
and the total charge of the enzymes might show these discrepancies, which in turn
cause variances in the mobility of the protein when it is exposed to electrophoresis.
Electromorphs are the name given to these mobility variations, and they may be
directly correlated with allelic variation at the locus of the gene that they belong to.
When a collection of enzymes is analysed at the same time, the varying mobilities of
the enzymes form a pattern of protein bands that is specific to each strain and can
indicate the multilocus genotype of the strain (Maiden 2006). Malate dehydrogenase,
glucose-6-phosphate dehydrogenase, glutamate dehydrogenase, and
phosphoglucomutase are some examples of housekeeping enzymes that are
investigated in MLEE. These enzymes are all involved in the fundamental metabolic
processes of the cell. In 1984, Ochman and Salander utilised MLEE to describe the
genome of 72 E. coli isolates creating 72 reference strains of E. coli that were
isolated from a range of hosts and geographical areas. This set was used as a
representative of the range of genotypic variation in the species as a whole, and it is

known as the Escherichia coli reference (ECOR) collection (Selander et al. 1986).

1.4.4 Multilocus sequence typing (MLST)

MLST is a genetic typing method that was initially proposed in 1998. It is a method
that is both powerful and portable, and it was designed to characterise bacterial
isolates on a molecular level. Because it is based on the population genetic concepts
that underpinned the earlier technique of MLEE, this typing method has an
advantage over many other approaches in that it easily compares isolates from
different nations and is completely transferrable between research groups (Maiden
2006). MLST databases make it possible to compare directly between different

bacterial isolates at a reasonable cost. It typically uses seven allele fragments that
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are between 400 and 600 base pairs in length (this was because this length was

easily sequenced by Sanger sequencing). All genes that were targeted are

fundamental components of the genome that are shared by all E. coli strains (IE core

genome genes). First, PCR is used to amplify each gene, and then the allele number

is checked against the list of alleles that has been saved in the different databases.

Once additional alleles are identified, they are added to the system and each one is

given a distinct sequential number assigned by earliest discovery. As a result, the ST

is a combination of the numbers of all the alleles present in each strain. There are

currently three MLST scheme for E. coli: MLST website hosted at Michigan State

University (the USA), Warwick Medical school-now hosted by Enterobase.com (the

UK), and Pasteur Institute (France) (Table 1.3) (Sahl et al. 2012).

Table 1.3 The main characteristics of three E. coli MLST databases

Location Genes Website No. STs No. strains
Michigan State | aspC, clpX, fadD, http://www.shigatox.net/ecmlst/cgi- 1081 3965
University icd, lysP, mdh, bin/index

uidA
Warwick adk, fumC, gyrB, https://enterobase.warwick.ac.uk/ >10,000 >10,000
Medical School | icd, mdh, purA,

recA
Pasteur dinB, icd, pabB, http://www.pasteur.fr/recherche/gen | 771 1311
Institute polB, putP, trpA, opole/PF8/milst/E. coli.html

trpB, uidA

The Warwick E. coli MLST scheme is the most widely used scheme and is used in

our studies. The MLST method itself does not give any information on phylotype.

Therefore, we use both MLST and phylogroup methods to fully describe the E. coli

isolates collected through this study.
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1.5 EXPEC E. coli

Urinary tract infections (also known as UTIs) are among the most prevalent bacterial
infections found in the community both in developing and developed nations. They

afflict around 150 million individuals on a yearly basis all over the world.

UTIs are a major cause of morbidity in baby boys, older men, and females of all ages
(Stamm and Norrby 2001). UTIs can be caused by a variety of microorganisms,
including bacteria (both Gram-negative and Gram-positive) and fungi. Uropathogenic
Escherichia coli (EXPEC, previously called UPEC) are the most prevalent cause of
bacterial urinary tract infections (Flores-Mireles et al. 2015). It can lead to several
serious complications, including recurring infections, pyelonephritis with sepsis,
premature delivery, and damage to the kidneys in children. In addition, the
expansion of antibiotic resistance in E. coli leads to a dramatic increase in mortality
where serious infections (blood stream) are caused by strains that are resistant to
first line antibiotics, i.e., an increase in mortality from 18 to 40% (Foxman 2002). In
the UK and across most of Europe E. coli is the main cause of Gram-negative blood
stream infection (sepsis). Moreover, most of these bloodstream infections come from
prior urinary tract infection (Figure 1.1). EXPEC disease is a term that is used for any

E. coli infection that is found in the human body other than the gut.

The main reason why E. coli causes more EXPEC disease than any other human
pathogen is closely related to the fact of its high carriage rate in human populations
irrespective of geographic location or temperature. For example, K. pneumoniae is
carried by about 20% of the human population and Pseudomonas aeruginosa by
less than 1%. In fact, most E. coli infections are endemic arising from organisms

carried within the patients own gut rather than being acquired from environment or
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through food or drinking water. This is the major reason why E. coli is the main

cause of serious infection (bloodstream infection) throughout Europe.

Since the beginning of the mandatory monitoring in the UK of E. coli bacteraemia in
July 2011 until the beginning of the COVID-19 pandemic, the incidence rate of all
reported cases of E. coli bacteraemia has risen yearly. This trend continued until the
beginning of the COVID-19 pandemic. This rise was mostly driven by community-
onset cases. After the pandemic, both the number of total reported cases and the
incidence rates of community-onset cases went down, although the overall number
of cases is still higher than what was seen when E. coli surveillance first began and
has steadily risen again since the pandemic. In contrast, the incidence rate of
hospital-onset cases hardly changed during the same period, even though a
significant drop had been seen in the previous quarter (Figure 1.1) adapted from
(Public Health England, 2021).

As mentioned before E. coli is one of the earliest bacterial species to colonise the gut
during infancy, reaching extremely high densities (more than 10° cfu per gramme of
faeces (Mitsuoka and Hayakawa 1973; Penders et al. 2006), before the proliferation
of anaerobes (Syed et al. 1970). The density stabilises at roughly 108 cfu per gram of
faeces after 2 years and stays there until it progressively declines in the elderly
(Mitsuoka et al. 1975). However, the typical E. coli microbiota does assist its host in
certain ways, primarily by inhibiting colonisation by pathogens (that is, by inducing
colonisation resistance in the host) via the generation of bacteriocins and other

processes (Rastegar Lari et al. 1990; Schamberger et al. 2004).
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Figure 1.1 E. coli bacteraemia rate per 100,000 population (England, Wales,
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ALL GRAM-NEGATIVE BACTERAEMIA IN 2018
>

4000 NO CHANGE IN BACTERAEMIA INCIDENCE
RATES BETWEEN 2014 AND 2018

(]
g

Number of isolates
=]
8
(=]

g

Acinetobacter E. coli K. oxytoca K. pneumoniae P. aeruginosa
spp.

[
@
w* 4,738 CASES OF E. COLI
BACTERAEMIA IN 2018

ANNUAL INCIDENCE RATE OF E. COLI
BACTERAEMIA IN 2018 PER 100,000 POP

Figure 1.2 Result of incidence and Gram-negative bacterial cause of sepsis
recorded in Scotland, the UK in 2018

Note that there is no recorded increase in sepsis in Scotland 2014-2018 as compared to the UK, but that the
overall incidence is higher in Scotland than the whole of the UK.
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1.6 E. coli genetic diversity

E. coli is one of the most genetically diverse bacterial species. Studies by the Ussery
group in 2010 and in 2015 (Lukjancenko et al. 2010) (Land et al. 2015) give us
interesting information on the genetic diversity found amongst individual E. coli
isolates. They did a systematic pairwise comparisons of the genes found in fully
sequenced E. coli strains available in the genetic databases in 2010 and 2015,
respectively (Figure 1.3 & 1.4). As more E. coli whole genomes were added to the
comparison, the number of unique genes (shown in blue in Figure 1.3 & 1.4)
increased to 16,000 in the 2010 study and to c. 90,000 in the 2015 study. However,
the number of genes found in all members of the E. coli species reduced drastically
in the 2010 study to about 1,000 genes. As more E. coli genomes and closely related
species were compared in the later 2015 study, the number of shared genes (the
core E. coli genome) remained at about 1,000 genes. This essentially means that E.
coli as a species easily loses and gains genetic information (Lukjancenko et al.
2010). About a third of E. coli genes are singletons, which means they only exist in
one genome. A lot of these genomes are just rough draughts, and it is likely that
gene fragments and errors in calling genes led to too many unique genes being
predicted. Even with this in mind, there are probably more than 60,000 different gene
families in E. coli, which was a lot at the time for a bacterial species with only about

2,000 sequenced members in 2015 (Land et al. 2015).
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Figure 1.3 Comparison of the number of unique genes

(Pan-genome shown in blue) with number of shared genes (core genome shown in red) of a progressive pair-
wise comparison of the 61 whole genome sequenced E. coli strains available in the genetic data bases in 2010
(Lukjancenko et al. 2010).
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Figure 1.4 Comparison of the number of unigue genes

(Pan-genome shown in blue) with number of shared genes (core genome shown in red) of a progressive pair-
wise comparison of the 2085 whole genome sequenced E. coli strains available in the genetic data bases in 2015
(Land et al. 2015).
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1.7 Antibiotics: discovery and development

Since ancient times, people have looked for medicines in the hope of relieving the
symptoms of illness. Most of these treatments have included the application of
salves or poultices to sick parts of the skin or body orifices (Chopra and Greenwood
2001). When used topically, honey is known for its healing properties and has a long
history of usage for treating skin ulcers. Before the twentieth century, the only
treatments that were scientifically proven to be effective for systemic infections were
a few plant extracts that were active against parasitic worms or protozoa. The most
notable of these was cinchona tree, which contains the alkaloids quinine and
quinidine, which have been tremendously effective in preventing malaria since the
seventeenth century. The only antibacterial chemicals that had even a relatively low
benefit were mercury (for syphilis), chaulmoogra oil (for leprosy), and, since 1895,
hexamine (methenamine) for cystitis. Other antibacterial drugs offered no effect at
all. In 1882, Paul Ehrlich discovered a way to stain the tubercle bacillus. He
envisioned that a toxic dye that would stain bacterial cells, but not human ones
would likely kill bacterial cells whilst leaving human cells unharmed and devised the
incredible idea of selective toxicity. Driven by this idea he used trypan red which
stained the African trypanosome (the cause of sleeping sickness) to treat sleeping
sickness. Further focussing on toxic dyes to treat syphilis. He discovered the world’s
first antibiotic Salvarsan. After hundreds of experiments on rabbits using arsenical
drugs to cure syphilis, it was shown that salvarsan was effective. Ehrlich named it
"Salvarsan” and introduced it to the public. Further research revealed that the 914th
arsenical compound, named "Neosalvarsan,” was easier to make and administer

due to its higher solubility and greater curative impact. Salvarsan or Neosalvarsan
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treated human syphilis (Piro et al. 2008). Paul Ehrlich, a German Jew, steeped in the
knowledge of the Old Testament of the Bible and the knowledge of the teaching of
clean and unclean related to infectious disease, named this new therapy “therapia
sanitans magna”, which means the great sterilising principle or the therapy that
makes clean. This amazing discovery was inspired and the beginning of the
antibiotic era ushering in a new era in the effective treatment of diseases (Chopra

and Greenwood 2001).

1.7.1 Sulfonamides

Following the groundbreaking research conducted by Paul Ehrlich (1854-1915) on
the differential affinity of dyes for tissues and bacteria, the German dyestuffs industry
was looking to use a series of dyes as antimicrobial agents. Prontosil was one of
such dyes and the first member of the group known as the sulphonamides. Gerhard
Domagk discovered an astounding function of the dye when he used it to protect
mice from an infection with haemolytic streptococci, which would have otherwise
been fatal and was awarded the Nobel Prize for his discovery in 1939. Being a Jew,
he was held under house arrest in Germany by Adolf Hitler for the duration of the
Second World War only to receive the prize after the war (Chopra and Greenwood
2001). This power of prontosil was rapidly proven in the clinic, most notably by
Leonard Colebrook (1883-1967), who showed its usefulness in young women with

life-threatening childbed fever.

Since 1939, many sulfanilamide derivatives have been made and caused a 50%
reduction in soldiers dying from battle-field injuries due to infections between the first
and second world wars. Many other antibacterial chemicals come out of the

discovery of the sulphonamides. These included the antituberculosis drugs p-
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aminosalicylic acid (1946), isoniazid (1952), and pyrazinamide (1952), as well as the
first nitrofurans (1944), nalidixic acid (1962, the first quinolone drug), and
trimethoprim (1967). But it was the discovery that natural products, “antibiotics" in
the true sense of the word, were very effective at killing bacteria that sealed the deal
on the therapeutic revolution in the treatment of infections (Chopra and Greenwood
2001). This momentous discovery and name originated from Selman Wacsman, a
Ukrainian immigrant of Jewish descent who worked as a professor of microbiology of
the soil and was the discoverer of Streptomycin and around another 20 antibiotics
derived from soil organism. Again, this Jewish gentleman was driven by the
teachings of the Old Testament of the bible and started his Nobel prize lecture with a
quote from the book of Ecclesiasticus “The Lord has created medicines out of the
earth; and he that is wise will not abhor them. “Ecclesiasticus, XXXVIII, 4. Available
at (Waksman S 1952). He also has a quote from the Old Testament of the bible
written on his gravestone from the prophet Isaiah that prophesised the discovery of

antibiotics from the soil: Isaiah 45, 8 “The earth will open and bring forth salvation”.

1.7.2 Penicillins and B-lactam antibiotics

Howard Florey and Ernest Chain (A German Jew, escaping Nazi Germany) were
examining the properties of naturally occurring bacteriolytic substances in the same
year that Dogmark was first awarded the Nobel Prize (1939). Among these were two
compounds, lysozyme and penicillin, which had been discovered by Alexander
Fleming. Florey and Chain also examined the properties of other naturally occurring
bacteriolytic substances (1881-1955). In 1929, when Fleming published his
description of penicillin, which was the result of a mould that was a contaminant, he
had just a passing interest in the idea that it may be used therapeutically. However,

Chain had the ability to purify the active substance in 1940 and showed its amazing
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efficacy in a speculative experiment with just eight mice infected with Streptococcus
pyogenes with untreated animals serving as controls. After that, in 1941, the results
of the successful human experiments were reported. The penicillin nucleus, also
known as 6-aminopenicillanic acid, was found in fermentation products by
researchers at Beecham Research Laboratories in 1959. This discovery paved the
way for the invention of methicillin, cloxacillin, ampicillin, and the other semi-synthetic
penicillins (Chopra and Greenwood 2001).

Cephalosporins are produced by a mould and are known to produce cephalosporin
antibiotics which was discovered by Guiseppe Brotzu, a public health official from
Sardinia. He discovered this from extracts of sea water near a sewage outlet in
Sardinia after being perplexed by the observation that children swimming near a
sewer outlet during a typhoid outbreak appeared to never develop disease (Muiiiz et
al. 2007). Through further separation of the antibiotic complex in the research labs in
Oxford, the precursor to the cephalosporins, known as cephalosporin C, was shown
to be present as a small component. Similar to the development of penicillins,
semisynthetic derivatives were created, which eventually resulted in the creation of a
broad family of chemicals that are currently the most used B-lactam antibiotics. In
subsequent years, it became apparent that naturally occurring antibacterial
chemicals that contain a B-lactam ring are widely dispersed throughout the
environment. In later years, a few antibacterial agents, such as carbapenems,
monobactams, and the b-lactamase inhibitor clavulanic acid, were developed for

clinical use (Chopra and Greenwood 2001).

1.7.3 Other antibiotics

Chloramphenicol (1947), chlortetracycline (1948), erythromycin (1952), vancomycin

(1956), lincomycin (1962), and gentamicin (1963) are just some of the antibiotics that
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were discovered because of the pharmaceutical industry’s massive screening

programmes in response to the discovery of streptomycin from the soil (Toleman

2017) (Figure 1.5).
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Figure 1.5 Timeline of antibiotics discovery
The graph displays the number of antibiotics released onto the pharmaceutical market each year since 1935

(Toleman 2017).

Following the discovery of molecular targets within bacterial cells, reasonable

screening techniques were developed, which led to the development of efficient

antibiotics with a variety of mechanisms of action (Toleman 2017).
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1.8 Mode of actions

The term "selective toxicity" originally envisioned by Ehrlich refers to the goal of all
antimicrobial chemotherapy, which is to suppress or kill the organism that is causing
the infection without causing harm to the host. To achieve their selective effect, most
antibacterial agents are able to take advantage of differences in the structure or
metabolism of bacterial and mammalian cells and the undesirable side effects of
antibacterial therapy are typically the result of idiosyncratic effects that are unrelated

to the primary mechanism by which antibacterial agents work (Valent et al. 2016).
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1.8.1 Inhibitors of cell wall synthesis

There are several points along the process of bacterial cell wall formation that serve
as potential therapeutic targets for antibacterial medicines. The first step is the
creation of N-acetyl muramic acid (NAMA), which occurs as the result of the
condensation of phosphoenolpyruvate with N-acetylglucosamine (NAG). This
reaction is one that may be blocked by the phosphonic acid antibiotic such as
fosfomycin. Next, NAMA is replaced by five different amino acids, of which the very
last two, D-alanyl-D-alanine (D-ala-d-ala), are added as a unit. D-alanine is produced
from L-alanine by the activity of alanine racemase, and the dipeptide is produced
through the action of a ligase. Cycloserine, a second line antituberculosis agent, acts
as a competitive inhibitor for both events. Afterwards, any amino acids that are
required for interpeptide bridges are added at this point, and the cell wall unit is
completed when NAG is linked to the NAMA-peptide (Figure 1.7) (Chopra and
Greenwood 2001).

All this activity takes place within the cytoplasm of the cell, and the unit of the cell
wall must then be transferred across the cytoplasmic membrane to the location
where the peptidoglycan will develop. Lipid carrier molecules in the membrane, (55-
carbon isoprenyl phosphate), are responsible for transporting the molecule across
the membrane. During this stage of the process, the lipid will pick up an extra
phosphate group, which will later be eliminated to restore its carrier function.
Bacitracin, a cyclic peptide antibiotic that is too toxic for systemic usage but is
utilised in topical treatments, inhibits this dephosphorylation process (Figure 1.7)

(Chopra and Greenwood 2001).

The glycopeptides antibiotics, such as vancomycin and teicoplanin, block the cell

wall cross-linking by binding to the terminal Dala-D-alanine residue of the cross-link.
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The transpeptidation process is also the site of action by the B-lactam antibiotics
including penicillins, cephalosporins, carbapenems and monobactam aztreonam.
This achieved by a slightly different methodology to the glycopeptides. The B-lactam
inhibits the actual enzymes (penicillin-binding proteins) by binding to their active sites

(Toleman 2017).

1.8.2 Inhibitors of bacterial protein synthesis

Protein synthesis can be inhibited by a variety of clinically relevant antibacterial
drugs. This is accomplished by directly limiting the actions of ribosomes, which are
the cellular organelles that are responsible for decoding the genetic instructions to
generate proteins. Antibacterial protein synthesis inhibitors exert their unique activity
due to structural variations between bacterial and mammalian ribosomes (Etebu and
Arikekpar 2016). Antibacterial protein synthesis inhibitors have a specific action
because of structural differences between bacterial and mammalian ribosomes.
These structural differences allow antibacterial agents to selectively exploit unique
binding sites in bacterial ribosomes, which results in the inhibition of bacterial protein
synthesis. The production of bacterial proteins is a complicated process that requires
the generation of active 70S particles that are capable of catalysing peptide bonds
between incoming amino acids during a process that is known as the elongation
cycle (Figure 1.7). This cycle is either inhibited or altered by most of the clinically
relevant inhibitors of bacterial protein synthesis, such as lincosamides, macrolides,
tetracyclines, chloramphenicol, aminoglycosides, streptogramins, and fusidic acid.
Linezolid, which is a member of a new class of antibacterial agents called the
oxazolidinones, prevents the formation of the 70S initiation complex by binding to the

50S ribosomal subunit. This contrasts with the majority of protein synthesis
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inhibitors, which have an effect on the elongation cycle (Chopra and Greenwood

2001).
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Figure 1.7 Bacterial protien synthesis, showing the steps that are inhibited by
various antibacterial agents (Chopra and Greenwood 2001)

1.8.3 Inhibitors of nucleic acid synthesis

Antibacterial drugs can specifically interfere with the processes of RNA and DNA

synthesis, both of which are necessary for bacterial cell survival (Kohanski et al.

2010).
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Figure 1.8 Inhibitor of nuclic acid synthesis. Quinolones: ciprofloxicin,
gatifloxicin, moxifloxicin (inhibitors of DNA gyrase and topoisomerase V)

1.8.4 Inhibitors of RNA synthesis

RNA polymerases are responsible for mediating the transcription of structural genes.
These enzymes do this by catalysing the beginning of the formation of RNA
molecules on a DNA template and continuing their growth. Rifampicin is an antibiotic
that belongs to the rifamycin group that binds specifically to the B-subunit of RNA
polymerase. As a result, it inhibits the function of the holoenzyme (Es) that begins
the process of RNA synthesis (Toleman 2017). Inhibition most likely arises from
interference with the production of the first phosphodiester bond in the RNA chain.
The binding of RNA polymerase to the DNA template is not prevented. Rifampicins
selective antibacterial effect can be explained by the structural variations that exist
between the RNA polymerases found in bacterial cells and those found in

mammalian cells. Mammalian RNA polymerases, in contrast to bacterial enzymes,
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have 10 or more polypeptide chains, none of which contain sites for the binding of

rifampicin. Bacterial enzymes are found in cells (Kohanski et al. 2010).

1.8.5 Inhibitors of DNA synthesis

The quinolone group of antibiotics function by inhibiting the packaging of the
bacterial DNA, which is necessary to fit this huge molecule within the bacterial cell
and to allow access to the proteins necessary for replication and expression of the
DNA. The DNA is packaged by supercoiling that involves topoisomerase enzymes
(Karl et al. 2008). Positively supercoiled DNA is accomplished by topoisomerase 1V,
and it does this by nicking a single strand of the DNA twisting clockwise and
resealing the gap. DNA gyrase, which is also known as topoisomerase type I, twists
the DNA in an anticlockwise direction and forms a double stranded break in the DNA
and then reseals after twisting. Antibacterial drugs belonging to the quinolone class,
such as nalidixic acid and the more modern fluoroquinolones, can specifically inhibit
DNA gyrase and topoisomerase IV, and as a result, they are able to halt the
necessary process of bacterial DNA replication. DNA gyrase is the principal target of
qguinolones when dealing with Gram-negative bacteria; however, DNA topisomerase
IV is the key target when dealing with Gram-positive bacteria. These medications do
not bind directly to DNA gyrase or topoisomerase |V; rather, they generate stable
complexes with DNA and enzymes that inhibit the topoisomerases ability to carry out

their normal functions (Chopra and Greenwood 2001) (Figure 1.9).
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Figure 1.9 Antibiotics target sites (Etebu and Arikekpar 2016)

1.8.6 Mode of action of B-lactam

A variety of distinct types of wall growth are required for the growth and division of
the bacterial cell. To carry out these coordinated activities, a battery of enzymes with
transpeptidase, endopeptidase, and carboxypeptidase activity is required. The -
lactam antibiotics can interact differentially with several of the "penicillin-binding
proteins" (PBPs). There are at least seven of these PBPs found in E. coli, and they
are listed in the order of decreasing molecular weight. The killing of bacteria by [3-
lactam antibiotics requires the participation of three different proteins: the PBP-1,
PBP-2, and PBP-3. Even though they bind at varying degrees of affinity, most -
lactam drugs can bind to all of these PBPs. They cause lysis of susceptible Gram-
negative bacteria when present at sufficient concentrations. This occurs because the
faulty cell wall is unable to shield the cell from osmotic rupture (Kapoor et al. 2017).
Other B-lactams, such as cephalexin, cephradine, and aztreonam, specifically bind

to PBP-3, a protein that is necessary for the formation of septum and enable the
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cells to continue growing into long multinucleate filaments before death occurs.
Mecillinam, imipenem, and clavulanic acid, which is an inhibitor of B-lactamase, are
some of the other antibiotics that preferentially bind to PBP-2. Affected cells
progressively round up before being destroyed by osmotic lysis because this PBP is

employed in the elongation of the cell wall cylinder (Chopra and Greenwood 2001).

1.9 The B-lactamases

These enzymes can break 3-lactam molecules, making them inert. As a result, they
can enable B-lactam resistance, either on their own or in conjunction with other
factors. It is the most prevalent resistance mechanism that leads to the broad
prevalence of resistance among Gram-negative microorganisms (Bush and Jacoby

2010).
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Figure 1.10 The structure of B-lactam compounds

1.9.1 Classification of B-lactamases

Two different classification schemes are used for these enzymes. The first is the
Ambler molecular classification, also just known as a molecular classification. This
classification is based on the protein sequence, and it divides B-lactamases into four
different molecular classes: A, B, C, and D (Ambler 1980). Each of these classes is
distinguished from the others by a distinct and conserved pattern of amino acids,
especially in the active site of the enzyme. Enzymes belonging to classes A, C, and
D hydrolyse their substrates by producing an acyl enzyme through an active site
serine amino acid. In contrast, 3-lactamases belonging to class B are
metalloenzymes that use at least one active-site zinc ion to assist B-lactam
hydrolysis. The molecular classification thus gives some understanding of enzyme

function, i.e., by offering class-specific resistance to various B-lactam antibiotics.

35



Ambler initially classified B-lactamases into two main categories: class A, which
includes active-site serine B-lactamases, and class B, which includes metallo-3-
lactamases that are only active in the presence of a bivalent metal ion, usually Zn?*.
Later, a novel group of serine B-lactamases was discovered. These enzymes had
very little sequence resemblance to the previous class A enzymes that were known
at the time and were therefore named class C. Class C B-lactamases are sometimes
referred to as AmpC B-lactamases. A further group of serine B-lactamases was also
subsequently found mostly referred to as the OXA B-lactamases. Since this group
had no similarity to either class A or class C, they were designated as class D.
However, there is still enough structural similarity between the three classes of
serine B-lactamases to make it abundantly clear that they are closely related and
perhaps related to one another through descent from a common ancestor. This is
even though the three classes of serine B-lactamases are distinct enough to prevent
alignment programmes like BLAST from finding any detectable sequence similarities
between them.

The second category is the Bush, Jacoby, Medeiros functional classification that
classifies B-lactamases by substrate and inhibitor profiles and is a more clinically
based classification system that was originally developed in 1989. Based on their
substrates and inhibitors, p-lactamase enzymes can be put into three main groups:
Group 1 are cephalosporinases, which are not well inhibited by clavulanic acid;
Group 2 are penicillinases, cephalosporinases, and broad-spectrum B-lactamases,
which are generally inhibited by active site-directed 3-lactamase inhibitors; and
Group 3 are metallo B-lactamases, which break down penicillins, cephalosporins,
and carbapenems and that practically all inhibitors have no or little effect against

(Bush et al. 1995).
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This classification system was further updated with the identification of four 3-

lactamases grouping (Bush and Jacoby 2010):

e Group 1 are cephalosporinases, which are poorly inhibited by clavulanic acid.

e Group 2 are B-lactamases, which are typically inhibited by active site-directed
B-lactamase inhibitors, and which belong to molecular classes A or D.

e Group 3 are metallo-B-lactamases, which are only moderately inhibited by all
classical B-lactamase inhibitors apart from the non-clinically useful inhibitors
EDTA and p-chloromercuribenzoate (pCMB).

e Group 4 are penicillinases that are not inhibited by clavulanic acid.

The 1989 classification key groupings were mostly preserved. However, three
alterations were included. Firstly, it was chosen to categorise derivatives of enzymes
in groups that retain the "2b" prefix with the 2be classification because of the rise of
TEM- and SHV-derived B-lactamases that have extended-spectrum B-lactamases
activity to demonstrate that these enzymes are descendent from group 2b enzymes
and have an extended spectrum of activity. Similarly, a new group 2br has been
created for structurally related group 2b B-lactamases with lower affinity for 3-
lactamase inhibitors. It is predicted that similarly named -lactamases created from
enzymes belonging to other groups may one day be used to identify closely related
ones.

The group 2f B-lactamases, which hydrolyse carbapenems and are only moderately
inhibited by clavulanic acid, are the third group of enzymes to be introduced to the
scheme. It is now known that these enzymes have a serine in their active site. More
novel enzymes that have been characterised in 1989 to 1995 are among the

extensive additions to the 1989 tables. A few older enzymes were also re-evaluated
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utilising inhibitors or substrates that were not around when the first results for those
B-lactamases were reported (Bush and Jacoby 2010).

Representative B-lactamases from all molecular classes are divided into categories
mostly based on published functional properties. Group 3 was given to B-lactamases
that were inhibited by EDTA, a group which at the time had only a very small number
of B-lactamases but which has expanded significantly in the last couple of decades.
Following the separation of the metalloenzymes from the other B-lactamases, the
enzymes were classified based on the substrate profiles. The following factors were
taken into account when establishing the priority order. First, it was determined if an
enzyme would be categorised as a penicillinase or a cephalosporinase by comparing
the relative hydrolysis rates for benzylpenicillin and cephaloridine. An enzyme was
then classified as either a penicillinase or a cephalosporinase if it hydrolysed one of
these substrates at a relative rate that was roughly 30% lower than that seen for the
other B-lactam. It should be noted that some cephalosporinases broke down
benzylpenicillin but not other penicillins. Based on this activity and the different ways
the microbe that made the enzyme reacted to penicillins and cephalosporins, it was
decided that the organism belonged in group 1. Broad-spectrum enzymes were the
ones that broke down both substrates at about the same rate. By looking at how fast
carbenicillin or cloxacillin (oxacillin) was broken down by penicillinases, more
subgroups of enzymes were found. If an enzyme broke down cloxacillin or oxacillin
at a rate >50% slower than benzylpenicillin, it was put in group 2d. This group may
also contain enzymes that break down carbenicillin. Most of the time, clavulanic acid
does not stop these enzymes as well as it stops most group 2 B-lactamases. If
carbenicillin was broken down at a certain rate, then the enzyme was put in group 2c

because it broke down benzylpenicillin at a rate of >60% that for benzylpenicillin and
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cloxacillin or oxacillin at a rate <50% that for benzylpenicillin. If the rates of
hydrolysis for ceftazidime, cefotaxime, or aztreonam, which are extended-spectrum
B-lactam antibiotics, were higher than 10% that for benzylpenicillin, the enzyme was
put in group 2be, which is made up of extended-spectrum B-lactamases. This group
was first named "extended-broad-spectrum B-lactamases” because the enzymes in
this class also broke down broad-spectrum antibiotics like penicillin and
cephalosporins. Group 2e was made up of cephalosporinases that broke down
cefotaxime well but did not break down penicillin well and were prevented by
clavulanic acid. There were also several exceptions taken into consideration to the
2be category. Even though the hydrolysis criteria were not met stringently, large
increases in hydrolysis rates for ceftazidime were noted when compared with those
of the parent enzymes. This resulted in increased MICs of that cephalosporin for
TEM-producing organisms. The decision was made to include p-lactamases such as
TEM-7 and TEM-12 enzymes that were derived as a result of point mutations in the

TEM-2 and TEM-1 genes, respectively (Bush and Jacoby 2010).

1.10 Important B-lactamase enzymes

1.10.1 Extended-spectrum B-lactamases (ESBLS)

ESBLs are mostly found on plasmids and are known for their ability to break down
oxyimino-cephalosporin (3rd and 4th-generation cephalosporins) and monobactams,
but not cephamycins like cefoxitin and carbapenems like meropenem, imipenem,
ertapenem, and doripenem. In addition to this, they are typically susceptible to -
lactamase inhibitors such clavulanic acid, sulbactam, and tazobactam (Batchelor et
al. 2005). ESBLs are traditionally defined as enzymes that were originally derived by

mutation from a narrow spectrum parent ESBL enzyme such as TEM and SHV. As a

39



result, these enzymes gained the ability to inactivate broad spectrum
cephalosporins, penicillins, and aztreonam, but not cephamycins (cefoxitin) or the
carbapenems. Additionally, these enzymes can be inhibited by B-lactamase
inhibitors, such as clavulanic acid (Ur Rahman et al. 2018a). The CTX-M, TEM, and
SHYV kinds of ESBLs have been shown to be the most successful in terms of
promiscuity and dispersion over a wide range of epidemiological niches and have

been reported in a wide range of pathogens (Ur Rahman et al. 2018).

1.10.2CTX-M

CTX-M-1 and CTX-M-2 B-lactamases were the first CTX-M-like enzymes to be
discovered (Rossolini et al. 2008). Since 2000, E. coli producing CTX-M enzymes
have emerged worldwide as important causes of community-onset urinary tract
infections (UTIs). This phenomenon has been called the CTX-M pandemic (Cantén
and Coque 2006; Pitout and Laupland 2008), and there are now >200 variants of
CTX-M (see (Beta-Lactamase DataBase (BLDB): Structure and Function)). CTX-M
enzymes are the most common type of ESBLs found in most area of the world
(Rossolini et al. 2008). The CTX-M-15 enzyme is the most common variant found
worldwide and has been increasingly described in community isolates, particularly
associated with infections in healthcare-associated patients (Cantén and Coque

2006).

1.10.3 SHV

SHV originates from the chromosome of Klebsiella pneumonia. It gives resistance to
broad-spectrum penicillins like ampicillin, tigecycline, and piperacillin, but not to
oxyimino substituted cephalosporins. Mutation to SHV-1 led to the evolution of the

SHV family. Some of which confer an extended spectrum resistance. The evolution
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of the SHV B-lactamase happened at the same time as the evolution of the TEM [3-

lactamases (Shaikh et al. 2015b).

1.104 TEM

The substrate and inhibitor profiles of TEM B-lactamases were like those of SHV-1
when they were initially identified in 1965. That is TEM-1 is capable of hydrolysing
penicillins and first generation cephalosporins. However, since 1965, TEM [3-
lactamases have undergone mutations-producing variants that may have ESBL
activity. TEM-3 is one of these varieties http://bldb.eu/M-BLDB.php?prot=TEM-1

(Shaikh et al. 2015).

1.11 Carbapenamases

Carbapenemases are the most flexible family of 3-lactamases, with their wide
spectrum of substrate specificity and are unsurpassed by any other B-lactam-
hydrolysing enzyme. Although many of these enzymes are referred to as
"carbapenemases”, they recognise practically any B-lactams, and the majority are
resistant to inhibition by all B-lactamase inhibitors that are available for treatment.
The hydrolytic mechanism at the active site divides carbapenemases into two
molecular families. The first was from Gram-positive bacilli that initially produced
carbapenemases. These were metalloenzymes since EDTA inhibited them, unlike
other B-lactamases. Subsequent research showed that all metallo-carbapenemases
include at least one zinc atom at the active site to hydrolyse a bicyclic B-lactam ring.
In the 1980s, another subset of carbapenem-hydrolysing enzymes was reported, but
EDTA did not inhibit it. Later research demonstrated that these enzymes used
serine at their active sites and were inactivated by B-lactamase inhibitors clavulanic

acid and tazobactam (Queenan and Bush 2007).
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All carbapenemases were thought to be species-specific B-lactamases encoded on
chromosomes until the early 1990s. Formerly established patterns of
carbapenemases spread have been disrupted by the discovery of plasmid-encoded
metallo-B-lactamases in Pseudomonas aeruginosa (IMP-1), Acinetobacter
baumannii (ARI-1, OXA-23), and Klebsiella pneumoniae (KPC-1). What was
originally thought of as an issue of clonal expansion has transformed into a problem
of interspecies dispersion that affects the entire world (Codjoe and Donkor 2017).
Common carbapenemases that are now found worldwide include OXA-48, KPC and
NDM. NDM is particularly prevalent in E. coli around the world and originated from S.
Asia. This enzyme is the result of the very recent fusion of two different antibiotic
resistance genes: an aminoglycoside resistance gene aphA6 and a metallo-B-

lactamase (Toleman et al. 2012).

1.12 Resistance in E. coli

Since the first use of antibiotics, bacterial resistance to these lifesaving drugs was
quickly observed. Both Domagk and Alexander Flemming included observations of
antibiotics resistance in their noble lectures (See (Gerhard Domagk — Facts -

NobelPrize.org; Sir Alexander Fleming - Facts)).

Antibiotic or antimicrobial resistance develops when normally effective antibiotics or
antimicrobials are no longer able to eradicate the pathogens. If bacteria can live at
high dosage of permitted medications, then they are considered resistant, and
resistance can be observed in any bacterium. When the antibiotic does not kill the
pathogen, this is called drug tolerance or drug failure. When an organism develops

resistance to more than one class of antibiotic, we refer to that organism as being
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multidrug resistant. Over time, bacteria can acquire these traits to withstand a once-
effective medication (Ur Rahman et al. 2018).

These phenomena of resistance emergence had expedited humankinds attempt to
overcome the resistance phenomenon by discovering antibiotics of the following
generation, such as cephalosporin. The search for new antibiotics began in order to
find drugs that could kill all existing pathogens. This led to the discovery of 2nd-
generation (cefoxitin, cefotetan, cefmetazole, cefaclor, cefpodoxime, and
cefuroxime), 3rd-generation (cefxime, cefodizime, cefotaxime, cefteram, and
ceftizoxime), and 4th-generation (cefepime, cefluprenam, cefoselis,

cefozopran, cefpirome, and cefquinome) cephalosporin drugs; at the same time,
microbes are battling one another for supremacy and searching for new
characteristics to adopt.

In addition, several nations do not require prescriptions to access antibiotics, which
contributes to the rise of antibiotic resistance (Martens and Demain 2017). Antibiotics
that are now available can be classified as either natural, synthetic, or semisynthetic,
which refers to a natural substance that has been altered, or synthetic, which refers
to antibiotics that have been chemically developed in labs and include

sulphonamides and quinolones (Normark and Normark 2002).

1.12.1 Antibiotic resistance gene mobilisation and horizontal gene transfer

A strain may acquire resistance from another species or genus. Plasmids and other
mobile genetic elements carry most antimicrobial resistance genes, which can

spread to other bacteria (von Wintersdorff et al. 2016). The benefits of antibiotics for
the treatment of infectious illnesses have been taken for granted in the field of public
health ever since the pioneering work on antibiotics carried out by scientists such as

Alexander Fleming, Paul Ehrlich, Gerhard Domagk, and others. Domagk and
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Flemming both observed resistance but thought that all would be mutation based
and so thought it very unlikely that resistance to several antibiotics could occur at
one point in time for an organism to survive the application of more than one

antibiotic.

1.13 Resistance gene transmission

Since the beginning of the antibiotic era the most common form of antibiotic
resistance has been due to horizontal gene transfer (HGT) between bacterial
organisms. HGT involves the movement of resistance genes often from
environmental bacteria into clinically relevant ones such as E. coli. HGT can be
described by two processes that is movement within bacteria and movement of
resistance genes between bacteria. It is only the combination of both movement
events that makes it possible for a bacterium to become resistant by HGT.
Movement within bacteria is accomplished by transposable elements often called
transposons or jumping genes; whereas, movement between bac