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ABSTRACT

Whole genome sequencing (WGS) has transformed molecular infectious diseases
epidemiology in the last five years, and represents a high resolution means by which

to catalogue the genetic content and variation in bacterial pathogens.

This thesis utilises WGS to enhance our understanding of antimicrobial resistance in
two clinically important members of the Enterobacteriaceae family of bacteria,
namely Escherichia coli and Klebsiella pneumoniae. These organisms cause a range
of clinical infections globally, and are increasing in incidence. The rapid emergence
of multi-drug resistance in association with infections caused by them represents a

major threat to the effective management of a range of clinical conditions.

The reliability of sequencing and bioinformatic methods in the analysis of E. coli and
K. pneumoniae sequence data is assessed in chapter 4, and provides a context for the
subsequent study chapters, investigating resistance genotype prediction, outbreak
epidemiology in two different contexts, and population structure of an important
global drug-resistant E. coli lineage, ST131 (5-8). In these, the advantages (and
limitations) of short-read, high-throughput, WGS in defining resistance gene content,
associated mobile genetic elements and host bacterial strains, and the relationships
between them, are discussed. The overarching conclusion is that the dynamic between
all the components of the genetic hierarchy involved in the transmission of important
antimicrobial resistance elements is extremely complicated, and encompasses almost

every imaginable scenario. Complete/near-complete assessment of the genetic content



of both chromosomal and episomal components will be a prerequisite to

understanding the evolution and spread of antimicrobial resistance in these organisms.
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CHAPTER 2: BACKGROUND

2.1. INTRODUCTION

Escherichia coli and Klebsiella pneumoniae are two species within the
Enterobacteriaceae family of bacteria, which has over 40 genera and 160 species,
many of which are common clinical pathogens(1). E. coli and K. pneumoniae are
capable of causing a wide range of invasive disease in individuals of all age groups,
including urinary tract, bloodstream, abdominal, respiratory and central nervous
system infections, amongst others. Broad-spectrum antimicrobial resistance has
emerged rapidly within both species in the last 20 years, and has been labelled as one
of the key threats to human health by a number of international and national public
health bodies, including the World Health Organisation (WHO), the US Centre for

Communicable Disease Control (CDC) and Public Health England (PHE).

Beta-lactam antibiotics have been commonly used for treatment of infections caused
by both species, and broad-spectrum beta-lactam resistance mediated by either
extended-spectrum beta-lactamases (ESBL) or carbapenemases represents a critical
threat. Various genetic elements have been specifically associated with the evolution
and successful spread of beta-lactam resistance mechanisms, across a hierarchy
ranging from different allelic variants of gene families, transposons, plasmids, and
certain host bacterial strains, but unravelling the relative contribution of each of these
has been difficult. The recent rapid development of next generation sequencing
methods and decrease in sequencing costs have made high-resolution characterisation

on larger datasets at each of these levels feasible(2).
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Understanding the evolution and spread of genetic elements contributing to
antimicrobial resistance is a necessary prerequisite to targeting interventions and
modelling the likely evolution of successive resistance events. The broader aim of this
thesis was therefore to use the higher resolution afforded by whole genome
sequencing (WGS) methods to develop a more detailed understanding of key aspects
of the molecular epidemiology of antimicrobial resistance in E. coli and K.
pneumoniae. The main resistance mechanisms of interest in this thesis were those
causing resistance to the beta-lactam class of antibiotics, although other resistance
mechanisms of particular relevance are included in some of the analyses. The
objectives related to developing approaches to identify all components included in the
hierarchy of genetic elements described above, and applying them to clinically
orientated sub-studies covering diagnostics (Chapter 5); infectious diseases
epidemiology at the level of observed clinical outbreaks (Chapters 6 and 7); and then

on a wider scale in the context of an epidemic, disease-causing lineage (Chapter 8).

2.2. A BRIEF NOTE ON SPECIES TAXONOMY AND NOMENCLATURE
2.2.1. ESCHERICHIA COLI

Escherichia coli is a facultatively anaerobic Gram-negative bacillus of the genus
Escherichia, named after Theodor Escherich (1857-1911). Escherich, a German
paediatrician, had discovered E. coli in the faeces of newborns as part of his work
investigating the relationship between enteric bacteria and digestion in infants(3),
initially describing it as “bacteria coli commune”, in reference to its commonality in
the colon. Its potential role in clinical disease subsequently became swiftly apparent
to clinical scientists, with the first description of associated pathology published by

Laruette in 1889, and involving two cases of peritonitis(4). By 1896, it had been
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described in a range of conditions, including enteritis, peritonitis, urinary tract and

gall bladder infections, meningitis and puerperal sepsis, amongst others(5).

E. coli strains have been broadly classified into three major groups of relevance to
humans, including (i) commensal strains, (i1) extra-intestinal pathogenic strains
(extra-intestinal pathogenic E. coli; EXPEC) and (iii) intestinal or enteropathogenic
(enteric/diarrhoea-causing) strains. Enteropathogenic strains, which are essentially
obligate pathogens, can be further subdivided into at least seven pathotypes based on
pathophysiological/genetic properties: (a) enterotoxigenic (ETEC), (b) Shiga-toxin-
producing/enterohaemorrhagic (STEC/EHEC), (c¢) enteropathogenic (EPEC), (d)
enteroinvasive (EIEC), (e) enteroaggregative (EAEC), (f) diffusely adherent (DAEC)
and (g) Shigella spp. — the latter being recognised as a separate species, but clearly
genetically associated with EIEC(6, 7). Whilst there is evidence of exchange of
genetic material amongst all members of the species, the molecular epidemiology of
the enteropathogenic group is distinct and beyond this particular thesis, and will

therefore not be discussed further here.

Non-enteropathogenic E. coli, making up categories (i) and (i1) above, are the most
numerous component of the facultative anaerobic faecal flora of most healthy human
hosts, and cause disease only in a limited number of individuals, typically in response
to precipitating factors such as impaired host immunity, the introduction of the
organism to otherwise sterile sites or the presence of an indwelling foreign body.
Within this group, the presence of some genetic features, such as genes encoding for
adhesins, iron uptake mechanisms, cellular toxins and host-defense avoidance
mechanisms, has historically been thought to confer increased clinical virulence,

leading to the assignation of the aforementioned designation of EXPEC to these
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strains(8). More recently, however, in light of an increasingly large body of genetic
studies, has come the recognition that the overlap between strains traditionally though
of as EXPEC and commensal strains is substantial, and that factors likely contributing
to increased clinical virulence also confer an advantage with respect to
gastrointestinal colonisation(9, 10). The distinction between the two is therefore not

straightforward, and will require further studies of virulence.

2.2.2. KLEBSIELLA PNEUMONIAE

The genus Klebsiella was named after the German-Swiss pathologist, Edwin Klebs,
(1834-1913) who was a prolific scientist and did much to associate pathogens with
specific diseases, although he did not work directly on Klebsiella species. Klebsiella
pneumoniae is one of up to twelve species in the genus, with an on-going debate
concerning the exact nature of its taxonomic relationships, including those with
respect to other genera, such as Raoultella. K. pneumoniae itself is widely considered
to be made up of three subspecies: pneumoniae, ozaenae and rhinoscleromatis, with
the sub-species designation historically dependent on clinical pathogenesis and
differences in biochemical profile(11). K. pneumoniae subsp. pneumoniae was
historically associated with respiratory infection and was first identified from the
lungs of a patient with pneumonia; subsp. rhinoscleromatis with rhinoscleroma, a
chronic granulomatous disease of the nose endemic in Africa, areas of Europe and
Latin America; and subsp. ozaenae with ozena, a malodorous atrophic rhinitis. Recent
genetic work has shown that subsp. ozaenae and subsp. rhinoscleromatis are likely
monomorphic clones within the K. pneumoniae subsp. pneumoniae group(12). This
work focuses on an investigation of resistance in K. pneumoniae subsp. pneumoniae,
with none of the sampling frames structured to collect isolates from patients with

rhinoscleroma or ozena as clinical sub-groups.
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2.3. MOLECULAR TYPING METHODS FOR NON-ENTEROPATHOGENIC
ESCHERICHIA COLI AND KLEBISELLA PNEUMONIAE

The epidemiological literature on antimicrobial resistance in non-enteropathogenic E.
coli and K. pneumoniae 1s predicated on a broad range of typing methodologies,
which reflect access to and evolution of typing technologies, the particular questions
for a given study, and user preference. This section focuses on summarising the major
traditional typing methods, in order to contextualise the analytical method used in this
thesis, namely whole genome sequencing (WGS), which is described in greater detail

in Chapter 2 — “Thesis Methods”.

2.3.1. SEROTYPING

The development of serotyping as a technique for classifying non-enteropathogenic E.
coli and K. pneumoniae, as well as a number of other Enterobacteriaeceae, was
principally driven by the work of Ida Orskov, Fritz Orskov and Fritz Kauffmann at
the Danish Statens Serum Institut (SSI) between 1964-1992. The principle behind the
technique was to use agglutination with specific antisera to determine the presence of
certain antigens; each isolate could then be given a numeric profile. For E. coli, this
involves the detection of somatic lipopolysaccharides (O), capsular (K) and flagellar
(H) antigens; for K. pneumoniae, the O or K antigens. Certain associations with
disease phenotypes have been identified in both species, such as O157:H7 or
026:H11 for enterohaemorrhagic infections or K1 strains in meningitis with E.
coli(13), or K1 strains of K. pneumoniae with community-associated disease and
primary liver abscess(14, 15). Hundreds of antigen types have been characterised(16),
but the technique is slow, expensive, labour-intensive and essentially only done in
reference laboratories. In addition, its resolution is too limited to use effectively for

fine-scale analyses of outbreaks and population genetic comparisons.
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2.3.2. MULTI-LOCUS ENZYME ELECTROPHORESIS (MLEE)

This approach is based on an assessment of the variability of electrophoretic mobility
of enzymes in bacterial strains, and enabled the first quantitative assessment of
differences between strains and within a population, by correlating protein
electrophoresis patterns for 12 enzyme loci with the presence of different allozymes,

and correspondingly, underlying nucleotide sequence for different isolates(17).

In brief, cells are grown up in culture and then lysed by a variety of methods. Crude
protein extracts are separated out from lysed debris by high-speed centrifugation, and
then run out and stained on a gel(18). The variability in mobility comes about as a
result of changes in charge within the molecule that are generated by amino acid
substitutions. In some cases however, different allozymes will have the same charge,
and charge will not be affected by synonymous substitutions. As a typing method it
has therefore largely been superseded by direct sequencing-based methods, which are
also more effective in terms of generating robust data for inter-laboratory

comparisons.

2.3.3. PHYLOTYPING/PHYLOGROUPING

This is a technique specific to E. coli and is based on the discrete clustering of strains
of E. coli into distinct genetic clusters, termed phylogroups. Initially, four of these
phylogroups were observed, and were named A, B1, B2 and D. A triplex PCR based
on the presence/absence of two genes (chuA, yjad) and a DNA fragment (TSPE4.C2)
was developed to enable rapid classification of strains into these groups, and formed
the basic technique for subsequent ‘phylogrouping/phylo-typing’(19). Since then, as a
larger number of strains have been processed, this system has been revised to include

a new gene target arpA, leading to a more refined classification scheme encompassing
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additional phylogroups C, E and F(20). Phylogrouping is a robust method for broad
classification of E. coli into genetically related clusters, but again has limited

resolution to make any detailed comparisons.

2.3.4. DNA FINGERPRINTING METHODS

A number of these methods have been developed as a means to type organisms in a
variety of contexts, ranging from describing population structure to defining
transmission events within outbreaks. Essentially they fall into two categories: (1)
those based on restriction analysis of bacterial DNA (restriction fragment length
polymorphism [RFLP] analyses); (i1) those that depend on the amplification of certain
genetic targets by PCR. All of the approaches in these categories are highly dependent
on experimental conditions and variability in results can be observed between runs on
the same DNA extract, between operators, and between laboratories. They also
commonly require a subjective interpretation of banding patterns, affording additional
scope for error, even with the use of software packages such as PyElph or E-Gel
Imager to undertake this assessment in a more formalised way. Different methods are
considered more appropriate depending on the context of the research question,
making it difficult to use one technique to answer a number of different research
questions, and to make comparisons with other datasets which have been used to

answer different research questions(21).

Pulsed field gel electrophoresis (PFGE) involves the enzymatic cutting or restriction
of extracted bacterial chromosomes with a set of restriction enzymes, and the staining
and visualisation of the cut fragments on a gel. Typically rare cutting enzymes are
used, so that the fragments generated are larger and less numerous. Resulting patterns

are then compared for similarity either by visual inspection, or by using software that
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calculates the similarity of banding patterns according to a distance algorithm.
Standardised protocols have been developed to try and overcome methodological
variability, and this technique has been widely used for outbreak investigation in both
non-enteropathogenic E. coli and K. pneumoniae. It 1s currently considered one of the
gold standard typing methods for this sort of investigation because of its high
discriminatory power. PFGE is however labour-intensive and requires several days to
process the sample and analyse the results(21). It is also less well-suited to an analysis
of population structure over the longer and medium-term, as a number of mechanisms
could be disproportionately associated with wide restriction site divergence and
different banding patterns, including: nucleotide substitutions, insertion sequence
migration, gain or loss of plasmids or pathogenicity islands and rearrangements. The
main difficulty is that these events cannot be interpreted from the underlying banding

pattern changes, or distinguished from each other(22).

In random amplified polymorphic DNA (RAPD) analysis, segments of template DNA
are amplified at random using a single 10-mer primer that will bind to many different
loci and initiate amplification of a range of random segments from a single DNA
template. This process is carried out under low-stringency conditions, which
facilitates primer binding in the absence of complete homology. The amplification
products are then separated by gel electrophoresis and banding patterns compared
across isolates. Although this technique offers some advantages, such as a low input
DNA requirements and no need for a knowledge of the underlying genetic sequence,
it is one of the techniques most prone to inter-experimental variability(23). A similar
technique has been developed using primers of 15 nucleotides, with different
amplification and electrophoretic conditions — this is known as arbitrarily-primed

PCR (AP-PCR), but the principles are the same(24), and the same pitfalls remain. For
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non-enteropathogenic E. coli, PFGE is considered to provide greater typing

discrimination than RAPD-PCR(21).

2.3.5. MULTI-LOCUS SEQUENCE TYPING (MLST)

Multi-locus sequence typing is a nucleotide sequence-based method of typing isolates
that relies on determining the sequence for a given number of housekeeping genes,
which are thought to reflect core genomic evolution but are not much affected by
recombination or horizontal gene transfer. Typically, DNA templates are amplified
with locus-specific PCR reactions for around 7 genes in a scheme, sequenced, and
then assigned allelic profiles for each housekeeping gene on the basis of nucleotide

sequence. Allelic profiles are then assigned a sequence type, or ST.

MLST has been widely used in the typing of non-enteropathogenic E. coli and K.
pneumoniae, with the two most commonly used schemes hosted by the University of
Warwick (formerly at the University of Cork, Ireland) for non-enteropathogenic E.
coli (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli (25)) and the Institut Pasteur in Paris
for K. pneumoniae

(http://www .pasteur.fr/recherche/genopole/PF8/mlst/Kpneumoniae.html (26). These
websites catalogue a large number of profiles — 1801 for K. pneumoniae (Figure 2.1.)
and 4949 for E. coli — indicative of the phenomenal diversity represented in these
species. MLST is useful in that it is a directly comparable representation of
underlying genetic sequence, and is comparable between studies. Nevertheless, it
represents only a fraction of the genomic content present in a non-enteropathogenic E.
coli and K. pneumoniae strain (~0.05-0.10%), and cannot typically be used for
comparative analyses over short evolutionary timescales, or for detailed strain

comparisons.
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Figure 2.1. Eburst depiction of K. pneumoniae ST profiles depicting singleton STs and clonal
complexes (generated June 2012).

2.4. EPIDEMIOLOGY OF NON-ENTEROPATHOGENIC ESCHERICHIA
COLI AND KLEBSIELLA PNEUMONIAE

Non-enteropathogenic E. coli and K. pneumoniae strains both have the capacity to
cause disease, but are also found as asymptomatic colonisers of the gastrointestinal
tract of a large number of species and exist in the environment. This section gives a
brief overview of the relevance of both species to human disease, and of the

epidemiology of their existence as commensal and environmental organisms.

2.4.1. CLINICAL DISEASE
2.4.1.1. NON-ENTEROPATHOGENIC ESCHERICHIA COLI
Non-enteropathogenic E. coli are a common cause of a wide range of clinical

infections amongst individuals of all age groups, and can involve almost any
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anatomical site(8). Typical sites of infection include the urinary tract, the central
nervous system (especially in neonates) and intra-abdominal locations such as the
biliary tract, with less common involvement of the musculoskeletal or integumentary
systems. Intra-vascular device-associated/catheter-associated and pulmonary
infections are more typically prevalent within hospital/institutional settings(27). All of
these infections can be associated with concomitant bloodstream infection (BSI),

which may also occur without any obvious source.

The urinary tract is the most frequently affected clinical site of infection, and non-
enteropathogenic E. coli are responsible for approximately 80% of the 150 million
urinary tract infections (UTIs) that occur annually, at a cost of approximately six
billion US$(28). Almost half of all women will have had at least one episode of UTI
in their lifetime, with additional risk groups represented by infants, pregnant women,
patients with diabetes or immunodeficiencies, and patients with underlying urological
abnormalities(29). UTlIs also have a particularly high prevalence in the elderly, and
represent either the most common or second most common infections in elderly
women living in long-term care facilities or the community, respectively(30). This has
major healthcare implications for high-income countries in particular, which are

experiencing an on-going demographic shift towards an ageing population.

Non-enteropathogenic E. coli are implicated as the commonest cause of bloodstream
infections in a number of epidemiological surveys. In the UK, for example, non-
enteropathogenic E. coli caused 23% of all BSI reported through a voluntary
surveillance scheme run by the Health Protection Agency (HPA, now Public Health
England [PHE]), with an increase of 33% over the 2004-2008 study period(31). In

addition, rising rates of infection were attributable to increasing numbers of
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organisms resistant to the antimicrobials most frequently used for clinical
management(32). Concerns about the rising rates of non-enteropathogenic E. coli -
BSI led to the implementation of mandatory surveillance for these infections in June
2011; this has since demonstrated there are approximately 32,300 E. coli-BSI/year

nationally, which equates to a rate of 60.8/100,000 population.

A similar epidemiological picture was observed in 33 European/Mediterranean
countries, using data from the European Antimicrobial Resistance Surveillance
System (EARSS, now European Antimicrobial Resistance Surveillance, EARS-Net).
Here, non-enteropathogenic E. coli were again noted to be the most commonly
reported pathogen in BSI, with year-on-year increases observed to 2008; these
increases were again driven by rising numbers of antimicrobial-resistant
pathogens(33). In the EARSS 2013 Surveillance Report the percentage of multi-drug
resistant E. coli isolates (defined as showing combined resistance to third generation
cephalosporins, fluoroquinolones and aminoglycosides) significantly increased in 13
of 28 reporting countries, with only two countries (Bulgaria and Malta) reporting
decreasing trends(34). In this report, the percentage of E. coli resistant to third

generation cephalosporins ranged from 3% (Sweden)-36% (Cyprus).

In resource-limited settings, non-enteropathogenic E. coli are also one of the
commonest community-associated bacterial causes of BSI. In two recent systematic
reviews investigating bacterial causes of BSI in both adults and children, non-
enteropathogenic E. coli accounted for 240/2132 (6.8%) infections in South and
South-East Asia and 412/2331(7.3%) of infections in Africa, making it the second
most common Gram-negative cause of BSI after Salmonella enterica (S. Typhi in

Asia, non-typhoidal salmonellae in Africa)(35, 36).

36



Bacterial infections are a leading cause of the 3 million global neonatal deaths per
annum, with sepsis/meningitis representing the third most common cause (5.2% of
deaths; 393000 cases)(37). Streptococcus agalactiae (Group B streptococcus [GBS])
and non-enteropathogenic E. coli are the organisms most commonly associated with
early-onset infection (variably defined as within 72 hrs-7 days of delivery), and are
responsible for approximately 70% of these infections. Non-enteropathogenic E. coli
disproportionately affects pre-term/very low-birthweight (VLBW; <1500g) neonates
and is potentially rising in incidence in the US, given the frequency of maternal
prophylaxis for GBS and the larger numbers of pre-term VLBW that can be supported

with improved healthcare(38).

2.4.1.2. KLEBSIELLA PNUEMONIAE

K. pneumoniae has dominated as one of the leading causes of nosocomial Gram-
negative infection, and like non-enteropathogenic E. coli, can be a causative pathogen
in a number of clinical syndromes, including urinary tract, pulmonary, device-
associated, soft tissue/surgical site and bloodstream infections(39). In the UK,
surveillance data for Klebsiella spp. are voluntary, but rates of bloodstream infection
show small year-on-year increases, with an overall rate of around 11
bacteraemias/100000 population/year. Increasing rates of resistance to broad-
spectrum beta-lactams such as extended-spectrum cephalosporins and carbapenems
are also statistically significant, although these are low overall for the carbapenems
(<1%)(40). In recent European surveillance data, K. pneumoniae was one of the top
ten pathogens isolated in infections in long-term care facilities(41), and one of the
commonest pathogens isolated in healthcare-associated infections, although still

currently at lower rates than non-enteropathogenic E. coli in most Western European
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contexts(42). It is recognised as a highly significant pathogen in the paediatric critical

care setting(39).

The impact of K. pneumoniae is not, however, limited to the nosocomial setting - it
also presents a major community-associated threat, most significantly in resource-
limited contexts. In the two large systematic reviews of bloodstream infection in
Africa and South-East Asia discussed earlier, it is one of the top five Gram-negative
causes in both adults and children(35, 36). It is recognised as a particular contributor
to infant and neonatal sepsis(43). In countries of the Asian Pacific Rim, such as
Taiwan, certain strains with a hypermucoviscous phenotype and specific capsular
serotypes have also been associated with a community-acquired syndrome
encompassing pneumonia, liver abscess and metastatic disease(39). This clinical
entity is found in younger and less comorbid patients, and may be emerging in

Europe(44).

2.4.2. CARRIAGE AND RESERVOIRS

Non-enteropathogenic E. coli and K. pneumoniae are not obligate pathogens, and
strains causing clinical disease are also carried asymptomatically in humans and
animals, as well as being distributed in the environment. The wide niche in which
these organisms can evolve and replicate has important implications for the
development of resistance and for possible transmission networks. Although a
comprehensive investigation of environmental and carriage isolates was beyond the
scope of this thesis, it is of relevance to the studies presented, and so a brief review of

the available data on their presence in these compartments is considered below.
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2.4.2.1. HUMAN CARRIAGE

The predominant reservoir of non-enteropathogenic E. coli for human hosts is the
gastrointestinal (GI) tract. At birth, the GI tract is sterile, becoming rapidly colonised
by a number of different bacterial genera, the pattern of which seems to be heavily
influenced by environmental exposures, including maternal flora, diet and healthcare
exposures, with progression to a more stable microbiome somewhere between the
ages of one and four years(45, 46). Non-enteropathogenic E. coli are some of the
earliest colonisers, and typically become the most dominant aerobic gut organism,
despite the fact that they are outnumbered by 100-10000:1 by obligately anaerobic
bacteria, which make up 99.9% of the 10'' organisms/g of faeces in the human
colon(47). Carriage prevalence of non-enteropathogenic E. coli amongst humans is
estimated at greater than 90%(48), and is probably likely to be closer to 100%,
invariably occurring by one-two months of age(49). Non-enteropathogenic E. coli
reside in the mucus layer of the colonic epithelium, which provides them with the

appropriate nutritional environment for their metabolic needs(50).

Studies specifically investigating the prevalence of faecal carriage of non-resistant K.
pneumoniae in healthy, asymptomatic individuals are less common. Early K.
pneumoniae colonisation of the neonate appears to be influenced by a number of
different factors, such as birth in a developing country, pre-term birth/low
birthweight, early-formula feeding as opposed to breastfeeding, birth by caesarean
section, hospital exposure and antibiotic use(51). In a longitudinal study of 22 home-
delivered infants in Pakistan, most neonates were initially colonised by
Enterobacteriaceae other than non-enteropathogenic E. coli, including K.
pneumoniae, between day 2 and 7 of life, with the hypothesis that these were acquired

from environmental sources such as cow’s or buffalo’s milk, often given in addition
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to breastfeeding(49). In hospital environments, particularly critical care environments,
colonisation by K. pneumoniae may occur in more than 60% of neonates(52). Rates of
carriage in children <1 year of age appear highest in early infancy (~70%), tailing off
between the ages of 1-5 years(53); estimates of carriage rates in adults are

approximately 10-20%(53, 54).

Older studies give us some insight into the prevalence of carriage of K. pneumoniae,
but may have been limited by the use of culture-based approaches. Recent studies
have used metagenomic data, such as those obtained through microarrays. One such
study demonstrated that K. pneumoniae represented 0.01% of bacterial faecal flora in
healthy adults (21-60 years) versus 0.02% in young children between the ages of 1
and 4 years, suggesting that these organisms may be present in the gastrointestinal
tract but remain unsampled in culture-based surveys due to, relatively speaking, low
numbers. They may however remain important for clinical transmission and the

spread of resistance genes.

There are a number of studies of faecal carriage prevalence of ESBL- and/or
carbapenemase-positive non-enteropathogenic E. coli/K. pneumoniae from a variety
of global settings, including both nosocomial and community-sampling frames
amongst adults and children. The first reports of community-based carriage were
published in 2000 and 2001-2, from studies in Poland and Spain respectively(55, 56);
rates before 2008 were rarely above 10%. Figures 2.2. and 2.3. show the evolution of
community ESBL carriage rates over time, and an estimation of the human reservoir
by WHO geographical region(57). What is strikingly obvious are the marked
differences between regions, which may reflect a number of factors including

antibiotic selection pressures, population density and levels of sanitation; and the fact
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that the asymptomatic reservoir, and the potential for human-human, and wider,

transmission 1S enormous.

The diversity of non-pathogenic E. coli strains carried within humans has been shown
to be different depending on the population sampled, and this may be influenced by a
complex interplay between geography and climate, diet, and levels of sanitation. In
one study, the degree of diversity in three separate populations was investigated,
namely French residents in France, French expatriates in Guyana, and an indigenous
group of Guyanese, the Wayampi Indians. The degree of diversity was shown to be
significantly higher in the Wayampi than in the French residing in France (3.1 versus
1.9 strains; p=0.03). The expatriates fell between these two values, with a mean of 2.3
strains, although this was not significantly different from either of the other two
populations(58). A further observation made in this study was that the distribution of
strain types, as defined by phylogroup, was different in the Wayampi than in the
French, with a larger proportion of A and B1 strains represented in the Wayampi, and
a larger proportion of B2 strains observed in the French residents in France (the B2
phylogroup strains are more commonly associated with clinical disease). An
extension of this study featured the inclusion of additional groups of individuals, and
confirmed the finding that geography and climate seem to play an important role in
the structuring of the within-host E. coli population, although the contribution of
socioeconomic factors to these differences was acknowledged but not
investigated(59). The diversity of carried K. pneumoniae strains has not, to my

knowledge, been determined in any published study. Differences in the
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Figure 2.2. ESBL-Enterobacteriaceae carriage rates in the community, according to their geographical
and temporal distribution. Each bubble is proportional to the size of the corresponding study. The lines
represent the evolution of ESBL-Enterobacteriaceae carriage rates over time for each geographical
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Figure 2.3. Number of ESBL carriers in the community in 2010, according to WHO region grouping
(represented by colours). Stars represent countries with data available for modelling. Each bubble is
proportional to the estimated number of ESBL carriers for that region. Taken from (57).
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gastrointestinal niche may have important implications for the emergence of

resistance, and for the selection of clinically “successful” lineages.

The diversity of carried ESBL or carbapenemase-producing strains within hosts has
been investigated only in a limited fashion, and typically in terms of assessing
diversity at a species level where it has been noted that individuals can carry more
than one ESBL/carbapenemase-positive species of Enterobacteriaceae(60-62). One
study in Spain typed two colonies in 7/105 ESBL-positive non-enteropathogenic E.
coli 1solates, but these were not investigated further as they shared the same
antimicrobial resistance phenotypes and had evidence of the same ESBL gene. In
terms of transmission epidemiology, in high-income settings where resistance
prevalence is still considered relatively low, the prevailing idea is that resistant strains
are representatives of single clones, and can be tracked on this basis. This idea may be
appropriate when resistance is rare and the mechanisms causing it are homogenous,
but is likely to become less so with increasing prevalence and diversification, and the
increased likelihood of repeated introductions/exposures from high prevalence areas

given the “global village”.

2.4.2.2. ANIMAL CARRIAGE

Animals also provide an important reservoir of both susceptible and drug-resistant
non-enteropathogenic E. coli. Non-enteropathogenic E. coli can be commensals
and/or pathogens in a wide range of vertebrate species, with most study data coming
from mammals and/or birds. One of the largest animal studies undertaken investigated
1898 non-enteropathogenic E. coli from 35 mammalian and 11 bird species, sampled
in the 1980s and 2000s, identifying sampling year, the extent of domestication and

diet all having an impact upon the degree of intra-host diversity, number of virulence
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genes and distribution of phylogroups present(63). A second large study carried out in
Australian vertebrates identified body mass, diet, climate and taxonomic rank as being
important factors in both prevalence rates of non-enteropathogenic E. coli carriage
and distribution of phylogroups — non-enteropathogenic E. coli were most commonly
found in mammals (56%), and birds (23%), followed by relatively low carriage rates
in reptiles (12%) and fish (10%). However, prevalence varied from 0-100% in both
mammal and bird groups, suggesting that there may also be a less clearly understood
impact of physiology and exposure on rates of carriage amongst the lower taxonomic

orders(64).

ESBL-producing-non-enteropathogenic E. coli have also been identified in wild

animals, having been first observed in 2006 in birds of prey and deer in Portugal(65).
Since then ESBL- non-enteropathogenic E. coli strains have been isolated from: wild
birds(66, 67), red foxes(68), deer(69), stray dogs(70), rodents(71), wild boar(72), and

gorillas(73), amongst many others.

The presence of non-enteropathogenic E. coli in companion animals such as dogs and
cats has been investigated in a number of studies, and both of these pets are
commonly colonised or infected by isolates also thought to be causing disease in
humans(74-76). Studies of farm animals have shown that carriage of non-
enteropathogenic E. coli is common in a number of different farmed species,
including cattle, swine, horses and broiler chickens(77-82). Antimicrobial resistance,
including ESBL-type resistance, is frequent, and may be increasing, with carriage
prevalence rates of 3-33%(80, 83), 2-63%(80, 81, 83), and 0%(83) for cattle, pigs and
chickens reported respectively, depending on geographic location and year of

sampling. In many cases, as in humans, non-enteropathogenic E. coli are acquired
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within days of birth(77), and this can include colonisation with drug-resistant strains.
In a multi-site study of pig farms in Denmark, rates of colonisation with ESBL- non-
enteropathogenic E. coli were shown to be associated with various features of the
production cycle and aspects of husbandry, including the historic usage of third and
fourth generation cephalosporins (banned since 2010 in Denmark), intensive cleaning
of farm sections, and possibly with feeding practices during the stages of weaning and
finishing(84). A number of recent studies have attempted to demonstrate the overlap
in isolates obtained from livestock, retail meat, and clinical cases of human disease,
and have shown that there is apparent transmission between these compartments(85,

86).

There are very limited data specifically related to the asymptomatic carriage of K.
pneumoniae in animals. There is one report of high rates of carriage (20-40%) of
hypermucoid strains of K. pneumoniae in vervet monkeys on St. Kitts(87), and of
drug-resistant strains in household cockroaches and houseflies in Libya(88, 89). There
have however been a number of studies in which K. pneumoniae, including ESBL-
and carbapenemase-producers, have been cultured from samples taken from
companion animals and livestock, with the implication that these are involved in

transmission networks(90, 91).

2.5 GENETIC POPULATION STRUCTURE OF THE SPECIES: EVOLUTION
AND DIVERSITY

The background diversity of a species has important implications for sequence data
analysis and interpretation. This section summarises aspects of genetic diversity

relevant to the data presented in the thesis.
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2.5.1. ESCHERICHIA COLI

The analysis of diversity in non-enteropathogenic E. coli predates the availability of
nucleotide data. Early analyses of diversity were based on using serotyping to
distinguish different non-enteropathogenic E. coli strains, revealing a diverse range of
antigen types (Section 2.3.1) (92). DNA hybridisation studies confirmed the diversity
present within the species, with hybridisation values of between 36-100% for
experiments involving a number of non-enteropathogenic E. coli strains in
combination with the E. coli reference K-12 strain(93). Subsequently MLEE (Section
2.3.2) (17) became widely used as a technique to study E. coli diversity, an example
being an analysis of a large collection of 1608 isolates from clinical/carriage,
human/animal, adult/paediatric contexts from a number of geographical locations
categorised into three groups (I, II and III), with groups II and III more closely
genetically related(94, 95). A sub-group of 72 of these strains thought to be
representative of the genetic diversity in the species as a whole was subsequently set

up as the ECOR (E. COli Reference) collection(96).

The results of MLEE-based studies identified substantial diversity within the species,
and whilst in some cases similar or identical enzyme profiles were present in
unrelated isolates, suggesting that recombination may play an important role, the
thought was that effectively E. coli was evolving in a clonal manner. These studies
also demonstrated that the O/K/H serotyping scheme gave limited insight into the true
population structure, given that genetically distant strains could exhibit the same
serotype, and closely related strains could have different profiles. MLEE profiles
could also be used to generate proxy phylogenies, which resolved the species into
distinct genetic clusters, which were termed phylogroups. These form the genetic

subsets that are distinguished by the PCR-based phylogrouping method described
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earlier (and initially included A, B1, B2 (thought to be sister taxa), D, and a fifth,
smaller group, E(97, 98)). The simple A-E phylogroup classification has however
been well-supported in subsequent studies using a whole range of techniques,
including restriction fragment length polymorphism (RFLP), random amplified
polymorphic DNA (RAPD)(99) and more recently nucleotide sequence data, in the
form of both multi-locus sequence typing (MLST) and whole genome sequencing

(WGS)(98).

MLEE is a limited approach to defining phylogenetic relationships, and enzymes with
different underlying sequence structure may have similar electrophoretic capacity.
Multi-locus sequence typing (MLST)-based studies superseded MLEE methods, and
in the first instance used different sets of housekeeping genes to characterise the
relationships between a range of E. coli strains (both enteropathogenic and non-
enteropathogenic). However, the use of different sets of housekeeping genes led to the
determination of different topologies and conclusions, with some studies highlighting
the clonal structure of the species(25, 100, 101), and some suggesting that
recombination was frequent. The result is therefore dependent upon the catalogue of
genes selected, and with the small fraction of the genome analysed (~0.07%) the
outcome could be easily biased, if for example, one of the genes chosen for a scheme

was in a “hot-spot” of recombination, or under selection(98).

Analysis of whole genomes gives greater insight into the phenomenal diversity within
the species. In one of the first of these studies, an analysis of 20 fully sequenced
genomes demonstrated that the average number of genes was 4,721, with only 1,976
(42%) of these represented in all 20 strains. The pan-genome (i.e. the full set of non-

orthologous genes amongst all the genomes) on the other hand contained 17,838
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genes, with the core genome therefore composed of only 11% of all of these genes

(Figure 2.4.).
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Figure 2.4. A representation of E. coli core and pangenomes in relation to the number of sequences
included in the comparison. The panel on the right includes comparisons of all genes (black), all genes
with <80% sequence homology (red), and all genes excluding insertions sequence and prophage-like
elements (blue). Taken from (102).

As can be seen, the curve for the pangenome shows no sign of flattening, a
phenomenon which has been described as an “open pan-genome”; in other words, the
pool of genes that can be gained or lost by members of the species through horizontal
gene transfer is vast. The figure also demonstrates the contribution made by mobile

and repetitive elements to diversity within the species.

The huge genetic diversity present in E. coli was also in evidence in a second study,
which went further in defining features of the recombination events amongst 27 fully
sequenced members of the A, B1, B2 and E phylogroups(103). Here the authors used
a program called progressiveMauve(104) to align the genomes, and then extracted
core regions of at least 500bp found in all 27 genomes. These stretches of sequence
ranged in size form 501bp to 27,115bp, with a mean of 4,322bp and a concatenated

length of 3.3Mbp. They subsequently applied ClonalFrame to the core alignment,
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which is a Bayesian method that infers a phylogeny under an evolutionary model and
accounts for the effects of homologous recombination(105). This gave rise to a fully
resolved clonal genealogy, in which A and B1 were most closely related, and B2 the
most divergent clade. They estimated the average length of fragments involved in
homologous recombination as being 542bp, with a relative recombination rate of
1.024 (recombination happened just as frequently as mutation). Although this rate was
mostly constant throughout the genome, there were three “hot-spots” of
recombination in which rates were significantly higher — this included two known
regions encompassing regions around the 7fb operon (involved in O-antigen
synthesis) and the fimA4 gene. A third, smaller region containing a number of other
genes including aroC was also identified, with the suggestion that this may be
associated with virulence and there be under a selection pressure imposed by the
immune system. The authors also used these estimates of recombination to identify
the number of recombination events within and between the phylogroups analysed,
finding evidence to support greater within phylogroup recombination that between
phylogroups, with the exception of the more closely related A and B1. They
hypothesised that this would be consistent with concept of on-going speciation (or
sub-speciation) in E. coli, where species appear when the impact of recombination
between sub-groups is reduced, and that this may be in response to subtle differences
in ecological niches or life cycle to the extent that the genetic flux between lineages

diminishes and they gradually diverge from each other.

The enormous genomic plasticity and diversity observed within the species, and the
fact that Shigella spp., which cluster genetically within the E. coli tree but have been
named differently mostly for historical and clinical reasons, both beg the question as

to how the E. coli species should be defined, and where its boundaries lie. It also
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makes genomic analysis difficult, as such a large amount of variation and mobility

pushes the currently available software and hardware resources to their limits.

2.5.2. KLEBSIELLA PNEUMONIAE

For Klebsiella spp., the available data on population structure are more limited,
although research interest i1s growing as the clinical significance of this pathogen in
resource-rich settings increases, particularly in the context of its association with
carbapenemases such as Klebsiella pneumoniae Carbapenemase (blagxpc). One of the
earliest detailed studies published used RAPD combined with sequencing of gyr4 and
parC genes to analyse a set of 120 Klebsiella spp. clinical and reference strains
obtained from a number of hospitals across Europe and the Mediterranean region, and
stratified by ciprofloxacin resistance. The results reflected significant diversity, with
70 genotypes identified amongst 86 K. pneumoniae isolates, and all of the profiles for
the 30 K. oxytoca and 4 K. planticola 1solates being distinct. Conversion of the data
into a distance matrix and clustering analysis revealed that the K. pneumoniae strains
fell into three major clusters: Kpl, Kpll and KplIl. KpI contained the largest number
of isolates. The K. oxytoca isolates fell into two clusters, and the K. planticola isolates
into a single group. Two isolates remained disassociated from any of the major
clusters, and there was no correlation between the clusters and geographical location
or clinical origin of the sample(106). The associated sequence-based analysis of the
two genes determining quinolone resistance (gyr4 and parC) was consistent with the
RAPD clustering, and there was statistical support for the phylogeny even when the

codons associated with acquisition of resistance were removed from the analysis.

A subsequent similar analysis (RAPD + partial sequence-based typing) of a larger

(n=420) dataset of clinical K. pneumoniae only again revealed the three-group
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structure and lack of geographical structuring, but did find significant differences in
relation to clinical source (KpllI never being found in urinary tract isolates), and
noted a significant association with ceftazidime (possibly ESBL) resistance with Kpl
versus Kplll (22% versus 9%; p=0.01). A third study investigating 100 animal
isolates again found similar distributions of strains and clustering in the same groups,
but noted that broad-spectrum antimicrobial resistance appeared less common than in

human strains(107).

An MLST scheme developed for K. pneumoniae(26) and hosted at the Institut
Pasteur, was subsequently used to describe the population structure in greater detail,
with a particular focus on identifying whether there might be specific clones
associated with virulence traits(12). Despite a low proportion of sites across the 7
MLST genes being polymorphic (129/3012 positions, 4%), this analysis of 235
isolates identified 117 STs, with a network structure based on concatenated sequence
suggestive of high-levels of recombination, and evidence that this had even occurred
within two of the seven MLST housekeeping genes examined (fonB and phokE).
Additional support for high levels of recombination was provided by the observation
that ST profiles with only a single locus difference frequently had a large number of
mutations present in that locus (e.g. 4-6), which would be more than would be
expected by introduction through mutation, and that the same capsular type (cps
operon) was shared amongst isolates in genetically divergent lineages. Nonetheless,
they did observe the presence of several clones with similar features (e.g. capsular
serotype, virulence factor content and metabolic profile); the extreme cases being
represented by K. rhinoscleromatis and K. ozaenae, which were shown to be clones of

K. pneumoniae subsp. K. pneumoniae.
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More recent attempts at defining population structure have involved the use of WGS
data, but have focused specifically on descriptions of a KPC-carbapenemase
associated clone, ST258, in the US. Of note are two studies, one in which 83 ST258
genomes were sequenced, and two distinct clades within ST258 identified, mostly
divergent as the result of a specific 215Kb region encompassing the capsular cps
operon. The authors hypothesised that this region was acquired on two different
occasions given the different distribution of non-synonymous:synonymous SNVs
within this region in the different clades(108). The analysis also partially
characterised the KPC-variants and plasmid content of the strains, presenting a
complicated, mixed picture, which suggested both clonal expansion in conjunction

with certain plasmids, and horizontal transfer of other plasmids/parts of plasmid.

A second analysis of a similar dataset of 57 US ST258 strains corroborated the
presence of these two clades within ST258, and identified the same region of
divergence by a different method(109). The authors also carried out a more detailed
analysis of KPC, Tn4401 and plasmid structure, although the conclusions were
similar — various KPC alleles and Tn4401 isoforms were strongly associated with
clade and plasmid sub-structure, although variability in some of the plasmids was also

evident.

No equivalent assessment of comparisons of core and pan-genome to that for E. coli
(Figure 2.4.) (102) have been published for K. pneumoniae, however early,
unpublished work predating this thesis suggests that a pattern similar to E. coli will be
evident. An analysis of 14 sequenced genomes using a non-scalable method identified
a decreasing core size with the addition of each new sample in the analysis, and a

similarly “open” structure to the pan-genome, as observed for E. coli.
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Figure 2.5. A representation of K. pnuemoniae core (lower set of boxplots) and pangenome (upper set
of boxplots) in relation to the number of sequences added to the comparison. I am grateful to Dr Azim
Ansari for the figure (unpublished work).

2.6. OVERVIEW OF ANTIMICROBIAL RESISTANCE IN NON-
ENTEROPATHOEGNIC ESCHERICHIA COLI AND KLEBSIELLA
PNEUMONIAE, WITH A FOCUS ON BROAD-SPECTRUM BETA-LACTAM
RESISTANCE

Genetic mechanisms encoding for antimicrobial resistance are known to predate the
clinical use of antibiotics(110). Many of the major antimicrobial drug classes in use
today are derived from microbiota (e.g. penicillin, streptomycin), and are produced by
these organisms as defence mechanisms against other species. Rates of resistance in
clinical isolates however, have increased dramatically over the last 40 years, typically
in a step-wise fashion in response to the sequential introduction of novel antimicrobial

classes (Figure 2.6.).
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EMERGENCE OF DRUG RESISTANCE | INTRODUCTION OF ANTIBIOTIC
[—— 1930s Sulfonamides
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FIGURE 2.6. Timeline of clinical introductions of antibiotics and emergence of resistance.

The discovery and development of novel classes of antibiotics has however slowed
since the 1960s, mostly attributable to the perceived lack of economic benefit
identified in the development of these drugs(110). Recently, given the rapid
emergence of antimicrobial resistance in common clinical pathogens and concern that
we may be facing a return to the pre-antibiotic era in infectious disease management,
there has been a big drive to encourage the development of new agents. An example
of this is the “10x ‘20” (10 new antibiotics by 2020) initiative led by the Infectious
Diseases Society of America. Unfortunately, although some progress has been made,

their 2013 progress report highlights the continuing slow progress in this field(111).

A number of mechanisms responsible for causing antibiotic resistance exist, and

include (1) enzymatic inactivation or modification of antibiotics, (ii) alteration in the
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bacterial target site for a particular drug class, (iii) permeability barriers to the influx
of antibiotics, (iv) efflux pumps that actively extrude antibiotics from the bacterial
cell(112), and (v) combinations of the above mechanisms, which can extend the
spectrum of resistance phenotypes. Beta-lactam resistance in Gram-negative bacilli is
typically associated with enzymatic mechanisms, including narrow-spectrum
penicillinases or cephalosporinases, or broad-spectrum mechanisms such as extended-
spectrum beta-lactamases or carbapenemases, with some of the latter being capable of
hydrolysing all classes of beta-lactams. Additional mechanisms which can enhance
the enzymatic activity of beta-lactam-hydrolysing enzymes include: (i) alterations in
porin genes(113), (i1) modification of drug efflux systems(114), (iii)
promoter/attenuator mutations which can increase the expression of enzymes(115),
and (iv) gene duplications or variation in copy number(116). Underlying genotypes
can consist of a number of different mechanisms encoding for similar or overlapping
phenotypes(117), highlighting the limitations of our knowledge on fitness costs
associated with resistance, and the extent of its reversibility in the absence of

continued exposure(118, 119).

Hydrolytic enzymes that degrade beta-lactams are encoded chromosomally in certain
species of Enterobacteriaceae, such as blasyy in K. pneumoniae, blapoxy in Klebsiella
oxytoca, or blaxyuc in Kluyvera georgiana. A number of these mechanisms have also
become mobilised on transmissible genetic elements, for example plasmids, such as
blaspy (the same gene as can be chromosomally integrated as above), blacmy-2 and
blactx-m, facilitating both intra- and inter-species spread. This horizontal transfer of
resistance genes is then typically thought to be associated with wider dissemination

and increasing prevalence(120).
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Beta-lactam antibiotics were first widely introduced into clinical practice in the
1940s, and resistance was observed in Enterobacteriaceae soon after. The beta-
lactamase TEM-1 (blartem.1; TEMoneira-1) is a plasmid-mediated, narrow spectrum
beta-lactamase first observed in a non-enteropathogenic E. coli isolate in Greece in
1965. Since then, following the introduction of ampicillin in the 1960s and
amoxicillin in the 1970s, it has become hugely prevalent amongst
ampicillin/amoxicillin-resistant non-enteropathogenic E. coli and has given rise to
over 200 variants, some of which have an extended spectrum of hydrolysis
encompassing beta-lactam/beta-lactamase inhibitor combinations(121, 122). In the
1980s, following the introduction of cephalosporins, the first plasmid-mediated SHV,
extended-spectrum TEM and CTX-M beta-lactamase enzymes were observed. To
date, a large number of diverse genetic families conferring beta-lactam resistance
have been identified(120, 123, 124), with transmissible carbapenemases(125-127)
emerging as the most recent healthcare threat. With these enzymes, which are often
associated with resistance mechanisms to other antimicrobial classes, current

antibiotics are in some cases rendered completely ineffective(128).

Beta-lactamases are conventionally classified into four categories on the basis of
structure and amino acid homology (Ambler classification) (Figure 2.7.), or on the
basis of substrate specificity and function (Bush-Jacoby-Medeiros classification)
(Table 2.8.)(129, 130). Essentially two main mechanisms of action exist — either the
use of zinc ions to disrupt the beta-lactam ring (the metallo-beta-lactamases, group
B), or through the formation and subsequent hydrolysis of covalent bonds with the
antibiotic through a free hydroxyl group on a serine residue, which leads to antibiotic
inactivation (the serine beta-lactamases, groups A, C and D). In Gram-negative

species, these enzymes are typically located in the periplasmic space(131), and their
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SERINE BETA-LACTAMASES

SHV-1 beta-lactamase

Other Class A examples:
TEM, CTX-M, BES,
GES, VEB, PER
KPC, IMI, SME

NEEC AmpC beta-
lactamase

Other Class C examples:
CMY, DHA, ACT

METALLO-BETA-LACTAMASES
(MBLs)

IMP-1 beta-lactamase
(dizinc)

CphA beta-lactamase
(monozinc)

Other Class B2 examples:
SFH-1

Other Class B1 examples:
NDM, VIM, GIM

AIM-1 beta-lactamase

(dizinc)
Other Class B3 examples:
L1, SMB-1
OXA-1 beta-lactamase
Figure 2.7. Major structural sub-classes of beta-lactamase. Adapted from (132, 133).
Summary of classification schemes for bacterial beta-lactamases
Bush-Jacoby Bush-Jacoby- Inhibited by .
group Medeiros Mm:clﬂ:& Distinctive sub; (s) ' Defining characteristic(s) Representative
(2009)  group (1995)  (Subclas) CA or TZB* EDTA enzyme(s)

1 1 C Cephalosporins No No  Greater hydrolysis of cephalosporins  E. coli AmpC, P99,
than benzylpenicillin; hydrolyzes ACT-1, CMY-2,
cephamycins FOX-1, MIR-1

le NI C Cephalosporins No No  Increased hydrolysis of ceftazidime  GC1, CMY-37
and often other oxyimino-§-
lactams

2a 2a A Penicillins Yes No  Greater hydrolysis of PC1
benzylpenicillin than
cephalosporins

b 2b Penicillins, early cephalosporins Yes No  Similar hydrolyss of benzylpenicillin  TEM-1, TEM-2,
and cephalosporins SHV-1

2Zbe 2be Extended-spectrum Yes Increased hydrolysis of oxyimino-8- TEM-3, SHV-2,

cephalosporins, lactams (cefotaxime, ceftazidime, CTX-M-15,
monobactams ceftriaxone, cefepime, aztreonam) PER-1, VEB-1
2br 2br Penicillins No No  Resistance to davulanic acid, TEM-30, SHV-10
sulbactam, and tazobactam
2ber NI A Extended-spectrum No No  Increased hydrolysis of oxyimino-§- TEM-50
cephalosporins, lactams combined with resistance
monobactams to clavulanic acid, sulbactam, and
tazobactam

2c 2c A Carbeniallin Yes No  Increased hydrolysis of carbenicillin = PSE-1, CARB-3

2ce NI A Carbeniaillin, cefepime Yes No  Increased hydrolysis of carbenicillin, RTG4
cefepime, and cefpirome

2 2d D Qloxacillin Variable No  Increased hydrolysis of cloxacillin or OXA-1, OXA-10
oxacillin

2de NI D Extended-spectrum Variable No  Hydrolyzes cloxacillin or oxacillin OXA-11, OXA-15

cephalosporins and oxyimino-B-lactams

2df NI D Carbapenems Variable No  Hydrolyzes cloxacillin or oxacillin OXA-23, OXA-48
and carbapenems

2e 2e A Extended-spectrum Yes No  Hydrolyzes cephalosporins. CepA

cephalosporins Inhibited by clavulanic acid but
not aztreonam

2 2f A Carbapenems Variable No  Increased hydrolysis of KPC-2, IMI-1,
carbapenems, oxyimino-8-lactams, SME-1
cephamycins

3a 3 B(BI) Carbapenems No Yes  Broad-spectrum hydrolysis induding IMP-1, VIM-1,
carbapenems but not CcrA, IND-1
monobactams

B(B3) L1, CAU-1, GOB-
1, FEZ-1

3b 3 B (B2) Carbapenems No Yes Preferential hydrolysis of CphA, Sfh-1
carbapenems

NI 4 Unknown

Table 2.8. Functional classification of beta-lactamases. Taken from (129).
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kinetics are dependent on a combination of affinity for the substrate, the maximum
rate of hydrolysis they are capable of, and their concentration. The latter will depend
on whether they are constitutively expressed at a relatively fixed rate and
concentration, or whether they are inducible, in which case resistance will depend on
how effectively a substrate induces enzyme expression, and how labile it is to
enzymatic action(131). Enzymes can also be influenced by physiochemical
conditions, which may be important in the context of phenotyping (hence the use of
standard susceptibility testing media in routine practice), and by the interplay of other
factors. For Enterobacteriaceae, the rates of diffusion/efflux of beta-lactam into the
periplasmic space may affect the enzyme kinetics of the beta-lactam itself, and would
explain the rationale for giving combination therapy of, say colistin to disrupt the
outer membrane, with a beta-lactam antibiotic, even in the presence of beta-lactam

resistance(131).

2.7. THE GENETIC HIERARCHY OF ANTIMICROBIAL RESISTANCE IN
NON-ENTEROPATHOGENIC E. COLI AND K. PNEUMONIAE: FROM
GENES TO HOST STRAINS
2.7.1. RESISTANCE GENES
The simplest genetic mechanism of resistance is represented by the presence of a
single gene or coding sequence giving rise to an alteration in susceptibility phenotype.
The number of resistance gene families encoding for resistance to beta-lactams in
non-enteropathogenic E. coli and K. pneumoniae is substantial, with over 100 gene
families identifiable from public resources/publications. The nomenclature of these
gene families can be particularly confusing, with similar names being given to

genetically divergent enzymes, with different phenotypic properties.
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The studies in this thesis are restricted to an investigation of the epidemiology of non-
enteropathogenic E. coli and K. pneumoniae containing a number of increasingly
common and important clinical resistance threats, including New Delhi Metallo-beta-
lactamase (blanpm) and Klebsiella Pneumoniae Carbapenemase enzymes (blaxpc), in
this case in K. pneumoniae (Chapters 6 and 7), and the CefoTaxiMase family of
ESBL enzymes (blactx-m) in non-enteropathogenic E. coli (Chapter 8). These

enzymes are therefore discussed in more detail below.

2.7.2. BETA-LACTAMASE ENZYMES OF PARTICULAR CLINICAL
IMPORTANCE

2.7.2.1. NDM CARBAPENEMASES

The NDM class B carbapenemase is encoded for by the blanpm gene, a nucleotide
sequence of 813 base-pairs (bp). It confers resistance to all broad-spectrum beta-
lactamases except aztreonam, although it is frequently found with other enzymes,
such as ESBLs, that will also preclude the successful clinical use of aztreonam. To
date 11 enzymatic variants have been catalogued, with 14 variant sites distinguishing
them from each other(121). It was first identified in 2008 in K. pneumoniae and non-
enteropathogenic E. coli isolates cultured from a Swedish patient with a history of
travel to and hospitalisation in India(134), since then it has been identified from a
wide range of global locations, with geographic “hotspots” of acquisition considered

to be India, Pakistan, Bangladesh, the Balkans and the Middle East (Figure 2.9(135)).
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Figure 2.9. Countries in which NDM-positive isolates have been reported. Triangles indicate cases
which have an epidemiological link to the Indian sub-continent. Taken from (135).

Although it was first identified in 2008, a retrospective analysis of isolates collected
from three Indian hospitals has revealed its presence in Enterobacteriaceae as early as
2006(136). In the earlier case reports and series, isolation of NDM-1 positive bacteria
was frequently associated with travel to the Indian sub-continent, but in recent years it
has been isolated from a number of individuals with no history of foreign travel,
suggesting local acquisition and dissemination(135). This would be consistent with its
observed presence in a seepage/water samples in handful of environmental
studies(137, 138), and with the fact that asymptomatic faecal carriage with NDM-

positive bacteria can be prolonged(135).

2.7.2.2. KPC CARBAPENEMASES

The blaxpc gene is a 918bp sequence, encoding for the class A KPC carbapenemase,
which hydrolyses all broad-spectrum beta-lactams including aztreonam. To date 17
sequences have been catalogued(121), with 18 variable sites between them (excluding

sequences which have missing information and blakpc-14, which contains a deletion).
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KPC-2 and KPC-3 are the most common variants, and are endemic in a number of
regions, including the US, Greece and Israel (Figure 2.10.). Here, the presence of
carbapenem resistance is typically attributed to the widespread presence of KPC
genes, typically thought to be associated with a single clinically “successful” K.

pneumoniae lineage, namely sequence type (ST) 258, as mentioned previously, and

members of the same clonal complex.
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Figure 2.10. Global distribution of KPC variants and other carbapenemases. Taken from (139).

Although the number of infections is relatively low in the US, in Greece, up to 40%
of all hospital-associated bloodstream K. pneumoniae isolates are KPC positive, and
the organisms are found widely throughout all healthcare locations. In Israel, long-

term care facilities have been recognised as a major potential reservoir(139).

2.7.2.3. CTX-M EXTENDED SPECTRUM BETA-LACTAMASES

The CTX-M enzymes were originally reported in the second half of the 1980s and are

the most widely distributed ESBLs in non-enteropathogenic E. coli and K.
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pneumoniae. They are class A enzymes, which hydrolyse oxyiminocephalosporins,
but are susceptible to carbapenems and beta-lactam/beta-lactamase inhibitor
combinations in vitro. The number of variants has increased dramatically over the last
25 years; currently there are approximately 150 variants catalogued(121). These
variants are sub-clustered into families, which share less then 90% sequence
similarity between them, and a couple of recombinant hybrids which fall between
phylogenetic groups. They are thought to have been introduced into

Enterobacteriaceae from several Kluyvera species (Figure 2.11.(140)).

The most common global variants are CTX-M-15 (family 1 in Figure 2.11.) and
CTX-M-14 (family 9 in Figure 2.11.), or single nucleotide variants thereof, such as
CTX-M-55/57 (actually representing the same nucleotide sequence) or CTX-M-27,
respectively (141). Regional differences in distribution of common variants exists,
with CTX-M-14-like variants predominating in South-East Asia, China and Taiwan,
and CTX-M-15 in the Indian subcontinent, for example (Figure 2.12.). The genetic

context of CTX-M genes is discussed in greater detail in the subsequent section.
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2.7.3. INSERTION SEQUENCES (IS) AND TRANSPOSONS

Insertion sequences (IS) are the simplest transposable elements; they are types of
DNA transposons (Class II). These can be loosely defined as segments of DNA
<2.5Kb in size which are capable of inserting at multiple sites in a DNA molecule, be
this the bacterial chromosome or an episomal element such as a plasmid. Again, as
with resistance genes, the nomenclature can be confusing, with either a simple
numeric assignation to the IS (e.g. IS7), or a numeric assignation plus some sort of
text denoting the species in which it was first isolated (e.g. ISRm /). Sometimes
genetically similar [Ss are designated as isoforms of a parent IS, and in some cases
they have been given a separate number. Finally, some ISs have been assigned names

that do not fit into this system of nomenclature(142).

Most ISs essentially represent a pair of inverted repeat sequences (IRL — inverted left
repeat; IRR — inverted right repeat) of 10-40 base-pair (bp) flanking an open reading
frame encoding a transposase enzyme. These inverted repeats include two functional
domains: Domain A includes the 2-3 terminal bp, and is involved in cleavage and
transfer reactions leading to transposition of the element; domain B is involved in
transposase binding. On integration, most typically generate a series of short, directly
repeated sequences (direct target repeats, 2-14bp) characteristic of each individual IS;

these can be used as signatures of IS integration.

ISs are involved in the mobilisation and transfer of a number of different
antimicrobial resistance genes, virulence genes and genes encoding metabolic
functions, as well as being responsible for genetic rearrangements within
chromosomes and plasmids, and in the integration of plasmids or parts of plasmids

into the chromosome(142). They can activate or inactivate the expression of
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neighbouring genes — the latter mostly occurring if they are inserted into a coding
sequence itself(142). A large number of ISs have been catalogued in the [SFinder

dataset(143) (https://www-is.biotoul.fr//), which has identified 26 major families.

Several associations of IS types with the broad-spectrum beta-lactamases being
investigated in this thesis have been described. For example, it has been hypothesised
that blaxpm was acquired horizontally from Acinetobacter spp., where it is mostly
integrated in chromosomal locations downstream of a particular insertion sequence
ISA4bal25. A bleomycin resistance gene, bleypr, which can be found in the
environment, is commonly co-located with blanxpm. One hypothesis put forward is that
the blanpm-blevpr genes became integrated into the chromosome of an environmental
Acinetobacter spp., and were then transposed onto a plasmid capable of replication
and conjugative transfer amongst Enterobacteriaceae(144). Although the association
with IS4bal25 and bleysr remains in many cases, NDM genes are now found on a
wide range of plasmid vectors and have been reported in at least 10 different
species(135). The current evidence mostly supports high mobilisation and transfer

rates of the gene in a diverse range of genetic contexts(135).

ISEcpl elements have been commonly found in conjunction with CTX-M genes from
the group 1, 2 and 9 families. The successful spread of common variants of these
families (CTX-M-15 and CTX-M-14) may in part be attributable to their association
with this IS, as it is able to recognise a variety of DNA sequences as IRRs and
mobilise DNA via a one-ended transposition process. It also significantly enhances
CTX-M gene expression on mobilisation(145). A second common IS identified in
association with CTX-M is ISCRI, which unlike most other ISs lacks the inverted

repeats and mobilises instead via a system known as rolling circle transposition. This
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mechanism can also lead to the one-ended mobilisation of adjacent genetic sequence.

Like ISEcp1, it also enhances gene expression.

Composite transposons consist of two ISs flanking an intervening stretch of DNA
sequence — this may encode one or more genes, such as those encoding for antibiotic
resistance. The flanking ISs may be identical or different, and can either mobilise the
complete composite transposon structure, or be independently involved in
transposition events as single ISs. These have been particularly associated with the
transmission of several carbapenemases of interest, namely OXA-48 and KPC
variants. OXA-48, for example, was first identified in 2004 as part of Tn/999(146), a
composite transposon made up of two copies of IS/999. Since then, a number of
Tn/999 derivatives have been identified, one of which also contains the CTX-M-15
gene(147). KPC variants have been consistently isolated in the context of Tn4401, a
large composite transposon (~10kB), made up of two TnpA genes (encoding for Tn3
family transposons), a TnpR resolvase, and two insertion sequences, ISKpn6 and
ISKpn7. A number of different Tn4401/ “isoforms” have been described, on the basis
of different deletions upstream of the KPC gene, with different effects on gene

expression and carbapenem minimum inhibitory concentrations (MICs)(148, 149).

2.7.4. PLASMIDS

A plasmid is defined as a double-stranded, circular DNA molecule capable of
autonomous replication, and contributes to the dissemination of resistance genes
within and between species through a process known as conjugation. Conjugation
involves the genetic exchange of material between two bacterial cells, and is a process

undertaken by genes of plasmid conjugation modules, such as tra and #rb genes.
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Classification of plasmids has traditionally been based on a concept known as plasmid
incompatibility, put forward in 1971(150). This was defined as the inability of two
related plasmids, with common replication controls, to be maintained stably in the
same cell line. Incompatibility group (Inc) typing is therefore based on the underlying
nucleotide sequence of the genes (rep) involved in the initiation of replication. The
first proper typing scheme was based on a Southern blot hybridisation method(151);
this has now largely been superseded by more specific and straightforward PCR-
based methods(152). One of these is a set of multiplex PCRs that defines 18 of the
major families, namely: FIA, FIB, FIC, HI1, HI2, I1-Iy, L/M, N, P, W, T, A/C, K,
B/O, X, Y, F, and FIIA. There are however at least 27 known incompatibility groups,
and a number of plasmids remain untypable in epidemiological surveys, suggesting
that most studies represent only a subset of the real diversity(153). Plasmid
incompatibility or rep controls are also associated with plasmid host range, namely
the number of divergent species that a plasmid is able to transfer to given its specific
conjugation and transfer modules. IncF plasmids, for example have been traditionally
thought to have a narrow host range; whereas IncN plasmids have a broad host

range(154).

NDM genes have been found on a range of plasmid vectors in both non-
enteropathogenic E. coli and K. pneumoniae, including those of the A/C, FII, and L/M
incompatibility groups(135). Interestingly, a relatively large proportion of NDM
plasmids appear to be of the untypable variety, which may either reflect the
emergence of new families of plasmids as significant clinical entities, or may just be a
feature of increased interest and sampling. NDM-carrying plasmids vary significantly

in size (from 50kB to ~300kb), and are commonly associated with a number of other
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antimicrobial resistance genes, including CTX-M genes, aminoglycoside resistance

genes, and quinolone resistance genes(135).

KPC genes are also associated with a number of different plasmids, including the
IncFII-like plasmids pKpQIL in Israel (KPC-3), and pKpQIL-IT (KPC-3) in Italy,
both associated with the ST258 lineages, and both having similarity to plasmids found
in a previously sequenced antibiotic-resistant (although KPC negative) reference
strain from the 1990s, MGH78578(155, 156). WGS-based analyses of ST258 isolates
in the US have demonstrated additional complexity, with a within-lineage segregation
of IncFIlk-based (and Tn4407a/KPC-2) KPC carriage in a sublineage of ST258 —
ST258a; and Incl-based (Tn4407b/KPC-3) carriage in sublineage ST258b(109). Three
distinct KPC-positive Fllk plasmids were identified, in two cases associated with

marked plasmid backbone differences compared to pKpQIL(109).

CTX-M gene variants have been found in association with almost the complete range
of plasmid Inc types, although CTX-M-15 is most often found in plasmids belonging
to the IncF group(153). This plasmid family is typically present in low copy number
(that is, regulated to maintain 1-5 plasmid copies per bacterial cell), and its members
also frequently carry more than one replicon. Plasmids with multiple replicons are
likely co-integrates of two separate descendant plasmids and may have an
evolutionary advantage, with one replicon strongly conserved to maintain replication
integrity, whilst the other replicon is free to diverge(157). A plasmid with a novel rep
variant would be better able to invade local bacterial populations already occupied
with other plasmids of ancestral incompatibility types(157). IncF plasmids are also

associated with Tn3-associated TEM-1 genes, and the Tn3 transposase is thought to
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act as a site for integration of the ISEcp/CTX-M element(153), which may have

facilitated its acquisition and dispersal by this specific group of plasmids.

2.7.5. CLONAL EPIDEMIC LINEAGES

The host bacterial lineage may also contribute to the spread of resistance, as some
strains may be fitter and/or more clinically significant, either because they are
associated with significant antimicrobial resistance, or because they are more virulent,
or both. “Successful” global lineages are effective transmission vectors for resistance
genes because these are typically transmitted vertically to progeny, and because there
are more opportunities to transfer resistance genes horizontally intra- and inter-

species(158).

Amongst non-enteropathogenic E. coli, several drug-resistant clones are recognised,
most notably ST131, which is the subject of one of this thesis’ sub-studies (chapter 8),
and has emerged in association with CTX-M-15, and also CTX-M-14-like variants in
Eastern and South-eastern Asia(159, 160). ST405, ST10, ST38 and ST648 are further

examples (Figure 2.13.(161, 162)).

For K. pneumoniae, the predominant lineage described in association with significant
clinical resistance is ST258, in conjunction with blaxpc(158). Recent evidence
suggests that ST258 has emerged as a hybrid strain from a large recombination event
between ST11 and ST442(163). ST11 itself is also a drug-resistant, clinically
common clone, and is has been identified in a number of epidemiological surveys
with a variety of carbapenemases, including outbreaks in Brazil, China, Greece and
Spain(164-167). Other important emerging K. pneumoniae lineages include ST15 and

ST147(168-170).
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Figure 2.13. Eburst population snapshot of non-enteropathogenic E. coli; major clones and
associations with CTX-M genes are highlighted. Taken from (161).

2.7.6. CHROMOSOMAL INTEGRATION OF RESISTANCE GENES

The genetic location of resistance genes is an important consideration in the analysis

of their evolution and transmission, as mobile-element associated genes can be

horizontally transferred between isolates, but may also be lost in bacterial fission and

therefore be absent in offspring. Chromosomally integrated genes however will

typically be passed on to descendants, and are potentially more likely to become part

of the core genetic repertoire of that lineage. The clinical implications of the

chromosomal integration of broad-spectrum beta-lactmases in non-enteropathogenic

E. coli and K. pneumoniae are therefore significant.

One of the earliest descriptions of the chromosomal integration of CTX-M-15 in non-

enteropathogenic E. coli was in a small collection of isolates sampled from 2000-
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2006(160). Here, of 43 strains investigated, 8 were shown to be chromosomally
located, and in a number of different host backgrounds (2 ST131 strains, 2 ST405,
and 3 to other members of the D and A phylogroups). Two strains had evidence for
both a plasmid and chromosomal location for the CTX-M gene. This phenomenon
was also observed in a number of non-enteropathogenic E. coli strains in association
with CTX-M-14 in isolates from Korea in 2005(171). Here, of 35 isolates, 8 showed
evidence of a chromosomal location for the CTX-M-14 gene and 5 showed evidence
for the concomitant location of CTX-M-14 in both the chromosome and on IncF
plasmids. Again this was found in a wide range of host backgrounds, represented in 8
STs, most of which are recognised as clinically very important lineages, such as

ST131 and ST405.

A recent study went further in specifically investigating the transposition units
involved in, and the locations of, chromosomally integrated CTX-M-15 in ST131 in
Japan. Although all of the chromosomally integrated CTX-M-15 were flanked by the
same [SEcpI-ORF477 element, they were identified in three different chromosomal
regions with small, additional differences in genetic rearrangements observed at these
sites for individual cases(172). The relative frequency, restrictions on location of
integration, and stability and duration of the chromosomal location, of these genes

remain to be elucidated.

For K. pneumoniae, the first observation of a chromosomal location for CTX-M was
in a set of 1solates sampled in Barcelona, Spain, between 2005-2008(173). In this
case, CTX-M-15 was found located chromosomally, but only in association with a

single ST, ST1.
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Chromosomal integration of CTX-M is also not restricted to human isolates. Again
recent data show that CTX-M-2 has been found chromosomally integrated in 19
isolates downstream of an ISCR-element in healthy chickens from two broiler farms
in Brazil(174); these isolates represented three different STs from three different

phylogroups, again suggesting that this is not a lineage-restricted phenomenon.

The chromosomal integration of CTX-M-15 has also been described in a number of
other Enterobacteriaceae. In a study of Salmonella Concord isolates this was also
seen as early as 2001(175), with the authors hypothesising that this came about as a
result of IS26-mediated transfer from CTX-M-15 containing plasmid structures to the
chromosome. CTX-M variants associated with CTX-M families less commonly found
in non-enteropathogenic E. coli and K. pneumoniae, namely the -2 and -25, families,
have been observed in a couple of studies in Proteus mirabilis, all in association with
ISEcpl elements(176-178). The implications are that the evolution of and selection
pressures on these resistance genes may be acting in a number of different species and

environments, and that transmission networks are likely to be vast.

2.8. THESIS OUTLINE

The overarching goal of this thesis is to harness the additional genetic resolution that
WGS can provide over traditional typing formats to investigate resistance genes,
flanking mobile elements, plasmid vectors and host bacterial strains using a unified,
“one-stop” method. As I am a clinician in infectious diseases training, I chose to focus
on beta-lactam resistance mechanisms since these present a major, current clinical
threat to the management of infections; and on pathogens that contribute significantly
to the burden of global disease, namely non-enteropathogenic E. coli and K.

prneumoniae.
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The first analysis chapter (chapter 5) discusses the initial experiment to ensure that I
was able to identify relevant resistance genes of interest in clinical isolates, namely a
pilot study to predict antimicrobial susceptibility phenotype from genotype. At the
time the work was undertaken, it was considered that this would be too challenging
for complex resistance genotypes in ram-negative organisms; this view is now mostly

changing.

Chapters 6 and 7 focus on using WGS to characterise clinical outbreaks of K.
pneumoniae in two different settings with two different carbapenemase resistance
mechanisms, namely blaxpm-1 and blagpc. These both present evidence that challenge
the views of the epidemiology of these resistance mechanisms that prevailed at the
time the work was being undertaken. For NDM, the historical view has been that the
gene is extremely mobile, without much association with plasmid structures or host
strains; for KPC, that this was typically considered strongly associated with a single
global lineage of K. pneumoniae. My work, undertaken in collaboration with
colleagues (see Attributions section in Chapter 1 — Preface), demonstrates that NDM
can be maintained as part of a single plasmid population within a single lineage over
relatively long period of time, and that KPC can be transmitted across multiple
genetically divergent lineages of K. pneumoniae within in a single institution in a

relatively short period of time.

Finally, I used WGS to investigate the population structure of ST131 non-
enteropathogenic E. coli in a global sampling frame (chapter 8). Although there were
two other research groups who used WGS to investigate aspects of the same research
question, my work complements and expands on theirs(179, 180). I have the largest

collection of sequenced ST131 strains in my analysis, have defined evolutionary rates,
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have included non-CTX-M-15 associated ST131s in my analyses, and have a more
substantially detailed assessment of the role played by plasmids — although I have by

no means answered all the questions that remain.
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CHAPTER 3: THESIS METHODS

3.1. INTRODUCTION

The work in this thesis required the development of a range of skills, including
laboratory work, classical epidemiology and statistics, the acquisition of a basic
understanding of linux, simple scripting in python, and the use of a number of
software packages designed for the processing of sequencing data and for population

genetic analyses.

3.2. LABORATORY METHODS

3.2.1. SAMPLE COLLECTION AND SAMPLING FRAMES

The sampling frame for this thesis was made possible as a result of close
collaboration with an number of different research groups, including the South-East
Asian network operating out of the Mahidol-Oxford Tropical Research Unit (MORU),
based in Bangkok, Thailand; and collaborative efforts set up with Prof James
Johnson, of the University of Minnesota; the Paediatric Study Team operating out of
the University of Oxford and Patan Hospital in Kathmandu; Drs Amy Mathers and
Costi Sifri working at the School of Medicine, University of Virginia; Dr Amee
Manges of the University of British Columbia, Vancouver, and Drs Veronica Kos and
Bob McLaughlin at AstraZeneca. Most of the samples collected from South-East
Asian units were retrieved from frozen stocks by either myself or colleagues during a
period of time preceding the thesis in which I was undertaking epidemiological

research and clinical work in Thailand and Cambodia.
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3.2.2. ESCHERCHIA COLI AND KLEBSIELLA PNEUMONIAE CULTURE
AND IDENTIFICATION

Culture for non-enteropathogenic E. coli and K. pneumoniae from frozen stocks was
undertaken on a variety of different agar plates depending on local availability.
Selective agars included MacConkey, chromogenic agar in the form of Orientation
UTI agar, and Luria-Bertani agar infused with antibiotics that [ prepared in the
laboratory in cases where this was required for the selection of antimicrobial-resistant

strains.

Typical culture conditions involved streaking out the inoculum on the agar, and

incubating in air at 37°C for 18-24 hours.

3.2.3. DNA EXTRACTION FOR BACTERIAL STRAINS AND PLASMIDS
DNA extraction for bacterial strains and electroporated transformants for all
sequencing methods was carried out using a commercial, kit-based method
manufactured by Quickgene (DNA Tissue Kit S; Fujifilm/Kurabo Biomedical, Tokyo,
Japan), with an additional mechanical lysis step using the FastPrep homogeniser (MP
Biomedicals, Santa Ana, USA) and its “lysing matrix B”, containing 0.1mm silica

beads adapted for the lysis of bacteria.

Briefly, a 10microl loopful of freshly sub-cultured bacterial growth was suspended in
a mixture of sterile saline, proprietary lysis buffer (LDT) and proteinase K (EDT), to
chemically lyse the bacterial cell walls, and digest any contaminating proteins,
particularly nucleases, present in the lysate. This mixture was then processed in the

FastPrep benchtop homogeniser in the lysing matrix B tubes for 40 seconds at a speed

102



of 6m/second as a mechanical cell lysis step — this was done twice. Subsequently all
tubes were incubated in a heat block at 70°C for 10 minutes to denature
proteins/enzymes, and then centrifuged for a further 10 minutes at 13,200 rpm in a

microcentrifuge to pellet any cellular debris and the matrix beads.

The supernatant (approximately 450ul) was then added to 240ul of 99% ethanol and
the mixture pipetted up and down briefly to mix and precipitate the DNA, before
being transferred to the QuickGene extraction columns. These were then subjected to
high pressure in one of the QuickGene extraction units (QuickGene mini-80), initially
to trap DNA within the cartridge matrix, then to wash away impurities with
proprietary wash buffer (this step was undertaken three times), and then elute the
DNA with the kit elution buffer. This consistently provided high-yield, good-quality

DNA which proved appropriate for sequencing.

In preparation for [llumina HiSeq runs, DNA was diluted to a normalised
concentration of 20ng/ul following quantification with PicoGreen, a proprietary
fluorochrome that selectively binds dsDNA(1). Batches of 96 samples, including a
DNA extract of a reference strain, were included in each microtitre plate set up for
sequencing. Plates were then transferred to the Wellcome Trust Centre for Human
Genetics Sequencing hub, where all the Illumina HiSeq sequencing for this project

was undertaken.

Plasmid DNA was extracted from freshly prepared sub-cultures of frozen stock grown

overnight on blood agar using the Qiagen plasmid mini-kit (Qiagen, Venlo,

Netherlands), in accordance with the manufacturer’s instructions. Essentially this is a
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modified alkaline lysis procedure(2), in which detergent (sodium dodecyl sulphate
SDS) is used to disrupt cellular membranes and sodium hydroxide is used to
selectively denature sheared, linearized chromosomal DNA whilst the plasmid DNA
remains in solution. Potassium acetate is then added to acidify the solution, causing
precipitation of: (1) renatured chromosomal DNA; (i1) SDS as potassium dodecyl
sulphate (PDS); (i11) contaminating protein in the form of protein-PDS complexes;
and (iv) high molecular weight RNA. These are then removed in a centrifugation step,
and plasmid DNA is precipitated with ethanol and bound to an anion-exchange matrix
in spin columns under appropriate low-salt and pH conditions. Any residual RNA,
protein and other contaminants are subsequently removed by a medium-salt wash.
Plasmid DNA is eluted from the column matrix in a high-salt buffer, and then

concentrated and desalted by isopropanol precipitation.

The plasmid extraction protocol was modified by the addition of Glycoblue™ co-
precipitate (Life Technologies, Carlsbad, USA) to the DNA eluates prior to
isopropanol precipitation to enable better visualisation of the DNA pellet, thus
making sure that it was not inadvertently lost in processing. Selective starter cultures
were used, depending on the main resistance mechanism of interest (Luria-Bertani
broth and ceftriaxone for broad-spectrum beta-lactamase containing plasmids, or
chloramphenicol, or ampicillin at 1, 8 or 50 ug/mL respectively). Plasmid DNA was
re-dissolved in distilled water and then typically electroporated on the same day, or

stored in the fridge prior to electroporation within 24 hours.
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3.2.4. PLASMID ELECTROPORATION

In order to enable the specific isolation of antimicrobial resistance plasmids on a
subset of strains, transformation by electroporation of extracted plasmids was
undertaken. Electroporation is an experimental method of introducing foreign DNA
into cells by means of the application of a high-voltage electrical force of short
duration, reversibly permeabilising the cell membrane and allowing the uptake of
external genetic material(3). Electroporation was selected as the preferred method of
transformation, because it rarely results in the transfer of more than a single plasmid,

unlike the other main alternative method, conjugation.

Commercially prepared DH10B E. coli (ElectroMAX™ DH10B™ Cells;
Invitrogen/Life Technologies, Carlsbad, California, USA) were used as the recipient
cell strain for plasmid electroporation, because of their high transformation
efficiencies and the fact that the strain has been fully sequenced (NCBI RefSeq:

NC 010473.1)(4). Sequenced DNA belonging to this strain could therefore be
identified and bioinformatically filtered, leaving plasmid-associated sequences
available for further analysis. pUC19 DNA was provided with the purchased cells and
was used as a positive control for the success of transformation. pUC19 is a small
(2868bp) high-copy plasmid that is commonly used as a cloning vector and has an

ampicillin resistance gene, enabling its selection on ampicillin-containing agar.

Briefly, 2pl of plasmid DNA (extracted as above) were mixed with 20ul of
electrocompetent cells in a small Eppendorf tube on ice. The mix was then pipetted
into a pre-chilled 0.2cm electroporation cuvette (Bio-Rad, Hercules, California,

USA), placed in the MicroPulser™ electroporator, and an electric shock was applied
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(Ec2 settings; typically 2.5 kV applied for less than Smsec). The shocked cells were
immediately suspended in 0.9mls of pre-warmed SOC medium (Super Optimal Broth
with Catabolite repression) in a clean Eppendorf tube, and incubated at 37°C, whilst
being shaken at 220rpm, for one hour. 100ul of the transformant cell suspension was
then plated onto pre-warmed locally-made Luria-Bertani agar (Becton Dickinson,
Franklin Lakes, New Jersey, USA), infused with ceftriaxone (1pg/mL) for the
selection of broad-spectrum beta-lactamase containing plasmids, chloramphenicol (8
pg/mL) for pOX38 as a control plasmid for sequencing, or ampicillin (50pg/mL) for
the selection of pUC19 transformants as the positive controls as both a control for
plasmid sequencing, and as a generic experimental control. Selective agars were
incubated with known positive and negative control strains with each set of
transformations. Typically five or more transformed colonies were picked for long-

term storage.

3.2.5. ANTIMICROBIAL PHENOTYPING

For the work in this PhD, susceptibility phenotyping was performed using both agar
and broth-based methods. In all cases, EUCAST susceptibility breakpoints were used
for the interpretation of susceptible (S), intermediate (I), and resistant (R)

categories(5).

3.2.5.1 AGAR-BASED METHODS — THE ETEST® METHOD

Standardised inocula (using the 0.5 MacFarlane standard; and inoculating sterile
peptone water) of fresh sub-cultures grown on Columbia Blood Agar (Oxoid,
ThermoFisher Scientific, Basingstoke, Hampshire, UK) were prepared, and streaked

evenly over an Iso-Sensitest Agar (ISA) plate (Oxoid, ThermoFisher Scientific,
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Basingstoke, Hampshire, UK), with a sterile cotton swab soaked in the inoculated
peptone water. ISA is developed and standardised commercially, meeting standards

required for susceptibility testing in routine diagnostic microbiology.

Etest® (bioM¢érieux; Marcy 1'Etoile, France) strips for the relevant antimicrobial
being tested were then applied to the surface of the inoculated agar using sterile
tweezers. Plates were incubated at 37°C in air overnight, and read the following
morning. The minimum inhibitory concentration (MIC) of the antibiotic was

measured off the strip at the point at which bacterial growth was inhibited.

3.2.5.2 BROTH MICRODILUTION METHOD

Broth microdilution susceptibility testing assays were done using the BD Phoenix
Automated Microbiology System (Becton Dickinson, Franklin Lakes, New Jersey,
USA). The Phoenix has an incubator-reader that enables the processing of large
numbers of susceptibility testing panels that contain doubling dilutions of test
antimicrobials. The Phoenix monitors each panel every 20 minutes using both

turbidometric and colorimetric (oxidation-reduction indicator) growth detection(6).

I used the NMIC-84 test panel, enabling testing against the following antimicrobials:
amikacin, amoxicillin-clavulanate (co-amoxiclav), ampicillin, aztreonam, cafazolin,
cefepime, cefoxitin, ceftazidime, ceftriaxone, cefuroxime, ciprofloxacin, colistin,
ertapenem, gentamicin, levofloxacin, meropenem, nitrofurantoin, piperacillin,
piperacillin-tazobactam, temocillin, tobramycin, trimethoprim and trimethoprim-
sulfamethoxazole. Briefly, bacterial inocula were prepared in proprietary

susceptibility testing broths at a MacFarland standard of 0.5-0.6. They were then
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inoculated with a dye, poured into the test cartridge, and placed in the reader-

incubator overnight. Results were obtained the following day.

3.3. SEQUENCE DATA GENERATION

3.3.1. SEQUENCING METHODS

Frederick Sanger and colleagues developed the first sequencing method in 1977(7),
using the incorporation of labelled dideoxynucleotides within separate sequencing
reactions (one for each of the four nucleotides) to both terminate subsequent primer
elongation along a DNA template, and act as a marker for the type of nucleotide that
was represented at a given position with respect to the fragment being sequenced.
Fragments for each of the four sequencing reactions were then separated using gel
electrophoresis, and the nucleotide found at each position could be determined from
the consecutive pattern of bands on the gel. This enabled the sequencing of fragments

of the order of 400-900 bp.

From 1986 onwards, the labelling of these dideoxynucleotides with different
fluorophores increased turnaround times by enabling a unification of the process in a
single sequencing reaction, and allowed for optical, faster, and more automated
reading of sequences on the basis of chromatograms generated by the incorporation of
these fluorescently-labelled dideoxynucleotides during the sequencing reaction(8).
Using this method, the first bacterial genome, that of Haemophilus influenzae, was
sequenced in 1995, by randomly fragmenting H. influenzae DNA, inserting and
amplifying these sequences in cloning vectors, sequencing the clones, and then using
software to align overlapping fragments from the query sequence into a single

contiguous sequence in a method known as “shotgun sequencing”(9, 10).
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The evolution of next generation, massively parallel, sequencing methods in the
1990s and 2000s led to an explosion of sequencing data by decreasing turnaround
times and costs. A number of methods were part of this revolution, including the
sequencing-by-synthesis approach epitomised by the Illumina (formerly Solexa)
platform and used for much of the work in this thesis, as well as the single-molecule
real-time sequencing method represented by the Pacific Biosciences (PacBio)

platform(11) (Figure 3.1.).
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Figure 3.1. Common high-throughput sequencing platforms and their respective workflows. Taken
from (12).

Both of these methods require the preparation of sequencing libraries. In the case of
[llumina, early sequencing data in this thesis were generated using fragmentation by

sonication, followed by use of the Illumina TruSeq library preparation kits; more
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recently, data have been generated using the Nextera transposase-based fragmentation
kits, which use transposase enzymes to randomly fragment the DNA and attach
adaptors in a single step known as tagmentation. The adaptors: (i) are indexed to
allow the pooling of samples; (ii) immobilise the template on a solid substrate (the
flow cell); and (ii1) enable a universal sequencing primer to bind allowing for a pre-
sequencing amplification step and the generation of dense clusters of the same

template.

For paired-end sequencing, DNA templates are prepared with a set of paired adaptors,
each one of a pair attached to opposing ends of the fragmented DNA molecule. DNA
fragments are typically relatively short, at 200-600bp long. Reads are generated by
first sequencing one side of the molecule with the other end immobilised on the flow
cell, and then sequencing the other end of the DNA template. Sequencing reads
therefore only represent the nucleotides present at the end of the template sequenced,
with the middle portion — the “insert” — remaining uncharacterised for any particular
template. Each sequencing read in a paired-end set is described as the “mate” of the
other read. The advantage of paired-end sequences is that they impart some positional
information by relating two reads to each other with respect to their approximate
genetic distance in the original DNA template — this information can be used to
improve the accuracy of both read mapping and de novo assembly. Confusingly, a
method known as “mate-pair” sequencing also exists, in which libraries of long DNA
fragments with very large insert sizes of several kilobases are created. This method

was not however used in this thesis and is not discussed further.
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[llumina data are generated using a process of cyclic reversible termination: streams
of fluorescently labelled nucleotides are passed over the clusters of template
immobilised on the sequencing flow cell, and are either incorporated by DNA
polymerases bound to the templates, or washed away. Incorporation of a nucleotide
simultaneously terminates polymerisation, at which point the attached nucleotide is
imaged. Each base call is a consensus of the nucleotide added across each template in
a sequencing cluster. Fluorescent tags on incorporated nucleotides are then cleaved,
the 3’-OH group is regenerated using the reducing agent tris(2-
carboxyethyl)phosphine (TCEP) enabling further polymerisation, and the cycle begins

again.

Error rates for [llumina data are some of the lowest reported for next generation
sequencing technologies, with overall error rates of 0.3% for the Illumina HiSeq
2000/2500, and 0.8% for data generated on the [llumina Genome Analyser (GAIlx)
and the MiSeq benchtop platform(13). All three of these platforms also vary in terms
of their data output, run-times, read lengths and costs: For the HiSeq 2500 for
example, 150-180 Gb of data using 150bp paired-end reads can be generated for 192
samples in 40 hours, giving rise to approximately 100-200x coverage for a SMb
genome, at a cost of around £40/sample; for the MiSeq, the cost is approximately 2-
fold higher, but data can be generated in a “benchtop” fashion for smaller batches

within 24 hours.

For PacBio, used in some of the later work in this thesis, the sequencing approach is a

single-molecule approach, in which DNA templates are extended by DNA

polymerases immobilised in tiny wells, known as zero-mode waveguides (ZMWs).
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Around 150,000 of these ZMWs are located on a sequencing cell, and the
incorporation of labelled nucleotides by the polymerase is imaged simultaneously in
real-time. For PacBio the major advantage is the capacity to generate very long reads
(~10Kb), enabling closure of genomes. However, the error rates are of the order of
10-13%(13), requiring downstream read correction either with low-error data, such as
those generated by Illumina, or by using high sequencing coverage, to enable
bioinformatic auto-correction of errors in reads based on consensus calls made across
a position in a deep read pile-up(14). The cost, at approximately £200-2000/sample
depending on whether collaborative agreements are in place, is also generally
prohibitive for sequencing large datasets; nevertheless, it can be extremely useful for

generating dataset-specific references.

3.4. SEQUENCE READ PROCESSING

Raw sequencing reads generated by next generation sequencing platforms typically
require downstream processing before they can be used for analyses. Two approaches
are commonly used: (i) mapping/alignment of reads to a reference sequence, or (ii) de
novo assembly, using a variety of algorithms to re-construct contiguous sequences
(contigs) by calculating the extent of overlap of reads, without necessarily

incorporating any external reference data.

Sequencing read information is typically summarised in a file format known as
FASTQ (.fq), a text-based format storing read identifiers, their nucleotide sequences,
and corresponding quality scores(15). The sequencing read identifiers are unique, and
incorporate information about the instrument, the run, and the flowcell used, and for

paired-end sequences include a “1” or “2” tag which can be used in linking paired

112



sequences together. Nucleotide data are represented as “A”, “C”, “G”, or “T”, with
quality scores for each base on a separate line, again as a series of standardised text-
based characters. The quality score defines the probability of error associated with the
sequencing base call. This is now mostly based on a metric known as the Phred score,
defined as Qpired = -10l0g e, where e 1s the estimated probability of a base being
wrong. A Phred score of 10 therefore represents a 1 in 10 chance of the base having
been called incorrectly (base call accuracy of 90%), a score of 20 a base call accuracy
0f 99%, a score of 30 a base call accuracy of 99.9%, and so on. Acceptable quality is

commonly defined as any base carrying a Phred score of 20 or higher(16).

3.4.1. MAPPING-BASED APPROACHES AND VARIANT CALLING

A large number of methods have been developed for read mapping, and offer
different trade-offs in terms of the number of mismatches allowed, speed, memory
requirements, and the capacity to cope with gapped alignments allowing for the
interpretation of indels(17). For this thesis, most reference-based mapping was
undertaken as part of the standard group pipeline, using a software called Stampy(18).
This was written for Illumina data, has high specificity, incorporates the use of base
quality scores and paired-end information, and is sensitive to the identification of
short indels. Its major downside is its speed, and the inability to parallelise its
functions, resulting in a processing time of approximately six hours for a non-
enteropathogenic E. coli genome. For additional ex-pipeline mapping, a second
software called BWA was also used(19). This is a much faster approach, which can

also identify indels, but does not include base quality scores in its algorithm.
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Following read mapping, a summary of the number and quality of the reads mapping
at each site is produced, in this case with SAMTools(20). In the same way that each
base within a read is assigned a quality score (the Phred score) during the sequencing
process, which defines the probability of error associated with the sequencing base
call, reads are given a mapping quality score which determines the probability that
they have been inappropriately aligned to the reference at that position. The
combination of coverage, base and mapping quality scores can subsequently be used
to filter output data, flag low confidence base calls, and determine variation with
respect to the reference with great sensitivity and specificity, and this information is
summarised in variant call format (.vcf) file. This approach does not however enable
an assessment of variation within regions that are not present in the reference
sequence, and can fail to accurately represent highly divergent areas, or repetitive
regions. For the group pipeline, repetitive regions within the reference are determined

with a self-self nucleotide BLAST and masked out prior to mapping.

During the thesis, mapping was carried out to a number of different references
depending on the requirements of the dataset, but standard references were also used
to enable comparisons across all sequenced isolates, and to estimate the error rate for
the group’s mapping algorithm with respect to non-enteropathogenic E. coli and K.

prneumoniae.

3.4.2. DE NOVO ASSEMBLY METHODS
De novo assembly methods attempt to reconstruct genomes without reference to other
sequences, typically to assess non-core components of the genome such as mobile

genetic elements. Most assemblers rely on one of three assembly paradigms: (1)
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Greedy, in which the assembler always makes the choice that is associated with the
most immediate benefit, but does not take into account any global associations
between reads (such as incorporating the use of paired read information); (ii) Overlap-
layout-consensus (OLC), in which reads that overlap sufficiently well are represented
as nodes in a graph, with overlaps represented as edges; (iii) de Bruijn graph
algorithms, where nodes in the graph represent substrings of length k extracted from
the input reads (k-mers), and edges represent overlaps of k-1. Greedy methods have
been limited by their inherently local approach; OLC methods are computationally
intensive, a limitation which has been partly overcome by the implementation of
string graph approaches, where redundant information is iteratively removed from the
graph; and de Bruijn graph algorithms rely on exact matches, and can therefore only

be used for data with low sequencing errors(21).

The de novo assembly method originally selected for the group pipeline consists of a
de Bruijn graph-based algorithm encompassed in a software package known as
Velvet(22). Automated optimisation of parameter values for the construction of the
assemblies is achieved using the VelvetOptimizer program(23). As a comparison to
the use of this approach, additional assembly methods were explored for the analysis
of sequenced non-enteropathogenic E. coli and K. pneumoniae (this is described in

greater detail in chapter 4: Thesis Methods — evaluation).

3.5. PHYLOGENETIC ANALYSIS AND COMPARISONS OF SEQUENCE
DATA
Phylogenetics relates to the study of the evolutionary history of genetic units such as

species or genes, by classifying their relatedness through trees or phylogenies.
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Phylogenies enable the determination of shared properties of members of each
genetically related group or clade, thus enabling us to infer ancestral properties on the

basis of sampled datasets.

3.5.1. SEQUENCE ALIGNMENT

Sequence alignment seeks to identify the homologous nucleotides in two or more
genomes, and in this way identify nucleotides that have descended from a single site
in an ancestral organism. Sequence alignment is notoriously difficult, and universal,
effective approaches for benchmarking the appropriateness of alignment strategies
have not been fully defined(24-26). Computational approaches to sequence alignment
generally fall into two groups: (i) global alignment, which forces the alignment to
span the entire length of all query sequences, and (ii) local alignment, which identifies
regions of similarity, but is not trying to infer similarity on a larger scale. Semi-global
alignment is a hybrid of the two methods, and can be useful when comparing
sequences of hugely different lengths, such as a chromosome and a gene. Most
alignment methods depend either on slow and accurate dynamic programming
algorithms, or on faster but less accurate heuristic or probabilistic methods, which are

designed for large-scale problems.

Sequence alignment can be restricted to two sequences, known as pairwise
alignments, or can be used to align multiple sequences, known as multiple sequence
alignment. Pairwise alignment methods include: (i) dot-matrix methods, in which the
two sequences are set up as two-dimensional matrix and dots are placed at any point
where characters match; (i1) dynamic programming methods, which typically assign

positive scores to sequence matches, negative scores to mismatches and negative
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penalties to gaps — the “correct” alignment is then the one with the highest score; and
(i11) word methods, which are an example of fast, heuristic-based approach in which
relative positions of short, non-overlapping subsequences of the query sequences
(words) are compared and more detailed sensitive alignment is only applied to regions
identified as being similar. Multiple sequence alignment typically relies on: (1)
progressive or hierarchical methods in which the most similar sequences are aligned
first, and other sequences are then incorporated in a stepwise fashion; and/or, (i1)
iterative methods, in which a global alignment of sequences is defined first, and used
to realign sequence subsets, which are then aligned to produce the next iteration’s

global alignment.

In the context of whole bacterial genomes, as part of evolution, both local and large-
scale genetic changes can occur, with the former typically affecting a smaller number
of nucleotides and incorporating substitution and small insertion-deletion (indel)
events, and the latter including loss, gain or duplication of large segments of DNA,
generated by unequal recombination. A further complication is that sets of genomes
may contain pairs of sequence positions whose evolutionary history can be defined by
any of the major sub-classes of homology, namely orthology, paralogy and xenology
(Figure 3.2.). Traditionally, orthologous segments are considered of most importance
for generating core genomic phylogenies, although this may not be true in every

case(27).
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@ Orthology: divergence through speciation

*Paralogy: divergence through duplication

|:| Xenology: divergence through lateral transfer
Speciation event 1

Speciation event 2

A Bl B2 Cl C2

Figure 3.2. Representation of the sub-classes of homology, where “X” is the common ancestor, and
orthology, paralogy and xenology represent the major mechanisms of diversification.

There are currently a limited number of approaches to whole-genome alignment, and
these tend to specifically predict relationships between orthologous sequences. Some
of the main methods have been used in this thesis, namely a hierarchical/iterative
approach, using a software called ProgressiveMauve, and the local approach, using
NUCmer as part of the MUMmer package(28). For ProgressiveMauve, an initial
genome alignment is split into a subset of smaller “global” alignment problems
through the identification of collinear (i.e. unaffected by genomic rearrangement since
their most recent common ancestor), homologous segments and their representation in
a homology map; these segments are then individually subjected to nucleotide level
alignments. ProgressiveMauve is able to identify and represent rearrangements in
genetic segments, and a degree of sequence variability within collinear blocks. For
MUMmer, a large set of nucleotide level alignments are produced first, which are

then merged and filtered to produce multiple sets of pairwise alignments of
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homologous sequences. MUMmer only handles comparisons between pairs of

genomes, whereas ProgressiveMauve can be used for multiple sequence alignment.

Challenges in association with whole genome alignment include the capacity to scale
comparisons to large numbers of genomes, and to enable an assessment of the degree
of uncertainty associated with a particular alignment. In addition, validation of the
accuracy of these methods is difficult given the lack of knowledge surrounding the
“true” evolutionary history of a set of sequences. Validation of the whole genome
alignment methods used was beyond the scope of this thesis, but it is necessary to be

aware of some of their limitations.

3.5.2. TREE-BUILDING APPROACHES AND SOFTWARE PACKAGES
There are several tree-building methods available — these can be broadly classified as
distance or character-based methods(29). Distance-based methods include the
unweighted pair group method using arithmetic averages (UPGMA) and the
neighbour-joining method; these use a model of evolution to generate a distance
matrix between sequences (based on nucleotide differences in this thesis) from which
a tree is calculated by means of progressive clustering. The main advantages of these
methods is that they are fast, and can easily handle large numbers of sequences. The
main disadvantage of UPGMA trees is that they assume the same evolutionary speed
for all lineages, which is unlikely, particularly for divergent lineages; for this reason,

neighbour-joining methods are typically the preferred distance-based method.

Character-based methods operate directly on the sequence alignment data, and can be

used to infer ancestral sequences and evolutionary parameters. The three main

119



methods here are: (i) maximum-parsimony (MP), in which the minimum number of
substitutions over all sites (known as the tree length) is computed for each possible
tree topology, and the MP tree is the tree with the minimum tree length; (i1)
Maximum-likelithood (ML), in which the likelihood of observing a given set of
sequence data for a specific model of evolution is maximised for each topology, and
the tree with the highest maximum-likelihood is then chosen; and (ii1) Bayesian
inference, which differs from ML in that model parameters chosen are not unknown
fixed constants, but are random variables with statistical distributions. In Bayesian
methods, parameters are assigned a prior distribution before analysis, which is then
combined and updated with the available data during the analysis to generate a

posterior distribution.

ML and Bayesian methods are considered the most robust of the tree-building
methods; they are also the most computationally intensive. The major components in
model selection typically include: (i) what proportion of sites are described as
invariant; (i1) the choice of nucleotide substitution model specifying the matrix
defining the rates of change between each of the nucleotide states, and (ii1) whether
nucleotide substitution rates can vary across sites. There is scope for modelling a
number of other parameters using some Bayesian methods, such as an estimate of the

rate of evolution within the dataset — the so-called “molecular clock”.

For this thesis a combination of ML software packages was used — initially
PhyML(30), and subsequently RaxML(31), which is faster and can be parallelised,
but outputs topologies that are thought to be equally robust. Bayesian phylogenetic

analysis was undertaken using BEAST(32) mostly due to the expertise available
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within the team, although there are other software packages available, such as
MrBayes(33) and ClonalFrame(34). For maximum-likelihood approaches, the
standard nucleotide substitution model used was the generalised time-reversible
model (GTR), which allows for different rates of change between all four nucleotide
character states. In addition, the models were set-up to include the possibility of four
relative rates of change across sites, but allowed all sites to be subject to an
evolutionary rate (i.e. the proportion of invariant sites was fixed at 0%). For ML
methods trees were bootstrapped (sequences resampled with replacement) to generate
a measure of statistical support for the nodes represented in the final consensus
topology, with nodes closer to 1 (or 100%) being better supported; for Bayesian
methods, posterior support values for tree nodes are generated as part of the

assessment of the tree topology.

3.5.3. ANNOTATION

Genome annotation — essentially the attribution of a biological function to raw
nucleotide sequence - requires a number of steps(35). In the initial stage, several
bioinformatic methods are linked up, typically in a pipeline structure, to predict the
likely location of genes and to describe the likely function of gene products. This is
done by making reference to a series of databases such as GenBank/EMBL, an
annotated collections of all publicly available DNA sequences

(http://www.ncbi.nlm.nih.gov/Genbank/; http://www.ebi.ac.uk/embl/), HAMAP, a

database of annotated proteomes and protein families

(http://ca.expasy.org/sprot/hamap/), or EcoCyc (http://ecocyc.org/), describing

annotations and metabolic pathways specific to E. coli K-12. For nucleotide level

annotation, a number of prediction software modules can then be applied, such as
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GLIMMER [http://www.genomics.jhu.edu/Glimmer/] or GeneMark
[http://exon.gatech.edu/genemark/], which predict coding sequences for proteins, and
Aragorn and RNAmmer [http://lowelab.ucsc.edu/tRNAscan-SE/,
http://www.cbs.dtu.dk/services/RNAmmer/], which are used to identify tRNA and
rRNA motifs respectively. For this thesis a number of methods were used — initially
web-based annotation platforms, namely BASys and RAST
[http://wishart.biology.ualberta.ca/basys], which have turnaround times of the order of
days per sequence, and then PROKKA, a command-line based prokaryotic annotation
pipeline that can be downloaded and installed on the server locally and can annotate a
5Mb genome in less than 20 minutes(36). PROKKA uses a combination of tools to
predict the coordinates of protein coding sequences (Prodigal), define tRNA and
rRNA sequences (RNAmmer, Aragorn), signal leader peptides (SignalP), and non-
coding RNA (Infernal). Putative gene products are assigned to coding sequences in a
hierarchical manner by comparisons to a number of databases using BLAST+,
initially UniProt, then proteins from finished bacterial genomes in RefSeq, and then a
series of hidden Markov model profile databases, including Pfam and TIGRFAMS
(using hmmscan). If no matches can be found, coding sequences are labelled as

“hypothetical proteins”.

Annotated genomes enable an alternative approach to comparative genomics
circumventing some of the difficulties associated with multiple sequence alignment,
enabling the clustering of nucleotide or amino acid sequences defined as being of
likely coding relevance and their classification into core (present in all isolates) or
accessory components (present in at least one isolate) of the pangenome (representing

all genetic content) for a specific dataset. An example of a clustering software used
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for this purpose is CD-HIT(37). In this thesis, this approach was used as one of the
method for determining the similarity of plasmid transformants generated in the
population structure analysis of an important global non-enteropathogenic E. coli

lineage, namely ST131 (Chapter 8).

3.6. SUMMARY

A number of different methods were used at all stages of the thesis, from laboratory
methods, sequencing preparation and technologies, to raw data processing and genetic
inference. The rationale for different approaches was partly driven by the rapid
evolution of sequencing technologies and analysis approaches during the project, as
well as logistical issues including the availability of hardware resource for computing
and access to PacBio sequences. Every approach has benefits and disadvantages, and
an awareness of these is important in the interpretation of the data. Although it was
not possible to carry out a comparative evaluation of all the methods presented here, a
limited evaluation of the robustness of some of my more widely used methods are

presented in the next chapter.
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CHAPTER 4: THESIS METHODS - EVALUATION

4.1. INTRODUCTION

In order to determine the robustness of the pipeline mapping, variant calling and de
novo assembly approaches for the two species under investigation, a set of “technical
replicates” of known, fully sequenced reference strains (obtained from central culture
collections) was established. These “technical replicates” encompassed replication at
the following levels: (i) sequencing of the same DNA extract, (ii) sequencing of DNA
extracted from the same frozen stock of isolate but subcultured and extracted on
several occasions, (iii) sequencing of DNA extracts from (i) and (ii) above in different

sequencing runs and flowcells.

4.2. ROBUSTNESS OF MAPPING AND VARIANT CALLING ALGORITHMS
For standard pipeline mapping of non-enteropathogenic E. coli, I used the reference
E. coli strain CFT073 (RefSeq accession: NC 004431), which has a chromosomal
length of 5,231,428bp, and is devoid of episomal content. Repetitive regions
identified by self-self comparisons using BLASTn represent 303,037bp or 5.8% of the
genome. Eighteen replicates were sequenced, as shown in Table 4.1.a. A median of
2,454,289 reads mapped (range: 1,237,346-14,625,659), representing 99.6% of reads
generated in sequencing (range: 98.3-99.7%), and 4,772,918 sites in the reference
were called across all replicates (91.2% of the reference; 96.8% of the masked
reference). No genetic differences were observed between any of these technical
replicates (error rate of 0 single nucleotide variants [SNVs]/genome; 95% CI: 0 to

0.204 SNVs/genome).
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For standard pipeline mapping of K. pneumoniae, 1 used the reference K. pneumoniae
strain MGH78578 (RefSeq accession: NC _009653.1), which has a chromosomal
length of 5,315,120bp. This strain additionally has five plasmids: pKPN3
(175,879bp), pKPN4 (107,576bp), pKPNS5 (88,582bp), pKPN6 (4,259bp), and
pKPN7 (3,478bp), although mapping was restricted to the chromosomal reference
only. Repetitive regions identified by self-self comparisons using BLASTn were
excluded from variant calling as previously, and represent 149,107bp or 2.8% of the
genome. Seventeen replicates were sequenced, as shown in Table 4.1.b. A median of
1,858,016 reads mapped (range: 1,245,217-7,615,552), representing 89.3% of
sequencing reads generated (range: 87-89.8%), and 5,019,242 sites in the reference
were called across all replicates (94.4% of the reference; 97.1% of the masked
reference). Again, no genetic differences were observed between any of these
technical replicates (error rate of 0 SNVs/genome; 95% CI: 0 to 0.200

SNVs/genome).

This therefore demonstrates that the group’s pipeline variant calling algorithm was is
an accurate and reproducible method of core nucleotide variant detection across
species, time, extraction and sequencing batches, in the context of mapping to these

two references.
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Sample Name DNA extract] Sequencing batch
CFTO073 11 _E2 A 1
CFTO073 11 _E2 A 2
CFTO073 11 _E3 B 3
CFT073 11 E4 C 4
CFT073 11 E4 C 5
CFTO073 11 _E5 6

CFT073 I1_E5
CFT073 11 EI2
CFT073 11 EI2
CFT073 11 EI2
CFT073 11 Ell
CFT073 11 Ell
CFT073 I1_Ell
CFT073 11 E10
CFT073 11 E10
CFT073 11 E10
CFT073 I1_E10
CFT073 I1 E10
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Sequencing batch

MGH78578 11_El

MGH78578 11 _El1
MGH78578 11 _El1
MGH78578 11 _El1
MGH78578 11 E12
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MGH78578 11 E12
MGH78578 11 E12
MGH78578 11 E12
MGH78578 11 _E13
MGH78578 11 _E13
MGH78578 11 _E13
MGH78578 11 _E13
MGH78578 11 E2

MGH78578 11 E2
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Table 4.1.a. Details
of non-
enteropathogenic E.
coli replicates
sequenced. Identical
letters denote
sequencing from
identical DNA
extracts; identical
numbers denote
identical sequencing
runs and flowcells.

Table 4.1.b. Details
of K. pneumoniae
replicates
sequenced. Identical
letters denote
sequencing from
identical DNA
extracts; identical
numbers denote
identical sequencing
runs and flowcells.
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4.3. ROBUSTNESS OF DE NOVO ASSEMBLIES

An assessment of the reliability and reproducibility of the group pipeline’s de novo
assembly approach compared with other de novo assemblers was undertaken for
sequenced reference strains, again in order to characterise error rates and the nature of
errors introduced, and to see whether other approaches might be more useful for

subsets of data analysed for this work.

Standard, optimised Velvet assemblies undertaken using the group’s pipeline were
compared with three other assembly methods — two of which had achieved the highest
ratings in a published comparison of methods for bacterial de novo assembly (B-
GAGE)(1), namely SPAdes(2) and the Maryland Super-Read Celera Assembler
(MaSuRCA)(3). The third published method used in the comparisons was Andrew

And Aaron’s Awesome Assembly (AS5) pipeline(4).

SPAdes implements a multi-sized version of the de Bruijn graph assembly method,
allowing for different sizes of k-mer (k) within the same assembly. Smaller values of
k tend to collapse DNA repeats together, but enable assembly in lower coverage
regions and reduce fragmentation in these contexts; larger values of & facilitate the
assembly of repeat regions, but are not adapted to assembling through low coverage

regions.

MaSuRCA contains an algorithm for the creation of “super-reads”, which are
extensions of sequenced reads. The basic concept of this is to extend each original
read in both directions, as long as the next base added in the extension is unique. In

the first instance, a k~-mer count look-up table is created, containing the counts of all
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possible k-mers in the read dataset. Given a k-mer found at the end of a read, there are
four possibilities by which this could be extended, namely the string formed by
appending A, C, G or T to the last k-1 bases in the read. This set of hypothetical k-
mers is compared with the look-up table, and if only one of the four possible k-mers is
found, this is considered a unique following k-mer, and that base is then appended to
the end of the read. This process continues at both ends of the read until the read can
no longer be extended uniquely, creating a smaller set of longer reads (super-reads).
From this dataset, a smaller subset of maximal super-reads is created, including only
those super-reads that are not exact substrings of another super-read. A modified
version of the CABOG (Celera Assembler with Best Overlap Graph) assembler(5), an
OLC-type algorithm, is then applied to this dataset of maximal super-reads and is

used to create the final assembly.

The AS pipeline emerged out of an evaluation of numerous assembly algorithms, and
is an end-to-end pipeline which takes raw fastq files (quality-tagged raw read data),
and outputs the final scaffolded assembly. The pipeline includes steps for data
cleaning, error correction, contig assembly and assembly checks, and scaffolding,
using a number of previously developed software tools, in conjunction with a novel
algorithm for assessing assembly quality control (Figure 4.2). It takes around 2 hours

to assemble a complete non-enteropathogenic E. coli genome.

All of these assemblers have the option of additional scaffolding steps, which will
attempt to join contigs together using, for example, positional information derived
from estimated insert sizes and read-pairing information. In our standard pipeline, the

scaffolding option is turned on, and it is unclear whether this is prone to creating

133



further misassemblies. Comparisons were therefore also made with and without

scaffolding for each of the assemblers.

The same parameters for each of the read datasets were used for each of the
assemblers as follows:

1. For Velvet — this was performed as part of the group’s pipeline using the
VelvetOptimiser wrapper, run for the maximum range of k-values from the
default lowest possible value of 19 to the maximum k-mer length in the dataset
being processed.

2. For SPAdes (version 3.0.0):

-python ./spades.py -t 1 -m 32 --careful -1 ./input_reads forward 1.fq -
2 ./input_reads reverse 2.fq -o ./output directory name

-t represents the number of cores to be used for processing

-m specifies the memory limit in Gb

--careful invokes a module which attempts to reduce the number of
mismatches and short indels, and is recommended by the authors
default parameters include k-mer values (default lengths: 21,33,55) for
assemblies, and auto-detection of PHRED quality cut-offs for the input
reads.

3. For MaSuRCA - the config file was set up for auto-optimisation of k-mer
lengths (GRAPH_KMER SIZE=auto), [llumina reads
(USE_LINKING MATES=1), the jellyfish hash size as advised
(JF_SIZE=5000000), homopolymer trimming turned off
(DO_HOMOPOLYMER_TRIM=0)

4. For AS (Figure 4.2.) — the pipeline was invoked using the command:
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./aS_pipeline.pl ./input_reads forward.fq ./input _reads backward.fq

Joutput prefix

A~ T
A e e

SGA/TagDust - = ~=o

E IDBA e —

Error corrected @ contigs

reads
l |
@ A5QC -— <«— | SSPACE @

l scaffolds

—> | SSPACE | —>

broken scaffolds T @ final assembly

Figure 4.2. Overview of the stages in the AS pipeline. The first stage cleans reads. These are then
assembled with a de-Bruijn-based assembler, IDBA and scaffolded using the original read set with
SSPACE. Scaffolds are then quality controlled and re-scaffolded using the original readset(4).

For both the non-enteropathogenic E. coli CFT073 reference and the K. pneumoniae
MGH?78578 reference, I took data from three extracts of each reference strain which
had been sequenced a number of times: in both cases two extracts in triplicate, and
one extract four times (these were all sequencing datasets which had been shown to
be indistinguishable on reference-based mapping above). Each sequence dataset was
assembled twice with each of the software programs as specified, with scaffolding
features turned on and off, respectively. The assembly was then compared to the
known reference sequence, and quality metrics were extracted and visualised using

the QUAST software package(6).
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The summary across the ten replicates of CFT073 is presented in Table 4.3.a., with a
visual representation in Figure 4.4. panels a-d. Scaffolded Velvet data is sub-optimal
if it is being used to assess genetic structure and gene synteny, but can be used to
retrieve content for ~96% of genes. MaSuRCA “overassembled “ the genome, and
generated the largest number of contigs and the largest number of misassemblies with
or without scaffolding. SPAdes produced the most consistent assemblies across the
different sequenced replicates, but generates a number of misassemblies.
Unscaffolded A5 resulted in the lowest number of misassemblies, and was therefore
selected for use for de novo assemblies performed ex-pipeline for this thesis; any
scaffolding was shown to introduce errors, and was therefore avoided. This
comparison also demonstrated that any assessment of nucleotide-level variation using
de novo assemblies would hugely over-estimate the number of SNVs present.
Unscaffolded A5 was the least error-prone in this respect, but for a SMb genome
would still be calling around 200 false-positive SNVs. De novo assemblies could
therefore ideally only be used for gene-level or structural similarities, or as a further

reference for re-mapping to define SNVs.

For K. pneumoniae MGH78578, the summary across the datasets is presented in

Table 4.3.b. The graphical depictions are very similar to that for the non-

enteropathogenic E. coli data, and are therefore omitted here.
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Quality metric Velvet scaffolded Velvet unscaffolded AS5 scaffolded A5 unscaffolded SPAdes unscaffolded | MaSuRCA scaffolded | MaSuRCA unscaffolded
Total length (>500bp) 5144375 5143564 5144375 5087103 5128978 5505425 5504255
Number of contigs (>500bp) 78 163 78 240 148 231 251
Largest contig 684449 342377 684449 293541 425198 425198 310433 304050
Percentage of reference assembled 98 99 98 98 99 99 105 105
N50 177360 101461 177360 73047 135213 111509 87400 78776
Number of contigs with misassemblies 10 1 10 0 3 2 24 16
Length of misassembled contigs 1722309 46641 1722309 0 192386 157664 886638 387963
Number of contigs unaligned to reference 0 1 0 0 6 6 1 1
Number of contigs partially unaligned to reference 0 1 0 0 1 1 10 11
Unaligned length 183 979 183 3 4738 4774 3520 4293
Percentage of bases in assembly aligned to reference 98 98 98 97 98 98 99 99
Error statistics (per 100kbp of assembly, compared to reference)
Average number of uncalled bases 6 0 6 0 21 0 8 0
Average number of miscalled bases 7 6 7 4 13 11 36 36
Average number of indels 5 4 5 4 4 4 6 6
Gene-based metrics (compared to reference)
Number of complete genes in assembly 5153 5207 5153 5100 5203 5201 5250 5250
Percentage of complete genes in assembly 96 97 96 95 97 97 98 98
Number of partial genes in assembly (>100bp present) 147 101 147 161 83 84 91 91
Number of complete + partial genes in assembly 5301 5308 5301 5261 5286 5285 5341 5341
Percentage of complete and partial genes in assembly 99 99 99 98 98 98 99 99
Table 4.3.a. Mean quality metrics for ten sequenced datasets of the non-enteropathogenic E. coli CFT073 strain, when compared to the
published reference sequence. The N50 is defined as the cut-off length for which contigs of that length or longer contain at least half of
the total length of the assembly.
Quality metric Velvet scaffolded Velvet unscaffolded AS scaffolded AS unscaffolded SPAdes scaffolded | SPAdes unscaffolded | MaSuRCA scaffolded | MaSuRCA unscaffolded
Total length (>500bp) 5547389 5542462 5558607 5515563 5562328 5559498 5986770 5985774
Number of contigs (>500bp) 146 204 88 189 128 135 280 300
Largest contig 440855 248377 546453 200921 524692 435301 280405 247225
Percentage of reference assembled 97 97 98 97 98 98 105 105
N50 153361 81541 215316 85468 211844 179072 82096 70569
Number of contigs with misassemblies 3 2 13 1 3 2 27 20
Length of misassembled contigs 372146 130568 1663659 13306 643295 206185 1461632 755296
Number of contigs unaligned to reference 0 0 0 0 9 9 1 1
Number of contigs partially unaligned to reference 1 1 1 1 1 1 22 23
Unaligned length 20 327 806 31 6759 6705 6679 7789
Percentage of bases in assembly aligned to reference 97 97 97 97 97 97 98 98
Error statistics (per 100kbp of bly, pared to reference)
Average number of uncalled bases 70 0 7 0 26 0 8 0
Average number of miscalled bases 5 5 5 1 7 6 32 32
Average number of indels 2 1 2 1 1 1 3 3
Gene-based metrics (compared to reference)
Number of complete genes in assembly 4992 4959 4992 4964 5039 5038 5048 5048
Percentage of complete genes in assembly 96 96 96 96 97 97 97 97
Number of partial genes in assembly (>100bp present) 84 117 106 96 46 48 87 88
Number of complete + partial genes in assembly 5076 5076 5097 5060 5085 5085 5135 5135
Percentage of complete and partial genes in assembly 98 98 98 98 98 98 99 99

Table 4.3.b. Mean quality metrics for ten sequenced datasets of the K. pneumoniae MGH78578 strain, when compared to the published

reference sequence.
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4.4. ROBUSTNESS OF DE NOVO ASSEMBLIES OF TRANSFORMED
PLASMIDS

In order to assess the quality of my method for sequencing plasmid transformants as a
means to get accurate resistance plasmid assemblies, I undertook several control
experiments. The first involved sequencing strains transformed with a number of
known resistance plasmids of differing sizes, namely pUC19, a very small plasmid
(2,686bp); pOX38-CL a moderately sized plasmid (57,129bp) represented by the
largest HindIII digestion fraction of the F-plasmid(7), into which a chloramphenicol
resistance cassette (~2210bp) had previously been inserted in our research laboratory;
and pP46212, a CTX-M-15 plasmid extracted from one of the isolates analysed as
part of a thesis dataset (on of the strains in the dataset described in chapter 8).
pP46212 is a large (143,748bp), closed plasmid sequence I obtained from a pilot
PacBio sequencing experiment. This represented a compromise set of reference
plasmid strains, given the differing availability of appropriate plasmid reference

strains and access to sequencing technology at various time-points during the thesis.

For these analyses, I opted to use the A5 assembler without scaffolding, as this had
been shown to be the most reliable assembler when assembling E. coli/K.pneumoniae
reference genomes, and these analyses were being carried out in relatively small
numbers outwith the group’s standard data processing pipeline. Following on from
the across-reference de novo comparisons, the latest, upgraded version of the A5
pipeline was implemented, namely A5-MiSeq(8). This had been upgraded to cope
with longer reads present in MiSeq data, used read mate-pair information during
assembly, and included an improved read trimming algorithm. Once installed, the A5-

MiSeq assembler was run as a default using:
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./ a5 pipeline.pl input_ forward fastql.fq input backward fastq2.fq

output_fasta.fa

Assembled data was annotated using PROKKA(9). Comparisons were made by
aligning assembled test sequences with the respective reference sequences using
progressiveMauve(10). Alignments were visualised and manually edited in

Geneious(11).

For the sequenced DH10B-pUC19 transformant, reads were first mapped to the
DHI10B reference (RefSeq accession: NC_010473; 4,686,137bp) using the standard
pipeline. Of the 2,210,686 reads available for mapping, 214,536 (9.7%; both read
mates) remained unmapped and were extracted for assembly using SAMTools. De
novo assembly with A5-MiSeq yielded a single contig of 2,543bp, which represented
almost all of the reference pPUC19 strain (Figure 4.5. panels a and b). Part of the lac
operon was missing in the de novo assembled plasmid — this is likely to be because
this sequence is also observed in a number of bacterial chromosomes, including that
of DH10B. These reads would therefore not have been in the extracted pool of
unmapped reads, and would not have been available to include in the de novo plasmid
assembly. The de novo assembly also had an additional short stretch of sequence not

present in the reference, but the rest of the structure was identical.

pOX38-CL is a larger plasmid, albeit one mostly devoid of insertion sequences,
which are known to cause problems for de novo assemblers as they are often
repetitive, making ascertainment of the correct underlying structural linkages between

sequenced reads difficult. Of 935,114 reads available for mapping from the sequenced
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DH10B-pOX38-CL transformant, 76,248 (8.2%, both read mates) were unmapped to
DH10B; these were assembled into seven contigs, totalling 57,733bp.

The alignments of de novo assembled sequence and reference (Figure 4.6. panels a
and b) show good concordance, with the inserted resistance gene cassette clearly
present in the de novo assembly, but absent from the reference, as expected. Small
numbers of divergent sequence events were found, particularly in a region with
relatively large numbers of short sequences annotated in the reference as repetitive

regions (between positions: 33Kb and 40kb).

Plasmid pP46212 was the largest plasmid analysed, and likely to be most
representative of resistance plasmids in my dataset, given that it had come from one
of the datasets being studied. Here again, effectively almost all of the sequence was
recovered (Figure 4.7. panel a and b) from my I[llumina-processed transformants.
Missing regions that had failed to assemble were annotated as transposases, or
integrase core domain proteins associated with insertion sequences, features that

[llumina sequencing would not be expected to recover.

Broadly speaking, the approach of transforming resistance plasmids of interest
appeared a relatively robust way of assembling plasmid structures of a broad range of
size and type, including the large plasmids involved in the transmission of
antimicrobial resistance genes that are the main focus of interest in this study. Some
loss of resolution around repetitive and mobile genetic elements such as transposons,
insertion sequences and phage-related elements was observed, but this was not
unexpected, and I demonstrated that the recovery of the majority of the plasmid

sequence could be anticipated.
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CHAPTER 5: RESISTANCE GENE IDENTIFICATION IN
ESCHERICHIA COLI AND KLEBSIELLA PNEUMONIAE,
AND PREDICTION OF ANTIMICROBIAL
SUSCEPTIBILITY PHENOTYPE FROM WHOLE
GENQME SEQUENCING DATA

5.1. INTRODUCTION

The lowest unit of antimicrobial resistance is the resistance gene itself, the presence
and variant of which will be one of the major determinants of antimicrobial resistance
phenotype. Accurate assessment of the catalogue of resistance genes within non-
enteropathogenic Escherichia coli/Klebsiella pneumoniae is therefore a prerequisite
to being able to investigate the molecular epidemiology of these organisms;
historically this has been done at a limited level using a series of polymerase chain
reaction (PCR) assays, either sequentially, or as a multiplex, with sequencing of PCR

products to determine the specific variant present.

This chapter describes work done to generate a catalogue of resistance gene variants
for beta-lactam resistance in non-enteropathogenic E. coli/K. pneumoniae, as well as
for aminoglycoside and quinolone resistance, and to use this to assess the capacity for
resistance determinants to be identified from Illumina sequence data. This was done
in the context of a proof-of-principle experiment designed to compare the accuracy of
susceptibility prediction by whole genome sequencing (WGS) with that of currently
routinely used phenotyping methods. Conceivably, this could be part of the
translational application of benchtop sequencers, such as the MiSeq (Illumina, San

Diego, CA), to diagnostic microbiology, facilitating a one-stop approach to species
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identification and susceptibility profiling of cultured bacterial isolates with turnaround

times of less than a day(1).

At present, routine antimicrobial susceptibility testing is undertaken using a variety of
approaches, including disc diffusion, gradient diffusion, and broth dilution methods
(as described in the thesis “Methods” section), the latter being automated as part of
commercial platforms such as the BD Phoenix (BD, Franklin Lakes, NJ) or the Vitek-
2 (bioM¢érieux, Marcy L’Etoile, France)(2). Despite extensive efforts to standardise
laboratory assays, problems with particular test methods for certain
organism/antimicrobial combinations are well recognised and may relate to inherent
properties of the organism or antimicrobial being tested. This has been noted as a
particular problem with piperacillin-tazobactam(3, 4). Other errors can arise in

inoculum preparation, culture conditions, or data entry.

Susceptibility phenotyping errors are typically classified as very major, resulting from
a false-susceptible result, or major, resulting from a false-resistant result(2). The US
Food and Drug Administration (FDA) stipulates rates must be <1.5% for very major
errors and <3% for major errors prior to authorising marketing approval for new
susceptibility testing devices; similar cut-offs have been proposed by others(2). In
controlled research studies, overall error rates are 0-8%(5); in routine settings the

error rates are assessed with quality control schemes, and vary between laboratories.

Routine genotypic prediction of bacterial antimicrobial susceptibility is currently used

only in limited contexts, typically with single gene targets known to be highly

associated with resistance, such as mecA assays to determine methicillin resistance in
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Staphylococcus aureus. The prevailing view has been that genotypic assays would be
too difficult to implement for complex patterns of antimicrobial resistance, for
example those in major Gram-negative pathogens such as non-enteropathogenic E.
coli/ K. pneumoniae (2). However, recent data investigating WGS approaches to
identifying susceptibility phenotypes of porcine Salmonella Typhimurium, E. coli,
Enterococcus faecium, and Enterococcus faecalis isolates for resistance surveillance
purposes showed high concordance between phenotypic and predicted antimicrobial
susceptibilities(6). Caveats to this acknowledged by the authors included the low
complexity of the resistance genotypes in the bacterial populations studied (i.e., small
numbers of resistance genes per isolate conferring resistance to the same
antimicrobial class), and that no assessment of some important chromosomal markers

of resistance, such as gyr4 mutations for fluoroquinolones, was made.

Non-enteropathogenic E. coli and K. pneumoniae are the Gram-negative species most
commonly identified in bacteraemic patients in the UK(7), with increases in incidence
noted across Europe(8). As such, these organisms, in which multi-drug resistance is
increasingly recognised(9, 10), represent species for which accurate and rapid
antimicrobial susceptibility testing has the potential to deliver direct clinical benefit.
Consequently, in this chapter I aimed to: (i) assess the potential of WGS to identify
resistance genes of relevance to the study of the molecular epidemiology of
antimicrobial resistance in non-enteropathogenic E. coli /K. pneumoniae; and (i1) to
assess the feasibility of using WGS data from human blood culture isolates of non-
enteropathogenic E. coli and K. pneumoniae representative of those seen in clinical
practice to predict susceptibility phenotypes for antibiotics commonly used to manage

infections caused by these organisms.
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5.2. MATERIALS AND METHODS

5.2.1. Clinical isolate selection and in vitro antimicrobial susceptibility testing

I selected all retrievable extended-spectrum cephalosporin-resistant (commonly
representative of multi-drug resistant phenotypes)(11) non-enteropathogenic E. coli
and K. pneumoniae blood culture isolates obtained from patients at the Oxford
University Hospitals NHS Trust, Oxford, UK, between January 2008 and November
2010 (non-enteropathogenic E. coli) or June 2011 (K. pneumoniae). Time-matched
(by calendar year) susceptible control blood culture isolates were also selected at

random and retrieved (Figure 5.1.).

E. coli (January 2008-November 2010) K. pneumoniae (January 2008-June 2011)°

Routine laboratory culture Routine laboratory culture

70 extended-spectrum cephalosporin-resistant
(ESC-R) isolates from 45 individuals

49 extended-spectrum cephalosporin-resistant
(ESC-R) isolates from 39 individuals

225 extended-spectrum cephalosporin-
susceptible (ESC-S) isolates from 158
individuals

1077 extended-spectrum cephalosporin-
susceptible (ESC-S) isolates from 820
individuals

Sequencing (Illumina HiSeq) Sequencing (Illumina HiSeq)

36 ESC-R strains retrievable for sequencing®

42 ESC-S strains randomly selected (by
calendar year) and sequenced

30 ESC-R strains retrievable for sequencing®

42 ESC-S strains randomly selected (by
calendar year) and sequenced

Post-sequencing analysis

2 cases where sequencing data could not be
effectively assembled (2 ESC-R isolates)

2 strains no longer retrievable for phenotyping
(1 ESC-R isolate, 1 ESC-S isolate)

Post-sequencing analysis

2 found to be other Klebsiella spp.
(2 ESC-S isolates)

1 strain no longer retrievable for phenotyping
(1 ESC-R isolate)

Full details (genotype + phenotype) available
on 74 strains

Full details (genotype + phenotype) available
on 69 strains

Figure 5.1. Sampling frame and processing of isolates. * The study time period for K. pneumoniae was
extended to find similar numbers of organisms across both species groups. ° Losses at the retrieval
stage were mostly due to the fact that repeat isolates from individuals were not routinely stored; other
missing isolates could not be found in the routine laboratory freezer.
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Isolates were re-cultured from frozen stocks (-80°C) and underwent automated
susceptibility testing in duplicate with the BD Phoenix system using EUCAST
breakpoints(12) to allow comparisons with genotypic data. Intermediate BD Phoenix
susceptibilities were considered as resistant (Tables 5.2.a. and 5.2.b.). In cases where
duplicate BD Phoenix runs were concordant regarding an isolate’s resistance category
(susceptible/susceptible [S/S], resistant/resistant [R/R]), the consensus BD Phoenix
phenotype was compared with the genotype. All discrepancies, whether discordance
between BD Phoenix runs (S/R), or between predicted genotypic susceptibility and
concordant BD Phoenix phenotype (S + R/R, or R + S/S respectively), were further
investigated using gradient diffusion testing (Etest, bioMérieux, Basingstoke, UK;
M.I.C Evaluator, Fisher Scientific UK, Loughborough, UK) on Iso-Sensitest agar in
accordance with BSAC guidelines(13). In such cases, regardless of the nature of the
discrepancy, the gradient diffusion result was adopted as the comparison standard
phenotype; in all other cases the concordant BD Phoenix phenotype was the

comparison standard.

5.2.2. Reference gene database

Genetic loci and sequence variants known to be associated with resistance to
antimicrobial agents commonly used in our hospital to treat non-enteropathogenic E.
coli and K. pneumoniae infections were identified from published reviews and web-
based resources and were compiled as a reference gene database(14-22).
Chromosomal and plasmid-mediated loci conferring resistance to amoxicillin,
amoxicillin-clavulanate, ciprofloxacin, gentamicin, ceftriaxone, ceftazidime, and
meropenem were included (full details of all mechanisms included are listed in

Appendix 1). An additional search of complete coding sequences annotated as being
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Table 5.2.a. Analysis of discordance in phenotypic and/or genotypic resistance predictions for 74 non-enteropathogenic E. coli bloodstream isolates.

Discrepancies (n; % of total, 74 isolates)

Agreement of gradient diffusion

Agreement of gradient diffusion

S/R* discordant BD BD Phoenix S/S, BD Phoenix R/R, with genotype in all discrepancies with genotype in BD Phoenix-
Antibiotic
Phoenix genotype R genotype S (n/total discrepancies; %) concordant discrepancies (n; %)
Amoxicillin 0(0) 2(3) 0(0) 1/2 (50) 1/2 (50)
Co-amoxiclav 5(7) 0 (0) 15 (20) 20/20 (100) 15/15 (100)
Gentamicin 1 (1) 0(0) 0(0) 1/1 (100) NAP
Ciprofloxacin 0(0) 0 (0) 0(0) NA NA
Ceftriaxone 0(0) 1(1) 1(1) 0/2 (0) 0/2 (0)
Ceftazidime 1(1) 11 (15) 1(1) 1/13 (8) 1/12 (8)
Meropenem 0(0) 0 (0) 0(0) NA NA
Total 7/518 (1) 14/518 (3) 17/518 (3) 23/38 (61) 17/31 (55)

* S/R denotes susceptible/resistant category. Initial BD Phoenix intermediate results were counted as resistant — this occurred in one isolate with a S/R discrepancy for
ceftazidime, and one isolate with a S/R discrepancy for gentamicin.

®NA = not applicable.
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Table 5.2.b. Analysis of discordance in phenotypic and/or genotypic resistance predictions for 69 K. pneumoniae bloodstream isolates.

Discrepancies (n; % of total, 69 isolates)

Agreement of gradient diffusion

Agreement of gradient diffusion

S/R? discordant BD Phoenix S/S, Phoenix R/R, genotype ~ With genotype in all discrepancies with genotype in BD Phoenix-
Antibiotic
Phoenix genotype R S (n/total discrepancies; %) concordant discrepancies (n; %)
Amoxicillin 34) 3" (4) 0(0) 3/6 (50) 1/3 (33)
Co-amoxiclav 2(3) 0(0) 6(9) 7/8 (88) 6/6 (100)
Gentamicin 1(1) 0(0) 1 (1) 1/2 (50) 0/1 (0)
Ciprofloxacin 1 (0) 2(3) 7 (10) 4/10 (40) 3/9 (33)
Ceftriaxone 0(0) 1(D) 2(3) 0/3 (0) 0/3 (0)
Ceftazidime 0(0) 1(1) 2(3) 0/3 (0) 0/3 (0)
Meropenem 1(1) 0(0) 0(0) 0/1 (0) NA
Total 8/483 (2) 7/483 (1) 18/483 (4) 15/33 (45) 10/25 (40)

* SR denotes susceptible/resistant category. Initial BD Phoenix intermediate results were counted as resistant — this occurred in one isolate with a S/R discrepancy for

ciprofloxacin, and one isolate with a S/R discrepancy for meropenem.

°This applies to a minimum inhibitory concentration (MIC)-based assessment of BD Phoenix results, disregarding interpretative guidelines (which would suggest that K.

pneumoniae be universally reported as amoxicillin-resistant for clinical purposes, irrespective of MIC).

“NA = not applicable.
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members of relevant bacterial (other than mycobacterial) resistance gene families
deposited at the National Centre for Biotechnology Information (NCBI) was
performed, using the following search terms: (a) “lactamase”, (b) “carbapenemase”,
(c) “aminoglycoside” + “resistance”, and (d) “fluoroquinolone” + “resistance”

(December 2012; references in Appendix 1).

5.2.3. DNA extraction and sequencing

DNA extraction, whole genome sequencing, and pipeline read-processing were
carried out as per the thesis “Methods” section. De novo assembly quality was
ensured by requiring >4 megabases (Mb) to be assembled into contigs, and contig

N50 values of >30,000 bases.

5.2.4. In silico prediction of antimicrobial susceptibility phenotypes

BLASTn(23) was used to identify the presence of relevant resistance gene loci (from
the compiled reference resistance gene database) in the de novo assembled contigs for
each clinical isolate, with a word length of 11 and an expect value (E) cut-off of 1x10
4. All matches were visually inspected for confirmation. Matches with more than 80%
identity at the nucleotide level and over 80% of the reference gene length were
retained; this included partial matches with >80% sequence homology over 80% of
the reference gene length, but distributed over several contigs. Overlapping fragments
were then aligned in SeaView(24) and combined to give a single sequence.
Chromosomal resistance gene sequences were analysed to identify mutations,

including those known to be associated with resistance.
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Each isolate’s susceptibility phenotype was predicted from the genetic data on the
basis of published associations with phenotypic resistance for each locus, and blinded
to the BD Phoenix phenotype (details for susceptibility predictions for all profiles
found shown in Tables I-III (non-enteropathogenic E. coli) and IV-VI (K.
pneumoniae) at the end of this chapter. For any novel sequence variants identified, the
genotypic susceptibility prediction mirrored that of the closest reference database
variant. Discrepancies between BD phenotype and genotype were then investigated

using gradient diffusion, as described above.

The sensitivity, specificity, and rates of major and very major errors for genotypic
susceptibility predictions were calculated for each antibiotic and species against the
comparison standard (determined as above). In the published manuscript, I defined
major error as: the number of genotype R with phenotype S calls/total number of tests
x100, and very major error as: the number of genotype S with phenotype R calls/total
number of tests x 100. The FDA definitions by contrast use the total number of
organisms susceptible by the reference method as the denominator for major errors
(i.e. simply 1-specificity), and the total number of resistant organisms as the
denominator for very major errors (i.e. simply 1-sensitivity). Statistical analyses were

performed using Stata 11.2 (StataCorp, College Station, TX).

5.3. RESULTS

5.3.1. Quality of whole genome sequences

Two of the 76 candidate non-enteropathogenic E. coli study isolates were excluded
because of poor sequence assembly (N50 <1,250 and < 0.3Mb assembled into

contigs); two K. pneumoniae isolates were excluded because they were non-
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pneumoniae Klebsiella spp. on the basis of mapping (see summary as part of Figure
5.1. above). Assemblies for the 74 remaining non-enteropathogenic E. coli isolates
had a median of 394 contigs (range: 93-1,052) and N50 of 110,187 base-pairs (bp)
(range: 32,391-189,171 bp). For the 69 K. pneumoniae study isolates, the
corresponding medians were 255 contigs (range: 171-863) and n50 of 97,195 bp

(range: 58,500-135,350 bp).

5.3.2. Investigation of phenotype-genotype discrepancies

Susceptibility phenotypes for seven antimicrobials were available for 143 study
isolates (74 non-enteropathogenic E. coli, 69 K. pneumoniae), giving 1001 total
susceptibility results (518 non-enteropathogenic E. coli, 483 K. pneumoniae), for
comparison with the corresponding genotypic predictions. Gradient diffusion analysis
was used to establish the phenotype for 71 antimicrobial-isolate combinations
(involving 55 different isolates), which comprised seven (1%) non-enteropathogenic
E. coli results and eight (2%) K. pneumoniae results with categorical (S/R)
discordance in duplicate BD Phoenix testing, and 31 (6%) non-enteropathogenic E.
coli and 25 (5%) K. pneumoniae results with discordance between the predicted
genotypic susceptibility and the (concordant) BD Phoenix phenotype (Tables 5.2.a.

[non-enteropathogenic E. coli] and 5.2.b. [K. pneumoniael).

5.3.3. Genotypic prediction versus gold standard “reference” phenotype

Overall, the sensitivity of genotype for predicting resistance across all antibiotics for
both species was 0.97 (95% confidence interval [95% CI]: 0.94-0.98), and specificity
was 0.97 (95% CI: 0.95-0.98). Very major and major error rates, were, by the original

definition used in the paper, at 1.2% and 2.1% respectively; for the FDA definitions at
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3.4% and 3.2% respectively. For non-enteropathogenic E. coli, overall sensitivity was
0.99 (95% CI: 0.95-1.0) and specificity 0.96 (95% CI: 0.94-0.98) (Table 5.3.a), the
major individual drug deficit being suboptimal specificity for ceftazidime (0.80; 95%
CI: 66-89). Very major and major error rates were 0.3% and 3% by the original
definitions in the paper; and 1.2% and 3.7% by the FDA definitions. For K.
pneumoniae, overall sensitivity was 0.95 (95% CI: 0.90-0.97) and specificity 0.97
(95% CI: 0.95-0.99), with very major and major error rates of 2% by the original

definitions in the paper, and 5.4% and 2.7% by the FDA definitions (Table 5.3.b.).

In non-enteropathogenic E. coli, in 23 (61%) of the 38 isolate-antimicrobial
combinations with a phenotype-genotype discrepancy according to BD-Phoenix
results, gradient diffusion analysis supported the genotypic prediction (Table 5.2.a.
above). For the remaining 15 confirmed genotypic-phenotype discrepancies, results
are summarised in Table 5.4. below. In 13 (87%) of these cases, a clear-cut genetic
resistance mechanism was identified despite phenotypic susceptibility; for nine (69%)
of these the gradient diffusion minimum inhibitory concentration (MIC) was at the
susceptibility breakpoint. The remaining 2 (13%) of the 15 discrepant genotype-
phenotype cases had no identifiable genetic resistance mechanism despite

unequivocal phenotypic resistance.

In K. pneumoniae, in 15 (45%) of the 33 isolate-antimicrobial combinations with a
phenotype-genotype discrepancy according to BD-Phoenix results, gradient diffusion
analysis supported the genotypic prediction (Table 5.2.b. above). For the remaining
18 confirmed genotype-phenotype discrepancies, results are summarised in Table 5.4.

below.
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Table 5.3.a. Sensitivity and specificity of genotypic resistance predictions versus comparison with standard phenotype results for 74 non-enteropathogenic E. coli
bloodstream isolates

Susceptible by comparison standard
phenotype Resistant by comparison standard phenotype

resistant by

susceptible by resistant by genotype  susceptible by genotype genotype Sensitivity Specificity
Antibiotic genotype (row %) (row %; major error) (row %; very major error) (row %) (95% CI) (95% CI)
Amoxicillin 23(31) 1(1) 0(0) 50 (68) 1.00(0.91-1.00)  0.96 (0.77-1.00)
Co-amoxiclav 46 (62) 0(0) 0(0) 28 (38) 1.00 (0.85-1.00)  1.00 (0.90-1.00)
Gentamicin 60 (81) 0(0) 0(0) 14 (19) 1.00 (0.73-1.00)  1.00 (0.93-1.00)
Ciprofloxacin 48 (65) 0(0) 0(0) 26 (35) 1.00 (0.84-1.00)  1.00 (0.91-1.00)
Ceftriaxone 43 (58) 1(1) 1(1) 29 (40) 0.97 (0.81-1.00) 0.98 (0.87-1.00)
Ceftazidime 43 (58) 11(15) 1(1) 19 (26) 0.95(0.73-1.00) 0.80(0.66-0.89)
Meropenem 74 (100) 0(0) 0(0) 0(0) — 1.00 (0.94-1.00)
Total 337 (65) 13 (3) 2(0.3) 166 (32) 0.99 (0.95-1.00) 0.96 (0.94-0.98)
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Table 5.3.b. Sensitivity and specificity of genotypic resistance predictions versus comparison with standard phenotype results for 69 K. pneumoniae bloodstream isolates

Susceptible by comparison standard

phenotype Resistant by comparison standard phenotype
resistant by
susceptible by resistant by genotype  susceptible by genotype genotype Sensitivity Specificity

Antibiotic genotype (row %) (row %; major error) (row %; very major error) (row %) (95% CI) (95% CI)
Amoxicillin 0(0) 3 (4) 0(0) 66 (96) 1.00 (0.93-1.00) —
Co-amoxiclav 47 (68) 1(1) 0(0) 21 (30) 1.00 (0.81-1.00)  0.98 (0.88-1.00)
Gentamicin 45 (65) 0(0) 1(1) 23 (33) 0.96 (0.77-0.98)  1.00 (0.90-1.00)
Ciprofloxacin 45 (65) 2(3) 4 (6) 18 (26) 0.90(0.67-0.98) 0.92(0.80-0.97)
Ceftriaxone 42 (61) 1(1) 2(3) 24 (35) 0.92(0.73-0.99) 0.98 (0.86-1.00)
Ceftazidime 42 (61) 1(1) 2(3) 24 (35) 0.92(0.73-0.99) 0.98 (0.86-1.00)
Meropenem 68 (99) 0(0) 1(1) 0(0) 0(0-0.95) 1.00 (0.93-1.00)
Total 289 (60) 8(2) 10 (2) 176 (36) 0.95(0.90-0.97) 0.97 (0.95-0.99)
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In 6/18 (33%) instances, a recognised resistance mechanism was identified in
phenotypically susceptible isolates; for two of these the MIC was at the susceptibility
breakpoint. This group included two isolates predicted to be ciprofloxacin-resistant
based on chromosomal mutations (double gyr4 amino acid replacements) that were
phenotypically ciprofloxacin-susceptible. In contrast, four isolates predicted to be
ciprofloxacin-susceptible (based on a single mutation in parC [3 isolates with S80I],
or combined mutations in parC [E84K] + parE [S458T]) were phenotypically
resistant, suggesting the presence of unidentified resistance mechanisms. Similarly,
six other isolates with unequivocal phenotypic resistance to one or more agents from
several antibiotic classes (ceftriaxone, ceftazidime, meropenem, gentamicin; eight

total agent-isolate combinations) had no identifiable resistance mechanism.
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Table 5.4. List of relevant genotypic profiles for 13 non-enteropathogenic E. coli and 15 K. pneumoniae isolates with genotype-gradient diffusion susceptibility discrepancies
for one or more antimicrobials.

Species Number Antibiotic Genotypic Genotypic mechanism Phenotypic MIC on gradient diffusion,
of isolates discrepancy prediction for resistance result pg/mL (EUCAST
prediction susceptibility breakpoint,
pg/mL)
E. coli 1 Amoxicillin R P3 TEM-promoter and S 6 (8)
blargm.;
E. coli 1 Ceftriaxone® S None R >32 (1)
Ceftazidime® S R 4(1)
E. coli 1 Ceftriaxone” R T-32A ampC promoter S 0.38 (1)
mutation
Ceftazidime" R S 1(1)
E. coli 1 Ceftazidime R blactxm.1s S 0.25 (1)
E. coli 7 Ceftazidime R @NQO%X._S._M S 1 A_v
E. coli 1 Ceftazidime R blactxm-14 S 0.5(1)
E. coli 1 Ceftazidime R blacrxm- S 1(1)
K. pneumoniae 2 Amoxicillin R blaypn S 4,8 (8)
K. pneumoniae 1 Amoxicillin R blasyy S 6 (8)
K. pneumoniae 1 Co-amoxiclav R blaoxa-1 S 8(8)
K. pneumoniae 1 Ceftriaxone® R blasyy.o7 S 0.064 (1)
Ceftazidime® R S 0.25 (1)
K. pneumoniae 1 Ceftriaxone® S None R 8 (1)
Ceftazidime* S R 64 (1)
K. pneumoniae 1 Ceftriaxone® S None R >32 (1)
Ceftazidime® S R 8 (1)
K. pneumoniae 1 Meropenem S None R >32(2)
K. pneumoniae 1 Ciprofloxacin R 2 gyrA mutations S 0.064 (0.5)
(S83F + D87A)
K. pneumoniae 1 Ciprofloxacin R 2 gyr4 mutations S 0.047 (0.5)
(S831+ D87N)
K. pneumoniae 2 Ciprofloxacin S 1 parC mutation (S801) R 8,>32(0.5)
K. pneumoniae 1 Ciprofloxacin S 1 parC mutation (S80I) R 2(0.5)
+ aac(6’)-1b-cr
K. pneumoniae 1 Ciprofloxacin S 1 parC mutation R >32 (0.5)
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(E84K) + 1 parE
mutation (S458T)
K. pneumoniae 1 Gentamicin S None R 16 (2)

¢ Multiple genotype-phenotype discrepancies observed for several antibiotics for the same isolate
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5.3.4.1. Resistance gene profiles — non-enteropathogenic E. coli

Genotypic resistance profiles in non-enteropathogenic E. coli are summarised in
Tables I (beta-lactam resistance), I (fluoroquinolone resistance), and III
(aminoglycoside resistance) at the end of this chapter. There were 15 distinct profiles
for beta-lactam resistance mechanisms, 22 for ciprofloxacin associated resistance

mechanisms, and 12 for aminoglycoside-associated resistance mechanisms.

5.3.4.1.1. Beta-lactam resistance

Twelve (16%) isolates had blatpm, blaoxa-1, and blactx-m conferring beta-lactam
resistance; 15 (20%) had two of these three mechanisms, 24 (32%) one, and 23 (31%)
none. Most blatpm-containing isolates had blatewm.; (35/36), with five distinct
nucleotide sequences (including the reference sequence) observed. In addition to the
P3 and Pa/Pb blarey.; promoters,® two novel promoter sequences were identified
(single nucleotide polymorphisms compared with promoter P3, C=»T at position 75
[Sutcliffe numbering](25); G=> A at position 175). However, co-amoxiclav resistance
was identified only in the presence of other explanatory mechanisms with these novel
promoter sequences. All blapxa variants were blaoxa-1 and most blacrx.m variants

were blaCTX_M_ls (25/29)

Only one isolate had a chromosomal ampC promoter mutation previously associated
with significant resistance (T-32A)(18). This isolate was resistant only to amoxicillin
and co-amoxiclav, with no other mechanism identified to explain this, and was
phenotypically susceptible to ceftriaxone and ceftazidime (on duplicate BD Phoenix

testing and gradient diffusion analysis).

164



5.3.4.1.2. Quinolone resistance

Ciprofloxacin resistance was invariably associated with S83L/D87N mutations in
gyrd; almost all (23/26; 88%) ciprofloxacin-resistant isolates also had S80I/E84V
mutations in parC. The presence of aac-6-Ib-cr was also common in ciprofloxacin-
resistant isolates, although not universal (23/26; 88%); aac-6-Ib-cr was also
identified in one ciprofloxacin-susceptible isolate without any resistance-conferring
chromosomal mutations. A single isolate had a gyrB quinolone-resistance determining
region (QRDR) mutation (S463A) with a parE truncation; this isolate was

phenotypically susceptible. No gnr variants or gepA or ogxAB loci were found.

5.3.4.1.3. Aminoglycoside resistance

Four (5%) isolates had four or five different aminoglycoside resistance-conferring
elements; 15 (20%) had three, 12 (16%) two, 11 (15%) one, and 32 (43%) none. All
gentamicin resistance was associated with the presence of aac(3’)-1I-like enzymes,
mostly aac(3’)-Ile variants (13/14), with one isolate containing aac(3°)-11d. Other
aminoglycoside resistance loci included: aac(6°)-1b-cr (24 isolates), aadAla (3),
aadA4 (17), aadA5 (17), aph(6°)-1d (16), aph(6°)-1d-like loci (> 80% but < 95%

sequence homology; 3 isolates), and aph(3°)-1a (4).

5.3.4.2. Resistance gene profiles — K. pneumoniae

Genotypic profiles associated with resistance in K. pneumoniae are summarised in
Tables IV (beta-lactam resistance, 24 profiles), V (fluoroquinolone resistance, 20

profiles), and VI (aminoglycoside resistance, 17 profiles) at the end of this chapter.

5.3.4.2.1. Beta-lactam resistance
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Twenty-one (30%) isolates had three or four beta-lactam resistance-conferring
elements; 8 (12%) had two, 29 (42%) one, and 11 (16%) none. All blatgm were
blargm.1, with P3 (n = 24) or Pa/Pb (n = 3) promoters, all blactx-m were blactx-m-1s,

and all blapxa were blapxa-1 (only observed with blactx-m-15)-

Most K. pneumoniae isolates (61/69; 88%) contained blasyy genes encoding beta-
lactamases, with six containing blapgx (two blaign-7, four novel variants;, one blaokp-
B-6, and one blap ap-> in conjunction with blasyy.11. The commonest blasyy beta-
lactamase variant was blaspy.; (n = 28), with additional variants in order of frequency
as follows: blasuv-11 (19), blaswy-2s (4), blaswv-33 (2), blasuv-121 (2), blasuy-27 (1),
blasnv.e0 (1), and blaspy-135 (1). Three novel amino acid blasyy variants were
identified (Y7F + S14F, Y7F + M211L, and D101H; assigned allele numbers 169,
170, and 171, respectively, in the Lahey database)(22). One of the 69 K. pneumoniae
isolates contained none of these resistance loci; its beta-lactam resistance was

explained by the presence of blargm.1, blaoxa-1, and blacrx-m-1s.

5.3.4.2.2. Quinolone resistance

Isolates with wild-type amino acids or only single amino acid mutations in the
QRDRs of gyr4, gyrB, parC, and parE, and no more than one plasmid-mediated
resistance mechanism (aac-6-1b-cr, gnr or gepA), were all ciprofloxacin-susceptible
(41 wild-type isolates, four single amino acid mutations). In contrast, isolates with
both aac-6’-1b-cr and gnrB1 (n = 15) were invariably resistant, irrespective of
underlying chromosomal mutations. Likewise, isolates with single gy»4 and parC
mutations and a plasmid-mediated resistance mechanism (n = 2: S831 + S80I + aac-

6°-1b-c; S83T + S80I + gnrS1), or a double mutation in gyrA4, a single mutation in
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parC, and a plasmid-mediated resistance mechanism (n = 1: S83F + D87N + S80I +

aac-6’-1b-cr), were also resistant.

There were no observed mutations compared to wild type in the quinolone resistance-
determining region (QRDR) of gyrB. All isolates contained ogxAB, which is
commonly found located chromosomally in K. pneumoniae, although its association

with ciprofloxacin resistance in this context is unclear(26).

5.3.4.2.3 Aminoglycoside resistance

One (1%) isolate had five different resistance-conferring elements; 16 (23%) had
three, nine (13%) two, seven (10%) one, and 36 (52%) none. As in non-
enteropathogenic E. coli, gentamicin resistance in K. pneumoniae was typically
associated with the presence of aac(3’)-1l-like enzymes, mostly aac(3’)-1I-e (19/23).
Three isolates had an aac(3’)-1ld enzyme, and one an aac(3’)-1a variant. Other
aminoglycoside resistance loci included: aph(6°)-1d (25 isolates), aph(3’)-1a (4),

aadA2 (4), aadAl (2) and aadA16 (1).

5.4. DISCUSSION

In this study, I determined the resistance gene profile, and sensitivity and specificity
of a genotypic prediction algorithm using clinical non-enteropathogenic E. coli and K.
pneumoniae isolates and WGS. In our centre, the epidemiology of these organisms
has been found to be similar to the wider national and European contexts(8, 9). Using
publicly available resources, I determined the presence/absence of published variants
(including genes and resistance-determining mutations) in over 100 resistance-

associated gene families, with particular reference to those relevant to commonly used

167



antimicrobials. Relative to a comparison standard phenotype based on BD Phoenix
plus gradient diffusion testing, genotype-based resistance prediction yielded overall
sensitivity and specificity values of 0.96 and 0.97, respectively, with a very major
error rate of 1.2% and major error of 2.1%. This assessment of error rate gives a
population-based representation of the overall performance of the test compared with
the FDA error rate calculations, which is essentially a representation of sensitivity and

specificity.

Applying genetic ‘resistotyping’ to Gram-negative species is not new, with
polymerase-chain reaction (PCR)-based methods having been widely used in the
epidemiological assessment of both non-enteropathogenic E. coli and K. pneumoniae
collections. However, the number of resistance mechanisms involved is extremely
large, limiting the use of comprehensive PCR methods in any real-time diagnostic
capacity. One response to this challenge has been to develop microarray-based
approaches to assess a much larger panel of resistance mechanisms than is feasible
with PCR; this method, however, has issues with sensitivity and cannot easily identify
numerous mutation-based mechanisms of resistance(27). In addition, microarrays are
expensive to develop and difficult to upgrade flexibly in response to the evolution of
resistance mechanisms. In this pilot study, I have demonstrated that WGS provides a

viable alternative approach.

This study has also demonstrated that novel variants of known resistance-associated
loci can be easily identified using my approach. To expand on this, BLASTn-based
cut-offs could be made less stringent to facilitate the discovery of putative, distantly

related resistance genes, or a tBLASTx-based approach could be used to identify
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protein homologues with different underlying coding sequences. Similar approaches

have been used in the past, although in a limited fashion(28).

My data highlight some known issues with the accuracy of some phenotypic methods
commonly used in diagnostic microbiology — particularly with the assessment of beta-
lactam/beta-lactamase inhibitor susceptibilities. Duplicate BD Phoenix tests gave
discordant results in 7 (5%) of 143 co-amoxiclav tests performed; on gradient
diffusion 6/7 isolates had MICs more than one dilution away from the breakpoint. In
21 instances where the co-amoxiclav genotypic prediction disagreed with the Phoenix
results (all involving genotypically susceptible, BD Phoenix resistant isolates), all
isolates were susceptible according to gradient diffusion, suggesting that in 15% of
tests automated phenotyping was overcalling resistance. Problems with the correct
assessment of susceptibility by phenotyping for beta-lactam/beta-lactamase inhibitor
combinations has been observed previously(29), particularly in the context of
complex beta-lactamase genotypes(30), which were disproportionately represented in

my dataset.

For extended-spectrum cephalosporins and non-enteropathogenic E. coli, I found
certain genetic mechanisms known to be associated with resistance (such as the CTX-
M enzyme family) in isolates considered susceptible, even in the context of using the
new, lower EUCAST breakpoints following EUCAST’s decision (mirrored by the
CLSI) to report susceptibilities as observed without interpretative modifications for
these drugs. This phenomenon has also been documented in other studies of CTX-M-
producing organisms from China and New Zealand(31, 32), and highlights the

controversy over whether an in vitro MIC or the presence of a genetic mechanism is
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more predictive of clinical outcomes(33) — whether this is a limitation or a strength of
genotypic resistance prediction methods is therefore unclear. The large-scale clinical
outcome data needed to resolve this quandary are currently lacking, but could be
obtained by using integrated routine clinical, phenotyping, and antibiotic prescribing
data, combined with whole genome-based, comprehensive assessments of resistance

mechanisms.

Overall, among 1001 isolate-antimicrobial combinations tested, I found 12 instances
of phenotypic resistance that were supported by gradient diffusion analysis without
any resistance mechanism being identified, indicating deficits with my initial gene
reference database and/or genotypic prediction algorithm. I have yet to systematically
investigate potential contributions made by other known resistance mechanisms such
as porin genes or efflux pumps, in part because associations of the latter with
phenotypic resistance are incompletely defined. Assessing the performance of my
approach in determining all known mechanisms of resistance, including rare variants,
is clearly important future work; for this study, however, I was particularly focused on
characterising the potential of genotypic resistance prediction for organisms typically
isolated in our clinical practice. Of interest, given the absence of any initial
mechanism identified for carbapenem resistance in the single meropenem-resistant K.
pneumoniae isolate, I subsequently studied the ompK35 and ompK36 loci as possible
candidate loci using my BLASTn-based approach, and identified a Sbp deletion in
ompK36 leading to a truncation at position 227. Although I did not measure protein
expression, porin deficiencies associated with prematurely truncated ompK 36,
coupled with the presence of blacrx-m-15, have been associated previously with

carbapenem resistance(34), and could plausibly explain resistance in this isolate. This
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demonstrates that once an isolate’s genome sequence is available, it can be re-
assessed rapidly for additional resistance gene mechanisms as necessary, without the

need for further laboratory work.

There are several limitations to my approach as described. Establishing the
sequencing and computational infrastructure required to process large volumes of
sequencing data in real-time involves a substantial initial investment in terms of time
and money. My study was a retrospective, proof-of-principle experiment, and further
work would be required to assess its performance and cost-effectiveness in a routine
diagnostic setting on a larger dataset. In addition, it remains to be seen whether
predictions would be equally successful for all antimicrobials currently incorporated
in phenotypic susceptibility testing strategies. The bioinformatic strategy used does
not determine plasmid copy number and therefore cannot quantify the possible
contribution of multiple gene copies (e.g., of blarem), which might lead to hyper-
production of certain enzymes, and phenotypic resistance by a gene dosage effect.
Another limitation is that the phenotypic manifestations of certain allelic variants and
promoter/attenuator mechanisms are not fully determined (e.g., for some of the blasny
variants), precluding reliable predictions. Importantly, resistance mechanisms evolve;
approaches based on genotypic prediction rely on a resistance locus reference
database requiring regular updating based on a scheme incorporating ongoing
phenotyping, albeit in a more limited number of samples, such as those isolated from
treatment failures. Phenotyping would also be needed to validate any novel genetic
resistance mutations/mechanisms. Finally, epigenetic and expression-associated
mechanisms cannot be determined using my DNA-based analysis, thus highlighting

the intrinsic limitation of approaches based on gene/mutation identification with no
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direct evidence of functional resistance. However, alternative sequencing-based
methods could be explored to address this shortcoming, such as RNA-seq, chromatin
immunoprecipitation sequencing (chIP-Seq) or methylation analysis(35), although the
pilot data presented here suggests the contributions of these mechanisms may be

relatively minor.

Despite these limitations, my approach achieved high sensitivity and specificity in
proof-of-principle experiments using typical clinical isolates, and performed
comparably to some phenotyping methods currently in routine use. Whole genome
sequencing-based approaches may well become part of routine microbiology
workflows in some settings within the next five years. This would afford the ability to
undertake species identification, strain typing for epidemiological purposes or
infection prevention and control, and prediction of antimicrobial susceptibilities
reliably and quickly using a single method for around £40/isolate(1). On the basis of
this work, methods are currently being developed to ascertain what the best automated
bioinformatic resistotyping approach would be, and a large set of additional non-
enteropathogenic E. coli and K. pneumoniae clinical isolates has been processed ready

for the validation of this approach to be made.

172



Table I. Genotypic profiles for loci associated with beta-lactam resistance among 74 non-enteropathogenic E. coli isolates.

Predicted susceptibility for

. . profile® Relevant chromosomal
Number of isolates with
a . Total number of blargy-promoter blatpm blacrxm ampC
Profile profile (discrepant . b . . blaoxa-1 .
mechanisms N variant variant variant promoter/attenuator
phenotypes) o O < = .
S S M = mutations
< < = =
O

1 23 0 S S S S - - - - -

2 124(2) 3 R R R S P3 1 + 15 -

3 12°(2) 1 R S S S P3 1 - - -

4 10 (6) 2 R R R S - - + 15 -

5 5 1 R S S S novel 1 - - -

6 2(1) 1 R S R S - - - 1 -

7 2 2 R S R S P3 1 - 15 -

8 1 2 R R R S - - + 14 -

9 1 1 R R S S - - + - -
10 1(1) 1 R R R S - - - - T-32A (promoter)
11 1 2 R R R S novel 1 + 15 -

12 1° 1 R S S S novel 1 - - -
13 1 1 R R S S novel 30/IRT-2 - - -
14 1(1) 2 R S R S P3 1 - 14 -
15 1 1 R R S S Pa/Pb 1 - - -

Profiles are arranged in order of frequency in the dataset
b blatgy-promoter and blargy considered as a single element
¢ AMP = amoxicillin, AMC = co-amoxiclav, CRO = ceftriaxone, CAZ = ceftazidime, MEM; S = susceptible, R = resistant

48 blarpy promoter sequences aligned from partial sequence matches across contigs

¢ One blatgy sequence aligned from partial sequence matches across contigs
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Table II. Genotypic profiles for loci associated with ciprofloxacin susceptibility/resistance among non-enteropathogenic E. coli isolates.

Number of  Number of Predicted
Number of QRDR QRDR ciprofloxacin aac-6"
Profile® isolates with . . . P o All gyrd mutations” ~ All gyrB mutations®  All parC mutations”  All parE mutations”
ofil mutations  mutations in susceptibility Ib-cr
profrie in gyrd parC for profile

1 20 2 2 R S83L°; D87N; A618T S801I; E84V; V136I; 15291 +
A828S A471G; Q481H

2 15 0 0 S A828S - - V1361 -

3 6 0 0 S - E703D - - -

4 3 0 0 S A828S A618T A471G; Q481H V136l -

5 3 0 0 S - - - V136l -

6 2 0 0 S A828S A618T - V136I; 15291 -

7 2 1 0 S S83L - - - -

8 2 2 1 R S83L; D8TN; A618T E84V; A471G; V1361; 15291 +
A828S Q481H

9 2 2 2 R S83L; D8TN,; A618T S801; E84V; V136I; 15291 -
A828S A471G; Q481H

10 1 0 0 S A828S M605L; E703D - V136l -

11 1 0 0 S A828S T590M - V136l -

12 1 0 0 S A828S - - V136I; D475E -

13 1 0 0 S A828S - - V136I; 15291 -

14 1 0 0 S A828S A618T - V136I; K146T -

D475E
15 1 0 0 S A828S - - - -
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16

17

18

19

20

21

22

0

0

S83L

S83L; A828S

S83L; D8N

S83L; D87N;
AR828S

S492N

A618T

E159D; E161D;
R206K; S463A;
V522I; T565S;
T590A; N595V;
Q737K; E703D
A618T; T692A

E703D

S801

S80I; E84V;
A471G; Q481H

V1361; I529L
S458A

V136I; I1529L

V136l frameshift at
position 307;
truncation at
position 351

*Profiles are arranged in order of frequency in the dataset
® Mutations compared to wild type locus of E. coli MG1655 (RefSeq: NC _000913)
“Mutations in QRDR regions underlined
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Table III. Genotypic profiles for genes associated with aminoglycoside resistance among 74 non-enteropathogenic E. coli isolates.

Total number of

mechanisms conferring Predicted
Number of aminoglycoside gentamicin aph-6-
Profile? isolates with . o aac-3’-1ld  aac-3’-Ile  aac-6’-Ib-cr aadAla aadA4 aadAS5 aph-3’-1d
profile Rw_mﬁ.ﬁoo ?E:c.ﬁ. susceptibility Id
conferring gentamicin for profile
resistance)
1 32 0(0) S - - - - - - - -
2 8 1(0) S - - - - - - - +°
3 10 3(0) S - - + - + + - -
4 8 2(1) R - + + - - - - -
5 3 3(0) S - - - - + + - +
6 3 2 (0) S - - - - - - +4 +
7 2 5(1) R - + + - + + - +°
8 2 3() R - + + - - - - +°
9 3 1(0) S - - - + - - - -
10 1 4(1) R - + + - + + - -
11 1 2 (0) S - - + - - - + -
12 1 4(1) R + - - - + + - +°

Profiles are arranged in order of frequency in the dataset

®Two aph-6-Id sequences aligned from partial matches across contigs

¢ One isolate with 99.9% sequence homology to reference gene; three with 87.6%

4 Two isolates with 99.4% sequence homology; one isolate with 99.1% sequence homology

¢ One isolate with 99.9% sequence homology

"Two isolates with 99.7% sequence homology to database reference sequence and 100% homology to JX494725 (C. freundii plasmid with aadA1 gene [position 633-1424])
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Table IV. Genotypic profiles for loci associated with beta-lactam resistance among 69 K. pneumoniae isolates.

Predicted
Number of susceptibility for
C
isolates with ~ Total profile blarewe N blas'
Profile? profile number of promoter aq.mz blaoxa-i ao.q M mutations; a.i% blay pn blaokp
. . b N . variant variant . . variant
(discrepant ~ mechanisms® 5 % s variant allelic variant
henot = = = )
phenotypes) z = m =
O
1 13 (1) 1 R S S S - - - - L35Q; 11 - - -
2 14 4 R R R S P3 1 1 15 WTS; 1 - - -
3 11 (1) 1 R S S S - - - - WT; 1 - - -
4 6 ANV 1 R S S S - - - - - - 2 T\Qrmz.ﬁ 4 novel -
5 3 3 R S R S P3 1 - 15 WT; 1 - - -
6 2 1 R S S S - - - - Y7F; 28 - - -
7 2(1) 4 R S S S P3 1 1 15 T18A, A22V, - - -
L35Q,
M129V; 121
8 2 (1) 2 R R S S Pa/Pb 1 - - L35Q; 11 - - -
9 1 3 R R R S - - + 15 L35Q; 11 - - -
10 1 1 R S S S - - - - D101H; 169" - - -
11 1(1) 1 R S R S - - - - G156D; 27 - - -
12 1 1 R S S S - - - - L35Q, AI87T; - - -
60
13 1 1 R S S S - - - - P226S; 33 - - -
14 1 1 R S S S - - - - Y7F, M211L; - - -
170"
15 1 1 R S S S - - - - Y7F, S14F; - - -
171°
16 1 1 R S S S - - - - P226S; 33 - - -
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17
18
19
20
21

22
23
24

1
1
1

N W W A~

2
3
2

AR RAR

R
R
R

v wnm™ I

S
R
S

™R RN

S
R
S

nn nvn n n

wn

S
S

P3
P3
P3
P3

P3
Pa/Pb

—_

15
15
15

15

Y7F; 28

Y7F; 28

E31K, L35Q,
AI187T; 135

L35Q;
L35Q;
L35Q;

11
11
11

*Profiles are arranged in order of frequency in the dataset

b blatgv-promoter and blargy considered as a single element; one blargy-promoter aligned from partial matches across several contigs

¢ AMP = amoxicillin, AMC = co-amoxiclav, CRO = ceftriaxone, CAZ = ceftazidime, MEM; S = susceptible, R = resistant

4 One blagyy sequence aligned from partial matches across contigs
*WT — wild type; equivalent to blasyy.|

Novel blasyy-variant identified in this study
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Table V. Genotypic profiles for loci associated with ciprofloxacin susceptibility/resistance among 69 K. pneumoniae isolates.

Amino acid mutations in quinolone resistance determining

Number of regions (QRDR) only
. Hmoer A.u Number of Number of Number of Predicted
isolates with . .
a gyrd parC parE ciprofloxacin gyrd parC parE , gnr
Profile profile o aac-6’-1b-cr .
(discrepant QRDR QRDR QRDR susceptibility variant
phenotypes) mutations ~ mutations  mutations for profile position position position position position
83; wild 87; wild 80; wild 84; wild 458; wild
type S type D type S type E type S
1 37 - - - S S D S E S - -
2 12 - - - R S D S E S + Bl
3 2 2 - - R Y N S E S + Bl
4 2(2) - 1 - S S D I E S - -
5 1(1) 2 - - R F A S E S - -
6 1 2 1 - R F N I E S + -
7 1 1 1 - R I D I E S + -
8 1 1 - - S I D S E S - Bl
9 1 1 - - S I D S E S - -
10 1(1) 2 - - R I N S E S - -
11 1 - 1 - R S D I E S + Bl
12 1(1) - 1 - S S D I E S + -
13 1 - - - S S D S E S + -
14 1 - - - S S D S E S - S1
15 1 - - - S S D S E S - Bl
16 1 - - - S S D S E S - B6
17 1(1) - 1 1 S S D S K T - -
18 1 1 1 - R T D I E S - S1
19 1 1 - - S T D S E S - -
20 1 1 - - S Y D S E S - -

*Profiles are arranged in order of frequency in the dataset
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Table V1. Genotypic profiles associated with aminoglycoside resistance among 69 K. pneumoniae isolates.

Total number of

Number of Boogi.m s .
. . conferring Predicted
isolates with aminoglycoside entamicin aac aac-6" aph
Profile® profile ) gy g e , aac-3’-11d  aac-3’-1le aadAla aadA2  aadA4 aadAl6 ﬁ aph-6’-1d
. resistance (number susceptibility 3-Ia 1b-cr 3-la
(discrepant .
conferring for profile
phenotypes) ..
gentamicin
resistance)
1 36 (1) 0 S - - - - - - - - - -
2 14 3() R - - + + - - - - - +
3 4 1 (0) S - - - - - - - - - +
4 2 2(1) R - - + + - - - - - -
5 1 2() R - + - - - - - - - +
6 1 3() R - + - - - - - - +b +
7 1 1(1) R - - +° - - - - - - -
8 1 5(1) R - - + + - +4 - - +b +
9 1 2() R - + - - - +d - - - -
10 1 2(1) R + - - - +° - - - - -
11 1 2 (0) S - - - + - - - - - +
12 1 2 (0) S - - - + - - - + - -
13 1 2 (0) S - - - - +f - - - - +
14 1 2(0) S - - - - - +4 - - - +
15 1 1 (0) S - - - - - +4 - - - -
16 1 4(1) R - - + + - - - - +b +
17 1 1(0) S - - - - - - - - +° -

*Profiles are arranged in order of frequency in the dataset

©99.4% sequence homology over full length of gene in reference database
©99.8% sequence homology over full length of gene

499.9% sequence homology over full length of gene

€99.7% sequence homology over full length of gene

100% sequence homology, but over 86% of gene
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CHAPTER 6: OUTBREAK EPIDEMIOLOGY - USE OF
WGS TO INVESTIGATE AN EXTENDED SERIES OF
NDM-1-POSITIVE KLEBSIELLA PNEUMONIAE
INFECTIONS IN A SINGLE INSTITUTION IN NEPAL

6.1. BACKGROUND

Klebsiella pneumoniae is a major pathogen in neonatal critical care(1), and in
association with extended-spectrum beta-lactamases (ESBLs) and/or carbapenemases,
results in increased hospital costs, longer stays and high mortality(2, 3). Furthermore,
the success of controlling outbreaks with carbapenemase-producing Klebsiella spp. is
mixed(4, 5). In resource-limited settings, such as South Asia, multi-drug resistant
Enterobacteriaceae are widespread, and to delineate the relative contribution of
within-hospital transmission of resistant strains and mobile genetic elements versus

recurrent importation of these from the community is challenging.

The New Delhi Metallo-beta-lactamase family of carbapenemases (NDM; conferred
by blaNDM variants) were first identified in a K. pneumoniae strain cultured from a
patient originally hospitalised in India(6). Since then, at least eleven different gene
variants have emerged globally(7), in several different plasmid backgrounds and
bacterial species(8). South Asia is one potential reservoir for these genes, with an
NDM carriage prevalence of 14% in out-patients and 27% in hospitalized patients
reported in Pakistan(9), and NDM-1 genes detected in 4% of drinking water and 30%

of waste seepage samples from New Delhi, India(10).

Several studies have used lower-resolution typing methods, such as pulsed field gel

electrophoresis (PFGE), to characterize outbreaks caused by carbapenem-resistant
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Klebsiella spp., but these are limited in their capacity to accurately define genetic
relationships, particularly with respect to closely related isolates, or in contexts where
mobile genetic elements may play a contributory role to transmission of resistance
genes. Whole genome sequencing (WGS) has already been shown to markedly alter
classical interpretations of transmission at a bacterial strain level, with respect to
Clostridium difficile and Mycobacterium tuberculosis (11, 12). Two published
studies have successfully utilized WGS to describe carbapenemase-producing
outbreaks of K. pneumoniae, but both of these again focused only on the relationships
of bacterial strains in the presence of a resistance gene without reference to its genetic
context (13, 14). The first study described a six-month outbreak involving a different
carbapenemase gene, Klebsiella pneumoniae carbapenemase (blagpc), (22 isolates)
using genetic and epidemiological data, supporting both patient-patient and ventilator-
patient transmission. The second study was smaller (n=8) and revealed likely inter-

patient transmission of NDM-K. pneumoniae at a US hospital over four months.

This chapter expanded on previously published work, by using Illumina and Pacific
Biosciences single molecule real-time sequencing (PacBio SMRT) to recover the
near-complete genetic information, including that of episomal structures, of a series of
disease-causing, multi-drug resistant K. pneumoniae isolates collected in a hospital
neonatal service in Nepal. In addition to sequencing strains obtained from
epidemiologically defined “outbreak” cases, other K. pneumoniae and
Enterobacteriaceae isolates were sequenced in an attempt to capture the diversity of
genes, plasmids and strains potentially involved in blaxpm transmission networks. In a
setting where NDM is thought to be endemic, this was undertaken to investigate the

hypothesis that these drug-resistant cases were occurring as a result of independent
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introductions of strains/plasmids from the wider community rather than within-

hospital transmission.

6.2. METHODS

Patan hospital is a 450-bedded hospital in Kathmandu, Nepal, with a paediatric unit
handling ~9,500 live births, 35,000 out-patient reviews and 2,600 admissions/year.
Neonatal care is managed in two nurseries, one “clean”, for non-sepsis-related
supportive care, and one “septic”, for patients who have major risk factors for, or a
diagnosis of, sepsis. The neonatal and paediatric intensive care units (NICU and

PICU) are located close to the nurseries.

The suspected index case was a low-birth weight, premature baby born in the hospital
on 09/Aug/2011. Post-natally he was admitted to the NICU for respiratory distress.
Early blood cultures were negative, but on day eight, K. pneumoniae was cultured,
initially susceptible only to carbapenems. The child died four days later, despite

treatment.

Cases of sepsis associated with similar drug-resistant K. pneumoniae-positive cultures
susceptible only to one/more of the carbapenems/colistin/tigecycline were defined as
part of an epidemiological cluster, with the last case identified on 30/Jun/2012. To
contextualize genetic variation in cluster isolates, and identify wider resistance
gene/element spread, we requested a randomly sampled subset of stored
Enterobacteriaceae/other Gram-negative bacilli, stratified by susceptibility profile,

age (adults/children), and hospital- (sampled >48 hours after admission) versus
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community-associated infections (sampled <48 hours after admission, no previous

admission to Patan hospital and delivery outside of a healthcare facility).

Infection control was enhanced from December 2011 and included changes in

cleaning, equipment and surveillance protocols as follows:

1.

10.

11.

12.

1% Virkon to clean equipment; previously, Savlon (0.3g chlorhexidine
gluconate and 3g cetrimide/100mLs; diluted 1:30 in 70% alcohol)

Surface cleaning of floors, walls, ceilings, furniture and medical equipment
following the identification of each new case.

Fumigation of the neonatal units on 02/Nov/2011 and 15/Dec/2011.
Inspection of and chlorination of water sources (27/Nov/2011)

Water purification by reverse osmosis and the use of purified water in
ventilator humidifiers

Paper towels to replace cloth towels in all neonatal units

Routine change of staff and visitor gowns every morning

Hand washing implemented for all visitors; importance of hand hygiene
emphasized to all staff on the neonatal units

Use of disposable tubing for ventilators

Cleaning protocols for ventilators implemented

Bedside chlorhexidine hand cleansing solution (Microshield) deployed in all
neonatal units (equivalent to 0.5% w/v chlorhexidine gluconate + 70% ethanol
v/v)

Implementation of microbiological surveillance
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13. Closure of original clean nursery and repair of a leaking toilet in the ward
above, which was being used by women undergoing vesico-vaginal fistula

repair surgery.

6.2.1. Laboratory/sequencing methods

All samples were originally processed locally. Species identification was based on
biochemical profiling. Antimicrobial susceptibility testing used disk-diffusion(15),
and was reassessed using broth microdilution in Oxford (BD Phoenix Automated

Microbiology System [Oxford, UK]), as per the thesis methods section.

Environmental sampling is performed routinely as part of infection control
surveillance at Patan hospital, and this included the study period. Typically, paired
swab samples are collected fortnightly before and after intensive cleaning from five
different randomly selected sites in the NICU, and the established clean and septic
nurseries, including laryngoscope blades, ventilators, stethoscopes, equipment
trolleys, incubators, central lines, endotracheal/suction tubes, tap water, floors and
door handles. If a patient was considered part of a K. pneumoniae case cluster, then a
set of these surveillance swabs was taken from their incubator or bed. Rectal swabs
were taken from all nursing and medical staff in the neonatal nurseries, NICU and
PICU (between 9-11th July/2012). Samples were also collected from purified water
used for clinical purposes (26/September/2011), disinfectants (13/December/2011),
and air conditioners in the nurseries and ICUs (12/December/2011). Swabs/samples
were plated on MacConkey agar and incubated aerobically; Klebsiella isolates were

identified as above.
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DNA was extracted from sub-cultured frozen isolate stocks as per the standard thesis
method. All extracts were sequenced on the HiSeq 2000 platform (Illumina, San
Diego, USA), generating 100 base paired-end reads. For the suspected outbreak index

case (PMK1), PacBio SMRT sequencing was also undertaken.

6.2.2. Sequence data analysis

Species identification was confirmed with Kraken(16), and Illumina reads were
mapped to species-specific reference genomes (E. coli CFT073, GenBank:
AE014075.1; Klebsiella pneumoniae subsp. pneumoniae MGH78578, GenBank:
CP000647.1; Klebsiella oxytoca E718, RefSeq: NC_018106.1;

Enterobacter cloacae subsp. cloacae ATCC 13047, RefSeq: CP001918.1;
Pseudomonas aeruginosa PAO1, RefSeq: NC 002516.2; Serratia marcescens WW4;
RefSeq: NC _020211; Pantoea sp. At9b, RefSeq: NC _014837.1).

Mapping/variant calling methodologies were done through the group pipeline; reads
were also de novo assembled using Velvet and VelvetOptimiser. BLASTn was used
to identify the presence/absence of resistance gene variants in assemblies using the
resistance reference database defined in Chapter 5; at this stage, the identification
process had been partly automated using an in-house python script. A similar
BLASTn-based approach was used to infer multi-locus sequence types of K.

pneumoniae isolates(17).

A maximum-likelihood phylogeny of the first K. pneumoniae isolate per case based
on single nucleotide variants (SNVs) distributed over the core, mapped genome was
constructed in PhyML(18). I used PhyML version 3.0, with a generalized time-

reversible (GTR) nucleotide substitution model, a gamma-distribution with four rate
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categories to estimate among-site variation in substitution rates, and 100 bootstrap
replicates. Sites where at least one sample had a null/missing call were excluded from
the input. For the input alignment, the variant sites derived from mapping to the
MGH78578 reference were “padded” with invariant sites in a proportion consistent
with the GC content and length of the reference genome (5.69Mb, 57.1% GC

content).

PacBio sequencing of the isolate obtained from the first observed infected case
(PMK1) was undertaken at the Department of Genetics and Genomics at the Icahn
Medical Institute in New York, and assembled into contigs using their HGAP and
Quiver software(19). Chromosomal and plasmid contigs were identified using
BLASTn(20) against the NCBI nucleotide sequence database. Circular overlaps in
plasmid contigs were identified with nucmer(21). Plasmid reference sequences were
closed and corrected with visual inspection of BWA-generated [llumina and PacBio

read alignments to plasmid contigs(22), and annotated with Prokka(23).

Reads from each strain were mapped to the PacBio-generated reference sequence
(chromosome-+plasmids) with BWA. Structural variation in plasmids was identified
by plotting the mean read coverage for each 1000bp of the reference sequence divided
by the mean read coverage across the whole reference sequence, capped to a
maximum of one. Precise breakpoints were identified from the inspection of mapped
reads. Presumptive plasmid structures generated are denoted pPMK[isolate number]-
[plasmid reference suffix] e.g. pPPMK17-NDM. NDM copy number was estimated by
read counts to the NDM regions divided by the total number of reads, scaled to

pPMK1-NDM, and then rounded to the nearest whole number.
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The genetic outbreak was then defined as any closely genetically-related cases from
the epidemiological cluster, plus other genetically related isolates, forming a distinct
group on the maximum-likelihood tree. Comparing these to the PacBio-generated
reference chromosome, a mutation rate for the outbreak strains was estimated using a
time-scaled analysis in BEAST(24), including longitudinal isolates from individuals.
Three separate runs on the dataset were undertaken using a strict molecular clock
model with the following priors: (i) a GTR nucleotide substitution model with
estimated base frequencies; (i) a discrete gamma distribution with four categories to
account for variable substitution rates at each site; (iii) a constant population size; (iv)
a random starting tree; and (v) a Monte Carlo Markov Chain (MCMC) length of
30000000 with sampling logged every 1000 iterations. The output of the three runs
with respect to mixing and convergence was compared using Tracer v1.5 [33]; good
mixing and convergence were observed and effective sampling sizes for all
parameters were above 300. Log and tree files for the respective runs were combined
with down-sampling using LogCombiner v1.7.5; mutation rates and the phylogeny
were determined from these. TreeAnnotator v1.7.5 was used to select the maximum

clade credibility tree.

For the input alignment, 51 variant sites derived from mapping to the Pacbio-derived
chromosomal reference for the outbreak strain (excluding positions 3126261 and
3137776 which had been affected by the large deletion in PMK13b) were “padded”
with invariant sites (in proportions consistent with the ACGT content of reference
chromosome) to the length of the called genome (5,038,898/5,317,001 bases;

represents sites where bases were called in all sequences). The molecular clock

194



generated by BEAST was then multiplied by the called genome length to give a

mutation rate/genome/year.

The most likely transmission chain was inferred using the R Outbreaker package(25).
An alignment of the reference sequence with inserted SNVs for each of the first
isolates obtained from each outbreak case was uploaded into R. The probability
distribution of the generation time (the time between colonization of a primary case
and transmission to a secondary case) was set up to follow an exponential decline,
with the highest probability for transmission estimated for cases closer in time to the
primary case. I tried to run the Outbreaker package with two different mean
generation times, namely 50 days and 10 days. Four parallel MCMC runs were
performed for 30,000,000 iterations. Good convergence on visualization of the trace
of log-posterior values was observed (3,000,000 iterations were removed as burn-in)
only for the first model (with a mean generation time of 50 days). This would be
consistent with observations in the literature of colonisation with bJlaNDM-positive
Enterobacteriaceae persisting for up to a year(26, 27); a mean generation time

estimate of 50 days was therefore used for the Outbreaker analysis.

Posterior support for the edges of the transmission tree and estimated mean times to
infection were obtained from the posterior ancestries (“alpha” columns in the
Outbreaker MCMC output) and the dates of infection (“Tinf” columns in the
Outbreaker MCMC output). The posterior distribution of R values (the R value being
the number of secondary cases per infected individual), used to size the nodes in the

transmission graph were obtained using the get.R function in the package.
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6.3. RESULTS

Of 102 strains sequenced, 55 were confirmed as K. pneumoniae, 43 as other
Enterobacteriaceae and 4 as other Gram-negative bacilli. Of 55 K. pneumoniae
sequenced from 47 individuals, 34 isolates sampled from 26 individuals were part of
the genetically-defined outbreak. All outbreak isolates were cultured from blood,
except PMKOY, cultured from cerebrospinal fluid. Figure 6.1. shows the timeline of
cases in the epidemiologically-defined cluster and/or the genetically-defined outbreak.
The prolonged time intervals between some cases (PMK1-to-PMK3, 96 days; PMK9-
to-PMK10, 57 days; PMK12-to-PMK15, 34 days) demonstrate the challenge of
distinguishing between multiple importations and on-going spread. The outbreak
affected all units, including the overflow nurseries established towards the end of the

outbreak in a different hospital building.

Outbreak-associated mortality was high, with 16 (64%) in-patient deaths in 25
neonates (6 with unknown outcome e.g. referred elsewhere, left against medical
advice), in contrast with a hospital-wide contemporaneous neonatal death rate of
46/6908 (0.7%). Neonatal critical care mortality was 46% (45/98 cases) during the
outbreak period, and 27% (32/117) in the year following the final case (p=0.007,

Fisher’s Exact Test).

Approximately 30 sites per month were sampled from the three neonatal units
surveyed; the heaviest environmental contamination with Klebsiella spp. was
observed at the onset of the outbreak, between August 2011 and January 2012 (mean:
2 environmental swabs positive [range: 0-3]), as opposed to the preceding and

subsequent six-month periods (no sites positive at any time-point, and mean: 0 sites
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positive [range: 0-1] respectively) (Figure 6.2.). Klebsiella spp. were isolated from a
number of environmental cultures including from laryngoscope blades, suctioning
equipment, purified water containers, tap water, soap dispensers, a burette set surface
swab and a health care worker’s hands; none of these underwent susceptibility testing.
Eighteen of 69 (26%) rectal swabs cultured Kl/ebsiella spp., but none were ESBL- or
carbapenemase-producing. None of these isolates were stored unfortunately, and
therefore none could be sequenced to test for the environmental presence/carriage of

any genetic elements potentially involved in transmission.
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Figure 6.2. Number of environmental samples positive, stratified by organism by month, April 2010-
November 2012. The NDM K. pneumoniae outbreak lasted from August 2011-July 2012.

All sequenced K. pneumoniae represented 14 STs; six were novel (Figure 6.3.).
Strains exhibited considerable diversity (56947 core variable sites; mapped to
reference strain MGH78578, mean call rate of 87%). H2, part of the

epidemiologically-defined cluster, was distantly related to the outbreak cases (16557
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SNVs from PMK1). Conversely, H1460, not identified by the clinical teams in Patan
Hospital as being part of the case clusters, was part of the genetically defined
outbreak (1 SNV from PMK26a), as was an adult hospital-associated strain, H30 (21
SNVs from PMK1). All outbreak isolates were ST15. Three additional smaller,
closely genetically related clusters were observed; two neonatal hospital-associated
clusters and a pair of community-associated infections within three weeks of each

other (Figure 6.3.)

We also sequenced 47 other clinical isolates representing different species (Figures
6.4.a. and 6.4.b.); the earliest isolate was from 05/Jan/2008, and the latest from
01/Aug/2012. Within the wider hospital, several isolates causing bloodstream
infection in neonates remained unsequenced, including five K. pneumoniae, four
isolates defined as Klebsiella spp., two E. coli, seven Acinetobacter spp. and two K.
oxytoca. Genotypic and phenotypic multi-drug resistance was very common in both
hospital- and community-associated isolates: 13/21 (62%) non-outbreak K.
pneumoniae, 12/14 (86%) Enterobacter cloacae, and 6/8 (75%) Klebsiella oxytoca
contained at least one variant of each of aac, blarem, blaoxa, blactxm and gnr in
combination. Three non-enteropathogenic E. coli isolates and one E. cloacae isolate

contained blanpwm.1; a further non-enteropathogenic E. coli isolate contained blanpm.e.
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Figure 6.3. Maximum-likelihood phylogeny of all sequenced Klebsiella pneumoniae study isolates (de-duplicated by individual). Isolates in red represent those originally
considered part of case clusters on the basis of clinical suspicion and susceptibility testing. Additional closely genetically related clusters of non-outbreak strains are
inidicated with curly brackets. “CA” denotes community-associated and “HA” hospital-associated strains; the time interval listed is that spanning the isolation dates of

clustered isolates. Size of circle reflects bootstrap support at nodes.
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Figure 6.4.a. Resistance genotype and susceptibility phenotype by Phoenix for all sequenced K. pneumoniae isolates and copy number calculation for blaypy, where present.

“S” susceptible, “I” intermediate, “R” = resistant — susceptibility category called by Phoenix in accordance with EUCAST breakpoints; “NA” — no result available.
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CAZ — ceftazidime; CIP — ciprofloxacin; ERT — ertapenem; MEM — meropenem; ATM — aztreonam; GEN — gentamicin; AMK — amikacin; SXT — trimethoprim-
sulfamethoxazole; CST — colistin.
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Figure 6.4.b. Resistance genotype and susceptibility phenotype by Phoenix for all sequenced non-K. pneumoniae isolates and copy number calculation for blanpm, where
present. “S” susceptible, “I” intermediate, “R” = resistant — susceptibility category called by Phoenix in accordance with EUCAST breakpoints; “NA” — no result available.
Antibiotic abbreviations as follows: AMP — ampicillin/amoxicillin; AMC — amoxicillin-clavulanate; TZP — piperacillin-tazobactam; CXM — cefuroxime; CRO — ceftriaxone;
CAZ — ceftazidime; CIP — ciprofloxacin; ERT — ertapenem; MEM — meropenem; ATM — aztreonam; GEN — gentamicin; AMK — amikacin; SXT — trimethoprim-

sulfamethoxazole; CST — colistin.
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6.3.1. Detailed outbreak strain analysis

Fifty-three high-confidence chromosomal SNVs were identified during the outbreak
(Figures 6.5.a. and 6.5.b.), 21 uniquely in the adult H30 strain. Sixteen SNVs emerged
and persisted in more than one isolate, fourteen in coding sequences. Of these, eight
resulted in non-synonymous mutations (Figure 6.5.a.). There was a large 121366bp

deletion in PMK13b (reference positions: 3047928-3169294).

From the time-scaled phylogeny (6.6.), the outbreak strain’s mutation rate was
estimated at 3.65x10-6 (95% credibility intervals [CI]: 2.45x10-6 to 4.89x10-6)
mutations per called site per year, equating to 18.4 (95% CI: 12.3-24.6) mutations per
genome per year. The time-to-most-recent-common-ancestor of the adult-associated
H30 strain and the index neonatal case PMK1 was estimated at between 1-7 months

before the neonatal outbreak was observed.

The transmission network inferred by Outbreaker (Figure 6.7.) demonstrates
uncertainty around the specific transmission links for early strains (PMK3-9). Four
individuals harboring these strains shared ward space and time (PMK3-5, PMK?7), and
the network is consistent with direct transmissions. PMK9 may have contaminated the
ward or equipment in the established septic nursery, or colonized an unsampled
asymptomatic host, leading to the infections represented by PMK10, and possibly also
to PMK11 (although this was also consistent with a direct transmission from
PMK10), and later spread to the individual harboring PMK14. The link between
PMKI11 and PMK12 again most likely represents an indirect transmission through
either an environmental or asymptomatic source, and between PMK 11 and PMK13 an

event across wards. Based on the available epidemiologic data (Figure 6.1.), the
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Figure 6.5.a. Nucleotide and amino acid level variation for outbreak isolates with respect to the PMK1 reference chromosome, pPMK1-B and pPMK1-NDM. “del”
represents a deletion. “NA” denotes an un-annotated hypothetical protein, “-” a stop codon. The order of the isolates approximates the outbreak timeframe, but also
accommodates the grouping of isolates that share identical genetic sequence based on mapping to the PMK1 chromosomal reference (i.e. 0 SNV differences; shown in boxes
with black borders). Brown-shaded chromosomal positions represent non-coding positions, gray-shaded positions represent positions in plasmids. Non-synonymous,
persistent mutations occurred in ppx (an exopolyphosphatase), az/C (an azaleucine resistance protein), ada4 (a methyltransferase), gcd (a quinoprotein glucose
dehydrogenase), bmR (a transcriptional repressor), oprD (an outer membrane porin), ssuC (an alkane sulfonate transporter subunit), and virB4 (a type IV secretion system).
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Figure 6.5.b. Phylogenetic tree summarizing chromosomal genetic relationships between all outbreak isolates. Colored nodes represent sampled isolates, black nodes

unsampled intermediates; coloring reflects the sampling date in days after the first sample. Each solid branch represents a single SNV, with branch colors indicating mutation

types: orange — non-synonymous, green — synonymous, gray — intergenic; gray, dashed line — 121,366bp deletion; black, dashed line — 21 SNVs.
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Figure 6.6. The time-scaled phylogeny inferred in BEAST. Coloured isolates represent longitudinally sampled isolates from the same individual/colour. Blue bars around the

node represent the 95% credibility interval around the node height, and in this time-scaled context, the uncertainty around the time-to-most-recent-common-ancestor

(TMRCA). Starred nodes have posterior support values >98%.
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Figure 6.7. Transmission network inferred by Outbreaker. Nodes are coloured by sampling date, and sized according to the number of secondary cases they are inferred to
have caused through onward transmission. Estimates of support for the certainty of transmission pathways are represented by the grey-scale shading of the graph edges.
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spread from PMK 14 most likely occurred within the established septic nursery (possibly
directly to PMK15, otherwise indirectly via equipment/colonized asymptomatics). The links
between PMK18, PMK21a, PMK22, PMK24 and PMK25 could potentially have been
established through sequential transfer from the established septic nursery to the NICU and
then to the overflow “septic” nursery. PMK19 to PMK20 may represent a direct transmission
event, but the nature of the link between PMK 19 and cases PMK23 and PMK26a is less
evident. The model identifies PMK14 and PMK19 as contributing to the largest number of
secondary outbreak cases, with H30 excluded from the inferred transmission network. I had
limited epidemiological data on cases, so it was impossible to identify any features that may
have been associated with the inferred increased contribution of PMK 14 and PMK19 to

transmission.

Four complete plasmid sequences were identified in PMK1. The blanpm-1-containing plasmid,
pPMKI1-NDM (304526bp), was a multi-replicon (IncHI1B/IncFIB) plasmid with antibiotic
resistance determinants including aac(6°)-1b-cr, aadA2, blactx-m-15, blaoxa-1, folP, catAl,
dfrA12, armA, and a large conjugative transfer module. A number of mercury resistance (mer)

genes were present (Figure 6.8.).

pPMK1-A (187571bp), also a multi-replicon (IncFIIK/IncFIBK) and likely conjugative
plasmid, contained tetracycline resistance genes tet4 and fetR, and iron (fec), arsenic (ars),
copper (cop), tellurite and silver (si/) resistance gene cassettes. pPMK1-B (111693 bp) was a
colE1-type, IncFIB plasmid, containing a tellurite resistance gene, but lacking in obvious
conjugative transfer genes. pPMK1-C (69947 bp) contained aph(6)-1d and aph(3°)-1b-like
resistance genes encoding for streptomycin and kanamycin/neomycin resistance respectively

(Figures 6.9.-6.11.).
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Figure 6.8. pPPMK1-NDM, the NDM-carrying plasmid from isolate PMK1, the
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Figure 6.9. pPPMK1-A, the second plasmid from isolate PMK1, the observed index infected case in the outbreak.
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Figure 6.10. pPMK1-B, the third plasmid from isolate PMK1, the observed index infected case in the outbreak
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Figure 6.11. pPMK1-A, the second plasmid from isolate PMK1, the observed index infected case in the outbreak.
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All four plasmids were highly conserved across the outbreak (Figure 6.12.). There
were just five SNVs in the NDM-containing plasmid, and two in pPMK-B, three and
one respectively only occurring in H30. No SNV-level variation was observed for
pPMK-A or pPMK-C (Figure 6.5.a. above). Plasmid pPMK1-NDM contained two
regions not present in other outbreak strains. The first was a tandem duplication of the
blanpwm-1 region (positions:56-76kb) resulting in three blanpm-icopies; the second an
acquisition of two transposases (positions:272471-275170bp) in the plasmid structure.
pPMK6-NDM and pPMK 13a-NDM shared a 26kb deletion (positions:454501-
70264bp), including blanpm-1. pPPMK21b-NDM contained a larger 83kb deletion
(positions:13135-96114bp), involving blanpm-1and other antibiotic resistance genes
including aac(6°)-1b-cr, blaoxa-1 and catB3. blanpm-1 gene deletions correlated with
reversion to ertapenem susceptibility. pPMK24-NDM contained a small 2401bp
deletion representing three phage-related open reading frames. The only other
variation in plasmid gene/presence was a deletion in positions 36552-40801bp of

pPMK17-A, involving tetracycline resistance genes (fetA/tetR).

Comparing plasmid structures across non-outbreak Klebsiella strains and non- K.
pneumoniae, outbreak plasmids were essentially restricted to the outbreak Klebsiella
strains (Figure 6.12.). Partial exceptions were: (i) pPMK1-B, large tracts of which
were also found in a community-associated K. pneumoniae strain (C226); and (ii)
pPMKI1-A, regions of which were found in several nosocomial and K. pneumoniae
and K. oxytoca strains. pPMK1-NDM however was not observed in any non-outbreak
strains, and blaxpm in the five other NDM-positive isolates was located in non-
pPMK1-NDM genetic backgrounds (four E. coli: H17, H19, H21 [closely genetically

related; data not shown], H25; one E. cloacae: C370).
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6.4. DISCUSSION

Despite time lapses between isolates and initial uncertainty as to whether all cases
were linked, WGS clearly demonstrated that the outbreak was caused by a single,
clonal strain of K. pneumoniae ST15 in association with a highly conserved
population of four plasmids, including a blanpm-1-containing plasmid. The intervals
between case clusters suggest persistence of the NDM-1-K. pneumoniae strain in the
unit environment or in asymptomatic carriage, potentially supported by the isolation
of Klebsiella spp. from environmental samples/rectal swabs taken from staff. Both
environmental contamination and asymptomatic colonization are likely contributors
to the transmission of drug-resistant K. pneumoniae in the nosocomial setting(13),
although the relative contribution of each route is unknown, and could feasibly vary
amongst lineages. The assessment of combined epidemiologic data and the
transmission network inferred from sampling dates and the genomic data in this study
strongly supports the view that even wider sampling frames are needed to fully
understand the dynamics of these outbreaks, given that both direct and indirect human
and environmental transmissions are likely to be occurring. The time-scaled analysis
of the outbreak isolates and H30 suggests an ancestral strain predating PMK1 and
H30 was present somewhere between 1-7 months before the identification of the first,
infected, neonatal case — this ancestral strain may have been present in the parents,

other patients, hospital staff or the hospital environment.

Whilst it is impossible to exclude repeated introductions of either the strain or the
blanpm.-1-containing plasmid into the pediatric critical care setting from the
community or elsewhere in the hospital, the extraordinary degree of similarity

between outbreak strains in contrast to other contemporaneous strains from both
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locations makes this less likely. Regarding the selection of the wider set of isolates for
sequencing, I specifically avoided characterizing only phenotypically carbapenem-
resistant organisms given the known lack of sensitivity of phenotypic methods in the
presence of carbapenemases(28), aiming to determine whether there was any evidence
for wider dissemination of the outbreak plasmids or the outbreak K. pneumoniae
strain in the absence of blanpm. The wider sampling and detailed plasmid analysis is a
major strength of this study and expands on the two previous WGS outbreak
investigations(13, 14); without it, uncertainty about transmission versus repeated
importations of strains or dissemination of drug resistance plasmids remains,

particularly in high-prevalence contexts.

This study exemplifies the potential of using WGS to benefit both outbreak
management and antimicrobial treatment. In particular, long-read (30kb) PacBio
sequencing enabled the production of reference assemblies of the isolate cultured
from the first, infected, neonatal case, including both chromosome and plasmids,
which were then used as a comparator for [1lumina short-read datasets for the other
isolates, allowing fine-scale definition of genetic differences between strains and
probabilistic interpretation of likely transmission pathways. As well as resolving the
temporally distinct clusters of NDM-1-K. preumoniae into a single year-long
outbreak, phylogenetic analysis identified several other unrecognized clusters of
antimicrobial-resistant isolates indicating both nosocomial (two separate CTX-M-15-
K. pneumoniae outbreaks; one NDM-1-E. coli outbreak; two K. oxytoca, and three E.
cloacae clusters [data not shown]) and community transmission (CTX-M-15-K.

pneumoniae).
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Laboratory susceptibility phenotyping SIR categories were inconsistent in some cases
between isolates with the same complement of resistance genes, even for the highly
genetically related outbreak strains, highlighting the challenges of relying on this for
cluster identification (Figure 6.3.a. and 6.3.b.; observed for meropenem in the
presence of NDM-1, and gentamicin in the presence of armA). Although sequence-
based susceptibility prediction has yet to be correlated with patient-level clinical
outcomes, it appears sensitive and specific as shown in Chapter 5(29, 30), and
potentially indicates the future value of WGS in managing patients when current
routine laboratory turnaround times are matched. Single strand sequencing platforms
and new, fast genome assemblers(31) are likely to make resistance prediction from
clinical specimens, such as blood cultures, possible within hours of sampling,

providing that the currently high error-rates can be reduced.

This NDM-K. pneumoniae outbreak terminated after a year, and hospital-wide
neonatal critical care deaths almost halved after it ended, consistent with its
suppression or eradication. This is of interest for two reasons: Firstly, blaxpwm is
known to be locally prevalent, and was found in 5/68 (7%) of sequenced, non-
outbreak clinical isolates in this study; and secondly, the hospital is of older
construction and potentially less amenable to infection control. Carbapenemase-
associated K. pneumoniae outbreaks have been shown to be difficult to control in
some settings, even those where resources are less restricted(4). More recently, a
separate NDM-1-Enterobacter cloacae outbreak was observed in the hospital, albeit
in association with a different plasmid vector (data not shown), and was terminated
following fumigation of a number of the clinical units, demonstrating the need for on-

going surveillance and comprehensive infection control.
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K. pneumoniae ST15 is one of the dominant global clones, associated with a range of
beta-lactamases, including NDM/CTX-M-15(32, 33). Its success may partly relate to
accumulation of resistance without fitness costs(34). The outbreak strain stably
supported several plasmids totaling nearly 700kb, 13% of the chromosomal size.
Outbreak plasmids contained resistance genes, plasmid addiction modules, and genes
encoding for systems protecting host bacteria against bacteriophages/plasmids, which

may have contributed to the strain’s dominance and stable persistence.

pPMK1-NDM showed substantial homology to pPNDM-MAR (JN420336.1), first
identified from ST15-K. pneumoniae isolates in Morocco, but differed from other
NDM-containing plasmids(35). The major differences were the presence of additional
NDM-1 copies and further resistance genes in pPMK1-NDM (Figure 6.8).
Carbapenem exposure affects NDM-1 copy number, and lack of selection pressure
can lead to complete gene deletion(36), providing further evidence to support

minimizing unnecessary carbapenem therapy.

The mutation rate estimate for the outbreak K. pneumoniae strain is higher than for
other Enterobacteriaceae, such as E. coli (~1.1/genome/year)(37). There are no
published data on K. pneumoniae mutation rates to my knowledge; it is therefore
impossible to ascertain whether this strain was adaptable because of hyper-mutability,
or whether this is a species-level phenomenon. Mutation rates define the plausible
timeframe of acquisition events in bacteria, and are critical now genomic data are
increasingly being relied upon to refine transmission epidemiology. Some SNV's were

intergenic, highlighting the potential additional resolution achieved using the
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complete mapped genome rather than extended multi-locus sequence typing

(sometimes known as “super-MLST”) for transmission analyses(38).

There are several limitations to this study. NDM-1 copy number variation may have
been due to variable selection pressure in strain culture and storage. Selective culture
would have aided environmental detection of NDM-containing isolates, and the
identification of an environmental source or presence of a susceptible variant of the
outbreak clone was unfortunately impossible given the lack of further susceptibility
testing on and/or storage of environmental/fecal carriage isolates for sequencing.
Routine surveillance of patients admitted to at-risk units would have been ideal, but
was not possible given the local resource constraints. It was not entirely clear what
method had been used to identify the wider set of non-outbreak isolates — it may have
ben that this did not represent a truly random sample. The wider set of clinical isolates
also did not contain other ST15-K. pneumoniae; these were either present at low
frequencies and thus unsampled, or not present at all. Despite the wider sampling, it
was still impossible to identify the source of the outbreak, a limitation which is likely
to be overcome if it becomes possible to implement WGS as a high-resolution, real-

time typing method and use it to refine and extend ongoing outbreak investigations.

In summary, this study highlights challenges in managing clusters of resistant K.
pneumoniae and demonstrates that, despite lack of obvious transmission pathways,
the same strain can persist in hospital environments for months with a highly stable
and conserved set of plasmids, sporadically causing disease. Whether this is a
consequence of particular combinations of host bacterial strains, and NDM-containing

and/or other plasmids, representing clinically successful entities with a significant
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impact on patient outcome, is unclear. However, WGS provides a high-resolution
mechanism by which the contribution of these different elements can start to be

unravelled.
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CHAPTER 7: OUTBREAK EPIDEMIOLOGY - USE OF
WGS TO INVESTIGATE AN EXTENDED SERIES OF
KPC-KLEBSIELLA PNEUMONIAE INFECTIONS IN A

SINGLE INSTITUTION IN THE USA

7.1. BACKGROUND

In the US, the public health threat represented by carbapenemase-producing
Enterobacteriaceae(1) is currently predominantly represented by the presence of K.
pneumoniae-carbapenemase (KPC)-producing K. pneumoniae, which have become
endemic in many US healthcare settings(2). Like blaxpwm, the blakpc gene commonly
resides in highly mobile plasmids that can move freely between genera of
Enterobacteriaceae(3, 4), but are thought to have become predominantly associated
with K. pneumoniae(2), and in particular, a global lineage, sequence type ST-258(5-
10) and other highly related strains in the ST-258 clonal complex(11, 12). This
association has not been explained. No current evidence supports increased virulence
of ST-258 KPC- K. pneumoniae(13, 14), though some studies suggest that either the
presence of the KPC plasmid and/or specific factors associated with motility or DNA

repair may be a feature in promoting its evolutionary success(15, 16).

The blaxpc gene is predominantly contained within Tn4401, a ten kilobase (kb) Tn3-
family transposon capable of mobilisation through transposition(17). This transposon
exists as a number of described “isoforms”(18-21), and inserted in a variety of
plasmids(19). Little is known about the diversity of mobile genetic elements
participating in the wider dissemination of KPC-mediated carbapenem resistance
among other lineages of K. pneumoniae. This chapter describes the use of WGS to

investigate the molecular epidemiology of KPC- K. pneumoniae occurring in a single
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hospital ecosystem over a five-year period, dating from the introduction in 2007 of
both a KPC- K. pneumoniae and KPC-producing Klebsiella oxytoca by the presumed

index case in the study institution(22).

7.2. METHODS

Isolates for this study had been collected from August 2007 to September 2012, as
part of a larger surveillance study of carbapenemase-producing Enterobacteriaceae
undertaken by my colleague, Dr Amy Mathers, working at the Clinical Microbiology
Laboratory of the University of Virginia Health System (UVaHS). UVaHS serves: (1)
a 619-bed tertiary care hospital; (ii) outpatient clinics in central Virginia, and, since
August 2010, a 40-bed long-term acute care hospital (LTACH). All clinical
Enterobacteriaceae isolates that flagged as possible extended spectrum -lactamase
(ESBL)-producers or had an ertapenem MIC of >1 pg/mL by automated susceptibility
profiling (VITEK2, Biomérieux, Durham, NC) underwent carbapenemase phenotypic
testing using the modified Hodge test (August 2007-June 2008) or the indirect
carbapenemase test (July 2008-September 2012)(23). In addition, weekly infection
control surveillance by peri-rectal swab was performed on all inpatients on units
where there was a patient who was known to be colonised or infected with
carbapenemase-producing Enterobacteriaceae (CPE)(24-26), diagnosed either in the
UVaHS labs, or in other centres, in the case of patients being transferred into UVaHS.
Any isolates identified as K. pneumoniae by the VITEK?2 with a positive
carbapenemase phenotypic test and/or meropenem or imipenem MIC >1pg/mL
underwent specific testing for the blaxpc gene using PCR analysis(4, 23). These

isolates had previously undergone pulsed field gel electrophoresis (PFGE) and multi-
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locus sequence typing (MLST), and a subset of these results had been previously

reported(23).

For this work, the KPC-K. prneumoniae isolate for the index patient(22), who was the
first KPC-positive patient identified at UVaHS, was whole genome sequenced. In
addition, a further 36 KPC-positive isolates from 64 patients identified as
colonised/infected were selected by a laboratory technician blinded to the clinical
data. These represented the first KPC-positive isolates cultured from each of these
patients, from samples taken at timepoints throughout the study period (1 in 2007, 5
in 2008, 10 in 2009, 10 in 2010, 5 in 2011 and 5 in 2012). For a smaller cohort of
individuals (n=11) in whom persistent colonisation with a KPC- K. pneumoniae of the
same sequence type (ST) was observed, the last isolate cultured from the patient was
sequenced in addition to the first, in order to determine a “molecular clock™, or

evolutionary rate for the K. pneumoniae being investigated.

The date, location in the hospital and anatomical site of each sample were collected at
the time of sampling. For this study, in which the genetic mechanism of carbapenem-
resistance across species in the UVaHS had been previously shown to be uniformly
blaxpc, the initial culture with any carbapenemase-producing Enterobacteriaceae
strain by phenotypic carbapenemase testing (modified Hodge test and later indirect
carbapenemase test) was considered the epidemiologic acquisition event of blakpc by
a patient. KPC-positive patients were considered to be carriers for the entire duration
of their hospital stay. KPC-K. prneumoniae isolates were classified as “imported” if
cultured from patients without prior admission to UVaHS Medical Centre/LTACH

(UVaMC) and culture-positive before or within 48 hours of transfer to UVaHS. For
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the remaining patients, the risk for acquiring KPC-K. pneumoniae at UVaHS was
based on any hospitalisation at UVaHS in the previous 90 days and classified as:
“high”, if there was a CPE carrier on the unit simultaneously prior to isolation of a
new KPC-K. pneumoniae; and “indeterminate”, if the patient was admitted to UVaHS
for >48 hours at the time of acquisition but had never been on the same hospital unit
at the same time as a CPE-carrier. The study was approved by the University of
Virginia Institutional Review Board (#13558); however, I never had access to any

patient-identifiable information.

DNA was extracted and sequenced as described in the thesis methods. Reads were
mapped against the reference K. pneumoniae sequence MGH78578 (RefSeq:
NC 009653) and de novo assembled using the standard group’s bioinformatic

pipeline.

In silico MLST was performed for all isolates using the MLST scheme developed at
Institut Pasteur(27). Filtered single nucleotide variants (SNVs) for each isolate were
reinserted into the reference MGH78578 sequence, resulting in an alignment of 37
modified reference sequences for comparisons across the whole dataset. A maximum-
likelihood tree of the complete dataset of 37 strains was constructed using RaxML
version 7.7.6, implementing: (i) a generalized time-reversible nucleotide substitution
model, (i1) fixing the proportion of invariant sites at 0, (iii) allowing for four relative
substitution rate categories, and (iv) using the rapid bootstrapping algorithm

outputting the best ML tree with 100 replicates.
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The molecular clock was determined by comparing the sequence variation between
the first and last isolate taken from each patient in the smaller cohort of individuals in
whom longitudinal colonization had been observed. The clock was calculated using
the time interval between the two samplings, and applying a Bayesian model to
estimate the evolutionary rate(28).

Additional analyses were undertaken for the two largest sub-groups identified by in
silico MLST, using alignments of 13 sequences for the ST941 group and seven
sequences for the ST258 group, respectively. For these two distinct STs, within-ST
comparisons of evolutionary relationships were made using ClonalFrame (version
1.2)(29) to account for the impact of recombination, particularly segments which may
have been imported from more divergent lineages. Three separate runs were
performed for both the ST941 and the ST258 clusters, on the alignments of modified

reference strains (with SNVs reinserted). The ClonalFrame settings were as follows:

. Number of MCMC iterations following the burn-in period = 2000
. Number of burn-in iterations = 2000
. Number of iterations between recording parameter values in the posterior

sample (the thinning interval) = 2

Convergence of the runs was assessed by comparing the similarity of the run outputs,
with reference to the global parameters (€ [the mutational rate, assumed to be constant
on the branches of the topology]; R [the recombination rate, assumed to be constant
on the branches of the topology], v [the rate of new polymorphism introduced by
recombination], and 6 [the average tract length of a recombination event]) and the
phylogeny. As a statistical measure of convergence, the Gelman & Rubin test statistic

was calculated for the global parameters for pairs of runs(30). Consensus trees, based
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on the union of posterior samples for each of the triplicate datasets, were determined.
The molecular clock estimate derived from the paired, longitudinal samples was used
to scale the ClonalFrame phylogenies to estimate dating and dating intervals around

the time to most recent common ancestors (TMRCA) for groups of isolates.

Transformants were generated using plasmid DNA from a KPC-K. pneumoniae and a
KPC-producing K. oxytoca (both isolated from the presumed index patient (30)) with
subsequent electroporation into E. coli GeneHogs (Invitrogen Grand Island, NY).
DNA extraction and Illumina sequencing were undertaken as for host strains, as
described above. Unmapped reads (corresponding to presumed plasmid sequences)
were extracted from the mapped .bam files using features available in Samtools and
Picard (version 1.66). Unmapped, paired end reads represented in the resulting fastq
files were then assembled with A5(31). This resulted in one and two A5-generated
scaffolds respectively, corresponding to the electroporated KPC-containing plasmid
sequences in the index patient's K. pneumoniae and K. oxytoca. Comparisons with the
velvet assemblies derived from the complete sets of reads for each transformant were
used to close gaps between the AS5-generated scaffolds and create near-complete
reference plasmid sequences. Mapping of the complete sets of reads to these near-
complete reference plasmid sequences was used to confirm plasmid structure and
correct minor sequence errors in the assemblies. This resulted in single, closed
plasmid structures for each transformant, pKPC_UVAOI for the index case K.

pneumoniae and pKPC _UVAO?2 for the K. oxyfoca strains respectively.

For plasmid analysis across the wider dataset, reads were mapped to pKPC_UVAO1

and pKPC_UVAOQ2. At the time of the analysis, there were also a number of complete
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blaxpc-plasmid sequences publicly available in GenBank, namely: pKPC-NY79
[JX104759.1], pKP048 [FJ628167], pKpQIL [GU595196], pKPN101-IT [JX283456],
pKpQIL-IT [IN233705], pKpS90 [JX461340], S15 [FJ223606], S9 [FJ223607],
pKpQIL-LS6 [JX442975.1], pBK31551 [JX193301], pBK31567 [JX193302],
pBK32179 [1X430448], pBK15692 [KC845573]). Pairwise comparisons to determine
the extent of homology between these plasmids (using BLASTn version 2.2.27 with
default parameters and including pKPC_UVAO1 and pKPC_UVA02) was undertaken
in order to select a non-redundant set; this included only those with homology over
less than half the length of the shorter reference. Reads were then also mapped to the

non-redundant, publicly available references.

Mapping to plasmid references was performed by my colleague, Dr Anna Sheppard,
using BWA mem (version 0.7.5a; default parameters), and the depth of coverage for
each position on the reference was ascertained with samtools mpileup version (0.1.19;
-A flag and otherwise default parameters). A conservative, absolute value of 10 reads
was used as a cut-off for presence at each position. Custom python scripts were used
to calculate the proportion of positions with read depth above this threshold, presented
as % plasmid presence. In the absence of well-defined and validated thresholds for
plasmid presence at the time of the analysis, we defined an arbitrary cut-off of 90% of
coverage of a plasmid reference with read depth > 10 as representing plasmid
presence in an isolate. This is similar to the arbitrary threshold used in a subsequent
publication partly analysing the population structure of KPC plasmids in ST258 KPC-

K. pneumoniae(32).
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De novo assembled contigs containing the Tn4401 transposon were identified using
BLASTn against a Tn4401 isoform b reference (no deletions upstream of the KPC
gene; GenBank: EU176013.1) with an in-house python script, and the matching
sequences were then extracted, aligned and visualised in Geneious(33). Annotations
were added manually. Confirmation of the presence of large structural changes was
done by mapping reads to the contig of interest with BWA(34), visualising coverage

plots using R, and confirming presence/absence of structural contiguity.

7.3. RESULTS

In the complete surveillance dataset (August 2007-September 2012), of the 250
patients with suspected CPE by phenotypic testing for the presence of carbapenemase
(modified Hodge/indirect carbapenemase test), 226 (90%) patients had evaluable
isolates collected. Of these 226 patients, 202 (89%) had at least one carbapenemase-
positive Enterobacteriaceae isolate, including 64 (28%) patients with at least one
blaxpc-positive K. pneumoniae isolate. Of the first culture-positive samples
containing KPC-K. pneumoniae from 37 unique patients that underwent WGS for this
study, twenty-three (62%) were sourced from clinical specimens derived from urine
(10), respiratory (6), abdominal wound (4), and blood (3) samples. Fourteen (38%)
isolates were cultured from peri-rectal surveillance specimens. Of these patients
identified as initial carriers by surveillance, eight (57%) later yielded a clinical

specimen with other blaxpc-positive Enterobacteriaceae.

Seven patients imported KPC-K. pneumoniae into UVaMC, including the suspected

index case (CAV1016 on Figure 7.1., ST45), of these: (i) three patients had a

carbapenem-resistant K. pneumoniae positive clinical or surveillance culture obtained
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at an outside hospital prior to transfer; (ii) two patients had a KPC-K. pneumoniae-
positive urine culture obtained as an outpatient; (iii) a single patient had a KPC-K.
pneumoniae-positive culture within 48 hours of admission. Of the 30 patients at risk
of acquiring KPC-K. pneumoniae in UVaMC, the median duration of hospitalisation
in the 90 days prior to first CPE isolation was 20 days (range 2-81). Eighty-three
percent (25/30) were considered high-risk for acquisition at UVaMC and 17% (5/30)

indeterminate risk.

7.3.1. Host-strain diversity, risk of acquisition and evolutionary clock of KPC-K.
pneumoniae in UVaMC

Sixteen distinct STs were identified from the 37 K. pneumoniae isolates, two of which
were novel (assigned new ST numbers: ST1521 and ST1522 [Pasteur scheme](27)).
Forty-six percent (17/37) of the isolates belonged to discrete STs with two or fewer
isolates per ST. There were two STs represented by more than two isolates: ST941
(n=13/37; 35%), which has not previously been described in association with blagpc,
and the epidemic ST258 (n=7/37; 19%). None of the patients with ST258 KPC-KP
isolates were considered high-risk for acquisition within UVaMC; five of them were
imported and two were of indeterminate risk (Figure 7.1.). All of the patients with
ST941 were considered high-risk for acquisition within UVaMC. Excluding the index
and indeterminate acquisition cases, patients with ST258 were more likely to acquire
KPC-K. pneumoniae outside UVaMC than non-ST-258 (Fisher’s Exact; 5/5 versus

1/26; p=0.0001).

Eleven individuals had paired longitudinal samples sharing the same ST from which

the molecular clock could be assessed, with a median of 18 days (range 0-274) and 1
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SNV (range 0-10) between paired samples. The molecular clock was calculated as
being 1.9x10° substitutions/called site/year (95% credibility interval [CI]: 1.1x10°° -
2.9x10°%), equating to 10.1 substitutions/genome/year (95% CI: 5.7-15.6) (Figure

7.2.).
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Figure 7.1. Maximum likelihood phylogeny of Klebsiella pneumoniae carbapenemase-K. pneumoniae core sequences, in association with blagpc plasmids (pKPC_UVAO1L, pKPC_UVAO02,
pBK15692, pBK32179, and pKPC-NY79), and risk of within-hospital acquisition. Black circles at the nodes represent bootstrap values >70% with the size of the circle reflecting the degree of
support. The largest circles have bootstrap values of 100%. Sequence Type (ST), University of Virginia Health System/Long-term Acute Care Hospital (UVaMC), Single Nucleotide Variants
(SNVs). Where there is no circle for a corresponding plasmid structure (e.g. CAV1074, CAV1416, CAV1562, CAV1194, CAV1699 and CAV1041), a significant alignment to a plasmid reference
structure was not confirmed, and the location of blagpc in these isolates requires further assessment. CAV1016 (ST45) was the presumed index case.
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Based on a ClonalFrame host-strain analysis of the ST941 isolates, the TMRCA dated
to mid-2006 with a 95% credibility interval ranging from 2003 to 2008 (Figure 7.3.).
This includes the time of the first appearance in 2007 of blakpc in UVaMC and would
be consistent with this lineage acquiring blaxpc soon after its appearance in the local
hospital ecosystem. A ClonalFrame analysis of the seven ST258 isolates
demonstrated the TMRCA dating to 1997 (95% credibility interval: 1988-2002;
Figure 7.4.). Four of these isolates (CAV 1596, CAV1061, CAV1066 and CAV1216)
were closely related (<15 SNVs) and had a shared exposure to a single outside
hospital. The remaining three ST258 KPC-K. pneumoniae were genetically divergent
and imported to UVaMC from three separate outside hospitals in the mid-Atlantic
region of the United States. There was no epidemiologic evidence of sustained ST258

transmission within UVaMC.

Twenty-five of the isolates contained KPC-2 (68%), ten KPC-3 (27%) and two KPC-
4 (5%); the distribution of resistance genes was not entirely congruent with the host-
strain phylogeny, suggestive either of horizontal transmission, or of on-going
evolution of the gene within its plasmid/transposon context (KPC-3 is one SNV
different from KPC-2; KPC-4 is two SNVs different from both KPC-2 and KPC-3).
In the transposon, all isolates had a series of identical SNVs compared with the
reference, but only 15 KPC-2 and 3 KPC-3 containing isolates were otherwise
identical to the reference ([51%]; Figure 7.5.). Two isolates shared a 99bp deletion
upstream of the KPC gene (CAV 1378, CAV1062) consistent with a known isoform,
Tn4401a; a third isolate (CAV1077) had a novel 188bp deletion, representing a novel
isoform. One isolate (CAV1064) had a truncated transposon region involving the

ISKpn7 insertion sequence and genes upstream of it. These large deletions and the
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Figure 7.3. Time-scaled representation of genetic relationships between ST941 strains, in association with predicted Klebsiella pneumoniae carbapenemase-plasmid
structures. The number of mutational substitutions are represented numerically on the branches, with bars at nodes indicating 95% credibility intervals around the estimates of
the dating of the most recent common ancestors.
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truncation were confirmed by investigating read coverage depth across the region at
these positions. The remaining strains all exhibited additional degrees of diversity in
the transposon region. Much of this appeared to be in the ist4 gene, one of the
transposase genes in the ISKpn7 (15/36 [42%] isolates, excluding the isolate with the
truncated 7n4401 [Fig. 7.5.]); this variability remains to be confirmed, as it may
represent an artefact of the de novo assemblies. One isolate, CAV1074, had a single
additional SNV (T>C at position 9621) in the 7TnpA gene of the ISKpn6 sequence;
CAV1550 had an additional SNV (T>C at position 6800) in the istB gene of the

ISKpn7.
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Figure 7.5. Alignment of ~5kb of the 3’ end of the Tn4401 transposon of 37 study sequences, and the
Tn4401b reference (EU176013). Light grey denotes sequence homology, black vertical lines represent
nucleotide differences and thin horizontal black lines in sequences represent deletions. Other features
are marked. Annotations are labelled in the consensus sequence at the top of the figure.

De novo assembly of the index blakpc plasmid from CAV1016 generated a 43,621

base-pair (bp), closed, non-typable (by incompatibility group) Tn440/ containing
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plasmid (pKPC _UVAOI) with little homology to previously described plasmids
(Figure 7.6.). Mapping reads from the 37 KPC-KP isolates against pKPC_UVAO1
demonstrated that 41% (15/37) of the isolates, spanning ten STs over a 3.5 year

period, contained >90% this plasmid sequence (Figure 7.1. above and Table 7.7.).

Assembly of plasmid reads from the CAV1015 K. oxyftoca transformant resulted in
two scaffolds totalling ~113kb, giving a non-typable plasmid structure designated
pKPC UVAO2 (Figure 7.6.). A total of six isolates carried pKPC_UVAO02, all of
which were ST-941 (Table 7.7.), and all of which, except CAV 1338, contained the

same transposon in conjunction with a KPC-2 gene (Figure 7.5.).

In the ST-941s, five isolates carried pKPC_UVAOI — these isolates also formed a host
strain cluster on the tree (Figure 7.3. above), suggestive of localised transmission;
however, although these were all KPC-2, 3 strains may have contained ist4-level
variation in their transposons. The absence of pPKPC UVAO1 in CAV1562 and
CAV1194 suggest the acquisition of pKPC_UVAOI by this group of strains some
time in the second half of 2009-early 2010. The most parsimonious explanation for
the presence of pKPC_UVAO2 in divergent clusters on the ST-941 phylogeny, given
the uniformity of the transposon in the most divergent strain, CAV1578, and in
CAV1205/CAV1207/CAV1597/CAV 1576, represents its acquisition on at least two
separate occasions, also around 2009-2010. In the
CAV1205/CAV1207/CAV1576/CAV 1597 cluster, this was associated with clonal
expansion and on-going spread; this cluster may also include CAV 1338, although the
variability in its ist4 region (Figure 7.5.) may reflect a separate acquisition event,

further evolution within the plasmid, or an artefact in the de novo assembly. The exact
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Figure 7.6. Two plasmids identified from transformant assemblies.
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nature of the KPC-plasmid structures in CAV1562 and CAV1194 remain unresolved
with currently available data, but they probably contain different, novel plasmid

structures.

Plasmid analysis performed by mapping reads to fully sequenced KPC-K.
pneumoniae plasmids available in GenBank demonstrated all strains that contained a
published reference plasmid were members of clonal complex (CC)-258 (i.e. ST11,
ST258, and ST340). pKPC-NY79 was found in a single ST258 isolate (CAV1378),
and pBK 15692 was found in four closely related ST258 isolates (CAV1596,
CAV1061, CAV1066, and CAV1216), with exposure to the same referring hospital
over a 41 month period (Figure 7.1. above). All ST258 isolates except CAV1596
carried pBK32179, as did one ST11 isolate (CAV1363) and two ST340 isolates
(CAV1217 and CAV1550). Details of the percentage homology of all study isolates

to the relevant reference plasmids is presented in Table 7.7.
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CAV1016 31-Aug-07 Index case 45 2 100 20 22 23 28
CAV1017 05-Oct-07  High 45 2 100 20 22 23 28
CAV1042 06-Apr-08  High 244 2 100 30 21 52 28
CAV1041 08-Apr-08  High 719 3 30 29 17 39 21
CAV1061 02-Nov-08 Indeterminate 258 3 34 35 100 97 31
CAV1062 03-Nov-08 Imported 258 2 33 33 22 95 g4
CAV1064 16-Dec-08  Imported 258 2 18 31 14 93 &8I
CAV1066 18-Jan-09 Indeterminate 258 3 35 37 100 97 31
CAV1077 12-Feb-09  High 1116 2 100 28 20 65 23
CAV1074 13-Mar-09 High 463 3 23 34 13 60 21
CAV1142 10-Aug-09 High 1115 2 100 25 21 30 21
CAV1145  04-Sep-09  High 1521 2 100 38 22 67 30
CAV1292  22-Sep-09  High 941 2 100 38 23 68 25
CAV1290 22-Sep-09  High 941 2 100 38 24 68 25
CAV1378  29-Sep-09  Imported 258 2 34 34 24 100 100
CAV1360 28-Nov-09 Indeterminate 196 2 100 31 20 48 28
CAV1363 04-Dec-09 High 11 3 71 37 20 95 21
CAV1182  30-Apr-10 941 100 39 23 68 25
CAV1194 29-May-10 High 941 2 34 38 23 68 23
CAV1237 07-Jun-10  High 1117 2 100 30 20 57 21
CAV1203  10-Jun-10 High 295 2 100 15 20 23 21
CAV1205 28-Jun-10  High 941 2 34 100 23 69 23
CAV1207  09-Jul-10 High 941 2 34 100 23 69 23
CAV1217 04-Aug-10 High 340 4 25 43 14 94 21
CAV1216 05-Aug-10 Imported 258 3 34 34 100 97 31
CAV1344 13-Dec-10  High 941 2 100 37 23 67 25
CAV1338 31-Dec-10  High 941 2 34 100 23 69 21
CAV1351 07-Feb-11 Indeterminate 11 3 100 29 21 83 21
CAV1391 23-Feb-11  High 941 2 100 38 23 68 25
CAV1416 09-May-11 Imported 873 3 34 24 22 55 28
CAV1550 25-May-11 Indeterminate 340 4 28 33 18 97 28
CAV1562 12-Nov-11  High 941 2 34 38 23 67 23
CAV1576 19-Mar-12  High 941 2 34 100 23 69 21
CAV1597 09-Apr-12  High 941 2 34 100 23 69 21
CAV1596 09-Apr-12  Imported 258 3 34 15 100 15 31
CAV1699 24-Sep-12  High 1522 3 30 29 17 40 28
CAV1578 22-Mar-12  High 941 2 23 96 14 67 21

Table 7.7. Summary of acquisition status, ST, KPC-variant and % homology to reference KPC

plasmids
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7.4. DISCUSSION

This WGS-based analysis of a relatively small set of KPC-K. pneumoniae dating from
August 2007 when blaxpc was introduced into a single US hospital has demonstrated:
(1) transfer of two newly-described plasmids likely containing Tn4401,

pKPC UVAO1 and pKPC _UVAO02, to other K. pneumoniae lineages, and in the case
of pPKPC_UVAOI to genetically diverse lineages; (ii) emergence of a new KPC-K.
pneumoniae lineage ST941 which has acquired these two plasmids (and possibly
others) independently and has then undergone local spread from a common source;
(ii1) Multiple independent importation events of KPC- K. pneumoniae ST258, which

has not spread or become established in the local hospital ecosystem.

These observations are at variance with the prevailing and widely held view that
successful dissemination of KPC- K. pneumoniae is most often restricted to ST258 K.
pneumoniae or highly related strains in the clonal complex(2, 5, 35). Instead, they are
consistent with the introduction by an index case in 2007 of two independent
plasmids, pKPC UVAO1 and pKPC_UVAO2 - present in a K. pneumoniae and K.
oxytoca, strain respectively - to UVaMC(4, 22). These plasmids have then dispersed
among diverse K. pneumoniae lineages, and may have donated the blakpc-containing
Tn4401 to other plasmid structures that could not be resolved in this analysis. In
contrast to historical descriptions of KPC-K. pneumoniae nosocomial dissemination,
typically associated with spread of a single lineage, (8, 36-39), this analysis describes
a complex scenario including the emergence of a particularly promiscuous plasmid
(pKPC _UVAOI) and a novel K. pneumoniae host strain (ST941). Recently, similar

multi-clonal, complex, KPC-K. pneumoniae outbreak scenarios have been observed in
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Spain and Norway (40, 41), and may represent a highly worrying “lineage-escape”

phenomenon for blakpc.

It is not clear why KPC-K. pneumoniae ST258 was not involved in on-going
transmission as seen elsewhere, despite multiple introductions. The reason for the
differences in transmission epidemiology between ST258 and ST941 is not evident,
but may be related to the initial introduction, promiscuity and/or selective advantage
afforded by resistance plasmids (in this case particularly pKPC _UVAO1) rather than a

single clonal complex-plasmid combination.

There are several limitations of this study. One obvious shortcoming was that I only
chose to analyse a relatively small subset of the most globally relevant species of
CPE, namely K. pneumoniae; current work however is investigating evidence for
inter-species/inter-genus transfer of mobile genetic elements. In spite of this single
species approach, which has undoubtedly left gaps in the total
plasmid/transposon/resistance gene epidemiology, a convoluted dynamic of plasmid

and strain interaction is already clearly observed.

In addition, with the exception of pKPC_UVAO1 and pKPC _UVAO02, we have not
been able to obtain a closed sequence for any of the plasmid assemblies, leading to
some remaining structural uncertainty regarding plasmids across the dataset,
including determining the precise relationship with Tn4401. The increasing
availability of long-read strand sequencing technology is likely to overcome this
shortcoming, and I am currently involved in work trying to utilise PacBio sequencing

to better define the plasmids involved. The decision to consider a plasmid as present
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in an isolate if sequencing reads mapped to >90% of a plasmid with a minimum depth
of ten reads at each position was an arbitrary cut-off which was chosen, but is a
pragmatic approach to defining presence/absence and similar to cut-offs used in other
work(32). As can be seen in Table 7.8., the presence/absence of plasmids in these
isolates frequently represents a spectrum, which requires a degree of caution in its

interpretation.

In summary, I describe a complex dynamic of plasmid and strain interaction among
KPC-K. pneumoniae at a single institution over time. There has been remarkably
multi-faceted dispersal of blaxpc: namely, among plasmids by Tn4401, by plasmids
across multiple lineages of K. pneumoniae and by the host K. pneumoniae strains
themselves. Analysis of plasmid and host bacterial diversity has given new insights
into the ways in which KPC-K. pneumoniae have become endemic in a single hospital

over a relatively short timeframe.
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CHAPTER 8: POPULATION GENETICS OF CTX-M-
ASSOCIATED RESISTANCE WITH A COMMON
GLOBAL ESCHERICHIA COLI LINEAGE, SEQUENCE
TYPE (ST) 131

8.1. BACKGROUND

Resistance to extended-spectrum cephalosporins in non-enteropathogenic E. coli
presents a major clinical challenge, given that beta-lactam antibiotics are still widely
used in the management of infections caused by this organism. In 2008, it was
suggested that the burden of disease caused by ESBL-E. coli was largely attributable
to the emergence of a global pandemic clone, multi-locus sequence type (ST) 131,
serogroup O25b(1, 2), a member of the B2 non-enteropathogenic E. coli phylogroup.
Evidence for this hypothesis was presented in two separate studies, both of which
sampled approximately 40 CTX-M-15 containing strains from a range of global
locations, and found that the majority of them were ST131, had similar PFGE and
virulence profiles, and were associated with plasmids containing IncFII-type
replicons, although these were of variable size(3, 4). Some recent data suggest that the
emergence and dissemination of ST131 has taken place in less than a decade(1, 5),
and has been driven by the descendants of a single strain, subclone H30, that carry a
specific fimH variant, fimH30(6). fimH is a gene encoding the mannose-specific type
1 fimbrial adhesin that is part of an alternative, recently developed partial sequence-
based typing scheme shown to have equivalent if not better typing resolution than

conventional, widely used MLST methods(7).

The rising rates of antimicrobial resistance to a number of other classes of antibiotic

have also been reflected in members of the ST131 lineage, which in addition to its
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association with the ESBL phenotype, is also particularly associated with resistance to
fluoroquinolones(8, 9). CTX-M-15 has become the dominant ESBL in ST131, and
along with CTX-M-14 has become widely prevalent as the cause of resistance to
extended-spectrum beta-lactams since the 1990s, with almost contemporaneous
identification in a number of geographically widespread locations possibly suggesting
repeated acquisitions in multiple horizontal gene transfer events(10). Other data
however support the notion that the clonal expansion of CTX-M-containing strains
and globalisation make more important contributions to the wider transmission of
these genes(11). Both CTX-M-15 and CTX-M-14 have been shown to be present on
conjugative plasmids, with the former frequently being found on multireplicon IncFII
plasmids additionally harbouring FIA and/or FIB replicons(12). Both variants have
also been shown to integrate chromosomally, and previous studies have suggested
that this can occur in different regions of the chromosome(13), although chromosomal

acquisition and subsequent clonal expansion has not yet been demonstrated in E. coli.

The epidemiological analyses giving rise to theories around the relative contributions
of horizontal gene transfer versus clonal spread of resistant isolates have traditionally
been done on the basis of restriction fragment length polymorphism (RFLP)-based
typing methods(3, 11). However, it has since been recognized that these methods are
highly sensitive to horizontal gene transfer events and lack sufficient resolution to
fully characterize the underlying genetic differences within a single lineage(13). In
response, two important studies published in 2014 have harnessed the high-resolution
typing possibilities afforded by WGS in the analysis of CTX-M and ST131. The first
study, by Price et al, represented an analysis of 96 ST131 sequences, predominantly

sampled from North America, and confirmed that the emergence of drug resistance in
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ST131 E. coli in the USA has been driven by the successful clonal expansion of the
fimH30 strain (the H30 lineage), which is associated with higher rates of severe
clinical disease, and resistance to fluoroquinolones conferred by chromosomal gyr4
mutations. Moreover, they also demonstrated that within the fluoroquinolone-resistant
H30 sub-lineage (defined as H30-R), a subset of third generation cephalosporin-
resistant isolates has emerged, the H30-Rx sub-lineage. ESBL resistance in these
isolates is principally associated with the presence of CTX-M-15(13). However,
because most isolates in this study were from North America, the authors were
limited in making major global comparisons. They were also unable to calculate
evolutionary rates, and did not look in great detail at the mobile elements potentially
involved in the dissemination of resistance. The second study, by Petty et al extended
the global range of the analysis, with a larger number (n=100) of isolates sampled
from Europe and Australasia, and resolved the ST131 population structure into one of
three clades, A, B and C, with the third clade composed of two sub-groups, C1 and
C2 — the latter corresponding to the H30 and H30-Rx sub-groupings in the US
study(14). This study likewise, however, did not investigate the plasmid component

involved in much detail.

The apparent association of particular CTX-M variants within specific lineages in
ST131 could be attributable to several possibilities: (i) acquisition of a CTX-M-
containing plasmid or smaller mobile genetic unit (e.g. a transposon) at a specific
time-point, and subsequent plasmid/transposon evolution within a host lineage by
descent; (i1) multiple discrete CTX-M-containing plasmid acquisition events; (iii)
chromosomal integration of CTX-M and evolution by descent; (iv) multiple

chromosomal integration events; or, (v) a combination of the above. The scenario
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described in (i) could be complicated, given that plasmid evolution might involve
substantial genetic rearrangements even within single lineages, and transposons could

conceivably move within the plasmid populations present in a host bacterial cell.

The work in this chapter builds on the two previously published pieces of work, by:
(1) including a much larger number of strains from Asia (and larger subset of CTX-M-
14/14-like-containing strains), representing a region of high ESBL resistance
prevalence(15); (ii) estimating mutation rates of the lineage, to ascertain whether this
was likely to be associated with its capacity to become prevalent; (ii1) determining in
greater detail the genetic context of CTX-M across a large dataset and the structure of
some of the important plasmids involved in spreading CTX-M-associated resistance

within the lineage, and their distribution within our global collection of isolates.

8.2. METHODS

8.2.1. Sample collection and sequencing

For this analysis, I included a novel subset of 108 ST131 isolates identified as part of
my wider work in sequencing collections of clinical and carriage isolates from various
locations in South-East Asia, Canada and Europe, and from Oxfordshire in the UK,
between early 2005 and 2012. These strains were sub-cultured and the DNA extracted
using the standard thesis methods protocol. Sequencing then took place on the
[llumina HiSeq, generating100-150bp paired-end reads depending on the time of
sequencing, except for 14 strains that were later acquisitions and were processed on
the MiSeq, generating 150bp paired-end reads. We also obtained Illumina short-read
data from a collaboration with a research group at AstraZeneca (n=11), and had early

access to the data from the Price ef al paper(13) which had been processed on the
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[lumina HiSeq (n=96). The data from the more recent Petty et al paper(14) was
downloaded from the European Nucleotide Archive (ENA) hosted by the European
Bioinformatics Institute (EBI); these isolates had also been sequenced on the Illumina

HiSeq (n=100).

Raw reads for all datasets were processed using the standard group pipeline. The data
from the Price et al paper and from our collections were merged to form the main
dataset of 215 whole genome sequences on which analyses were undertaken. The data
from the Petty et al paper became available too late to be substantially included in the
analysis, and also increased the dataset size to such an extent that it was not possible
to repeat the analysis on the complete set of ST131 sequences given our software and
hardware constraints. This dataset therefore only contributes to part of the analysis,

and is specifically referenced in these contexts.

8.2.2. Sequence read processing

For phylogenetic analyses, Illumina reads were mapped to the genome of the
reference ST131 strain, E. coli SE15 [(16); NC_013654]. This is a carriage strain,
isolated from human faeces, and does not contain any ESBL genes. Alignments of
core variable sites across the dataset were generated and reinserted into the reference

to form a modified alignment of reference sequences for the dataset.

De novo assemblies were generated using the standard group pipeline approach using

Velvet and VelvetOptimiser. Where assemblies appeared to be of poor quality, based

on an inappropriate total assembly size, low/high number of contigs assembled or a
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low N50, sequence data were re-processed using A5-MiSeq, to see if viable

assemblies could be generated.

8.2.3. Characterisation of specific genetic sequences of interest

All assemblies were then analysed with BLASTn to identify genetic sequences of
interest, specifically: (i) blactx-m presence and variant; (ii) genetic context for blacrx-
M, by extracting and annotating contigs containing blacrx-m variants using PROKKA;
(ii1) chromosomal gyr4 mutations in the quinolone-resistance determining region
known to be responsible for conferring most resistance to fluoroquinolones; and (iv)
fimH presence and variant. | also confirmed that all strains to be included in the
analysis were ST131 using in silico typing in accordance with the Achtman

scheme(17).

8.2.4. ST131 chromosomal phylogenetic comparisons using RaxML,
ClonalFrame and BEAST

Non-enteropathogenic E. coli are known to be recombinogenic, with rates of
recombination generally estimated to be as frequent as mutation (recombination
rate:mutation rate ratio = 1.024), and some recombination hotspots with higher
rates(18). Recombination is known to obscure the true phylogenetic signal, and
therefore needs to be addressed prior to undertaking any phylogenetic reconstructions.
In order to do this, the alignment of modified reference sequences was initially
analysed using ClonalFrame(19), to identify regions involved in recombination,
which were then removed. For the ClonalFrame analysis, settings and an assessment

of run quality were undertaken as per the analyses described in Chapter 7 [page 229].
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When the Petty et al sequence data became publicly available, I attempted to repeat
the ClonalFrame analysis on an extended dataset incorporating their strains. This
however outstripped the hardware memory available to me. As a compromise, I
included their data in the construction of a maximum-likelihood tree of all strains
using RaxML, with the standard parameters described previously. This was done to
broadly define the phylogenetic topology of the dataset including the Petty et al
strains, and to confirm that there were no outlying clusters in their data that were
unrepresented in our dataset, which was undergoing more detailed analysis. This tree
reflects the data in the alignment of modified reference sequences without having

removed any sites predicted to be involved in recombination (Figure 8.1.).

Using the alignment with regions of recombination removed, several models were set
up in BEAST, primarily to calculate the evolutionary clock rate for the lineage, and to
generate a time-scaled phylogeny. I explored four different models of population size
change through time: (i) constant — i.e. no change in population size over time, (ii)
exponential growth, (iii) logistic growth, and (iv) implementation of the Bayesian
skyride, which in theory allows for fluctuations in population size, incorporating both
increases and decreases in size(20). Each of these were implemented with two
different molecular clock models: (i) the strict clock, estimating a uniform
evolutionary rate across all branches of the tree, and (ii) the uncorrelated relaxed
clock model, which co-estimates substitution parameters, relaxed-clock parameters
(where an evolutionary rate is calculated along each tree branch and then presented in
summary as a mean rate), and the ancestral phylogeny(21). For model selection, I

implemented stepping stone sampling to determine the log marginal likelihood for
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Figure 8.1. Maximum-likelihood phylogeny of all sequenced ST131 strains, including the Petty et al dataset(14), without accounting for recombination.
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each run; this considerably increases run times, but had been shown to be a much
more robust method of model selection than using the harmonic mean estimate
(HME) or the Akaike Information Criterion through MCMC (AICM) estimate(22).
Runs for each model were done in triplicate, with 30 million iterations, 10% of which
were discounted as burn-in. Run convergence and mixing was assessed by inspecting
the log files for each run in Tracer v1.5; adequate convergence of run statistics and
mixing for each run and effective sample size (ESS) estimates for all parameters
greater than 200 were required for an analysis to be considered adequate in line with
recommendations in the BEAST tutorials on the developers’ website

(http://beast.bio.ed.ac.uk).

8.2.5. Plasmid transformations and analyses

Plasmid transformants were generated from a number of strains on the basis of tree
topology and association with CTX-M variants. I aimed to transform at least one
plasmid from each of the major CTX-M variant clusters where possible. I also
transformed two CTX-M-15 containing plasmids from non-ST131 E. coli as an
external comparison. DNA extraction, electroporation, sequencing, plasmid assembly
and annotation were performed as per the thesis methods, using A5 or A5-MiSeq.
Sequencing was performed on the [llumina HiSeq or MiSeq generating 150 or 300-
base paired-end reads (Appendix Table 2). Sequencing reads from the isolate from
which the transformed plasmid had been obtained were mapped back to the
transformed plasmid assembly in order to ascertain the reliability of the assembly in

each case.
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Plasmid content across the dataset was investigated in a number of ways. Firstly, the
transformants generated could be used as references, against which BLASTn-based
comparisons for degree of presence/absence could be made for the whole dataset.
Secondly, pairwise comparisons between each set of transformant assemblies were
made by identifying the extent of shared homology of sequences across a number of
subsets representing different groupings on the main host tree, again using BLASTn.
For each pair, two % similarity statistics were generated, taking each member of the
pair as a reference in turn, to account for differences in length. The mean %
divergence was then plotted against the time to most recent common ancestor of the
host strain (derived from the time-scaled tree). Finally, coding sequences across any
transformant groups of interest were clustered using CD-Hit(23), to identify whether
any coding sequences were shared, and whether there might be any biological

significance associated with these on the basis of their annotations.

8.3. RESULTS

8.3.1. Chromosomal analysis

Of 4,717,338 sites in the reference, 40,057 (0.85%) were shown to be variable across
the dataset, with 6,879 (0.15%) of the total shown to be core single nucleotide
variants (core SNVs; i.e. no “N” or “-*“ calls for that position in the mapped data for
any of the 215 isolates). The core SNVs were re-inserted into the reference genome,
generating an alignment of modified reference sequences, and ClonalFrame was run
on this dataset to identify regions involved in recombination (incorporating both
variant and invariant sites). This resulted in the removal of 611,770 sites (13% of the

genome), leaving 2,759 variant sites available for downstream analysis.
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For the BEAST analysis, poor convergence across runs, and low ESS values
(representing poor mixing) were observed for several parameters for all of the relaxed
clock models. Run times had already stretched upwards of three weeks for these
models, and repeating the analysis with extended run times was not feasible at this
point. For the strict clock models, only the exponential model and the constant model
had ESS values above 200 for all parameters across runs; the exponential model had
the highest marginal likelihood value using the stepping stone sampling algorithm,
but this may have been as a result of the impact of sampling, in which relatively larger
numbers of dataset isolates had been sampled from more recent time periods. Data
from the constant population size model, as the simplest of the models, were therefore
used in downstream analyses. Figure 8.2. shows representative traces of posterior
sampling and convergence of one of the parameters for the three combined runs for
the strict clock, constant population size model, showing good mixing and good

convergence.

The resulting global phylogeny of ST131 is consistent with the circulation of three
major lineages of organisms, A-C, with C divisible into two subclades, C1 and C2,
depending on the presence/absence of CTX-M-15 (A [n=25 isolates]; B [n=51]; C1
[n=59]; C2 [n=80]); on Figure 8.3.). The time to most recent common ancestor
(TMRCA) varies from approximately 130 years ago to (for lineages A and B/C), to
the more recently dated emergence of clade C as a distinct entity from clade B around
25 years ago, which would be contemporaneous with the widespread clinical use of
ciprofloxacin and third generation cephalosporins. Approximately 250 non-
recombinogenic, core SNVs separate clades A and B/C, 50-60 clades B and C1/C2,

and 10-30 clades C1 and C2.
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The evolutionary rate within ST131 was estimated at 2.47x10” mutations/site or 1.01
mutations per genome/year, assuming a strict molecular clock and constant population
size. This is similar to another published estimate obtained from a longitudinal in vivo
sampling frame(24), and suggests that the clinical dominance of this strain is not

attributable to faster core mutationary rates leading to increased adaptability.

8.3.2. CTX-M genes and flanking context of the CTX-M gene variants

Of the 215 strains, de novo assemblies for four isolates failed a quality control check
(la_12107_3, can_70883, can_1731 01 and can_1070) using Velvet; here the number
of assembled bases was substantially below the expected assembly size of 4-5.5Mb
(median size: 16004 bases, with a median of only six contigs in each assembly).
Using A5-Miseq, the output was improved, generating reasonable assemblies with an
appropriate median size of 5,143,908bp and 269 contigs. For these four isolates de
novo-based typing approaches were therefore applied using the A5-MiSeq

assemblies; Velvet assemblies were used for the other 211 isolates.

One hundred and five (49%) of the ST131 isolates were blacrx-m positive, with allelic
variants in order of frequency as follows: CTX-M-15 (74 isolates [70%]; although in
two of these cases, Ecoli_ M371 and CD358, deletions [37bp (63del99) and 2bp
(414del416); and 1bp (275del276) in the blast matches were present), CTX-M-14 (20
isolates [19%]), CTX-M-27 (8 isolates [8%]), and one each of CTX-M-19, CTX-M-
24 and CTX-M-55. For fimH, the most common variant was 30 (n=123; 57%)),
followed by 22 (n=24; 11%) and 41 (n=21; 10%); in 23 isolates, novel fimH variants
appeared to be present, and in one isolate no blast match could be identified (fimH

negative). There was strong association between clade and fimH allele, with 21/25
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(84%) isolates in clade A being fimH41, 23/51 (45%) in clade B being fimH?22, and

122/139 (88%) of isolates in clade C being fimH30 (p<0.001; Fisher’s Exact Test).

Only five isolates in clade C (4 in C1, 1 in C2) did not have a double mutation in the
chromosomal gyr4 gene encoding for quinolone resistance. Strikingly, the relatively
restricted association of CTX-M-15 within the C2 lineage observed in the Price et al
and Petty et al papers(13, 14) was also observed in this dataset, with only the sporadic
presence of CTX-M-15 containing isolates in other lineages. The presence of CTX-
M-14, another commonly identified clinical variant was clearly also clustered within
lineages, although the numbers were much smaller and these clusters were more
distributed across diverse branches of the tree. Overall, the presence of CTX-M in any
lineage appears to be strongly associated with clades with a TMRCA within the last
25 years, which fits epidemiologically with the introduction and increasing use of

third generation cephalosporins.

For the 74 isolates containing CTX-M-15, there were four isolates in which blast hits
occurred on two different contigs (although in two isolates one of the hits was to a
contig that was shorter than the length of the resistance gene itself), suggesting that
these genes might be residing in duplicate in different genetic backgrounds within
these isolates. Excluding the two very short contigs, there were 76 contigs in which to
investigate the flanking context of the resistance gene, although the median contig
length was short, at only 3,881bp (range: 1,382- 502,047bp). From the contig
annotations, in eight cases these genes were clearly integrated into the host bacterial
chromosome, with four unique integration events, and one stable integration event
associated with evolution by descent over a period of approximately 10 years (Figure

8.4.). All eight of these events were associated with ISEcp 1. In 12 cases, blactx-m-is
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was clearly flanked by plasmid-associated sequences; in the remaining 56 cases it was
not possible to define the location. ISEcp! was associated with CTX-M-15 in 36/76
(47%) cases, although in several different contexts, including: (i) four separate
contexts with IS26; (ii) two associations with phage-related elements; (iii) an
association with a CAAX amino terminal protease (immunity against bacteriocins)
and pemlI/K genes (responsible for stable plasmid inheritance); (iv) two different
contetxs in association with a short tract of nucleotide sequence annotated as a
proQ/FinO domain (Figure 8.5.). In the other isolates it was not possible to assess the
wider genetic flanking context of the blacrx-m + ISEcp! unit because of the short
contig lengths. However, the variety of genetic contexts observed in the subset which
assembled into long enough structures, already suggests that the CTX-M-15 gene has
been mobilised into the ST131 C2 sub-lineage on a number of occasions, or has
moved between plasmids within the sub-lineage. CTX-M-55 (a single amino acid
different [Ala80Val] from CTX-M-15), present in one isolate (la 12107 3), was also
identified on a short contig (2309bp), with an upstream truncated ISEcp1/IS26

complex, and a downstream ORF477 sequence (Figure 8.6.).

For the 30 CTX-M-14/14-like variants (CTX-M-19, -24, -27) three cases were likely
chromosomally integrated (all CTX-M-14) in two locations, six plasmid-associated,
and the rest uncertain. All cases were associated with the presence of ISEcpl
upstream of the gene, and in all CTX-M-27 cases this was disrupted by 1S26, albeit in
at least three different locations, suggestive of three separate mobilisation events. All
genes also had varying lengths of IS903 or IS903-like elements located immediately
downstream of the resistance gene. Genetic contexts were broadly congruent with
clustering on the host strain phylogenetic tree, with the most variability observed in

the CTX-M-27/CTX-M-24 cluster containing la_10222 (Figure 8.7.).
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Figure 8.5. ISEcpi-associated integration events in CTX-M-15 ST131. Inset boxes show “zoom-in”

views of sequence alignments between pairs of representative sequences for each genetic context. Light

blue arrows represent ISEcpi-like elements; dark blue arrows 1S26-like elements; thin red arrows
inverted repeats for the corresponding IS; pale green elements are phage-associated. Other coding

sequences (in yellow) are labelled. Scale varies depending on the length of the sequence assembled/the

differentiating feature of interest.
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Figure 8.7. Genetic contexts for CTX-M-14 and 14-like (CTX-M-19, -24 and -27) ST-131 isolates.
Isolates are ordered with respect to the host strain phylogeny (Figure 8.3.). Light blue annotations
represent ISEcp-like sequences, dark blue IS26-like sequences, and pale purple IS903-like sequences.
The “zoom-in” panel at the bottom demonstrates the incongruence of flanking context with the host
strain phylogeny. Similar coloured stars represent similar flanking sequences.
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8.3.3. Plasmid transformant analysis

Sequence data were successfully generated on 28 transformed plasmids (labelled with
“T” on Figure 8.3.): (i) four in clade A, in association with CTX-M-15 (n=1), CTX-
M-14 (n=2) and CTX-M-27 (n=1); (ii) one in clade B, in association with CTX-M-55;
(iii) three in clade Cl1, in association with CTX-M-14 (n=2), CTX-M-24 (n=1); and
(iii) 20 in association with CTX-M-15 in clade C2. The median plasmid assembly size
was 122,786 (range: 72,449-171,919), with a median of 22 contigs in each assembly
(range: 1-33). Using the longer reads (300bp) on the MiSeq platform resulted in a
significantly smaller number of contigs per assembly (median 17 versus 25; ranksum
p=0.003). Using mapping to assess the reliability of our plasmid constructs, almost all
cases appeared to reliably reflect most of the content present in each transformed

resistance plasmid (Figure 8.8.).
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Using the transformants as references to make comparisons across the whole dataset,
a number of different patterns emerged. CTX-M-55, only found inla_12107 3,
appeared associated with a distinct single resistance plasmid acquisition event,
because no other isolate in the dataset contained tracts of much more than 10kB with
sequence homology >95%, except for isolate la 12107 3 itself (Figure 8.9.). This
suggests that acquisition of either a common CTX-M-15 plasmid and evolution of the
gene (CTX-M-55 differs from CTX-M-15 by a single nucleotide [C239G]) within this
plasmid context, or importation of a CTX-M-55/IS element into a widely distributed

plasmid in the lineage, would be implausible. (Figure 8.9.).
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Figure 8.9. Heatmap showing ST131 % homology by BLASTn to the la_12107_3 transformant
plasmid reference (x-axis). Isolates are ordered to correspond to the phylogeny depicted in Figure 8.3.
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In the case of CTX-M-24, its host strain, la_5220-3, clusters with a group of CTX-M-
14/27 positive isolates, and therefore this resistance gene variant could conceivably
have evolved within a largely stable plasmid vector acquired by an ancestor of this
group, with subsequent resistance gene/plasmid loss events for U024 and AZ65798
(Figure 8.3. and lower panel in Figure 8.7.). However, the transformant-level data
generated from this cluster discounts this as a single hypothesis and reveals a number
of interesting features. Firstly, for la_5220-3 (plasmid transformant assembly size:
72,449bp), it confirms that its CTX-M-24 resistance plasmid structure is distinct from
other CTX-M-14-like plasmids in isolates both co-located on the host-strain
phylogeny, as well as across the dataset (Figure 8.10.; data shown only for isolates
containing CTX-M-14-like genes, wider dataset comparison not shown, but similar
representation to Figure 8.9. above).

la_VTK223 I
la_VTK228
cam_1071
la_11858

la_6169

CTX-M-14-like
- uk_8A9B P variant-positive

JJ2055 ) :
isolates in ST131
\ 11 QuC12 Clade A on Figure 6.3.

laHFMK276
laHFMK272
| n laHFMK328
| laHFMK347 -

JJ2528
| la_11242
B T MIN cam_1531_
la_5108 T
la_354-2

\
AT O NN NN ORI Y oo
| | i la_12646 CTX-M-14-like
\

|I‘I| cam_1439 variant-positive
la_8507 L isolates in ST131
la_5220-3 T [ CladeCl on Figure

la_10222 6.3.
la_13792_2
cam_1814
11800134
09806312
| la_7619
la_2266-2
) Ecoli_M306

o 2 2 °
2 & 3 3

Position of blacry

50
60
70

Transformant plasmid assembly (la_5220 3 T) position (kb)

Figure 8.10. Heatmap showing ST131 % homology by blast to the la_5220 3 transformant reference
(sequence represented along the x-axis). Isolates are ordered to correspond to the phylogeny depicted
in Figure 8.3.; however, only those containing CTX-M-14/19/24/27 variants are included.
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Historical acquisition of a single ancestral CTX-M-14 plasmid and its evolution
within the cluster containing la 5108, in some cases with a number of large loss/gain
events, remains a plausible hypothesis for cam_ 1531, la 13105, and la_ 12646,
cam_1439, and all members of the CTX-M-27 group (Figure 8.11.). The CTX-M-
negative isolates in the cluster (Figure 8.11.) also contain large stretches of sequence
with ~100% homology to the la 5108 CTX-M-14 plasmid transformant. Isolates

la 354 2 andla_ 11242 have most likely acquired different CTX-M-14 containing
plasmids, because they share only 50-60% of the la 5108 T transformed plasmid
sequence, but [ have no transformant level information on these isolates to confirm
this. Interestingly, although la_5220-3 was shown to have its own distinct CTX-M-24
plasmid, it also appears to contain tracts of sequence that are near identical to la_5108
(6.11.). Interestingly, extending the comparison to the transformed la 5108 T
plasmid across the whole dataset also demonstrates that a la 5108 T plasmid-like
structure(s) might exist in many of the clade A and Cl1 isolates (where the other CTX-
M-14-like positive clusters of isolates have been found in this dataset); is almost
entirely unrepresented in clade B (which is almost uniformly CTX-M negative, except
for the aforementioned CTX-M-55 positive isolate, la 12107 3); and is partly
represented in isolates in the clade C2 group (Fig. 6.12). Although there are
limitations in this method, particularly with respect to confirming contiguity of
sequence, the results suggest that plasmid population sub-structures in sub-lineages of
ST131 may be related to the presence/absence of CTX-M, and which CTX-M-variant

is represented.
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Figure 8.11. Heatmap showing ST131 % homology by blast to the la_5108 transformant reference
(sequence represented along the x-axis). Isolates are ordered to correspond to the phylogeny depicted
in Figure 8.3.; only isolates in the clade C1 cluster containing CTX-M-14 like variants are presented.
CTX-M type is labelled with coloured squares as previous, black arrows denote CTX-M-negative
isolates within the cluster.
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Figure 8.12. Heatmap showing ST131 % homology by blast to the la_5108 transformant reference
(sequence represented along the x-axis). Isolates are ordered to correspond to the phylogeny depicted
in Figure 8.3.; ST131 host-strain clades are delineated by the brackets on the right of the figure.
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Given the difficulty in summarising a large number of these heatmap-based
comparisons, | adopted a different approach to representing the extent of shared
plasmid homology across the phylogeny, using all the transformants as a proxy
measure for the CTX-M plasmid diversity seen across the sampled lineage, and
including the two non-ST131 CTX-M-15 transformants as a marker for the extent of
diversity one might expect to see between major E. coli lineages. This was done by
comparing the mean percentage sequence homology determined by pairwise blastn
comparisons between every transformant pair (taking each as a reference in turn), and
plotting these against the time to most recent common ancestor (TMRCA) from the
host strain phylogeny (Figure 8.13a.). For the non-ST131 transformants, the TMRCA
was arbitrarily set at 200 years, as the most historical divergence time for ST131 was

determined as being approximately 150 years ago (Figure 8.3.).
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Figure 8.13a. Mean % sequence homology (from two pairwise comparisons, taking each transformant
as a reference in turn) for each pair of ST131 transformants (TMRCA<150 years) or compared with
two non-ST131 transformants (TMRCA=200 years). Each point represents a comparison, red markers

represent those within clade C2 (H30-Rx) and blue markers other comparison pairs.
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This demonstrates that all CTX-M transformant plasmids shared at least 10%
homology (% difference range: 0-90%), and that even plasmids found between
lineages could be very similar (~80-85% sequence homology), suggesting that: (i)
between lineage transfer of these resistance plasmids is highly likely; and (ii) plasmid
similarity needs to be considered at best weak evidence for evolution by descent if
sequences are not more than 80-85% similar. Finally, even within the C2 sub-lineage,
relatively large amounts of sequence diversity were observed (as low as 30%

homology).

A more detailed representation of comparisons with a TMRCA of <30 is shown in

Figure 8.13b.
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a comparison, red markers represent those within clade C2 (H30-Rx) and blue markers other
comparison pairs. Self-self “pairs” uniformly cluster at 0.
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This shows that there is evidence for marked similarity between pairs of transformed
plasmids with host strains having a TMRCA of up to 13 years, possibly representing
acquisition and then evolution within a host, and after this time-point sequence

divergence becomes more marked.

I subsequently focused specifically on clade C2 (H30-Rx), to investigate whether a
single CTX-M-15 containing plasmid was acquired at the time of the emergence of
the clade, perhaps being responsible for its success. CDHit was used to cluster similar
coding sequences within all the CTX-M-15 transformed plasmids in this clade. CTX-
M-15 was found in all clusters, acting as a proxy control for the adequacy of the
method. In addition, across the whole cluster, containing 20 transformants, only 15
additional shared sequences were found, including those encoding for: six
hypothetical proteins, two transposases, a glucose-1-phosphatase-like-enzyme, a
dimethyl adenosine transferase DNA methyltransferase (yhdJ), an antirestriction
protein (klcA), a DNA transport protein (traD), a tRNA-specific endonuclease (vapC),
and antitoxin (vapB) and a replication protein. Comparisons of host strain, gene,
genetic flanking region and plasmid transformant context for the C2 clade is
summarised in Figure 8.14. Clearly some information is missing, since I have not
transformed all the plasmids across the sub-lineage and have been unable to define the
genetic flanking regions of many strains because of limitations resulting of de novo
assemblies. The diversity in plasmid transformants in terms of length and sequence
homology is represented in the right-hand panel (all the contigs making up the
transformants have been first arbitrarily ordered with respect to an independent, fully
sequence CTX-M-15 plasmid, pEK499 [RefSeq: NC 013122.1]), demonstrating that

major genetic rearrangement and gain/loss would have had to occur for there to have
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been a single CTX-M-15 plasmid acquisition event and evolution of that structure
within the C2 clade. Although incomplete, the overlay of the data relating to the
genetic flanking context supports the notion that there is further sub-structure within
the C2 clade, with possible ISEcpl + Tn3/CAAX associated CTX-M-15 acquisition
and transfer between plasmid populations in isolates with TMRCA clustering at the
top of the Figure 8.14, and ISEcp1/IS26 associated transposition in isolates at the
bottom of the figure. It is however difficult to confirm this given the limitations of

data.
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Figure 8.14. Host strain, CTX-M-15 genetic flanking context and plasmid transformant comparisons for the C2 sub-lineage. Panel on the left is a “zoom-in” depiction of the
C2 host-strain phylogeny from Figure 8.3, with summary of genetic flanking contexts as colored diamond shapes to the right. Right panel represents
progressiveMauve/GenoplotR alignment of ordered plasmid transformant contigs with coloured blocks representing sequence homology between plasmids. Shared sequences
across all 20 transformants are represented at the top of the panel.

2 < CIX-MI5 359 oo
G £ & genetic flanking
context
“_” 61139
T 84929
pod -
130769
m uk_18C29E_T
0 kb 120 kb {40 kb 60 kb 180 kb 100 kb 120 kb 140 kb Tmc kb
T ° uk_18C16C_T
uk_18B18D_T
- 48T . uk_17B26A_T
» 3 uk_18B11D_T
uk_8A16G_T -
lokb [20 kb J40 kb 60 kb 80 kb ﬁroo kb [120 kb
] * uk_17A7A_T
- o kb 80 kb
thai_09B06576_T - -
T loko 120kb  [140kb  |160 kb
uk_P26250_T 4 -
.—- 70 kb 20 kb 140 kb 60 kb 80 kb
thai_11B01979_T e, §-
T . uk_P16456_T
— T uk_19B19L_T
[ ] thai_10B05087_T
® 1160 kb
b 4 uk_18A33A_T
T m uk_18C22I_T
T uk_18B21F_T
m uk_17C26C_T
S W M uk_P46212_T
uk_18B30B_T
T T T T
_ _ uk_18C4F_T , I , , \ , , ,
: 0 kb 120 kb 140 kb 60 kb 80 kb 100 kb 120 kb
© @ @ ISEcp1/1S26 variants 20 kb
Mm O O O ISEcp1/phage variants

90909 ISEcpl/chromosomal integration

Time in years, prior to 2012 &  ISEcpl/Tn3+CAAX variant

287



8.4. DISCUSSION

This study has confirmed that the ST131 lineage has a distinct population sub-
structure, consisting of four sub-lineages, A, B, C1 and C2, as defined recently in
2014(14), and that this population sub-structure persists across a large isolate
collection that represents sampling from four major geographical regions, namely
North America (including Canada and the US), Europe, Australasia, and South-East
Asia, and over four-and-a-half decades. The strong association of clades C1 and C2
with quinolone resistance, mediated by dual mutations in the quinolone-resistance

determining region of gyr4, and of clade C2 with CTX-M are also evident.

I have calculated a molecular clock for the ST131 lineage at ~1
mutation/genome/year, which would be consistent with what has been previously
published for non-enteropathogenic E. coli by investigating longitudinal evolution
within a clustered set of infections(24). The time-scaled ST131 phylogeny dates the
emergence of the C1 and C2 sub-lineages to around the time that clinical use of
fluoroquinolones and third generation cephalosporins such as ceftriaxone became
widespread (ciprofloxacin was licenced in 1988, and ceftriaxone was marketed
globally by Roche in the early 1980s, coming off patent in 1999). This provides
additional evidence that the emergence of these sub-lineages could be attributed to the
presence of antibiotic selection pressures. These data have also shown for the first
time that the presence of CTX-M-14 and CTX-M-14 like variants is also apparently
associated with distinct host sub-lineages, across geographic locations. These have
not become as predominant as CTX-M-15, but also exist in sub-lineages with
TMRCAs estimated as occurring around 1997. Interestingly, clade B isolates almost

invariably lack CTX-M genes.
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A number of different genetic contexts for CTX-M genes was observed across the
dataset, although these were broadly-speaking all consistent with previously described
common associations with ISEcp1, IS26 and IS903(13, 25). The strong association
with ISEcpl may have explained the success of the gene in this lineage, as ISEcp! is
able to recognise a range of different repeats for insertion, operates via a one-ended
transposition process, and enhances CTX-M gene expression. The fine-scale
variability I observed in these flanking regions is however novel, and suggests that
on-going transposition in the C2 sub-lineage, with loss and gain of short stretches of
repeat sequences has occurred, either within the sub-lineage itself, or as a result of
repeated introduction events from external lineages, either within the ST131 group, or
from the wider species. The de novo assemblies were a major limitation of short-read
sequencing data meaning I could only investigate a limited region around the
resistance genes of interest. Nevertheless, for CTX-M-15, comparisons of the host
strain phylogeny, flanking sequence around the CTX-M-15 gene, and transformant-
derived plasmid sequences, the data would support the hypothesis of at least two
acquisitions of the gene. The first would be in association with a CAAX amino
terminal protease/Tn3 unit, and the second in association with an ISEcp1/1S26

structure. There are also potentially a handful of introductions by phages.

Chromosomal integration appears to have been mediated by one-ended ISEcp 1
transposition in all CTX-M-15 cases, and was alarmingly shown on one of five
occasions to have been likely stably inherited over ten years, and across geographic
locations. The clinical implications of the stable chromosomal presence of CTX-M-15

in a fluoroquinolone-resistant lineage are substantial, particularly when that lineage is
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C2-ST131 and represents a sub-group of the most significant current disease-causing

lineages(1), and is itself associated with an increased risk of severe sepsis(13).

From the transformant-derived plasmid sequences themselves, and the proxy BLAST-
based comparisons of the whole dataset against these plasmid references, it is evident
that substantial plasmid diversity exists both within the lineage, and amongst plasmids
containing the same CTX-M variant, although there is the suggestion that some of
these plasmids can be acquired and stably inherited over at least a decade. Comparing
all isolates in the dataset with all plasmid references also suggests that the different
sub-lineages have plasmid population sub-structuring (shown in Figure 8.12),
although I have not found an optimal method to summarise and represent these

comparisons.

The limitations of this study partly reflect the failure to clearly assemble
chromosomal and plasmid structures in all isolates using short-read Illumina data.
Although I am now exploring the use of longer-read sequences to better define the
plasmid content of drug-resistant Gram-negative bacilli through a recent collaboration
with colleagues at Icahn School of Medicine at Mt Sinai in New York, the cost of
long-read sequencing a dataset of this size remains prohibitive at this stage. Even
were it possible to completely reconstruct all the genetic sequences involved, there are
currently also a number of difficulties in alignment, phylogenetic and comparative
genomic approaches that make comparisons between highly fluid, frequently re-
assorting structures where evolutionary events may be represented not just by
mutation but by variable insertions, deletions and genetic rearrangements, extremely

difficult. Nevertheless, this remains an exciting challenge for the future.
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CHAPTER 9: CONCLUSIONS AND FUTURE WORK

This thesis has contributed to the growing evidence that the evolution and
transmission of antimicrobial resistance in Escherichia coli and Klebsiella
pneumoniae has to be considered holistically in the context of the various potential
genetic units involved, namely: (i) the resistance genes themselves; (ii) transposable
elements surrounding these resistance genes; (ii1) the resistance plasmids on which
these elements reside; (iv) the bacterial strains hosting all of these genetic
components. The structural diversity each of these genetic units in these two species
is substantial, and detailed analysis of this in large datasets pushes the limits of what
can currently be achieved using high throughput short-read based methods and

analytical approaches.

The initial evaluation of the read processing methods used for the analysis of the data
in chapter 4 has expanded on previous assessments of the robustness of our group’s
reference based mapping and nucleotide variant calling algorithm(1, 2).
Benchmarking of bioinformatic pipelines used for the analysis of pathogen whole
genome sequence data is not a typical feature of most published analyses, but is
important in establishing error rates and identifying whether there are any obvious
sources of bias. With genetically diverse organisms such as E. coli and K.
pneumoniae, it s also important to realise that a significant proportion of the genetic
data will be excluded from an analysis of core genomes depending on the dataset
being analysed and the reference used. The unanalysed accessory component could

however provide valuable additional insights into evolutionary pathways and
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relationships between organisms — however, new methods need to be developed that

will be able to include this in analyses.

The assessment of the robustness of de novo assemblies builds on previously
published comparisons of de novo assemblers(3, 4), and is of particular value in that |
was in a position to analyse sequence replicates of the same reference encompassing:
(1) sequencing of the same DNA extract; (i1) sequencing of the same frozen isolate
stock extracted on a number of occasions; (iii) sequencing the same reference across
sequencing runs. Although I have not made a comprehensive assessment of all the
various different parameterisations that are possible with the different assembly
methods, opting instead to use the settings recommended by the authors/listed as the
default (as many users will do), my comparison highlights that there is significant
variability between assemblers in the degree and nature of error introduced, which
may be important, depending on what questions are being asked of the data. In
identifying genes being present/absent, for example, around 2% of genes will be
completely missed by all assembly methods, which seems like a small number, but
nevertheless represents ~100 coding sequences in these species. | have not
investigated whether there is any systematic bias in the types of genes that are missed,
but this could be of relevance. In terms of SNV-level variation, the lowest number of
miscalled bases per 100kB of sequence across the analysis was 1, representing 53
erroneously called bases in the assembly. Again, a systematic analysis of whether
these errors could be predicted and excluded was beyond the scope of this thesis, but
this highlights the caution needed in using de novo assemblies for assessments of

SNV-level variation for interpreting both phylogenetic and transmission-based
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comparisons, yet these methods have been utilised in studies that are published in

high-quality journals(5-7).

The analysis of the robustness of the approach by which I sequenced transformants in
a known host E. coli background and assembled unmapped reads, is also novel,
although again not totally comprehensive. This method was developed as a proxy in
the absence of having access to long-read sequencing data at the time the analysis was
being undertaken. Again this method evaluation highlights the limitations of short-
read data in obtaining complete structural information for episomal structures,
particularly in the context of repeat sequences that might be present in more than one
copy, or present in both the structure of interest and the host background strain used

for transformation.

Work undertaken in this thesis has facilitated a on-going collaboration with
colleagues who run a PacBio sequencing facility, and this has given me the exciting
opportunity to be involved in current and future work using this method to better
define the chromosomal and episomal structures of significant disease-causing
lineages and broad-spectrum antimicrobial resistance plasmids in Enterobacteriaceae.
I am currently involved in projects using PacBio to create closed chromosomal and
plasmid assemblies for: (i) several other CTX-M-positive disease-causing global
lineages of E. coli, namely ST10, ST38, ST648 and ST405; (i1) an investigation of the
emergence of KPC carbapenemase resistance in H30 ST131 E. coli, and (1i1) the
spread of KPC-containing plasmids, including the pKPC _UVAOI1 and pKPC_UVAO02
plasmids described in this work, but across multiple species of Enterobacteriaceae. As

more fully closed reference sequences are published, it will hopefully become
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possible to implement some of our comparative methods and use the databank of
nearly 2000 E. coli and K. pneumoniae sequences that I have been involved in

collecting and sequencing for wider comparisons.

At the gene level, work in Chapter 5 has demonstrated that it is feasible to use whole
genome sequence data for the identification of antimicrobial resistance genes, an
approach which was shown in a proof-of-principle analysis to have value in
accurately predicting antimicrobial susceptibility phenotype in a group of clinical E.
coli and K. pneumoniae isolates with a diverse range of genotypic mechanisms
underlying their susceptibility profiles(8). A similar approach has been shown to be
feasible in a much larger study of resistance prediction in Staphylococcus aureus
undertaken by one of my colleagues(9), and a modified approach based on using
mapped data for tuberculosis (Walker, TM, unpublished data). Both of these
approaches show that this method could be applied in a routine context to clinical
samples, in the event that sequencing turnaround and analysis times could be
streamlined. In order to validate this approach for Enterobacteriacaeae, I am currently
involved in a project to validate our prediction approach on a much larger dataset of
around 750 clinical isolates, including a set of 150 isolates with less commonly
observed resistance mechanisms, obtained from our colleagues at the Antimicrobial
Resistance Monitoring Reference Laboratory. One of my colleagues has developed a
method to extract and sequence E. coli DNA directly from blood culture bottles(10),
and the aspiration will be to implement a real-time pilot head-to-head with our

diagnostic laboratory by April 2015.
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With respect to transmission and the genetic population structure of NDM- and KPC-
positive strains and plasmids, the work presented in Chapters 6 and 7 has identified a
number of novel features. For NDM-1 in K. pneumoniae, we observed the almost
completely stable propagation of single ST15 clone with a set of four plasmids
totalling 700kB in size over a period of nearly a year, causing a series of case clusters
in a region of high NDM prevalence. This is the first time an extended outbreak of
NDM-1 K. pneumoniae cases has been investigated with high resolution, and in the
context of adopting a wide sampling approach including other community and
hospital-associated strains of several species. We identified a number of other host
strain clusters for K. pneumoniae, E. coli and Enterobacter cloacae (data not shown
here for the latter two species), suggesting additional community and hospital-based
transmission, some in association with blanpy, but on different plasmid vectors
(Stoesser N et al. - “Dynamics of multiple drug-resistant Enterobacter cloacae
outbreaks in a neonatal unit in Nepal: Insights using wider sampling frames and next
generation sequencing’’; in submission to JAC, Sept 2014.) Despite adopting such a
wide sampling approach, we were still unable to identify the source of the outbreak,
although inference-based transmission analyses supported a number of direct and
indirect transmission events, the latter conceivably occurring either through

transmission between asymptomatic carriers or environmental contamination.

In the case of KPC-K. pneumoniae in a US hospital, we identified the widespread
dissemination of a promiscuous KPC-containing plasmid (pKPC_UVAO01) amongst
diverse K. pneumoniae lineages, and the within-institution transmission predominance
of a single lineage, ST941, in association with pKPC UV AOQI and a second novel

plasmid (pKPC _UVAO2). This contrasts with the current prevailing view that KPC is
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predominantly host-restricted to a single lineage, ST258, and may represent one of the
earliest, well-characterised examples of the “escape” of KPC from its historical
association with ST258 and closely related members of this clonal complex. I am
currently involved in a project to characterise the KPC gene, Tn4401 transposon,
plasmid and host-strain transmission within a collection of K. pneumoniae and a
number of other Enterobacteriaceae (~400 isolates obtained from this institution over
a 5 year period). Part of this analysis has involved the use of PacBio sequencing,
which much more clearly resolves the contexts of blaxpc and the episomal structures
involved. Very recently published and impressive work from the NIH in Maryland
has used a similar approach(11), but their isolate collection was limited, and the
dynamics of within-institution transmission could not be well-characterised with such

a small number of diagnosed cases.

The work in Chapter 8 represents the most difficult and least complete analysis in this
thesis, and its novelty was unfortunately somewhat superseded by the similar, albeit
smaller analyses that were published earlier this year(7, 12). Nevertheless, it confirms
the population sub-structure identified in these studies in a wider sampling frame, as
well as the striking association of fluoroquinolone resistance with sub-lineages C1
and C2, and of CTX-M-15 with C2. In addition, it includes a larger number of CTX-
M-14-family positive genes, which are also mostly clustered within sub-lineages on
the host-strain phylogeny. Unlike the two other studies, I have been able to date the
emergence of the sub-lineages, and interestingly C1 and C2 appear to have emerged
soon after the use of fluoroquinolones and third generation cephalosporins became
widespread. I have also been able to estimate an evolutionary rate for the ST131

lineage, which confirms other smaller longitudinal in vivo estimates(13), and suggests
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that hyper-mutability is not a feature of the global clinical “success” of this strain. I
have also investigated the largest number of ST131 CTX-M-positive plasmids to date,
and although the data is not conclusive, it suggests that acquisition of CTX-M-15 into
C2 may have occurred on at least two different occasions, with subsequent within-
lineage evolution, as opposed to a single acquisition event approximately 25 years
ago. I have also demonstrated evidence of plasmid population sub-structure within the
lineage, although further work in this area remains to be undertaken. Current studies
are underway to obtain fully resolved resistance plasmid structures for some of the

strains and to make comparisons with other non-ST131 lineages.

In conclusion, this thesis has developed and applied methods using whole genome
sequence data in order to identify a number of novel aspects of the molecular
epidemiology of broad-spectrum beta-lactam resistance in Escherichia coli and
Klebisella pneumoniae. Although a large number of questions remain unresolved,
sequencing technologies, computing infrastructures and analytical methods continue
to evolve rapidly, and hold exciting promise for further defining the complicated
molecular epidemiology of resistance in these species as they themselves change and
adapt in response to the variable selection pressures imposed by the global

environmental and clinical niches they inhabit.
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Appendix 1.

Table Al.1. B-Lactam resistance mechanisms included in the study resistance locus database (general references: 1-5)

Enzyme family | Likely source Major sub-groups | Variants Molecular | Bush-Jacoby Reference
class functional
classification
bla Shewanella oneidensis D 6
blaacc Klebsiella pneumoniae ACC-1-4 C 1 7
blaact Acidaminococcus ACI-1 A 2be 8,9
fermentans
blaact Enterobacter cloacae ACT-1-7, ACT-9-10, C 1 10, 11
ACT-12, ACT-14-16
blaapc Acinetobacter baumannii ADC-1-7 C 1 12
blapgr Aeromonas hydrophila AER-1 A 2¢ 13, 14
blaast Nocardia asteroides AST-1 A 2b 9,15
blag Chryeseobacterium B2-14 B 9,16
meningosepticum
blaggs Serratia marcescens BES-1 A 2be 9,17
blagic Pseudomonas BIC-1 A 2e 9,18
fluorescens
blagy. Citrobacter freundii BIL-1 (CMY-2) A 2ber 9,19
blagro Moraxella catarrhalis BRO-1 A 2a 20
blacam Campylobacter spp. CAM-1 (blagxa-61) D 21
blacars Pseudomonas CARB-1-like CARB-1 (PSE-4), 4, 6, A 2¢, 2ce 11, 14, 22-26
aeruginosa, Vibrio 7,9,11,12
cholera, Acinetobacter CARB-2-like CARB-2 (PSE-1), 3 A
spp. CARB-5-like CARB-5 (RTG-2), 8, 10
(RTG-4)
blacg;, Bacteroides uniformis CBL-A A 2b 27
blacgpa Bacteroides fragilis blacgpa, blacgpa-14, 29, A 2e 11, 28
44,49, 85
blacrg Citrobacter freundii CFE-1 C 1 9,29




blacga Chryseobacterium gleum CGA-1 A 2b 30
blacgs Chryseobacterium gleum CGB-1 Bl 3a 31
blacko Citrobacter koseri CKO-1 A 2be 32
blacia Chryseobacterium CIA-1-4 A 2be 33
indologenes
blacme Chryseobacterium CME-1, 2 A 2be 34,35
meningosepticum
blacvg Enterobacter cloacae CMG-1 C 36
blacyy Enterobacter cloacae CMH-1 C 37
blacmy Pseudomonas CMY-1-like CMY-1, 8-11, 19 C 1, le 11
aeruginosa
Citrobacter freundii CMY-2-like CMY-2-7, 12-19, 20-45,
47-49, 53-60, 64-68, 70-
81, 83, 84, 87
blacsp Capnocytophaga CSP-1 A 2be 38
sputigena
blactxm Kluyvera spp. CTX-M-1-like CTX-M-1,3,10, 11,12, | A 2be 11,39
(blayok, 15,22, 23, 28, 29, 30, 32,
blaxiuc, 33, 34, 36, 37, 42, 52, 53,
blaxiuc) 54,55/57, 58, 60, 61, 62,
66, 68, 69, 71,72, 79, 80,
82, 88,96, 101, 114, 116,
117, 132,133
CTX-M-2-like CTX-M-2,4,5,6,7, 20,
31, 35, 43, 44 (TOHO-
1), 56,59, 74, 75, 92, 95,
97,124, 131
CTX-M-8-like CTX-M-8, 40, 63
CTX-M-9-like CTX-M-9, 13, 14/18, 16,

17,19, 21, 24, 27, 38, 45
(TOHO-2, 46, 47, 48, 49,
50, 51, 65, 67, 81, 83, 84,
85, 86, 87, 90, 93, 98, 99,
104,105, 111, 112, 113,

121, 122, 126




CTX-M-25-like

CTX-M-25, 26, 39, 41,

89,91, 94
Hybrids CTX-M-64, CTX-M-
123, CTX-M-78
blapgs Desulfovibrio DES-1 A 2be 40
desulfuricans
blapua Morganella morganii DHA-1,2,3,5,6,7 C le 41, 42
blapm Pseudomonas stutzeri DIM-1 B1 3a 43
blaggr Empedobacter brevis EBR-1 B1 3a 44
blagrp Erwinia persicina ERP-1 A 2be 45
blagpar Nocardia farcinica FAR-1 A 2br 46
blagmm Pseudomonas FIM-1 B1 3a 47
aeruginosa
blarona Serratia fonticola FONA-1-6 A 2be 48, 49
blarox Pseudomonas FOX-1-9 C 1 11, 50
aeruginosa
blayys Fusobacterium FUS-1 (OXA-58) D 2d 51
nucleatum
blaggs Klebsiella pneumoniae GES-1-22 A 2e, 2be, 2f 49, 52
blagim Pseudomonas GIM-1 B1 3a 53
aeruginosa
blagos Chryseobacterium GOB-1-3, 6-18 B3 3a 11, 54
meningosepticum
blayera Escherichia hermannii HERA-1-8 A 2a 55
blac (Enterobacter cloacae, IBC-1 (GES-7), IBC-2 A 2be 56
Pseudomonas (GES-8)
aeruginosa)
blan Enterobacter cloacae IMI-2, 3 A 2f 57
IMI-H, IMI-S
blawp Serratia marcescens IMP-1-16, 18-23, 25, 26, | Bl 3a 58
29, 30, 33-35, 37, 38, 40-
42
blamnp Chryseobacterium IND-1, 2, 2a-c, 3-7 Bl 3a 11, 59

indologenes




blajonn Flavobacterium JOHN-1 B1 3a 60
Jjohnsoniae
blaxym Citrobacter freundii KHM-1 B1 3a 61
blaxpc Klebsiella pneumoniae KPC-2-13 A 2f 11, 62
blay (blag) Stenotrophomonas L-1,2 B 3 63
maltophilia
@Nar>v —L>T|Hu 2 A 2b 64
blag ar Citrobacter freundii LAT-1 C 1 42
@Narmz LEN-1-26 A 2a 65
@NQFG,_. LUT-1 A 2be 66
blay M-1 A 2a 67
blayar Levinea malonatica MAL-1, 2 42, 68
(Citrobacter koseri)
blayir Enterobacter cloacae MIR-1-6 C 1 63
blayior Morganella morganii MOR, MOR-2 C 1 69
blayviox Pseudomonas MOX-1-like MOX-1-4 C 1 70
aeruginosa MOX-5-like MOX-5-7
blayus Myroides odoratimimus MUS-1 Bl 3a 71
blanpm Possibly Acinetobacter NDM-1-7 Bl 3a 72
baumannii
blaxvc NMC-A A 2f 63
blanps Pseudomonas NPS-1 A 2¢ 73
aeruginosa
blaocy Ochrobactrum anthropi OCH-2-8 C 1 74
@NQOEHO A@Namm/\v OHIO-1 A 2b 75
blaokp OKP-A OKP-A-1-16 A 2b 65
OKP-B OKP-B-1-20
blaorn Raoultella ornitholytica ORN-1b A 2be 76
blaoxa Carbapenemases 77,78
OXA-23-like OXA-23 (ARI-1),27,49, | D 2df
73, 133, 146, 165-171,
OXA-40-like 225,239 D 2df
OXA-40, 24-26, 72, 139,
OXA-48-like 143, 160, 182, 231 D 2df




OXA-51-like

OXA-58-like
Others

Non-
carbapenemases

OXA-1-like

OXA-2-like

OXA-10-like

Other

OXA-48, 162, 163, 181
OXA-51, 64-71, 76-80,
82-84, 86-93, 95, 98, 99,
104, 106-113, 115, 128,
130-132, 138, 144, 148-
150, 172-180, 194-197,
200-203, 216, 217, 219,
223,241, 242, 248-250
OXA-58, 97, 164
OXA-55, OXA-50b-¢,
OXA-60a-d

OXA-1/30, 4, 31, 33, 47,
224

OXA-2, 3,15, 21,32, 34,
46, 53,118,119, 141,
161,210
OXA-10,5,7,11, 13, 14,
16,17, 19, 28, 35, 56, 74,
101, 129, 142, 145, 147,
183,211,212,240
0XA-20, 37; OXA-29;
0XA-9, OXA-18, 45;
OXA-12 (AsbB1), OXA-
22: OXA-114a-g, 243;
OXA-36, OXA-54,
OXA-62, OXA-198;
OXA-214,215; OXA-
213, OXA-75,116, 117,
94; OXA-134a, 235, 236,
237; OXA-96, 228-230;
OXA-61, OXA-85

2df

2d

2de

2d, 2de

blaoxy

Klebsiella oxytoca

0XY-1
0XY-2
0XY-3

1-7
1-13
1

2be

79




0OXY-4 1
0OXY-5 1,2
0XY-6 1-4
blap Bacillus licheniformis P-1 A 2a 80
blapgr Pseudomonas PER-1-6 A 2be 81
aeruginosa
blapy o Raoultella planticola PLA-2a A 2be 76
blapye Pseudomonas PME-1 A 2be 82
aeruginosa
blapom Pseudomonas otitidis POM-1 B3 3a 83
blapsg Pseudomonas PSE-1 (CARB-2) A 2¢ 11, 84
aeruginosa
blagaun Rahnella aquatilis RAHN-1, 2 A 2be 85
blarop Actinobacillus ROB-1 A 2a 86
pleuropneumoniae
blasco Escherichia coli SCO-1 A 2¢ 87
blasgp Citrobacter sedlakii SED-1 A 2b 88
blagrp Shewanella frigidimarina SFB-1 B1 3a 89
blagrc Serratia fonticola SFC-1 A 2f 90
blasry Serratia fonticola SFH-1 B2 3b 11
blasro Serratia fonticola SFO-1 A 2be 91
blasyy Klebsiella pneumoniae SHV-1-3,5-8, 11,12, 14, | A 2b, 2be, 2br 11
18, 24-42, 44-51, 53, 55-
57, 59-67, 69-72, 77, 84-
86, 89, 92-97, 101-105,
108, 109, 112, 121, 122,
128-135
blasiu Acinetobacter baumannii SIM-1 B1 3a 92
blag g Shewanella SLB-1 B1 3a 89
livingstonensis
blasus Serratia marcescens SMB-1 B3 3a 93
blasme SME-1-3 A 2f 63
blagpy Capnocytophaga SPU-1 A 2be 94

sputigena




blasgt Serratia marcescens SRT-1 C 1 95
blagst Serratia marcescens SST-1 C 1 95
blartgym TEM-1-13, 15-22, 24- A 2b, 2be, 2br, 11

26B, 28-40, 42-44, 47- 2ber,

49, 52-55,7, 63/64, 67-

68, 70-72, 75-91, 93-99,

101, 104-134, 136-139,

141-152, 154-160, 162-

164, 166-169, 171, 176-

178, 183, 185-195, 197-

198, 201
blatgr Raoultella terrigena TER-1 A 2be 96
blatia Esherichia coli TLA-1 A 2be 97
blatyp Achromobacter TMB-1, TMB-2 B1 3a 98

xylosoxidans
blatry Aeromonas TRU-1 C 1 99
enteropelogenes

blarys Myroides odoratus TUS-1 B (B1) 3a 71
@NQ/\mw VEB-1-7 A 2be 11
blayun Vibrio harveyi VHH-1 A 2a 100
blayyw Vibrio harveyi VHW-1 A 2a 100
blayiv VIM-1-20, 22-34 Bl 3a 11
blazgg ZEG-1 C 1 9
cfid (ccrd) Bacteroides fragilis cfiAl-16 Bl 3a 101
cfxA Bacteroides vulgatus cfxA, cfxA3-5 A 2be 102
cphA Aeromonas hydrophila cphA2, cphA4-8 B2 3b 103, 104
hugA A 2be 105
mecA Staphylococcus spp. 106
penA Burkholderia spp. A 107
Promoter mechanisms
@NQHmZ Wwv Wn_; vau va\_uu 2
promoter Pc/d
ampC promoter 3
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Table A1.2. Fluoroquinolone resistance mechanisms included in the study resistance locus database.

Enzyme family Major sub-groups Variants Major phenotypic resistance Reference
norA4 Low-level hydrophilic 1
fluoroquinolone resistance
qnr A 1-8 Low-level fluoroquinolone 2,3
resistance
B 1-15,17-25, 27-38, 40-53, 56- Low-level fluoroquinolone 2,3
59, 62 resistance
C Low-level fluoroquinolone 2,3
resistance
D Low-level fluoroquinolone 2,3
resistance
S 1-6 Low-level fluoroquinolone 2,3
resistance
qepA gepA, gepA2 fluoroquinolone resistance 2,3
0qxAB fluoroquinolone resistance 2,3
gyrd Quinolone-resistance Cumulative increase in 2,4,5
determining region: amino acids resistance to fluoroquinolones
67-106 through stepwise mutations
grB Quinolone-resistance Cumulative increase in 2,4
determining region: amino acids resistance to fluoroquinolones
426-464 through stepwise mutations
parC Quinolone-resistance Cumulative increase in 2,4
determining region: amino acids resistance to fluoroquinolones
47-133 through stepwise mutations
parE Quinolone-resistance Cumulative increase in 2,4

determining region: amino acids
420-458

resistance to fluoroquinolones
through stepwise mutations
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Table A1.3. Aminoglycoside resistance mechanisms included in the study resistance locus database.

Enzyme family Major sub-groups Variants (alternative Major phenotypic resistance Reference
nomenclature) relevant to human clinical
medicine
Aminoglycoside N- AAC(3)-1 a (aacCl)-e Gentamicin 1-3
acetyltransferases
AAC3)-1I a (aacC3, aacCS5, aacC2, Gentamicin, tobramycin 2,3
aac(3)-Va)
-e
AAC(3)-11I a (aacC3)-c (ant(2"’)-1b) Gentamicin, tobramycin 3,4
AAC(3)-IV a Gentamicin, tobramycin 1,3,4
AAC(3)-VI a Gentamicin 3
AAC(3)-VII a (aacC7) Gentamicin 4
AAC(3)-VIII a (aacC$§) Neomycin 5
AAC(3)-IX a (aacC9) Neomycin 5
AAC(3)-X a Amikacin 2
AAC(2)-1 a-¢ Gentamicin, tobramycin 2,4
AAC(6°)-1 A (aacAl)-ai, numerous Ib Amikacin, tobramycin, 2,4,6
(aacA4) sub-variants including: | sometimes gentamicin (e.g.
3,4,7,8,9, 11, 29a, 29b, 30, AAC(6°)-1byy)
31, 32, 33, 43, Suzhou,
Hangzhou
AAC(6”)-Ib-cr Amikacin, tobramycin, low- 2,6
level fluoroquinolone resistance
AAC(6")-11 a-c Gentamicin, tobramycin 2,4
Fusion variants aac(6’)-aph(2°’), ant(3”’)-Ii- Variable, including amikacin , 2
aac(6’)-11d, aac(6’)-30/aac(6’)- | gentamicin, tobramycin,
Ib’, aac(3)-Ib/aac(6’)-Ib*’, streptomycin
aacA-aphD
Aminoglycoside O- ANT(2”)-1 a (aadB) Gentamicin, tobramycin 2
nucleotidyltransferases
ANT(3”’)-1 a (aadA, aadAl, aad(37°)(9)); Streptomycin, (spectinomycin) | 2

aadA 2-17, 1a, 1b, 2b, 21, 23-




25

ANT(4)-1 a C (ant(4’)-1a, aadD2, aadD, Amikacin, tobramycin 2
ant(4°,4"°)-I)
ANT(4)-11 a,b Amikacin, tobramycin 2
ANT(6)-1 a (ant6, aadE), b, also aadK, Streptomycin 2
aad(6) variants
ANT(9)-1 a (aad(9), spc), b (also called (Spectinomycin) 2
aad(9), spc)
Fusion variants aadA6/aadA 10, ant(3”’)-1h- Variable 2
aac(6’)-lid
Aminoglycoside O- APH(2”’)-1 e Gentamicin 2
phosphotransferases
APH(2’)-II a Gentamicin 2
APH(2’’)-11I a Gentamicin 2
APH(2’)-IV a Gentamicin 2
APH(3’)-1 a (aphA-1), b (aphA-like), c Neomycin 2,3
(aphal-IAB, apha7)
APH(3’)-II ITa (aphd-2), 1Ib, 1Ic Neomycin 3
APH(3’)-1II 1I1a Neomycin 3
APH(3’)-IV Iva (aphA4) Neomycin 3
APH(3’)-V a (aphA-5a), b (aphA-5b), c Neomycin 3
(aphA-5c)
APH(3’)-VI a (aphA6), b Neomycin 3
APH(3’)-VII a (aphA7) Neomycin 3
APH(3”’)-1 a (aphE, aphD2), b (strd, Streptomycin 2,3
orfH), ¢
APH(4)-1 a (hph), b (hyg) (Hygromcyin) 2,3
APH(6)-1 a (aphDl/strd), b (sph), c (str), d | Streptomycin 2,3
(strB, orfl)
APH(7’)-1 a (Hygromycin) 2
APH(9)-1 a,b (Spectinomycin) 2
rRNA methylases apmA All aminoglycosides 7
npmA All aminoglycosides 7




armA

All aminoglycosides

rmt

A,B,C,D,D2

All aminoglycosides
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Appendix 2.

Table A2.1. List of sizes, sequencing and assembly details for plasmid transformants in Chapter 8.

Transformant
uk 18B21F T
uk 18C221 T
uk 18A33A T
uk 18B18D T
uk 18B11D T
uk 17B26A T
uk 18C4F T
uk 17C26C T
uk 18B30B T
uk 19B19L T
la 5220-3 T
la 12107 3 T
P26250 T
uk 17A7A T
11B00320 T
la 7619 T
la 5108 T
uk 8A16G_ T
11B01979 T
HFMK272NLF T
cam 1071 T
P46212 T

Sequencing platform

HiSeq 2x150PE
HiSeq 2x150PE
HiSeq 2x150PE
HiSeq 2x150PE
HiSeq 2x150PE
HiSeq 2x150PE
HiSeq 2x150PE
HiSeq 2x150PE
HiSeq 2x150PE
HiSeq 2x150PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE

Assembler
standard A5
standard A5
standard A5
standard A5
standard A5
standard A5
standard A5
standard A5
standard A5
standard A5
A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq

CTX-M
variant

15
15
15
15
15
15
15
15
15
15
24
55
15
15
15
14
14
15
15
27
14
15

ST131 clade

(@)

Q> > 00F T > OO0 OOOOOOOO OO

Contigs in assembly
22
21
24
25
25
25
25
27

Assembled genome size
(bp)
92421
92448
93292
95507
95819
96420
130907
131222
131474
148844
72449
80841
83980
91988
92477
93517
100260
119837
125735
138934
139269
140660



uk_8A9B T
P16456 T
uk_1816C_T
uk_18C29E T
10B05087 T
09B06576 T

MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE
MiSeq 2x300PE

A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq
A5-MiSeq

14
15
15
15
15
15

Qaaoaaa >

20
21
16
27
19
23

145408
147554
149236
161487
166080
171919
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