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Thesis abstract

Enterococcus faecium and Enterococcus faecalis are important causes of healthcare-
associated infections in immunocompromised patients. Enterococci thrive in modern
healthcare settings, being able to resist killing by a range of antimicrobial agents, persist in
the environment, and adapt to changing circumstances. In Scotland, rates of vancomycin
resistant E. faecium (VREfm) have risen almost 150% in recent years leaving few treatment
options and challenging healthcare delivery. Resistance to the last line agent linezolid has
also been detected in E. faecalis. Whole genome sequencing (WGS) allows investigation of
the population structure and transmission of microorganisms, and identification of
antimicrobial resistance mechanisms. The aim of this thesis was to use WGS to understand
the molecular epidemiology of antimicrobial resistant enterococci from human healthcare
settings in Scotland. Analysis of some of the earliest identified Scottish linezolid-resistant
E. faecalis showed the resistance mechanism, optrA, was present in unrelated lineages
and in different genetic elements, suggesting multiple introductions from a larger
reservoir. To inform transmission investigations, within-patient diversity of VREfm was
explored showing ~30% of patients carried multiple lineages and identifying a within-
patient diversity threshold for transmission studies. WGS was then applied to a large
nosocomial outbreak of VREfm, highlighting a complex network of related variants across
multiple wards. Having examined within-hospital transmission, the role of regional
relationships was investigated which showed that VREfm in Scotland is driven by multiple
clones transmitted within individual Health Boards with occasional spread between

regions. The most common lineage in the national collection (ST203) was estimated to



have been present in Scotland since around 2005, highlighting its persistence in the face
of increasing infection prevention and control measures. This thesis provides a starting
point for genomic surveillance of enterococci in Scotland, and a basis for interventional

studies aiming to reduce the burden of enterococcal infections.
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Chapter 1 Introduction

1.1 Clinical Burden of Enterococcal Disease

Enterococci are Gram-positive cocci bacteria carried in the gastrointestinal tract of
mammals, reptiles, birds, and insects »2. Enterococci were first described in 1899
simultaneously from England and France 3=°. For much of the 20t Century enterococci
were classified within the genus Streptococcus, being differentiated by possessing
Lancefield group D antigen, growth at 45°C, hydrolysis of aesculin in the presence of 40%
bile, and growth in 6.5% NaCl. Based on DNA hybridisation and ribosomal RNA (rRNA)
sequencing, these bacteria were moved into the Enterococcus genus in 1984, and at time
of writing 84 species have been designated within the genus ©. Despite historically
considered commensals, in recent decades enterococci have been increasingly identified
as causes of human infection 7. In England, the incidence of enterococcal bloodstream
infection (BSI) has increased 65.8% from 9.6/100,000 population in 2012 to 15.9/100,000

population in 2021 &,

Enterococci have been implicated in urinary tract infections (UTIs) and endocarditis in the
community, as well as healthcare associated UTls, BSls, abdominal infections, and wound
infections. Risk factors for enterococcal infection are gut carriage of the organisms,
immunosuppressive conditions (malignancy, solid organ or bone marrow transplant,
kidney disease, diabetes, rheumatoid arthritis, and advanced age), breaches in the gut

barrier (mucositis, surgery, trauma), or iatrogenic factors (long hospital stay, antimicrobial
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use, and indwelling medical devices) 2. As these risk factors are generally only present in
hospital inpatients enterococci have become important causes of nosocomial infection,
and are one of the leading causes of healthcare associated infections 131°, Enterococci are
responsible for an estimated 440,000 deaths per year globally, mainly due to BSIs and
intra-abdominal infections 6. Mortality rates in enterococcal BSls are high, estimated at
23-47% reflecting the challenging patient group these infections are often encountered in
1117 As well as high mortality, enterococcal infections also significantly increase length of

hospital stay and healthcare costs which complicates the delivery of modern medicine %1%

20

1.2 Virulence factors

Enterococci do not express the overt virulence factors of other pathogens such as
Staphylococcus aureus, and their success as pathogens mainly relies on their ability to
survive in the antimicrobial treated gut and in hospital environments. Virulence factors
are more prevalent in Enterococcus faecalis, which may explain why this species was the
leading cause of enterococcal infections until recent increases in Enterococcus faecium
cases ®%%. The main virulence factors allow attachment to the host, immune evasion, or

biofilm formation (Table 1.1) 222,
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Table 1.1 Virulence factors in enterococci

Type Name Mechanism Pathogenic Species Reference
association
Attachment | Ace Collagen binding Endocarditis | E. faecalis | %*
protein
Attachment | Acm Collagen binding | General E. faecium | %
protein pathogenicity
Attachment | Ebp pilus Endocarditis, | E. faecalis | %°
UTI
Attachment | Aggregation | Surface protein Endocarditis | E. faecalis | ?’
substance
Attachment | Esp Surface protein uTl, E. faecalis | %8
endocarditis, | and E.
biofilm faecium
Immune Cyl Cytolysin General E. faecalis | %
evasion pathogenicity
Immune GelE Metalloproteinase | Endocarditis, | E. faecalis | 3°
evasion complement
disruption
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General PTS Carbohydrate Colonisation, | E. faecalis | 3!
stress utilisation biofilm, and E.

response endocarditis | faecium

PTS, phosphotransferase system; UTI, urinary tract infection

1.3 Intrinsic antimicrobial resistance in enterococci

Enterococcal infections in humans are predominantly caused by two species, E. faecalis
and E. faecium. Both species are intrinsically resistant to therapeutic doses of many
commonly used antimicrobials 323>, The cell wall of enterococci inhibits the passage of
aminoglycosides and eliminates their clinical use unless given alongside a cell wall active
agent such as ampicillin or vancomycin 22. The presence of low affinity penicillin binding
protein (PBP) in E. faecalis (PBP4) and E. faecium (PBP5) confer intrinsic resistance to
cephalosporins, flucloxacillin, aztreonam, and temocillin 3. Enterococci are capable of
absorbing folate from their environment which overcomes the therapeutic action of
trimethoprim-sulphamethoxazole, although they can test sensitive in vitro in media
lacking folate which can lead to confusion 3. Fluoroquinolone resistance is now
widespread in E. faecalis and E. faecium due to mutations in the DNA gyrase subunit gene
gyrA and topoisomerase IV subunit gene parC 383°, E. faecium carries a chromosomal ATP-
binding cassette (ABC) efflux pump, msr(C), which confers low level resistance to

macrolides, and the spread of the erm rRNA methylases has led to most clinical
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enterococci being macrolide resistant 442, Resistance to clindamycin and streptogramins
is common in E. faecalis and is conferred by ABC-F ribosome protection encoded by /sa(A)
43, Although not common causes of infections, Enterococcus casseliflavus and
Enterococcus gallinarum are notable as being intrinsically resistant to vancomycin due to

chromosomal carriage of the vanC gene %4,

Despite their multidrug resistant (MDR) phenotype, E. faecalis isolates usually remain

sensitive to ampicillin, vancomycin, linezolid, and daptomycin. Acquired resistance in E.

faecium is an increasing challenge.

1.4 Acquired antimicrobial resistance in enterococci

Enterococci have grown in importance as human pathogens over recent decades, driven

by their ability to acquire antimicrobial resistance (AMR) mechanisms to new agents after

introduction into clinical use (Figure 1.1).
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Figure 1.1 Timeline of enterococci as human pathogens

Relevant events are highlighted in blue rectangles, first detection of AMR in green

rectangles, and introduction of antibiotics in red rectangles. MDR, multidrug resistant; VR,

vancomycin-resistant. Reproduced with permission from Springer Nature 22,
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1.4.1 Ampicillin

Ampicillin (and other 3-lactams) block cell wall development by inhibiting crosslinking of
peptidoglycan, leading to cell death. Ampicillin is the first choice treatment for
enterococcal infections that test sensitive. Resistance to ampicillin is conferred by
mutations in the pbp4 or pbp5 gene that eliminate drug binding #>6. This remains rare in
E. faecalis (~2% of cases), but is widespread in E. faecium (>90% of cases) 8. In E. faecium,
the pbp5 gene has been shown to be capable of mobilising from the chromosome,
transferring to a recipient cell, and then inserting into the chromosome of the recipient by
recombination which may explain the high prevalence of the resistant pbp5 variant 474,

B-lactamase has been detected in E. faecalis but does not seem to be common *°.

1.4.2 Aminoglycosides

Aminoglycosides bind to the bacterial ribosome and impair proofreading of the mRNA
template, leading to truncated or erroneous proteins which inhibits bacterial function.
Despite their intrinsic low level resistance, enterococci can be treated with
aminoglycosides in combination with a cell wall active B-lactam or glycopeptide. These
combinations are recommended for severe enterococcal infections such as endocarditis
1 Acquired resistance against aminoglycosides raises the minimum inhibitory
concentration (MIC) to >512 mg/|, conferring high level resistance and eliminating their

use even in combination therapy. High level resistance is conferred by three types of
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aminoglycoside modifying enzymes that stop the drug being able to bind to the ribosome.
N-Acetyltransferase AAC(6’) acetylates an amino group of the aminoglycoside 2-
deoxystreptamine nucleus, O-Adenyltransferases ANT(4’), ANT(6’), and ANT(9) adenylate
a hydroxyl group, and O-Phosphotransferases APH(2"”’) and APH(3"’) phosphorylate a
hydroxyl group °%°3. The main aminoglycoside used in enterococcal infections is
gentamicin, resistance is widespread in E. faecalis and E. faecium being detected in >90%

of tested isolates >*.

1.4.3 Glycopeptides

Vancomycin and teicoplanin are the main glycopeptide antibiotics, they inhibit cell wall
synthesis by binding to D-ala-D-ala peptidoglycan sidechains and blocking their
incorporation into the cell wall. A newer subclass are the lipoglycopeptides telavancin,
oritavancin, and dalbavancin which show promising in vitro activity against enterococci
but clinical experience is limited 3. Resistance to glycopeptides is conferred by various van
operon classes that modify the D-ala-D-ala side chain so that vancomycin can no longer
bind (Table 1.2). The VanA operon is the most commonly encountered and contains seven
genes - vanS encodes a transmembrane sensor, in the presence of glycopeptides it
phosphorylates the operon repressor VanR which increases expression of the remaining
five genes . vanH encodes a dehydrogenase that reduces pyruvate to D-lactate, vanA
encodes a ligase that binds D-ala to D-lac, the bound products are then added to

peptidoglycan precursors by cellular machinery 22. vanX encodes an amidase that cleaves
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any D-ala-D-ala to further reduce glycopeptide binding, vanY encodes a carboxypeptidase
which cleaves D-ala from cellular precursors, and vanZ encodes a gene of unknown
function that contributes to teicoplanin resistance *°=>%, VanB is also encountered in
clinical isolates but it does not confer teicoplanin resistance because VanSg does not
recognise teicoplanin, although isolates have been known to become resistant on
treatment due to modification of vanRg °>%°. The other Van operons are not frequently

identified.

Table 1.2 Vancomycin resistance mechanisms

Van Vancomycin | Teicoplanin | Side chain Presence in
Type phenotype phenotype | modification | enterococci
VanA R R D-ala-D-lac Acquired
VanB R S D-ala-D-lac Acquired
VanC R S D-ala-D-ser Intrinsic
VanD R R D-ala-D-lac Acquired
VanE R S D-ala-D-ser Acquired
VanG R S D-ala-D-ser Acquired
VanL R S D-ala-D-ser Acquired
VanM R R D-ala-D-lac Acquired
VanN R S D-ala-D-ser Acquired

R, resistant; S, sensitive

Historically, the term glycopeptide-resistant enterococcus was used to refer to isolates
carrying a van operon, more recently vancomycin-resistant Enterococcus (VRE) has
become more accepted as this classification includes the van types that do not confer

teicoplanin resistance (Table 1.2), VRE will be used for the rest of this thesis. VRE were
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first reported in England and France in the 1980s and soon after were identified in the
USA and other countries ®. In the present day, <5% of E. faecalis are VRE while rates in E.
faecium (VREfm) are higher and vary by country (Table 1.3). The quality of surveillance
systems varies between countries, and in many countries no reliable data on VREfm rates
are available. What information is available suggests vancomycin resistance is highest in
the USA with Cyprus, Lithuania, and Brazil having similarly high rates, then Scotland,

Australia, Eastern Europe, and the Balkans having VREfm rates of 30-50%. In Scotland, E.

faecium BSl incidence has been relatively stable over 2008-2021, but the proportion that

are VREfm has increased 148.2% (from 45 isolates in 2008 to 112 isolates in 2021, Figure

1.2). Rates have been rising across Europe and the UK, but it is currently unclear why the

situation in Scotland is so profound &2,

Table 1.3 Reported VREfm rates around the World

Country | Type Clinical Period VREfm (%) Reference
syndrome

USA National surveillance BSI 2018-2019 | 62.8 63

Brazil Regional Surveillance All 2007-2015 | >60.0 64
Scotland | National surveillance BSI 2021 40.4 21
Australia | National surveillance BSI 2020 32.6 &5

England National surveillance BSI 2021 21.0 8

India Single Hospital BSI 2020 19.2 66
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62

Europe International surveillance | BSI 2021 17.2

(range 0-66.4)
Africa Metanalysis All 2010-2019 | 10.2 67
China National surveillance All 2005-2017 | <5.0 68

BSI, bloodstream infection
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1.4.4 Oxazolidinones

Linezolid and tedizolid belong to the oxazolidinone class of antimicrobials, they bind to the
50S ribosomal subunit and inhibit the formation of the 70S complex which then inhibits
protein production by preventing the formation or elongation of peptide chains 7071,
Linezolid has been available since 2001 and is a key antibiotic for the treatment of VRE
infections, tedizolid has only been licensed since 2015 for skin and soft tissue infections
and so there is less clinical experience against enterococci for tedizolid. Linezolid therapy
is complicated by significant side effects (blood disorders, optic neuropathy, serotonin
syndrome, among others) which limits recommended treatment duration to a maximum
of 28 days °. Resistance is conferred by mutations in the 23S rRNA, usually G2576T or less
commonly G2505A (Escherichia coli numbering) 72. The 23S rRNA is present in six copies in
E. faecium and four copies in E. faecalis, the number of mutated copies correlates with the
MIC 7374, Mutation of the ribosomal proteins L3, L4, and L22 do not appear to be
significant in enterococcal linezolid resistance 2. Transferable linezolid resistance
mechanisms have also been detected that can spread between cells via mobile genetic
elements (MGEs). The cfr, cfr(B), and cfr(D) 23S rRNA methyltransferases modify the
ribosome to block binding of linezolid 7°~’7, and the optrA and poxtA genes are ABC-F
ribosomal protection effectors that remove bound drug from the ribosome 7872, Linezolid
resistance is generally rare, when encountered it is usually conferred by G2576T in E.
faecium and optrA or poxtA in E. faecalis, although these associations are not fixed and all

mechanisms have been detected in both species &. In Scotland, transferable optrA-

35



mediated resistance was first identified in 2015 in E. faecalis, although national
surveillance shows linezolid resistance is currently at low levels (<2% in E. faecalis and E.

faecium) 8,

1.4.5 Daptomycin

Daptomycin is a cyclic lipopeptide that inserts into the cell membrane in the presence of
calcium, forming pores in the membrane which lead to ion leakage 22. Daptomycin
resistance is mediated by mutations in the liaFSR operon which encodes a regulatory
pathway that responds to cell membrane stress. In E. faecalis resistance is due to
movement of cell wall phospholipids away from the septum, in E. faecium there is a
change in the charge of the membrane phospholipids leading to repulsion of daptomycin
away from the cell 82784, Daptomycin resistance is rare, although MIC testing is only
performed in select isolates as daptomycin is not included in commercial antimicrobial
sensitivity tests (ASTs) systems such as the Vitek. Clinical use of daptomycin is further
hampered because it is approved for complicated skin and soft tissue infections at a dose
of 4 mg/kg body weight, or for S. aureus right sided endocarditis or BSI at 6 mg/kg 8°.
Treatment of enterococcal BSI at these doses has been associated with treatment failure
as the wild type MIC is around 2-4 mg/I 85%7, Further studies have shown that doses of 10
or 12 mg/kg have suitable safety profiles and improve outcomes in enterococcal BSI 3>%7,
Conversely, higher doses of daptomycin (>8 mg/kg) have been associated with muscle

toxicity, and there has been a further association with eosinophilic pneumonia
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necessitating weekly monitoring of creatine phosphokinase levels and perhaps also

monitoring of daptomycin levels 829,

1.4.6 Tetracyclines

Tetracyclines inhibit protein synthesis by binding to the ribosome and blocking the A site,
this in turn stops transfer RNA attachment in the P site. Tetracycline resistance is common
in enterococci due to tet(M), tet(0), or tet(S) mediated ribosomal protection, or tet(K) or
tet(L) mediated efflux 3>°°, These mechanisms rule out clinical utility of older tetracycline
derivatives such as doxycycline and minocycline. Newer derivatives are available that are
active against these resistance mechanisms, tigecycline is the most well studied and is
approved for use in complicated skin and soft tissue or intraabdominal infections.
Tigecycline penetrates well into tissues but has low levels in serum which results in very
poor outcomes when used alone for BSIs, where it must be used in combination therapy
91, Resistance to tigecycline is currently very rare, but has been reported in E. faecium due

to high expression of tet(L) or tet(M) °2.

1.5 Enterococcal Gut Carriage

Enterococci are carried in the gut often with no symptoms, however this can act as a
reservoir for infection of other body sites if the patient develops one or more risk factors

of enterococcal disease °*°*, Gut carriage can also result in faecal-oral transmission
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between individuals in healthcare settings, where the receipt of broad spectrum
antibiotics reduces colonisation resistance against VRE in the gut ®>-8, Risk factors for VRE
colonisation include exposure to antimicrobials (vancomycin, cephalosporins, and
metronidazole, although others have been associated), frequent healthcare contact,
prolonged hospitalisation, immunosuppression, intensive care admission, surgery, or
indwelling catheters 3>9°, A systematic review over 8000 haematology patients identified
20% VRE colonisation rate, with a 24 times higher risk of BSI in colonised patients
compared to uncolonized patients . Similar VREfm carriage rates (19-24%) have been
described in hospitals in the UK and Ireland 09192 |n the general community population,
gut carriage of VREfm appears to be uncommon (<1%) although this aspect is not well
studied 190192103 Healthcare workers are thought to be a potential source of patient
infection, and VRE has been shown to survive on hands for up to an hour %4, A study from
the USA showed no VRE carriage in 755 healthcare workers suggesting limited staff-
patient VRE transmission, although this the largest study of its kind to date it is limited by

the single centre design 10°.

The main factor promoting enterococcal colonisation of the gut is antimicrobial therapy
106 Ampicillin, vancomycin, metronidazole, and neomycin have all been shown to reduce
the diversity of the intestinal microbiota which then leads to an increase in Enterococcus
either from within the existing microbiota or after acquisition from the hospital
environment 07108 QOnce present, enterococci can adapt further via mutations or the

acquisition of traits from other bacteria (see Section 1.8.1) that allows them to reach
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dominance % (Figure 1.3). This intestinal dysbiosis can last for long periods of time after

antibiotic, increasing the risk of host disease for months 107:10°,
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Figure 1.3 Adaption and dominance of enterococci in the antibiotic perturbed gut

Brown curved lines indicate the mucosal surface of the gut, yellow shading the mucus
layer, black arrows external selective pressures, curved arrows genetic adaptations that
allow enterococci (purple ovals) to resist eradication and outcompete commensal bacteria
(multicoloured shapes). On the left is the normal gut microbiota, then the gut after
antibiotic perturbation and enterococcal overgrowth, and on the right domination of
enterococci and the breakdown of innate defences during time of ill health leading to
invasive infection. SNPs, single nucleotide polymorphisms, VRE vancomycin-resistant
enterococcus. © 2022 Stellfox and Van Tyne %, this figure, published in mBio, is available
under a Creative Commons Licence (Attribution 4.0 International), as described at

http://creativecommons.org/licenses/by/4.0/.
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At the current time, there are no clinically validated decolonisation strategies to eliminate
gut colonisation which would reduce the risk of transmission in healthcare and the burden
of infections. Antibiotic-based decolonisation approaches tend not to be effective due to
the broad spectrum of resistance in enterococci and their ability to acquire resistance to
other agents 19, Selective digestive decontamination involves the use of non-absorbed
and broad spectrum antimicrobials to reduce microbial colonisation and infection in
intensive care settings, the practice is popular in some European centres ', However,
selective digestive decontamination studies have identified high incidence of enterococcal
bacteraemia compared to non-intervention groups, likely due to the high use of
cephalosporins and aminoglycosides in these regimes 12113, Faecal microbiota
transplantation has had promising results in small studies evaluating the elimination of
VRE carriage and reduction in subsequent clinical infections, but is not yet widely available
in healthcare settings 4. Regarding other potential strategies against enterococcal
colonisation, no vaccine candidates are currently under clinical or preclinical evaluation,
there has been some promising but early stage in vivo studies evaluating bacteriophage
against enterococci, and bacteriocins show some potential for killing enterococci but are
so far in preclinical development stages '>1*8 The duration of colonisation is also
important, as if spontaneous decolonisation occurs then a patient can be cared for with
standard precautions. However, the exact duration of carriage is not well defined and

results from studies vary from nine weeks up to four years %120,
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1.6 Control of Enterococcal Transmission in Hospitals

Enterococci can survive on inanimate objects for months to years 12122, meaning that the
ward environment can be a significant reservoir of enterococcal transmission 1237125,
Standard infection prevention and control (IPC) practice is to clean surfaces with
detergent or chlorine based agents if known to be contaminated with VRE or body fluids,
but outbreaks have been described even when standard practice is adhered to 12%127,
Novel decontamination methods are being developed, of which hydrogen peroxide
vapour and ultraviolet light devices show promising in vitro reductions in pathogen
survival and have begun to enter clinical use in some settings, although their widespread
use are currently limited by high costs 1?2, As well as cleaning of the environment and
equipment, further measures to reduce transmission include eliminating transfer of
bacteria between known carriers by use of contact precautions (gloves and fluid repellent
gowns), isolation of carriers, and designation of care equipment as single patient use.
Blane et al**° identified VRE colonisation and infection rates halved in their patient
population after moving to a new hospital with near 100% single occupancy roomes,
environmental contamination also fell from 29% to 1-6%. This study highlights the
interplay between the shared patient environment and transmission in hospitals, as well

as the important role single occupancy rooms can have in limiting transmission of VRE.

Studies aimed at controlling VRE transmission show the need for multiple efforts including

hand hygiene, patient screening, cohorting, isolation, environmental cleaning, and
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antimicrobial stewardship 130133, Recently, two multi-year trials have investigated
eliminating contact precautions for VRE in patient populations where VRE carriage was
deemed to be endemic 3*135, Multiple other measures were retained to reduce horizontal
transmission. In both studies, incidence of VRE infection fell or remained stable during the
study period suggesting elimination of contact precautions may represent a cost-effective
strategy for management of VRE carriage. Up to 30 hospitals in the USA no longer use
contact precautions for VRE, although an evidence review in 2015 could not identify high
quality evidence to support or reject the use of contact precautions for endemic VRE 13,
Delivery of infection control services is currently challenging and the lack of international

guidance on detection and managing VRE colonisation increases uncertainty.

1.7 Molecular typing methods

Bacterial typing is used to define genetic relatedness to establish relationships between
isolates. Typing allows the study of population dynamics over time and space, particularly
in the investigation of suspected transmission. Several typing methods have been

developed for enterococci.

1.7.1 Multi Locus Sequence Typing

Multilocus sequence typing (MLST) is based on the sequencing of seven housekeeping

genes 137138 Sequences are compared to a curated database, assigned to distinct alleles,
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and the allele profile used to determine a sequence type (ST); closely related STs are
grouped into clonal complexes (CCs). MLST targets conserved genes that diversify over
decades, so is useful for comparing isolates over long periods of time and large geographic
areas as opposed to local outbreak settings. The E. faecium MLST scheme has been
available since 2002, recently it has been recognised that recombination within MLST loci
can lead to some alleles being lost and so untypable with the current MLST scheme 139140,
In 2023 Bezdicek et al **! published an MLST scheme based on new loci which they found
to have higher discrimination of STs than the previous scheme. An important factor of any
typing scheme is consistency of comparisons over time so it remains to be seen whether

the new scheme will be adopted by groups internationally.

1.7.2 Pulsed Field Gel Electrophoresis

Pulsed field gel electrophoresis (PFGE) is more discriminatory than MLST and has been
used to investigate potential patient-to-patient transmission of enterococci. Genomic DNA
is digested with a restriction enzyme, fragments are separated on a pulsed electrophoresis
gel, and the banding pattern used to differentiate isolates #2, PFGE was not widely
adopted and remained a reference lab test due to turnaround time of five days or more, a

lack of standard methodology, and the specialist equipment and staff required.

1.7.3 Multiple locus variable number tandem repeat analysis
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Multiple locus variable number tandem repeat analysis (MLVA) amplifies various
repetitive genetic regions, products are run on a gel with size markers and the band
pattern used to determine an MLVA type (MT) 43144 MLVA is fast and relatively cheap,
has higher resolution than MLST but lower resolution than PFGE 4. MLVA was not widely

used and there is no longer a curated database of MTs.

1.7.4 MALDI-TOF MS

In matrix-assisted laser-desorption ionisation time-of-flight mass spectrometry (MALDI-
TOF MS) bacterial cells are crystallised into a matrix, ionised by a laser beam, the charged
ions accelerated through a vacuum, and the particle time of flight measured %6, A species-
specific mass spectrum is generated and compared to a database to identify the bacterial
isolate. This technique is rapid (around 90 seconds per isolate) and is widely used in
diagnostic microbiology laboratories for identification of clinical isolates. Outside of
species identification, MALDI-TOF MS has been used for rapid detection of VRE as well as
outbreak analysis, with variable success 47714°. Although the technology is available in
many laboratories and this extra information would be clinically useful, currently MALDI-

TOF MS is only used for species identification routinely.

1.7.5 Whole genome sequencing
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Whole genome sequencing (WGS) provides information on the entire genome at single-
base resolution, allowing pathogen identification, typing, and drug susceptibility in a single
test 159, WGS has high operational costs and the need for specialist staff and equipment to
generate and analyse the data which has limited wide impact into patient care, although
many reference centres provide WGS as part of their repertoire for public health and

outbreak investigation. WGS can be performed with multiple platforms.

1.7.5.1 Illumina

Illumina sequencing platforms are the most commonly encountered instruments, they
provide high quality data (PHRED score of 30 or 1 error per 1000 bases) and high
throughput, with multiple instruments to cater for different size laboratories '°. Read
lengths are short, from 50-300 base pairs (bp) and multiple genomes can be sequenced
per run, depending on the size of flowcell and instrument available. Run time on the
sequencer is generally 1-2 days. For lllumina sequencing, DNA is prepared by shearing and
ligating adapters and barcodes for identifying DNA from different samples, cleaned up and
then loaded onto the sequencer. lllumina uses sequencing by synthesis technology where
the ligated adapter is bound to probes into a solid phase flow cell and DNA polymerase
elongates from the probe generating multiple clonal “clusters”. Labelled nucleotides are
sequentially added into the flowcell in the presence of DNA polymerase and the

incorporation of nucleotides recorded for each cluster based on the emission of
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fluorescence. Each flowcell contains millions of clusters all sequencing simultaneously to

generate high throughput sequence data.

1.7.5.2 Oxford Nanopore Technologies

Oxford Nanopore Technologies (ONT) sequencing platforms are increasingly used for WGS
due to their short run time, low purchase cost, and the ability to generate long reads up to
millions of bases long *°2. The benefit of long reads is these can bridge repeats in the
genome and provide a complete genome assembly, on the other hand short reads cannot
resolve the genomic location of repeats longer than the read length and so the assembly is
fragmented (Figure 1.4). ONT data has lower quality (PHRED 10-15, 1 error in 10-50 bases)
due to random errors and systematic issues calling runs of the same base
(homopolymers), however recent technology upgrades are bringing quality levels closer to
[llumina 314, For ONT sequencing DNA is prepared by ligating barcodes and adapters,
and then on the sequencing flow cell the prepared DNA is fed through a protein nanopore
embedded in a charged lipid membrane. As nucleotides pass through the membrane the
charge is disrupted and the change in charge is interpreted to determine the sequence of
each strand of DNA. ONT sequencing is real time in that data is immediately available to
analyse as the sequencer is running, the user can decide to stop sequencing and wash the

flowcell for further use or continue running to generate more data.
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Figure 1.4 Long read sequencing allows assembly of repetitive genome sequences

Repeat elements (pink rectangles) in a genome of interest (black line) that are longer than
the generated short read data cannot be resolved in genome assemblies, long reads
overcome this limitation. A) Short reads that do not span an entire repeat can only
provide information on the interface between two repeats (blue rectangle), the content of
a repeat (purple rectangle), and the boundary with the rest of the genome (green
rectangles), resulting in repeats being condensed in the inferred assembly but coverage
being much higher than the rest of the genome. B) long reads can read through the repeat
element, providing full genetic context and assembly of all copies. Reproduced with

permission from Springer Nature!>
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1.7.5.3 Pacific Biosystems

Pacific Biosciences (PacBio) also provide long read sequence data but with higher accuracy
than ONT and have become important platforms for the generation of high quality
reference genomes °°. The cost of PacBio instruments tends to be much higher than ONT
which limits their widespread use. For PacBio sequencing double stranded target DNA is
ligated at both ends with hairpin adaptors creating a single molecule real time (SMRT)
bell. The SMRT bell is loaded into a SMRT cell containing nanoscale chambers which
contain an immobilised DNA polymerase which binds to the SMRT bell. Fluorescently
labelled bases are added and fluorescence measured as these are incorporated in real
time, sequence generation continues as the closed SMRT bell continuously loops through
the polymerase generating multiple passes of each base which increases the consensus

accuracy of each read.

1.7.5.4 WGS data analysis

The common output of most WGS instruments are reads in FASTQ'®” format - these detail
every sequence read for the sample as well as the quality of each base in the read. Read

files can then be used in a range of tools to understand the genome of the input sample.

1.7.5.4.1 Reference-based mapping
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A common approach is to map reads to a known high quality reference genome to identify
how close the sample is to the reference, single nucleotide polymorphisms (SNPs) can be
identified against the reference and used to infer the genetic distance. Commonly used
software for reference mapping of short reads are BWA-MEM?!>8, Bowtie2?>°, and SMALT
(https://www.sanger.ac.uk/tool/smalt/), and for long reads Minimap2%° is widely used.
After mapping, reads are stored in the SAM/BAM format from which variants can be
identified and a FASTA consensus sequence generated with tools such as SAMtools 6%,
GATK (https://gatk.broadinstitute.org/hc/en-us), and Freebayes'®?. For larger comparative
studies, multiple consensus genomes based on mapping reads from different isolates to
the same reference can be aligned together. Reference mapping often requires the
masking of highly mutated regions such as MGEs and recombination which can confer
multiple SNPs in a single genomic event, after masking the remaining regions are defined
as the core genome. Recombination can be identified with Gubbins!®3 or ClonalFrameML
164 SNPs in the core genome are often utilised to build a phylogenetic tree to visualise the
genetic relationships between query sequences using software such as RAXML6>,

FastTreel®, IQ-TREE'®’, or MrBayes 168,

1.7.5.4.2 De novo assembly

Reference based mapping only gives information on what is in the reference genome,
when looking for novel genetic material a de novo assembly should be made based on

read overlap within the sample of interest. Examples of common assemblers are Velvet
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169 SPAdes 70, and SKESA’? for short reads, and Canu'’?, Flyel’3, Shasta'’4, and
Miniasm?® for long reads. A growing application in genome assembly is hybrid assembly
combining short and long reads from the same sample. Hybrid assembly combines long
reads to bridge repeats, with short reads to provide low error rates to produce complete
or near complete reference-quality genome assemblies 17>. Hybrid assembly can be
performed short read first by generating a short read assembly then using long reads to
bridge between contigs (e.g. Unicycler’® uses this approach), or long read first by creating
a long read assembly and then polishing with short reads to remove errors (Trycycler!”’
uses this approach, but any long read assembler can be used in this way). Assembly
polishing is an important step to improve the quality of an assembly based on long reads
and remove potential indel errors 8. Common polishing tools are Pilon?’® (short read
only), Medaka (long read only, https://github.com/nanoporetech/medaka), Nanopolish
(long read only, https://github.com/jts/nanopolish), and Racon®® (either read type).

Assemblies can be annotated with predicted coding sequences (CDSs) and other genomic

features for further investigation with tools such as Prokka®®! or Bakta 2.

1.7.5.4.3 K-mer based approaches

Another approach to investigating genome contents is to split sequence data into blocks
(mers) of size k, known as k-mers. K-mers can then be matched against a database to
identify known characteristics (for example, match to known species for identification in

Kraken2 183), or to other genomes to identify pairwise sequence matches 84, K-mers can
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be generated from raw reads or genome assemblies and are implemented in many
popular de novo assemblers such as Velvet and SPAdes, and in the rapid long read mapper
Minimap2. The advantage of k-mers is they are generally very fast to generate and
compare, and they do not rely on a pre-defined reference so can utilise more variable
regions of the genome 84, Population partitioning using nucleotide k-mers (PopPUNK)
utilises k-mers to determine the distance between sequences based on the core and
accessory genome content. A model is fitted to the pairwise distances to cluster related
genomes either with a Gaussian mixture model or hierarchical clustering ¥°. Once a
database of clusters is generated for a given species, new sequences can be added in
without having to re-run the entire process which makes this attractive for ongoing

genomic surveillance.

Standard k-mer approaches identify exact matches between the query sequences, and so
cannot differentiate the presence of genetic variants such as SNPs from absence of the
sequence in the genome. For this reason, k-mers are not usually able to distinguish
relationships between related genomes (e.g. within an MLST sequence type). However,
some tools are available for k-mer based SNP typing. kSNP utilises k-mers to identify SNPs
between genomes by identifying the variant base in the middle of k-mers at variant loci
186 A refinement of the k-mer approach is split k-mers, where a pair of k-mers have a gap
(of 1 or more nucleotides) allowing the identification of conserved sequence surrounding
variant regions. Split k-mer analysis (SKA) software has been shown to reliably and quickly

cluster closely related genomes, such as those linked to recent transmission 7.
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1.7.5.4.4 Options for further characterisation

Further characterisation of genome data is possible by comparing to databases of known
markers. For example, MLST can be assigned by identifying the relevant alleles in the
genome sequence under investigation either from reads using SRST288 or ARIBA'®, or
from an assembly using ABRicate (https://github.com/tseemann/abricate). Other markers
can be assigned such as AMR from the ResFinder'®®, Comprehensive Antibiotic Resistance
Database (CARD) %%, or AMRFinderPlus'®? databases, virulence from the
VirulenceFinder'®® or VFDB'** database, or plasmid replication genes from the
PlasmidFinder!®®> database. Assembled contigs can also be identified as likely

chromosomal or plasmid using RFPlasmids!®® or mlplasmids®®’.

1.7.6 Core Genome MLST

Core genome MLST (cgMLST) is an extension of the standard MLST process, but utilising
WGS data to identify a species-wide core genome containing thousands of genes 1°%. Gene
loci are then identified in a genome assembly and compared gene-by-gene to the
database of loci to determine the profile 1%°. cgMLST schemes are stable typing methods
that are publicly available, facilitating global collaboration and data sharing. However,
cgMLST cannot resolve an allele differing by a single or multiple mutations, so cgMLST

links are not as sensitive as core genome SNPs 184,
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1.8 Genomic understanding of enterococcal population structure

Genomic data can be used to understand the evolutionary processes as the content of the
genome shows how the bacteria respond to the environment. Enterococci are of
particular interest and have been studied extensively over the recent past as they have

become important nosocomial pathogens.

1.8.1 Mobile Genetic Elements

MGEs are small DNA molecules capable of transferring between bacterial cells. MGEs
carry genes that allow niche adaptation, including AMR, environmental survival, virulence,
and nutrient acquisition 290201, Enterococci are known to carry multiple MGEs, accounting
for up to 30 % of the genetic content 202729, The high proportion of MGEs in enterococci
has been linked to the loss of the clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas adaptive immune system, which otherwise recognises and removes
foreign DNA from the cell 2°°, This trade-off allows enterococci to diversify in the face of

the harsh hospital environment but may also reduce protection from bacteriophage 297~

209

1.8.1.1 Bacteriophages
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Bacteriophages are viruses that infect bacteria 1°. During phage genome packaging host
DNA can inadvertently be packaged and then transferred to a recipient cell via phage

transduction 21?12, Phages sometimes carry beneficial genes and are retained within the
bacterial chromosome; the integrated phages are termed prophages. Phage transduction
of tetracycline and gentamicin resistance have been described and enterococcal isolates

carrying phages have been shown to be more virulent in vivo 213214,

1.8.1.2 |Insertion sequences

Insertion sequences (IS) are very small DNA elements (700 bp — 2.5 kb) that code only for
proteins involved in transposition of the element 2. ISs are flanked by inverted repeats,
allowing recombination with other DNA molecules and insertion. IS elements are
widespread in hospital-associated enterococcal isolates 204216, |S256 has been identified as
an important driver of genome diversification in enterococci ?!’. Genome wide 1S256
transposition was induced by activation of prophage, or antibiotic exposure, insertion of

multiple 1IS256 then drove diversification as a stress response.

1.8.1.3 Composite transposons

IS elements can form composite transposons when two copies insert on either side of

resistance or pathogenesis genes. The flanking ISs allow mobilisation of the transposon to
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other genome regions within the cell. Important examples in enterococci are the vanB

positive Tn1547 or gentamicin resistance transposon Tn5281 22,

1.8.1.4 Conjugative transposons

Conjugative transposons are short DNA elements (20 kb to 100 kb) flanked by IS elements
that integrate into DNA molecules, can circularise, and spread between bacterial cells 2%,
Conjugative transposons differ from composite transposons by encoding machinery for

transposition as well as genes conferring AMR or other beneficial traits 219222,

1.8.1.5 Plasmids

Plasmids are usually circular DNA molecules (~1 kb — 100 kb) that replicate independently
of the chromosome. Plasmids can transfer to neighbouring cells via conjugation, the
machinery for which is usually encoded by the plasmid as well as genes for replication,
maintenance, antibiotic or heavy metal resistance, increased pathogenicity, or
bacteriocins that inhibit competitor microbes 32222223 The replication (rep) genes on
plasmids are relatively conserved and can be used for typing purposes to identify the
plasmid families present in individual isolates, up to ten plasmid families have been
identified in enterococci 224. Genomic analysis of plasmid sequences in over 1600 E.
faecium identified that plasmid contents were key in determining the source of the

isolate, showing that plasmids carry factors that mediate niche adaptation 22°.
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In E. faecalis pheromone responsive plasmids are common, cells carrying these plasmids
are attracted to non-carriers that emit a pheromone molecule, on contact a mating pair is
formed by the plasmid-encoded aggregation substance and plasmid transfer is highly
efficient. pCF10 and pAD1 are clinically relevant examples that carry AMR genes or
virulence factors, respectively 226227 Non-pheromone responsive plasmids are also
encountered in E. faecalis and can have a broad host range, allowing transfer of material
between species or genera 2%, E. faecium plasmids are not pheromone responsive, they
often carry toxin-antitoxin systems to ensure plasmid survival (if the plasmid is lost, the
toxin kills the cell) and multiple antibiotic resistance genes ?2. Recently, linear plasmids
have been identified in E. faecium and other bacterial genomes using long read
sequencing, these plasmids have palindromic repeats and structures to protect against
degradation by genome defence mechanisms 22°239, Linear plasmids have been identified
to carry AMR markers including van loci and biosynthetic gene clusters allowing nutrient
acquisition, but most identified CDSs are hypothetical so a lot remains to be uncovered
about their function 23°, Often, plasmids in clinical isolates do not fit into only one of the
descriptions above and display a hybrid structure due to multiple recombination events

between plasmids and other MGEs 2%,

1.8.2 Knowledge before the WGS era
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Most understanding of enterococcal population structure up until the mid 2000s were
based on MLST. MLST based studies showed the preponderance of specific STs causing
infections in healthcare. These hospital associated (HA) lineages were enriched for genes
encoding AMR, virulence, environmental survival, and often have reduced or lost CRISPR-
Cas genome defence mechanisms 20%231-233 njtially, the E. faecium HA lineage was
defined as a single clonal complex (CC17) based on eBurst analysis 234, although eBurst
was later shown to be inappropriate for analysing E. faecium populations due to the high
rates of genomic recombination %*°. E. faecalis CC2 and CC9 were also defined as HA based
on eBurst analysis 1%, although many E. faecalis STs were found in hospitalised and
healthy humans as well as animals, suggesting E. faecalis has evolved towards generalism

and survival in multiple environments 233,

1.8.3 The WGS era begins

The study of microorganisms has been revolutionised in the past 20 years by the advent of
WGS. Due to improvements in technology it is now possible to generate high-resolution
WGS data in a few hours to days at relatively low cost 236, At time of writing, the European
Nucleotide Archive contains 31,162 E. faecium and 10,021 E. faecalis raw sequence

datasets.

The first enterococcal genome was generated in 2000 from E. faecium strain DO, however

the assembly was incomplete and was not analysed in the literature for some years 2%’.
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The first genomic studies of enterococci focussed on E. faecalis with the complete genome
of the first VRE to be isolated in the USA, strain V583, published in 2003 205238 The
chromosome of V583 was 3.2 Mb, with three plasmids sized 18-66 kb, E. faecium genomes
are slightly smaller at 2.8 Mb. Analysis showed 25% of the V583 genome was made up of
mobile or foreign DNA. Further studies comparing V583 to carriage and probiotic strains
showed the high prevalence of MGEs was unique to V583, suggesting an important role of
mobile DNA in pathogenic enterococci 23%2%°, Draft genomes for other enterococcal
species were published in 2010 with two complete E. faecium genomes being made
available in 2012 204241242 Genomic comparisons of enterococci from different sources
highlighted that MDR isolates were less likely to have functioning CRISPR-Cas systems
compared to antibiotic sensitive strains and so have enlarged genomes carrying multiple
MGEs 203,206,243,244 “pq well as numerous MGEs, clinical isolates carried multiple AMR,
colonisation, and virulence genes as well as functionally distinct carbohydrate metabolism,
oxidative stress, and metal homeostasis pathways compared to community associated
(CA) strains isolated as carriage populations in healthy humans ?%°. Interestingly, although
HA and CA E. faecium strains differ significantly at the genomic level, there are examples
of recombination from CA to HA strains as well as recombination from outside E. faecium
into the HA lineage 2%¢. Recombination hotspots were detected in carbohydrate
metabolism and cell wall structural genes. These findings suggest niche-adaptation of

specific strains to different environments, particularly in HA strains 247,
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More recently, a large comparative genomics study of enterococci and related organisms
has estimated the emergence of enterococci to 425-500 million years ago, coinciding with
colonisation of land by aquatic organisms (Figure 1.5) 2*8. The transition from aquatic
hosts to land-dwelling hosts selected for survival to desiccation, starvation, and
disinfection which preluded the dominance of E. faecalis and E. faecium in modern

healthcare settings.
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Figure 1.5 Evolutionary history of enterococci over millions of years

Diagram showing the ancestors of enterococci as commensals of aquatic animals, and the
likely evolutionary origin of Enterococcus around the time of territorialisation, a period of
adaptation to different land hosts and desiccation, and then a species explosion around
the End Permian Extinction along with increasing speciation of land mammals. The traits
required to survive these events led to organisms well adapted to survival in modern

hospitals. MYA, million years ago. Reproduced with permission from Elsevier 248
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WGS can also determine the rate of genetic change by mutation over time when the
sampling date is known for studied genomes. Mutation rates are useful as a marker of
how quickly an organism can adapt to its surroundings and can be used as a molecular
clock to determine evolutionary relationships between genomes. Estimated mutation
rates in E. faecalis are 2.5-3.4 SNPs per year and in E. faecium 7 SNPs per year 249250, These
mutation rates are not fixed and can vary between different genetic regions, being higher
in recombination blocks and MGEs which are often masked from genomes prior to SNP
comparisons. Different subclades of bacterial species can also have different mutation

rates which can be an important consideration in SNP-based studies.

1.8.4 E. faecium population structure

The adaptation of specific E. faecium strains to the nosocomial environment has been
further investigated using WGS. Studies comparing to MLST suggested rather than HA
strains belonging to the single CC17, they were actually split into Bayesian analysis of
populations groups 2-1 (ST78) and 3-3 (ST17, ST18), although the phylogenetic
relationship between these groups remained largely unknown 2>, Lebreton et al. 2%°
performed phylogenetic analysis of 73 E. faecium from various isolation sources which
demonstrated clear distinction between human carriage isolates (clade B) and isolates
from animals and hospitalised humans (clade A), confirming previous findings based on
MLST only (Figure 1.6) 251, The clade split was estimated to have occurred around 3,000

years ago, coinciding with increased urbanisation, hygiene, and animal domestication. A
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further split was seen within clade A between animal (A2) and nosocomial (A1) isolates,
estimated at around 75 years ago and coinciding with the introduction of antimicrobials
into healthcare. The prevailing ecological factors around the time of these bifurcations
likely provided selective pressures which contributed to adaptation, demonstrated by the
acquisition of new traits on MGEs and the loss of other niche-specific functions by genome

decay 2%,
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Figure 1.6 Phylogeny of E. faecium WGS data showing the split between Clade A1/A2 and

B

Estimated dates printed on the branches (ya, years ago). The origins of isolates are
indicated by coloured tips, the clade by coloured branches, and an infectivity score as gold
bars. Phylogeny made in RAXML based on SNPs in core genes of 73 E. faecium genomes. ©

2013 Lebreton et al 2%, this figure, published in mBio, is available under a Creative
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Commons Licence (Attribution-NonCommercial-ShareAlike 3.0 Unported), as described at

https://creativecommons.org/licenses/by-nc-sa/3.0/.
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In 2016, further analysis of the population structure was performed by Raven et a/**°,
including 506 isolates from multiple host species they replicated the Clade A/B split
previously identified by Lebreton et al??° but did not identify differentiation within Clade A
with regards to human and animal isolates (Figure 1.7). They suggested that nosocomial
isolates rather represent a clonal expansion within Clade A from an animal-associated
ancestor. This observation was supported by Arredondo-Alonso et al*?°> who analysed a
diverse collection of 1644 E. faecium isolates, focussing particularly on plasmid DNA. This
analysis identified that nosocomial isolates had larger chromosomes as well as more and
larger plasmids than carriage or animal isolates, and that plasmid content was more
indicative than chromosomal content of the isolation source, again highlighting the role of
MGEs in niche adaptation. Conversely, van Hal et a/**? studied 1128 E. faecium genomes
and described the A1/A2 split as well as the presence of clade B genomes. This analysis
identified that diversification within A1 was due to recombination with A2 and
occasionally B strains, highlighting an important role for these non-pathogenic lineages to
further drive Al adaptation to the healthcare environment. The status of Clade A within E.
faecium remains controversial, but there is clear evidence of differentiation between
Clade A and Clade B, and recently Clade B strains have been formally reassigned into E.

lactis 233,
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Figure 1.7 Genomic Population structure of E. faecium

Phylogeny based on SNPs in 1288 core genes from 579 isolates. Pink branches are Clade A,
blue branches Clade B, the inner red ring indicates the clonal expansion of Clade A, middle
ring the isolate source (yellow, animal; purple, clinical; blue, nonhospital; black, hospital;
green, other; white, unknown), outer ring shows isolates from Lebreton et al?%. Scale bar
9593 SNPs. © 2016 Raven et al**, this figure, published in Genome Research, is available
under a Creative Commons Licence (Attribution 4.0 International), as described at

http://creativecommons.org/licenses/by/4.0/.

67



In recent years WGS has increasingly been applied to retrospectively analyse collections of
E. faecium isolates from healthcare and understand their molecular epidemiology. Pinholt
et al. >>* reported the first large enterococcal WGS molecular epidemiology study in which
132 VREfm from Danish hospitals in 2012-2013 were analysed. Isolates were classified into
six groups based on core genome similarity, isolates in these groups were found in
different geographical regions of Denmark as well as having closely related isolates from
the same hospital and unit suggesting inter- and intraregional transmission. Further
studies in Australia, Denmark, and the UK support the notion of sporadic interregional
spread via patient transfers with ongoing intraregional transmission of local sub-clones

within hospitals 140:249,255-258

Molecular epidemiological analysis has not only been confined to VREfm; a number of
studies have also analysed vancomycin-sensitive E. faecium (VSEfm) isolates. These show
VSEfm and VREfm are commonly found intermingled within phylogenetic branches,
suggesting that vancomycin resistance is variably gained and lost, particularly for vanA
genes 140,249,255,258-261 Thege findings suggest that control of VREfm may require infection
control actions against vancomycin sensitive as well as resistant strains, while current

practice would be to specifically target VRE only.

Some studies have compared WGS to other typing methods for E. faecium. All studies
describe good overall agreement between WGS, MLST, and PFGE 2°4262-264 However,

examples of isolates with the same PFGE type or MLST ST having hundreds or thousands
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of SNPs difference in the core genome were seen, highlighting the higher resolution of
WGS. These results show WGS is more discriminatory than existing methods for molecular

epidemiology of E. faecium.

1.8.5 E. faecalis population structure

The molecular epidemiology of E. faecalis has been less well studied compared to E.
faecium. Early analysis of 18 draft genomes by Palmer et al*** found that the genomes
showed little phylogenetic divergence and were closely related based on average
nucleotide identity. Genomes did differ more in gene content with the pathogenic V584
sharing only 73% of its genes with commensals. This differed to E. faecium where
pathogenic and commensal isolates were clearly different by average nucleotide identity.
Raven et al. >°° analysed 168 UK and 347 global E. faecalis genomes and showed the
presence of two internationally distributed lineages and one geographically restricted
lineage enriched for AMR and virulence genes. Dating was successful for lineage one
which suggested it had arisen in 1918 and undergone a clonal expansion in 1997. Despite
the recognition of these lineages, 47% of clinical isolates did not fall within them
highlighting the diversity within HA E. faecalis isolates compared to E. faecium which
almost all fall into Clade A. Another study by Péntinen et al?®® included 2027 isolates from
a range of sources and countries spanning 1936-2018. No splits were identified in the
population separating sampling sources suggesting strains were linked across different

host species (Figure 1.8), this was also the case when plasmid contents were used for
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clustering. Unlike in E. faecium there was no difference in chromosome of plasmid size
between sampling sources. These studies support the hypothesis that E. faecalis is more

of a generalist that can survive in many environments.

70



Core genome tree I I Major PopPUNK clusters ‘ | Major sequence types I l Isolation source
1 ST40

= ==
ST55 =
5 sT21 -= =
. = E
- = sT8l  —
3 ST16 - —
I 9 I ST179 =—
10 - ]
- [ Source
6 ST28 ] — Hospitalised patient
7 ST9 = = Wild bird
4 - ST25 . Non-hospitalised person
— A —
. = —_— — . Old human isolate
- = —— Environment
8 _— .
2 . aTe i . Farm animal
._ Others
I !
=
=
_—
0.06 =
[ iy, ¢
o
0.0 0.2 0.4 0.6 3 ‘ ﬁ\ A% £

Figure 1.8 Population structure of E. faecalis shows interlinked lineages across different

host types

E. faecalis (n=2027) from diverse collection sources and time periods, showing no clear
clustering by isolation source with related genomes identified across ecological niches
suggesting a generalist lifestyle. Maximum likelihood RaxML core genome tree in panel
one based on mapping to the E07132 hybrid assembly (accession GCA_905123165).
PopPUNK clusters are identified by blue blocks in panel two, MLST by purple blocks in
panel 3, and isolate source in panel 4 (see figure for legend). © 2021 Pdntinen et al?®, this
figure, published in Nature Communications, is available under a Creative Commons
Licence (Attribution 4.0 International), as described at

http://creativecommons.org/licenses/by/4.0/.

71



1.8.6 WAGS for outbreak analysis

WGS has also been applied to understand hospital outbreaks of E. faecium. Lister et al. 26
describe an outbreak of vanB-positive VREfm colonisation on a neonatal ward involving 45
patients. They analysed 22 isolates by WGS showing they were all the same ST and highly
clonal, suggesting transmission chains connecting patients and environmental reservoirs
on the ward. Brodrick et al. 26’ found 3/45 (7%) residents of a long-term care facility
carried VREfm for up to 26 weeks, isolates between carriers were not related by WGS (>70
SNPs) ruling out direct transmission. Over time, carriers had 2-5 different E. faecium
strains based on MLST, although the authors only analysed a maximum of two samples
per week (one colony per sample) so were unable to determine the degree of co-carriage
of different strains. Schlebusch et al. 4’ investigate an outbreak of VREfm bacteraemia on
a haematology unit where four patients had presented with BSI within one week. WGS of
isolates from paired screening and bloodstream samples showed there were 3 distinct
clones involved. Bashir et al. 2% used WGS to prove a VREfm infection in a liver transplant
recipient came from the donor and was not a hospital acquired infection. The two isolates
were MLST ST736 as were 3 other bloodstream isolates from the hospital, however WGS
showed the two transplant-related isolates were almost identical from each other and
formed a distinct cluster from other isolates. Finally, Raven et al. 2*° analyse 293 E.
faecium bloodstream isolates from their hospital. They identified six clusters of 93 isolates
based on phylogenetic similarity and determined if any epidemiological links could be

made for these clusters. They found evidence of patients sharing time on a ward for some
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clusters, but others contained patients in different wards over long periods of time with
no obvious links. These studies highlight that optimised WGS laboratory and
bioinformatics protocols, but also high-quality epidemiological metadata are essential for

investigating patient-level transmission.

1.9 Aims

Enterococci are characterised by broad AMR which cause complications in the
management of immunosuppressed and comorbid individuals in healthcare. Vancomycin
resistance is a particular challenge, and BSIs with VREfm have been increasing in Scotland
in recent years, the reasons for this are unclear. Resistance mechanisms to reserved
antimicrobials are also increasingly identified, while still uncommon it is key to understand
the dynamics of these mechanisms in the enterococcal population to slow their spread
into healthcare settings. WGS is now well accepted as the ultimate means of identifying
the genetic basis of AMR, the evolutionary relationships between bacteria, and
transmission dynamics between individuals. The central aim of this thesis was to use WGS
to understand the molecular epidemiology of antimicrobial resistant enterococci from
human healthcare settings within Scotland. This thesis provides a genomics-based
understanding of the success of enterococci in Scotland, at multiple levels including
individual isolates, individual patients, hospital wards, and regional and international

relationships.
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Genomics can provide unique understanding when the introduction of novel AMR markers
is detected, it was hypothesised that novel AMR markers in enterococci would be present
in closely related strains or plasmids. The aim of Chapter 3 was to identify whether newly
identified optrA-positive E. faecalis in Scotland represent a clonal outbreak, spread of a
plasmid, movement of a single resistance cassette, or multiple mechanisms. The
objectives of the chapter were to use long and short read WGS to identify plasmids and
examine the contents, as well as identify the genetic relationships between the generated

bacterial chromosomes and plasmids.

After investigating a newly identified AMR threat, the next step was to understand how
enterococci spread. As hospitals are important reservoirs for enterococci, and vancomycin
resistance is very common, this was chosen as the setting. It was hypothesised that
within-patient diversity could hamper the understanding of transmission patterns so the
aim of Chapter 4 was to identify how diverse the VREfm population is in rectal carriage
and determine the optimal number of colonies to use to effectively detect transmission.
The objectives of this chapter were to identify diversity within colonised patients and infer

how accounting for within-patient diversity affects transmission resolution.

It was hypothesised that nosocomial outbreaks would be caused by a single clone, and the
findings from analysing within-patient diversity were then applied to an outbreak
investigation. The aim of Chapter 5 was to investigate the utility of merged WGS and

epidemiological analysis to understand suspected VREfm outbreaks. The objectives of this
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chapter were to compare reference-free and core SNP-based clustering of genomes to

each other and to PFGE, and to determine the linkage between patient epidemiology and

genomic clusters.

After investigating the role of hospital-level transmission it was then hypothesised that
different hospitals would harbour different enterococcal lineages. The aim of Chapter 6
was to identify the genetic background of VREfm disease isolates across Scotland. The
objective of this chapter was to identify the strains present in different Scottish regions,
identify AMR and plasmid markers, and determine the relatedness of Scottish and

international VREfm genomes.
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Chapter 2 General methods

2.1 Ethical Approval

Access to bacterial isolates as excess diagnostic material was approved by the National
Health Service (NHS) Scotland BioRepository Network (Ref TR000126). This approval
allowed access to minimal, non-identifiable patient metadata. Access to enhanced patient
metadata was approved for NHS Lothian by the Caldicott Guardian (Ref 1690). This study

was approved by the University of St Andrews Research Ethics Committee (Ref MD12651).

2.2 Data Availability

Sequence data generated in this project have been uploaded to public repositories under

accession numbers PRJEB36950 (Chapter 3,

https://www.ebi.ac.uk/ena/data/view/PRJEB36950), PRINA877253 (Chapter 4,

https://www.ncbi.nlm.nih.gov/bioproject/PRINA877253), PRINA997588 (Chapter 5,

https://www.ncbi.nlm.nih.gov/bioproject/PRINA997588), and PRJEB12513 and

PRJNA997587 (Chapter 6, https://www.ebi.ac.uk/ena/data/view/PRJEB12513 and

https://www.ncbi.nlm.nih.gov/bioproject/PRINA997587).

2.3 Bacterial Isolates
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Enterococci were isolated at participating institutions as part of routine clinical care and
stored on Microbank beads (Pro-Lab Diagnostics, Wirral, UK) at -80°C until processed in
this project. Isolates from the Royal Infirmary of Edinburgh (RIE) were isolated from
CHROMID VRE agar (bioMérieux, Marcy-I’Etoile, France) for rectal carriage screening, or
standard media for clinical samples, and identified by MALDI-TOF MS on a Microflex
instrument (Bruker, Billerica, USA). Chapters 3 and 6 include isolates from other Health
Boards where species identification was performed with MALDI-TOF MS on a Microflex or
VITEK (bioMérieux) instrument, VITEK-2 GP card (bioMérieux), or APl 20 Strep
(bioMérieux). Antimicrobial sensitivity testing was performed in all centres with the VITEK-
2 AST-607 card (bioMérieux) and interpreted with European Committee on Antimicrobial
Susceptibility Testing (EUCAST) breakpoints 2%°. For chapters 3 and 6, where multiple
isolates were available from the same patient only the first isolate was included. For
Chapter 4, three samples grew phenotypically distinct VREfm and both subtypes were
stored by the routine laboratory, both subtypes were included here to compare to routine
results. For Chapter 5, all growth on VREfm positive screening agar was removed and
stored in a Microbank vial at -80°C, material was re-plated and 14 individual colonies

selected at random per sample for DNA extraction.

For Chapter 3, linezolid resistance was confirmed by agar dilution at the Public Health
England Antimicrobial Resistance and Healthcare Associated Infections (AMRHAI)
reference laboratory and interpreted with EUCAST breakpoints 27°. Linezolid resistant

isolates were then screened for the genetic determinant of resistance at the AMRHAI
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reference laboratory. Detection of the G2576T mutation (Escherichia coli numbering) in
the 23S rRNA genes was investigated by polymerase chain reaction (PCR) restriction
fragment length polymorphism or by a real-time PCR-based allelic discrimination assay
271,272 The cfr and optrA genes were sought by a multiplex PCR using primers for the
detection of cfr (cfr-fw: 5’-TGA AGT ATA AAG CAG GTT GGG AGT CA-3’ and cfr-rev: 5’-ACC
ATA TAA TTG ACC ACA AGC AGC-3’) 23 and optrA (optrA-F: 5’-GAC CGG TGT CCT CTT TGT

CA-3’ and optrA-R: 5’-TCA ATG GAG TTA CGA TCG CCT-3’) (AMRHAI, unpublished).

For Chapter 5, PFGE of Smal-digested DNA was performed at the Scottish methicillin-

resistant S. aureus (MRSA) Reference Laboratory 274,

2.4 DNA Extraction

For DNA extraction performed at RIE (Chapters 3, 4, and 6), isolates were streaked onto
Columbia blood agar (Oxoid, Cheshire, UK) or CHROMID VRE agar and incubated for 20-24
h at 37°Cin air. A single colony was inoculated into 5 ml nutrient broth (E & O
Laboratories, Falkirk, UK) and incubated for 20-24h at 37°C in air. Bacterial cells were
pelleted (10 min, 5000 g), resuspended in 400 pl buffer P1 (Qiagen, Hilden, Germany),
split into 200 pl aliquots, and one aliquot used for extraction while the other was stored at
-20°C in case repeat extraction was required. Cells were disrupted first with lysozyme (20

ul of 100 mg/ml stock; Sigma Aldrich, St Louis, USA) for 1 h at 37°C, and then with
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proteinase K (30 ul of 20 mg/ml stock; Qiagen) for 1 h at 56°C. Samples were cooled to
room temperature and treated with ribonuclease A (4 ul of 100 mg/ml stock; Qiagen) for
30 min at 37°C. DNA was extracted from 200 pl of treated sample using the
QiaSymphony® DSP DNA Mini Kit Version 1 (Qiagen) and the DNA Tissue protocol

(Tissue_HC_200_V7_DSP) with DNA eluted into 100 pl buffer ATE (Qiagen).

For isolates extracted at the University of St Andrews by Dr Kerry Pettigrew (Chapters 3, 5,
and 6), isolates were streaked to brain heart infusion agar (Oxoid, Basingstoke, UK) and
incubated for 20-24h at 37°C in air. A single colony was inoculated into 5 ml brain heart
infusion broth (Oxoid) and incubated overnight at 37°C in air. Two 1 ml aliquot were
removed and pelleted (10 min at 10,000 g), one pellet was used for extraction and the
other stored at -20°C in case repeat extraction was required. DNA was extracted from cell
pellets using the Wizard Genomic DNA Purification Kit (Promega, Wisconsin, USA). Pellets
were re-suspended in 480 ul 50 mM EDTA, 120 pl cell wall lysis mix added (containing 10
mg/ml lysozyme and 10 mg/ml lysostaphin (both Sigma Aldrich)), and then incubated at
37°C for 90 min. Lysates were centrifuged (16,000 g for 2 min) and supernatant discarded.
Cell nuclei were lysed by adding 600 pl Nuclei Lysis solution and incubating for 5 min at
80°C. After cooling to room temperature 3 pl RNase was added and incubated at 37°C for
30 min. Protein precipitation solution (200 ul) was added, the mixture vortexed for 20 sec
and incubated on ice for 5 min. Precipitated protein was pelleted (3 min at 16,000 g), the
supernatant was transferred to a new 1.5 ml microtube containing 600 pil isopropanol,
and mixed. Samples were then centrifuged (16,000 g for 2 min) and the supernatant
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discarded. DNA pellets were washed with 600 pl 70% ethanol, centrifuged (16,000 g for 2
min), supernatant discarded, and any remaining ethanol was evaporated by incubating
microtubes at 37°C for 30-45 min with the lid open. Cleaned DNA was rehydrated in 65 pl

DNA Rehydration Solution at 37°C for 60 min or at 4°C overnight.

2.4.1 DNA Extraction Quality Control

The concentration of extracted DNA was determined using the Qubit dsDNA High
Sensitivity Assay on a Qubit 3.0 Fluorometer (Invitrogen, California, USA). Purity of
extracts was determined by the 260/280 nm absorbance ratio (acceptable range 1.65 —
1.95) after reading on a NanoDrop-1000 Spectrophotometer (Thermo Fisher, California,
USA). RNA contamination and DNA integrity was checked by agarose gel electrophoresis.
A 1% agarose gel was made with 100 ml Tris-EDTA and 10 pl SafeView Nucleic Acid Stain
(NBS Biologicals, Cambridgeshire, UK). DNA extract (4 pl) was mixed with 1 pl BlueJuice
Gel Loading Buffer (Invitrogen) and ran at 90 V for 40 min. To compare band size, 5 pl
exACTGene 24 kb Max DNA Ladder (Fisher Scientific, California, USA) was included on
every gel row. After electrophoresis, bands were visualised under ultraviolet illumination
on a GelDoc XR with Quantity One 1D Analysis Software (BioRad, California, USA). A single
band around 24 kb was indicative of intact genomic DNA with no RNA contamination.
Extracts failing quality control checks were repeated. Negative controls were included on
each extraction batch, these were accepted if no DNA was detected otherwise the

extraction was repeated.
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2.5 Whole Genome Sequencing

2.5.1 lllumina HiSeq Sequencing

This protocol was performed by the DNA Pipelines team at the Wellcome Trust Sanger
Institute, Hinxton. Extracts were loaded into AFA tubes (Covaris, Brighton, UK) and
sheared to 450 bp using a Covaris ultrasonicator. Short fragments were removed by solid
phase reversible immobilisation bead clean-up on the Bravo Workstation (Agilent,
California, USA) and library construction was performed with the Agilent SureSelect Kit.
Libraries were barcoded and pooled prior to sequencing with a HiSeq 4000 (lllumina,

California, USA) using 125 bp paired-end reads. Generated data was used in Chapter 6.

2.5.2 Illumina MiSeq Sequencing

Sequencing at the University of St Andrews was performed by Dr Kerry Pettigrew. Library
preparation was performed with the Nextera XT kit (Illumina) which includes DNA
fragmentation, tagging, PCR amplification, and clean up. Libraries were then pooled and
sequenced with a MiSeq (lllumina) using 250 bp paired-end reads. Generated data was

used in Chapters 3, 5, and 6.
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Data for Chapter 4 was generated as above but with 600 bp paired-end reads, sequencing
was split between the University of St Andrews (performed by Dr Kerry Pettigrew) and RIE

(performed by the thesis candidate).

2.5.3 Oxford Nanopore Sequencing

Barcoded long read libraries were generated at University of St Andrews by Dr Kerry
Pettigrew with the SQK-LSK108 1D Ligation Sequencing Kit (ONT, Oxford, UK) and
sequenced with an R9.4 flow cell on a MinlON sequencer (ONT). Basecalling and barcode
de-multiplexing was performed with Albacore v2.1.3 (ONT) and the resulting fast5 files
converted to fastq with Poretools v0.6.0 27>, or basecalled and de-multiplexed with
Albacore v2.3.3 with direct fastq output. The generated data were used in Chapter 3.

For Chapter 4, long read libraries were generated at RIE by the thesis candidate with SQK-
LSK109 Ligation Sequencing Kit (ONT) and sequenced with an R9.4.1 flowcell on a GridION
sequencer (ONT). Live high accuracy basecalling and barcode dumultiplexing were

performed in MinKNOW v19.12.6.

2.6 Sequence Analysis

2.6.1 Short read quality control
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Fastq reads were trimmed with Trimmomatic 2’ to remove low quality regions.
Trimmomatic v0.36 and settings LEADING:5 TRAILING:5 SLIDINGWINDOW:4:15
MINLEN:100 were used for Chapter 3, to increase read lengths after trimming settings
were modified for Chapter 4 (v0.32, MAXINFO:200:0.4) and Chapter 5 (v0.39, LEADING:3
TRAILING:3 MAXINFO:250:0.4 MINLEN:100). Data in Chapter 6 came from multiple
sources with different read lengths, so the sliding window approach was used (v0.39
SLIDINGWINDOW:5:20 MINLEN:50). FastQC v0.11.9

(http://www.bioinformatics.babraham.ac.uk/projects/fastgc/) and MultiQC v1.12 277 were

used to identify adapter sequences in fastq files and these were also trimmed with
Trimmomatic, if present (e.g. ILLUMINACLIP:TruSeq-PE-2.fa:2:30:10).

Quality trimmed reads were used in all subsequent analysis steps.

2.6.2 MLST

In silico MLST typing was performed using SRST2 v0.2.0 18 and the relevant MLST database

for the species (https://pubmlst.org/) sited at the University of Oxford 137138278279 ‘\When

novel alleles were encountered, the mapping to each allele in the bam file was
investigated in Artemis v18.0.0 28°. Where the reads differed only by SNPs to the closest
known allele a consensus was generated by repeating SRST2 with the --
report_new_consensus flag and this was uploaded to PubMLST to assign a new allele.
Where investigation of the bam showed uneven coverage (suggestive of mis-mapping by

SRST2) or indels (not present in the SRST2 consensus due to inaccuracies from read
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alignment) an assembly was produced with Unicycler v0.4.8 with default settings 1’6, the

allele sequence was identified, and uploaded to PubMLST.

2.6.3 Short read reference-based mapping and phylogenetic trees

For Chapter 3, a collection of genomes from E. faecalis bacteraemia isolates were
downloaded (BioProjects PRJEB4344, PRIEB4345, and PRJIEB4346)%°° and quality trimmed
short reads were mapped to the E. faecalis reference genome V583 (accession number

AE016830) using the multiple_mappings_to_bam.py script (https://github.com/sanger-

pathogens/bact-gen-scripts/blob/master/multiple mappings to bam.py) with the SMALT

v0.7.4 mapper (https://www.sanger.ac.uk/tool/smalt/). Mapped assemblies were

concatenated and regions annotated as MGEs in the V583 genome (transposons,
integrases, plasmids, phages, ISs, resolvases, and recombinases) were masked from the

assembly by converting to Ns using remove_blocks_from_aln (https://github.com/sanger-

pathogens/remove blocks from aln). All sites in the alignment with SNPs were extracted

using SNP-sites v2.4.0 28! and pairwise SNP counts calculated

(https://github.com/simonrharris/pairwise difference count).

For Chapter 4, reference based mapping was performed first to inform sample size
considerations, and then to analyse genetic diversity of the study isolates. For sample size
considerations, FASTQ data for 135 VREfm were downloaded as an example of within-

patient diversity (BioProject PRIEB12937) %82, Reads were mapped to the Aus0004 E.
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faecium reference genome (accession number CP003351) with
multiple_mappings_to_bam.py as above. As the objective was to differentiate population
variants, to maximise the number of SNPs present recombination was not masked. For
mapping of other genomes in Chapters 4-6, Snippy v4.6.0

(https://github.com/tseemann/snippy) was used with default settings and putative MGEs

from the annotated reference genome (transposons, integrases, plasmids, phages, ISs,
resolvases, and recombinases) were masked with the snippy-core command.
Recombination was identified using Gubbins v2.4.1 13, recombination blocks were
masked from the core alignment using remove_blocks_from_aln

(https://github.com/sanger-pathogens/remove blocks from aln). All sites in the

alignment with SNPs were extracted using SNP-sites v2.4.0 281, Pairwise SNP counts were
calculated with pairwise_difference_count

(https://github.com/simonrharris/pairwise difference count).

Hybrid assemblies generated from the collected isolates were used for mapping
references in Chapter 4, Chapter 5 used the Aus0004 E. faecium reference genome
(accession number CP003351), and Chapter 6 used Aus0004 for mapping the Scottish
genomes and Aus0085 (accession number NC_021994) for mapping within variable length
k-mer cluster (VLKC) 6_12 17 23 30 as this genome was phylogenetically closer to the
VLKC members. Chapter 6 included data generated in this project and also a collection of

short read datasets from the UK 2°° and the rest of the World 283.
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To compare Scottish ST1424 genomes in Chapter 6 a mixed approach was used as the
isolates described by Lemonidis et al?®* only had assembled genomes publicly available.
Genomes from Lanarkshire were downloaded from the National Center for Biotechnology
Information (NCBI, BioProject PRINA422798). The V24 complete ST80 reference genome
(Accession CP036151)%% was used as this lineage is phylogenetically close to ST1424
(Figure 6.3). ST1424 short reads from Chapter 4 were mapped to the reference genome
and an alignment generated with Snippy v4.6.0. Lanarkshire draft assemblies were
mapped to the reference with the nucmer option within ABACAS v1.3.1

(https://abacas.sourceforge.net/documentation.html) and unaligned contigs discarded.

Mapped contigs were then added into the alignment with MAFFT v7.5052%¢ and the
options --add-fragments and --keep-length to retain the original alignment size. The
resulting alignment of all ST1424 was masked of MGEs identified in the V24 annotation as

above, then passed to Gubbins v2.4.1 to mask recombination.

Phylogenetic trees were generated for Chapter 3 from the SNP alignment using RAXML
v8.2.816> with 100 bootstrap replicates. For Chapters 4 and 5 the final SNP alignments
were passed to IQ-Tree v2.0.3 with automatic model selection and 1000 ultrafast
bootstraps 67287288 For the national Scottish genomes in Chapter 6 (Figure 6.2) branch
lengths were accurately reconstructed by passing the number of invariant sites to IQ-Tree
using --fconst S(snp-sites -C <masked_alignment.fa>) and pairwise SNP distances inferred
from the branch lengths in R v4.3.0 using the ape package 2%°?°°, Branch lengths were

converted to substitutions per site by multiplying by the alignment size, then a distance
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matrix constructed with the cophenetic.phylo function. For the comparison between
Scottish national and cluster genomes, and within Scottish ST1424 in Chapter 6 (Figures
6.3 and 6.4) the RAXML v8.2.12%5 tree output by Gubbins v2.4.1 was used. All phylogenies

were visualised with iTOL 2°1.

2.6.4 Hybrid de novo assembly

Hybrid assemblies were generated by combining trimmed short and long reads. For long

reads adapters were trimmed and chimeric reads removed with Porechop v0.2.3

(https://github.com/rrwick/Porechop).

For Chapter 3, hybrid assemblies were generated with Unicycler v0.4.7 7% in standard
mode. Assemblies were annotated with Prokka v1.5.1 using a genus specific RefSeq
database 2°2. Hybrid assemblies were checked for indel errors using Ideel

(https://github.com/mw55309/ideel) with the UniProtkKB TrEMBL database v2019 1, and

assembly statistics identified with assembly-stats v1.0.1 (https://github.com/sanger-

pathogens/assembly-stats).

For Chapter 4, adapter-trimmed long reads were filtered to remove reads <1000 bp with
Nanofilt v2.7.1 23 and then assembled with the Trycycler v0.0.3 pipeline 1’7, Briefly, reads
were split into 12 total subsamples, three subsamples were each passed into four long

read de novo assemblers (producing 12 assemblies in total): Flye v2.8.1, Redbean v2.5,
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Raven v1.1.10, and Miniasm v0.1.3,160,173,294295 'A consensus assembly was generated
within Trycycler and then polished with Medaka v0.11.5

(https://github.com/nanoporetech/medaka) and 2-3 cycles of Pilon v1.23 172, Assembly

quality was assessed with assembly-stats v1.0.1 (https://github.com/sanger-

pathogens/assembly-stats), Ideel (https://github.com/phiweger/ideel) with the UniProtkB

TrEMBL database, and Busco v4.1.4 2%, Polished assemblies were annotated with Prokka
v1.14.6%! using the Aus0004 reference genome (Accession CP003351) with the --proteins

option. Abricate v1.0.1 (https://github.com/tseemann/abricate) was used to identify

matches to ResFinder, VirulenceFinder, and PlasmidFinder databases'®%193:195297 3nd
putative prophages were identified with PHASTER 2%, Elements identified as plasmids had
copy numbers estimated using short reads and Snippy: average depth for each plasmid
was divided by the average depth of the chromosome. Nucleotide similarities between

plasmids in the polished assemblies were estimated with Mash v2.2.2 2%°,

2.6.5 Detection of AMR, plasmid, and virulence markers

AMR mechanisms, plasmid rep types, and virulence genes were detected using ARIBA
(v2.12.1 for Chapter 3, otherwise v2.14.6) ¥ and the ResFinder v3.0, PlasmidFinder
v2.0.1, and VirulenceFinder v2.0.3 databases $°9193:195297 Resistance mutations against
linezolid in the 23S rRNA (G2505A and G2576T based on E. coli numbering) 3%, and
fluoroquinolones in gyrA (S84R, S84, S84N, S84L, S84Y, E88K, E88G, E8SL, S98N) 39301 and

parC (S82R, S82I, E86A, E86K, E86T) 383 were also sought with ARIBA.
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In Chapter 4, de novo assemblies were generated with short reads and Unicycler v0.4.8
using default settings 7. AMR genes were then identified using Abricate v1.0.1

(https://github.com/tseemann/abricate) with default settings and the ResFinder 3.0

database 3%2. Also in Chapter 4, to detect plasmids in isolates that had only undergone
short read sequencing, plasmids from the two hybrid assemblies were used as references
against all short read sets in Snippy and plasmids considered present if >85% bp were

called with <20 SNPs/1000 bp.28>

2.6.6 Comparison of phenotypic AST with in silico AMR detection

To compare the genotypic and phenotypic detection of AMR detection, a subset of 80
isolates from the national collection and the 87 isolates included in Chapter 5 were used.
All isolates were from Lothian and had full Vitek AST results available, AMR was predicted

with ARIBA as described in Section 2.6.5.

Resistance genes were deemed to confer resistance to different agents based on
information in CARD *°1. For genotypic resistance, detection of 19 pbp5 mutations

(https://bitbucket.org/genomicepidemiology/pointfinder db/src/master/enterococcus fa

ecium/phenotypes.txt) were considered to confer ampicillin resistance, detection of any

van type was considered to confer vancomycin resistance and vanA/D/M considered to

also confer teicoplanin resistance, detection of aac(6')-le-aph(2")-la was considered to
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confer high level gentamicin resistance, detection of aac(6')-le-aph(2")-la or aph(3')-1lla
were considered to confer high level kanamycin resistance, detection of ant(6)-la was
considered to confer high level streptomycin resistance, any detection of G2505A or
G2576T (even at minority population variants) was considered to confer linezolid
resistance, detection of msrC or any erm gene was considered to confer erythromycin
resistance, detection of any tet gene was considered to confer tetracycline resistance,
detection of dfrG was considered to confer trimethoprim resistance, and detection of cat

was considered to confer chloramphenicol resistance.

Comparison was made between phenotypic AST and WGS with the phenotypic result
being designated as the gold standard. Minor errors, major errors (ME) and very major
errors (VME) were assighed based on US Food and Drug Administration (FDA) criteria 3%3.
Minor errors were only evaluated for trimethoprim as this was the only drug with

intermediate range results.

2.6.7 Transmission Network Inference

In Chapter 4, all short reads were mapped to the VRED06-10 ST80 reference chromosome
with Snippy, the V24 E. faecium ST80 genome (Accession CP036151) was included as an
outgroup. An alignment of 2,814,943 bp was generated and 1,418,409 bp MGEs and
recombination masked as described in Section 2.6.3. A posterior set of phylogenies were

generated with MrBayes v3.2.7.1%8 Two Markov chain Monte Carlo (MCMC) runs of four
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coupled chains were run for 5,000,000 generations, sampling every 5000%. The final
standard deviation of split frequencies was 0.013, the log-likelihood was stable, and the
effective sample size of all parameters was >800, suggesting the model had converged. A
random sample of 100 posterior trees was input to Phyloscanner v1.6.6.3%* Sankoff
parsimony reconstruction was performed with k parameter of 281494.5, equivalent to a
within-patient diversity threshold of 10 SNPs as used in other studies.?®> A transmission
network was constructed in Cytoscape v3.9.03% showing edges with complex or
transmission state and >0.5 probability. The role of smaller numbers of colony picks on
transmission resolution was investigated by repeating the above with the first 3, 5, and 10

isolates randomly selected per sample.

2.6.8 PopPUNK Clustering

For input into PopPUNK in Chapter 5, short read assemblies were generated with SPAdes
v3.15.5 using the --isolate flag and a minimum contig coverage of 15 3%7. PopPUNK v2.6.0
was then used with default settings to sketch a database of core and accessory distances
for the 87 assemblies, and a Bayesian Gaussian mixture model was generated specifying
four components 8. The model gave seven clusters and a network score of 0.7923,
refinement did not improve the model score, so the initial model was accepted. To
identify close and putative transmission relationships between genomes, further

subclustering was performed using PopPIPE v1.0.0 (https://github.com/bacpop/PopPIPE)

with the minimum subcluster size set at 4.
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For Chapter 6, a pre-built E. faecium database was utilised to generate VLKCs

(https://www.bacpop.org/poppunk/). Short reads from Scottish, UK, and international

collections were assigned to the database specifying a minimum k-mer count of 20 to

remove low frequency k-mers introduced from sequencing errors.

2.6.9 Phylogenetic dating inference

The largest VLKC in Chapter 6 was investigated further by mapping to the phylogenetically
related Aus0085 reference genome (accession NC_021996) using Snippy as described in
Section 2.6.5. To identify node-defining SNPs, the MGE and recombination masked
alignment and the final Gubbins tree were analysed with reconstruct_snps_on_tree.py

(https://github.com/sanger-pathogens/bact-gen-

scripts/blob/master/reconstruct snps on tree.py). The final Gubbins tree and the year of

sampling for each tip was used to infer node dates using BactDating v1.1 3%, First, the
optimal root of the phylogeny was inferred, then a root-to-tip analysis performed to
roughly evaluate the temporal signal, and then the full MCMC Bayesian simulation ran for
10° generations using a relaxed clock to allow for variance in mutation rate across the
phylogeny 3%°. At the completion of the run all trace parameters were stable and the
MCMC effective population size for mu/sigma/alpha were all >360, suggesting
convergence. To further validate the temporal signal, the MCMC analysis was run again

removing any effect of sampling date by setting all isolation dates to 2015 and the
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deviance information criterion used to compare the models which confirmed the model

run with true sampling dates was better giving further support to the temporal signal..

2.6.10 Detection of putative alcohol tolerance markers

Pidot et al 30 describe genetic markers in the ST796 E. faecium genome Ef_aus00233
(accession NZ_LT598663) associated with in vitro and in vivo tolerance of isopropanol, in
Chapter 6 VREfm genome data from Scotland and elsewhere were searched for these
markers (Table 2.1). Specific point mutations were identified in a sugar (glycoside-
pentoside-hexuronide) symporter, RNA polymerase subunit, or in locations associated
with a prophage. Additionally, the presence of ISEfa8 in association with a prophage, and
a 70 kb region of a plasmid were also associated with tolerance. For the work presented
here, point mutations were identified with Ariba and presence of specific regions with
mapping. As ISEfa8 could be present in multiple genome locations, the complete
prophage-ISEfa8 associated region in Ef _aus00233 was identified using PHASTER, which
showed an intact prophage at 911595-958837 (which includes the ISEfa8 identified by
Pidot et al) so this entire region was used for mapping to increase specificity. For
detection with Ariba v2.14.6 18, the complete CDSs of BN9748_RS02610 and
BN9748_RS14440 were used and the identified amino acid changes searched for, the
variants at position 2,396,698 bp and 2,397,781 bp were reported together in a prophage
by Pidot et al, so in this study the region 2,396,690 to 2,397,790 bp was used with Ariba

looking for mutations T9C (T2396698C) and G1092A (G2397781A). For mapping detection,
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the regions indicated in Table 2.1 were used as reference sequences in Snippy v4.6.0

(https://github.com/tseemann/snippy) for short read mapping. The markers were

considered present if >50% bases were called with <20 SNPs/1000 bp, the low coverage

threshold used (250%) was to allow for variation in different genomes as the markers are

either plasmid or phage associated, Pidot et al do not describe how much variation was

present within the sequences they identified so a relaxed cut-off was used here to

optimise sensitivity.

Table 2.1 Genetic markers in Ef _aus00233 associated with isopropanol tolerance®

Genome Tolerance Effect on Detection
Location | Locus tag Product Variant
element Marker tolerance | method
Galactoside Galactoside
Chromosome 519608 BN9748_RS02610 V264A Increase Ariba
symporter symporter
RpoB RNA
Chromosome | RpoB 2838889 | BN9748 RS14440 | polymerase H486N/Y Decrease | Ariba
subunit
2396698 | Noncoding Noncoding T2396698C
Chromosome | Prophage Hypothetical Increase Ariba
2397781 | BN9748_RS12235 G2397781A
protein
911595- ISEfa8 +
Chromosome | ISEfa8 Multiple Presence Increase Mapping
958837 prophage
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Plasmid2 Plasmid Multiple Multiple CDS Presence Increase

135000-

9111

Mapping

9 as reported by Pidot et af*1°
b pidot et al?'° report the ISEfa8 located at chromosome position 953094, in association
with a prophage, in this study the entire prophage was identified and searched for

CDS, coding sequences

A composite score was then generated for each genome based on the detection of the
alcohol tolerance markers. The presence of the galactoside symporter variant, ISEfa8, or
plasmid were each given a score of one, presence of either or both of the two prophage
variants were given a score of one as the presence of both prophage variants was not
identified as having additive effect on isopropanol tolerance 319, and the presence of
either rpoB variant was given a score of minus one as these were found to decrease

alcohol tolerance (Table 2.1).

2.6.11 Linear plasmid investigation

A hairpin structure was confirmed in the left hand side of p2_VRED06-10 with
RNAstructure v6.0.1 3!, The linear element p2_VREDO06-10 was further investigated to
determine if a circular element could be generated. PCR primers were designed using

Primer-BLAST with the forward primer extending off the 5’ end of the element, and the
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reverse primer extending off the 3’ end to generate a putative 205 bp product
(p2_EXT_FOR, AGTCCCACGGAGGAAAAGAC; p2_EXT_REV TCTGTGGAGTGAAACAAAACC).
positive control was also designed to amplify a 390 bp region 500 bp upstream of the 5’
end (p2_INT_FOR, ACCCAACGAAAAGGTTATCCAG; p2_INT_REV,
TCGCTAACCCACACATACGG). PCR was performed on a ProFlex thermal cycler
(ThermoFisher Scientific) with the Invitrogen Tag DNA Polymerase kit (ThermoFisher
Scientific) - 5 pl 10x buffer, 5 pl dNTPs (2mM), 1.5 pl MgCl; (50mM), 2.5 ul primers (10

uM), 0.2 ul Tag polymerase, 33.8 ul nuclease free water, and 2 pl DNA extract. PCR was

A

performed as follows: 94°C for 3 min; 30 cycles of 94°C for 30 sec, 58°C for 30 sec, 72°C for

60 sec; 72°C for 10 min; hold at 15°C. Products were ran on an Invitrogen E-Gel EX 1%
Agarose gel (ThermoFisher Scientific) for 10 min with a 100 bp DNA Ladder (Promega,
Southampton, UK), and visualised with the E-Gel Power Snap Electrophoresis System

(ThermoFisher Scientific).

2.7 Data visualisations

Sequence visualisations and comparisons were generated with EasyFig v2.2.2 312 or BRIG

v0.95 313, Comparison of optrA sequences were performed with snipit

(https://github.com/aineniamh/snipit). Epidemiological data were visualised with HAlviz

v0.3 (https://haiviz.beatsonlab.com/).
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2.8 Statistical Analysis

2.8.1 Sample size calculation

To determine the optimal number of colonies to analyse for within-patient diversity a

power calculation was performed as described by Huebner et al 314;

q"n =1-P)

Where g = 1 — concentration of organisms, A = exponentiation operator, n = number of

colonies sequenced, and P = probability of finding one or more variants.

2.8.2 Epidemiological support for genomic clusters

In Chapter 5, epidemiolocal linkage was established for all patient-pairs in the MLST, PFGE,
core SNP, and PopPIPE clusters. Inpatient stay metadata were interrogated to identify
patients on the same ward at the same time, patients on the same ward within 28 days of
each other, patients on a different ward at the same time, and patients on a different
ward within 28 days of each other. Any patient pairs who did not fit into these groupings
were considered epidemiologically unlinked. The number and proportion of each
epidemiological group were calculated for each clustering method, and 95% confidence

intervals (Cl) calculated.
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2.8.3 Investigation of VREfm introduction and transmission on wards

In Chapter 5, to identify introductions and transmission of VREfm in the collection,
patients were classified based on timing of positivity for VREfm. Patients positive <48 h of
admission were considered already colonised and assigned as introductions, patients
testing positive >48 h after admission having previously screened negative during their
admission were considered as acquisitions during admission, and patients who tested
positive >48 h after admission without previously testing negative were considered
inconclusive. All PopPIPE clusters with confirmed introductions were further investigated

to identify acquisition and inconclusive cases after introductions.

2.8.4 Software packages

R was used for statistical analysis 2°°. In Chapter 4, presence/absence matrices of AMR
genes were generated in R v4.0.5 using ggplot2 and patchwork packages 31>316, In Chapter
6, Chi-square was used to identify significant associations between categorical data,
relationships within the residuals were performed with the gplots and corrplot packages
317,318 T-test was used to identify differences in the presence of putative alcohol tolerance

markers between groups using the rstatix package 3°.
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Chapter 3 Presence of optrA-mediated linezolid resistance in multiple lineages and

plasmids of Enterococcus faecalis revealed by long read sequencing

3.1 Introduction

Linezolid resistance is reported in <1% of bloodstream enterococcal isolates in the UK and
is an important antimicrobial for the treatment of multi-drug resistant Gram-positive
infections, including vancomycin-resistant enterococci °#32°. The G2576T mutation in the
chromosomal 23S rRNA genes can arise de novo during extended linezolid therapy 32,
although antimicrobial stewardship and IPC measures appear to be successful in limiting
the generation and spread of mutational linezolid resistance in clinical practice 3?2. The
methyltransferases Cfr, Cfr(B), and Cfr(D), and the ABC-F ribosomal protection proteins
OptrA and PoxtA also confer resistance to linezolid in enterococci but are carried on
MGEs, which can spread across genetically distinct lineages in the absence of
antimicrobial selection 7>77-79:323-325 Recent international surveillance confirms linezolid
resistance remains rare, but optrA has recently spread to every continent and is the
dominant mechanism of linezolid resistance in E. faecalis, despite first being identified as
recently as 2015 &, Studies into the genetic context of optrA have identified the gene on
both the chromosome and plasmids, often associated with insertion sequences such as

IS1216, a possible vehicle for the rapid spread of optrA 326327,
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OptrA was first identified in Scotland in E. faecalis in 2016, a year after it was first
described in China 7381, The aim of this chapter was to identify whether newly identified
optrA-positive E. faecalis in Scotland represent a clonal outbreak, spread of a plasmid,
movement of a single resistance cassette, or multiple mechanisms. It was hypothesised
that the spread of optrA is driven by a single MGE, and to investigate this hybrid
assemblies of short and long read sequencing data were made to generate complete

genomes and to reconstruct the genetic environment of optrA.

Results presented in this chapter have been published in Microbiology:

https://doi.org/10.1099/mic.0.001137

3.2 Results

3.2.1 Detection of optrA in distinct E. faecalis strains

There were 14,133 isolates of E. faecalis in Forth Valley, Grampian, and Lothian between
2014 and 2017 (inclusive) from all sample types, 14 (0.1%) were identified as linezolid
resistant, and eight (57.1%) of which were confirmed as optrA-positive at the AMRHAI
reference laboratory. Six optrA-positive E. faecalis were available for further
characterisation, these were among the first optrA-positive isolates identified from
Scotland and so there was a public health and clinical interest in understanding their

genetic background (Table 3.1) 8. The earliest isolates in this collection were from the
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Grampian region in the northeast of Scotland in 2014, 2015, and 2016. Three more
isolates were identified in 2017 from the Lothian and Forth Valley regions in east and
central Scotland (Table 3.1), with no clear epidemiological links between the patients.
Only one patient had known exposure to linezolid prior to the isolation of an optrA-
positive E. faecalis, two patients were hospitalised at the time of sample collection while
the remaining four were from general practice. Samples were collected for symptomatic

UTI or orchitis.
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Table 3.1 Details of the optrA-positive E. faecalis characterized in this study

Mutations in 23S
Clinical Acquired linezolid resistance genes MIC (mg/l)
Isolate Year Region Patient Source | MLST rRNA
Sample
cfr | cfr(B) | cfr(D) | optrA | poxtA G2505A | G2576T | CHL | LzD
WEO0851 | 2014 Grampian Urine GP 480 - - - + - - - >64 8
WE0254 | 2015 Grampian Urine GP 19 - - - + - - - >64 8
WE0438 | 2016 | Grampian Urine Hospital 330 - - - + - - - >64 8
Forth
TM6294 | 2017 Urine Hospital 585 - - - + - - - >64 8
Valley
BX5936 2017 Lothian Semen GP 894 - - - + - - - >64 8
BX8117 2017 Lothian Urine GP 16 - - + + - - - >64 8

CHL, chloramphenicol; GP, general practice; LZD, linezolid; MIC, minimum inhibitory concentration
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WGS was performed to investigate the genetic relationship between the isolates and the
context of the resistance mechanism. In silico MLST showed the six isolates belonged to
different STs, suggesting they were genetically distinct (Table 3.1). To further confirm this,
SNPs in the core genomes of the optrA-positive isolates were analysed which showed the
isolates differed by a median 18,806 SNPs (range 13,909 — 22,272). Previous estimates
suggest a genetic diversification rate of 2.5-3.4 SNPs/year for E. faecalis, highlighting the

optrA-positive isolates share a very distant common ancestor 2°°,

3.2.2 optrAis carried on diverse MGEs

Hybrid assembly produced complete or near-complete genomes with <3% putative CDSs
shorter than the closest reference match. This indicated the hybrid assembly process
removed most indel errors, with 1-5% of CDSs expected to represent true truncated
pseudogenes 328, The hybrid assemblies contained between one and three plasmids
ranging in size from 11-80 kb, with optrA present on a single complete plasmid in each
isolate (pBX5936-1, pBX8117-2, pTM6294-2, pWE0254-1, pWE0438, pWE0851-1;

Appendix 1).

The optrA-positive plasmids shared limited sequence similarity to the first described optrA
plasmid (pE394, accession KP399637), with only the 5-10 kb region surrounding optrA and
fexA (a chloramphenicol/florfenicol exporter) showing >70% nucleotide identity (Figure

3.1). In all six Scottish optrA-positive plasmids optrA and fexA were located within 550-750
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nucleotides of each other intervened by a single CDS (hypothetical function in all but
pBX8117-2 which was annotated as a putative NADH reductase). Within the Scottish
optrA-positive isolates, plasmids pBX5936-1 (69 kb) and pTM6294-2 (53 kb) were most
similar, sharing 97% average nucleotide identity over 40 kb aligned sequence (Figure 3.2).
pTM6294-2 shared 99.8% identity with a 53 kb optrA-positive pheromone responsive
plasmid detected in E. faecalis from a clinical sample in China (pEF10748), clinical samples
in Spain (IsoBar1, IsoBar2, and IsoBar3), and raw dog food in Portugal (pAPT110) 322330,
pWEO0438 shared 92.3% nucleotide identity over 52 kb with pS7316 from an E. faecalis
isolated from a hospitalised patient in Japan 331. In pWE0438, the optrA and fexA genes
were ~3.8 kb upstream of Tn917 carrying ermB, and ~1.8 kb downstream of another Tn3-
family transposase (Figure 3.2). pBX8117-2 carried optrA and the novel cfr(D) gene
(encoding a 23S rRNA methylase that confers phenicol, oxazolidinone, pleuromutilin, and
streptogramin A resistance) but apart from these genes showed no similarity to another E.
faecium optrA/cfr(D)-positive plasmid identified in a clinical sample in Ireland (M17-0314)
332 The other Scottish optrA-positive plasmids showed limited similarity to other

published examples outside of the optrA/fexA region.
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Figure 3.1 Alignment of full optrA-positive plasmid sequences against the first identified

optrA-positive plasmid pE394

Sequence similarity confined to the optrA/fexA region. Inner ring indicates GC content of
pE394, then alignment of pWE0438, pBX8117-2, pWE0851-1, pWE0254-1, pBX5936-1,
pTM6294-2, and outer ring indicating CDSs in pE394 (accession KP399637) coloured by
function: antimicrobial resistance (red), plasmid replication (black), transposition (pink),
conjugative transfer (orange), plasmid maintenance or modification (green), and

hypothetical protein (grey).
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Figure 3.2 Alignment of full optrA-positive plasmid sequences to each other

While some sequence similarity is seen between pTM6294-2 and pBX5936-1, in general
identity is low between the optrA-positive plasmids, indicating optrA has mobilised to
multiple plasmid backbones. Arrows indicate CDSs, coloured blocks between each
sequence indicate regions with BLASTn sequence identity >90% and length >680 bp. Blue

identity blocks indicated inverted sequence.
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IS1216 is often associated with optrA and other AMR genes in enterococci. pBX5936-1 and
pBX8117-2 had 1S1216 flanking the optrA and fexA region as a putative transposable
cassette (Figure 3.2 and Figure 3.3). However, 1IS1216 can mobilise from a single inserted
copy 332 and single copies were found close to optrA in pTM6294-2 and pWE0851-1
(Figure 3.2 and Figure 3.3). BLASTn comparison of pWE0254-1 with the other optrA-
positive plasmids highlighted a partial IS1216 transposase that was not identified by
automated annotation. Immediately upstream of the partial IS1216 was an IS3-family
transposase, the insertion of which likely disrupted 1S1216. In pWE0254-1 optrA and fexA
were found on a Tn6674-like element carrying macrolide (ermA) and spectinomycin
(aph(9)-1a) resistance genes. The element was 98.9% identical to Tn6674 but had a 1.2 kb
insertion containing 1S3-family transposases (Figure 3.3), and was classified as Tn6993 by
the Transposon Registry (accession GCA_906464915) 334, Tn6993 was not inserted into the
chromosomal radC gene as described for most Tn6674-like elements 33>33¢_ A similar
element was present in a plasmid from E. faecalis in Chinese swine (TBCP-4814-p1,
accession MH830363) but this element lacked the tnpA gene and the 1.2 kb insertion of
Tn6993 (Figure 3.3) 337, pWEO0438 had a single copy of IS1216 located ~35 kb from optrA,
although Tn917 and Tn3-like transposases were detected closer to optrA as described

above.
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Figure 3.3 Examples of different platforms carrying the optrA gene from diverse sources

Panel A includes examples of Tn6674-like platforms or Group 1 according to Freitas et al
(2020); panel B includes impB-fexA-optrA platforms or Group 2; panel C includes the three
isolates from this study that do not fit in the Freitas groupings, as well as WE0254 for
comparison as it has conserved hsd/hsdSM restriction enzyme/methylase genes with
WEO0851 and BX5936 which may have a role in element maintenance. Arrows indicate
CDSs, coloured blocks between each sequence indicate regions with >97% BLASTn
sequence identity length >300 bp. Labels indicate the ID, country, year, and source of

isolate.
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3.2.3 optrA sequences vary between isolates

Comparison of the optrA sequence from each isolate to the first identified optrA from
pE394 revealed different variants at the nucleotide and amino acid level: WE0254 and
TM6294 had one synonymous nucleotide substitution, BX5936 had a single non-
synonymous nucleotide substitution, WE0851 had two non-synonymous nucleotide
substitutions, WEQ348 had three non-synonymous and one synonymous substitution, and
BX8117 had 20 non-synonymous and a further 17 synonymous substitutions (Appendices
Table 3.1, Figure 3.4). In all cases, optrA and fexA were located within 550-750 bp, the
degree of amino acid sequence variation identified in OptrA was not reflected in FexA
sequences. Comparison to the first reported FexA sequence (AJ549214) showed four
common non-synonymous variants in all strains (amino acid changes A34S, L39S, 1131V,
and V305I), with all but BX8117 having an additional D50A variant. This suggests that
while there is evidence of diversification within optrA sequences, fexA is well conserved

even when these two genes appear to be closely linked in the analysed genomes.

110



0 250 500 750 1000 1250 1500 1750
\ \ \ \ \ |
E394_optrA CRARANCHCGRCRCRARCETRARCHCRTRGCGRARCETRGA TR TRARARTHCRTRANARCRTRARTHARARCHACRGCGRCROARART
BX5936_optrA T
TM6294_optrA T
WE0254_optrA A T
WE0851_optrA A G
WE0438_optrA G G T G
BX8117_optrA G T A A A G T G T T CH AN ‘G 1 BCE 'T | BCH BAN G QCH NCH BAN NG G |G HNEE T NEN N1 ST AN ST @ T A
w ~ ¥ o © w v ¥ T © o ©w @& T mwm =+ o ¥ v K~ @& T =4 o m o m ~ =2 ©» T N ® © @m 5~ o m o © o o
m & § m © & E 8 ® o § & m ¥ § & ® & T & ¥ S N @ m ® N N wm O KR ® a ®m K& m I 8 R 7
2 & & 8 § § &5 8 &8 & &8 83 3 & & 2 &2 I § T B 4 A4 H B T & v 8 v &8 & & KR B8 3 @ ® &
S 2 & 24 2 2 2 2 2 2 42 2 2 2 =2 52 2 2 2 & & 5 5 2 2 2 2 2

Genome position (base)

Figure 3.4 Nucleotide variants detected in Scottish optrA sequences

Variants against the first identified optrA identified in an E. faecalis isolated from a clinical sample in China in 2009 (pE394, accession

KP399637).
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3.2.4 optrA-positive strains are distantly related to UK bloodstream isolates

To investigate whether the optrA-positive isolates represented common E. faecalis strains
in the UK, publicly available sequence data of 94 E. faecalis isolates from the British
Society for Antimicrobial Chemotherapy (BSAC) bacteraemia surveillance programme
(isolated between 2001 and 2011) were analysed together with the six known optrA-
positive isolates.?? We first looked for determinants of linezolid resistance in the 94
sequences, and found no evidence of cfr, cfr(B), cfr(D), optrA, poxtA, or the G2505A 23S
rRNA gene mutation. Only one of the BSAC isolates carried the G2576T 23S rRNA gene
mutation conferring linezolid resistance. Core genome phylogeny showed BX8117 was
related to three other ST16 isolates from the UK, after removal of putative recombination
blocks there were 76, 81, and 182 SNPs between these isolates suggesting they diverged

from a common background but are not linked to recent transmission (Figure 3.5).

112



~9500 SNPs ———

Linezolid Resistance
Bl c2s67T

[ optra

M Lse

MLST

B

s

[

B s
[ RE
| 2
]
[]40
[ 64
B 103
| L
B 330
B 480
B 585
[ 894

Source

B Grampian
B Forth Valley
Il Lothian
LS

W Reference

Figure 3.5 optrA-positive E. faecalis isolates in a national perspective

Phylogenetic analysis of the six optrA-positive isolates and 94 isolates from BSls in the UK
shows the optrA-positive isolates are generally unrelated to others in the collection.
Illumina reads were mapped to E. faecalis V583 reference genome (3,218,031 bp), MGEs
masked (701,199 bp), and a maximum likelihood phylogeny performed on SNP alignment
(95,551 bp). Reference genome is highlighted by a star. Presence of linezolid resistance
markers is indicated by the inner ring and coloured by resistance mechanism, the middle

ring shows MLST for the Scottish optrA-positive isolates and any STs with two or more
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cases in the BSAC collection, and the outer ring indicates isolate source. See figure for

colour key.
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3.3 Discussion

Until 2016, linezolid resistance was rare in Scottish enterococci (<1%), and when
encountered was usually due to mutation of the 23S rRNA 8%, In 2016, an optrA-positive
isolate was identified, and a lookback exercise identified further isolates in 2014 and 2015.
The isolates included in this study represent some of the earliest identified optrA-positive
enterococci from Scotland, investigation of which is important to identify potential means
of introduction and transmission of this significant AMR mechanism. This study found
optrA present in diverse genetic lineages of E. faecalis and carried on largely unrelated
plasmids in six isolates from Scotland. pTM6294-2, pBX5936-1, and pWE0438 shared
homology with plasmids identified in China and Japan, highlighting the wide dispersal of
optrA. However, the other Scottish plasmids had limited similarity to other published
examples suggesting a diverse reservoir of optrA-carrying genetic elements. In this study,
optrA was often carried with several other resistance genes including in a novel
multiresistance transposon Tn6993 in pWE0254-1, and the recently described cfr(D) in
pBX8117-2. Despite differences in optrA sequences and carriage of other linezolid
determinants such as cfr(D), all isolates showed low level linezolid resistance of 8 mg/|

(Table 3.1).

Comparison of the Scottish optrA-positive genomes with a UK-wide bacteraemia collection
identified BX8117 clustered with ST16 isolates causing invasive disease (Figure 3.5). ST16

has been associated with multidrug-resistant infections in humans and animals,
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highlighting the potential for the emergence of linezolid resistance in invasive
enterococcal infections.?38 The other five optrA-positive isolates have no close genetic
links in this phylogeny (minimum pairwise SNPs 12,314 — 17,891) suggesting they are
generally distinct from those recently causing BSls in the UK, however firm conclusions

cannot be drawn as this study was not designed to infer national patterns.

Freitas et al 33® recently analysed all publicly available optrA-positive genome sequences
and categorised the genetic environment of optrA. Group 1 includes Tn6674-like
platforms, of which WE0254 is a representative (Figure 3.3). However, in the original
scheme all Group 1 elements were integrated into the chromosome, in WE0254 the optrA
element Tn6993 is inserted into a plasmid. Group 2 includes optrA-fexA-impB platforms,
represented in the Scottish isolates by TM6294 and WE0438 (Figure 3.3). Group 3 includes
platforms containing the araC regulatory element and is not represented in the Scottish
optrA-positive isolates characterised here. The three remaining Scottish isolates could not
be grouped based on the Freitas scheme, highlighting the need for further studies and
public access to complete genome sequences to determine the true diversity of optrA-

positive platforms.

Many studies of optrA to date show a higher prevalence in animals (particularly in
agriculture) compared to humans 78339340 Further investigations have also identified
optrA-positive isolates in samples of raw food in China, Colombia, Denmark, Poland,

Switzerland, and Tunisia 317347, There are also reports of optrA-positive organisms in raw
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food for companion animals in China, Portugal, and Switzerland, posing a risk for
transmission from pets to humans 3*4348349_ N{esch-Inderbinen et al 3°° report 2.3% of
healthy food processing plant workers in Switzerland carried optrA-positive enterococci
and Cai et al %! found 3.5% of healthy individuals in China carried optrA-positive
enterococci. The European Food Safety Authority has identified optrA among the highest
priority AMR mechanisms emerging and spreading through the food chain 3°2, highlighting
the importance of hygiene practices, biosecurity, and food safety management. optrA
confers resistance to linezolid and phenicols, and all the isolates described in this chapter
also had the phenicol resistance gene fexA near optrA, phenicol use may provide a co-
selection mechanism for optrA-mediated linezolid resistance. Indeed, the use of the
phenicol florfenicol in agriculture is linked to optrA detection in farm animals 3334,
Increasing reports describe optrA detection from human samples in many countries,
although phenicol antibiotics are not widely used in human medicine 803553, optrA-
positive isolates are often resistant to multiple antibiotic classes used in animal and
human health, allowing significant opportunity for co-selection of optrA-positive strains in
multiple settings. More recently, optrA has been identified in clinical vancomycin-resistant

E. faecium isolates, with very limited treatment options 3°>357,358,

This study is limited in scale as it only includes isolates from three regional clinical
laboratories, therefore larger studies are required to infer national patterns. However, the
finding that optrA is present as different gene variants, carried on different MGEs, in

unrelated strains of E. faecalis suggest a diverse optrA reservoir that is only partly
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investigated in this study. There is growing evidence that optrA-positive strains may be
present in the food chain, and the pattern identified in Scottish optrA-positive genomes in

this Chapter may reflect multiple introductions from the global food network.

As well as optrA, the cfr and poxtA genes are emerging transferable linezolid resistance
mechanisms. Further studies from a One Health perspective are warranted to understand
the selection pressures driving transferable linezolid resistance, and the transmission
dynamics of these strains to avoid further spread of oxazolidinone resistance within E.

faecalis and other Gram-positive bacteria.
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Chapter 4 Consideration of within-patient diversity highlights transmission
pathways and antimicrobial resistance gene variability in vancomycin resistant

Enterococcus faecium

4.1 Introduction

Having investigated a cluster of isolates with a novel AMR mechanism, investigation of
person-to-person transmission was performed next. As linezolid resistance is still rare in
enterococci, focus switched to vancomycin resistance in E. faecium which is mainly a
problem in hospital settings. In healthcare institutions asymptomatic intestinal carriage of
VREfm can lead to shedding into the environment and transfer to other patients or staff,
challenging efforts to limit the incidence of nosocomial infections.3>° WGS is increasingly
applied to investigate transmission networks and identify control measures.*>%2>* Many
WGS based analyses of bacterial outbreaks, however, rely on analysing single colony picks
from clinical samples assuming that this represents the entire infecting or colonizing
population within individual patients.3® It is increasingly recognised that within-patient
diversity of bacterial populations can be significant and can influence transmission
network resolution.36173%7 Several studies have identified that individual patients can carry
multiple strains of E. faecium concurrently, but few have applied this to transmission

resolution 12,282,368-370
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The aim of this study was to identify how diverse the VREfm population is in rectal
carriage and determine the optimal number of colonies to use to effectively detect
transmission. A sampling strategy was designed to reliably detect within-patient diversity
and supplemented short-read and long-read sequencing to generate high-quality

reference genomes to identify genomic variants in the isolate collection.

Results presented in this chapter have been posted on the preprint server medRxiv:

https://doi.org/10.1101/2022.09.23.22279632

4.2 Results

4.2.1 Epidemiological context

This study was performed over one month in 2017 on an inpatient unit for haematological
malignancies, split into two wards (A and B). VREfm rectal screening was performed on all
new admissions and any inpatients with febrile episodes to inform patient placement and
antimicrobial administration. There was significant overlap between patient stays with
some patients moving between the two study wards or to other wards in the hospital
(Figure 4.1). Patients were cohorted or placed in single rooms when colonised with VREfm
or other alert pathogens. However, not all rooms had ensuite bathroom facilities so risk of
VREfm transmission remained. At the time of the study, surveillance systems in the

hospital had not detected any suspected VREfm outbreak within the study population.
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Figure 4.1 Patient timeline showing timing of ward stays and sample collection

Each row denotes the location of a patient during admission, blocks denote hospital stay,
circles denote VREfm cultures, stars denote bloodstream isolates, dotted lines indicate the
start and end of prospective collection of screening isolates for this study. This study was
undertaken within Wards A and B, although patients were moved to different wards
within the hospital during their stay and were often admitted through the assessment

unit.
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4.2.2 Design of sampling strategy

A sampling strategy was designed to reliably identify within-patient diversity from VREfm

positive samples. The main considerations for detecting within patient diversity based on

agar culture are the expected proportion of the population represented by a variant, the

confidence required in the estimated prevalence, and the minimum number of colonies

required to detect the given variant proportion with the given confidence. Power

calculation was performed to estimate the minimum number of colonies required to

identify a variant within the population at different proportions, with a confidence level of

95% (Table 4.1).

Table 4.1 Colonies required to identify population variant proportions with 95%

confidence

Variant proportion in sample (%)

Minimum colonies per sample required

100 1
90 2
80 2
70 3
60 4
50 5
40 6
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30 9

20 14

10 29
5 59
1 299

Next, the expected variant proportion in VREfm samples was estimated based on results
published by Moradigaravand et al 28, a study of within-patient diversity in four patients
undergoing longitudinal stool carriage surveillance who developed BSI. Publicly available
reads of VREfm from the study were mapped to the Aus0004 reference genome and
pairwise SNPs counted to identify population variants within samples. Multiple colony
picks were analysed from 11 stool samples which found clonal populations in three
samples and 2-3 variants in the other eight samples with the minor variant accounting for
20-50% of the population (Table 4.2). Variants could be easily identified as they differed
from each other by a median 4964 (range 3798-9773) SNPs and were generally different
MLST STs, diversity was much lower within population variants (median 2 SNPs, range 0-6
SNPs). Moradigaravand et al 282 used five or eight colony picks in these samples which
would be expected to reliably detect variants accounting for 50% or 32% of the
population, respectively (Table 4.1). BSI populations were also analysed by sequencing a

median of 10 (range 2-18) colonies from eight blood cultures, but even with the higher
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power this afforded population diversity was low with median pairwise difference of 1

(range 0-15) SNP and no population variants identified.

Table 4.2 Population diversity previously identified in rectal samples®

Sample ID | Colonies analysed | Variants detected | Minor variant proportion of total (%)
B-0 5 1 100
C-85 5 1 100
D-172 5 1 100
B-9 8 2 50
A-130 5 2 40
B-14 5 2 40
B-52 5 2 40
C-99 5 2 40
C-134 5 2 20
A-138 5 3 20
B-20 5 3 20

@ Reference Moradigaravand et al 282

Based on the findings described above, it was deemed necessary to accurately identify a
minor variant comprising 20% of the rectal population as this was the lowest proportion

identified by Moradigaravand et al 222, The minimum number of colonies to analyse was
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therefore identified as 14 per rectal sample. For positive blood cultures, the available
evidence suggests these are very clonal populations (either due to a single clonal seeding
event of the bloodstream, or a bias introduced during blood culture) and so only one

colony was analysed in this study.

4.2.3 Results of VREfm screening

In total, 45 rectal swabs from 27 patients were screened for VREfm. Of these, 18 samples
from 13 patients were VREfm positive (Table 4.3). Three (23.1%) colonised patients
developed VREfm bacteraemia 9, 24, or 46 days after being identified as VREfm carriers.
Two rectal swabs and one blood culture were not available for further study. The sampling
strategy of picking 14 random colonies was applied to 16 rectal screens from 11 patients
generating 224 isolates. Bloodstream isolates were available from five blood cultures from
two patients, the addition of single colonies from these five cultures produced a total of
229 isolates. Most patients were female, the median age was 66 years, and a range of
primary diagnoses were present (Table 4.3). Most colonised patients had received

antibiotics in the preceding six months and 30% had received vancomycin (Table 4.3).

Table 4.3 Characteristics of patients with rectal VREfm colonisation (n = 13)

Demographics Number (%)

Female 8 (61.5)

125



Age, median (range) years 66 (37-77)
Primary diagnosis
Acute myeloid leukaemia 3(23.1)
Diffuse large B cell ymphoma 3(23.1)
Multiple myeloma 3(23.1)
Myelodysplasia 2 (15.4)
Chronic lymphocytic leukaemia 1(7.7)
Mantle cell ymphoma 1(7.7)
Antimicrobial administration
Any antibiotics in the 7 days prior to positive screen 12 (92.3)
Any antibiotics in the 6 months prior to positive screen 12 (92.3)
Vancomycin in the 7 days prior to positive screen 1(7.7)
Vancomycin in the 6 months prior to positive screen? 3(30.0)
Outcomes within 60 days of VREfm positive screen
VREfm BSI 3(23.1)
Intensive care unit admission 1(7.7)
Death 0 (0)

% Information available for 10 patients

BSI, bloodstream infection

126



4.2.4 Simultaneous carriage of multiple VREfm strains

In silico MLST typing using short reads from all 229 genomes showed ST80 (n=130),
ST1424 (n=97), ST789 (n=1), and ST1659 (n=1) from the hospital-associated clade A3"!
were present (Table 4.4). Multiple STs were detected in three (27%) samples. Sample
VREDOG6 from patient P49 contained 10 (71.4%) ST80, three (21.4%) ST1424, and one
(7.1%) ST789 isolate; sample VREDO7 from P14 contained 10 (71.4%) ST1424 and four
(28.6%) ST80 isolates; sample VRED11 from P50 contained 13 (92.9%) ST1424 and one
(7.1%) ST1659 isolate. A further rectal swab sample from P49 collected two days after
VREDOG6 contained only ST1424, and a blood culture collected nine days later also
contained ST1424. P9 had three rectal swab samples collected over 11 days and had
positive blood cultures one month later, all samples contained ST80 only. Within-patient
populations could be identified based on assigned ST, within STs genetic distance was low

with a maximum pairwise distance of 3 SNPs (median 0 SNPs, range 0-3 SNPs; Table 4.4).
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Table 4.4 STs detected within patients

Sample Date . L . A
. Maximum pairwise Median (IQR) pairwise
Patient | Sample Sample (days from . _ . .
STs detected (n, %) SNP distance within SNP distance within
ID ID Type start of
sample sample
study)

P2 VREDO1 Rectal 6 80 (14, 100) 2 0(0-1)
P6 VRED16 | Rectal 27 1424 (14, 100) 2 0(0-1)
P7 VRED10 | Rectal 18 80 (14, 100) 2 0(0-1)
P9 VREDO2 Rectal 80 (14, 100) 2 0(0-0)
P9 VREDO3 Rectal 80 (14, 100) 0 0(0-0)
P9 VREDOQ9 Rectal 17 80 (14, 100) 0 0(0-0)

P9 VRED18 | Blood 52 80 (1, 100) - -

P9 VRED19 | Blood 52 80 (1, 100) - -

P9 VRED20 | Blood 52 80 (1, 100) - -

P9 VRED21 | Blood 52 80 (1, 100) - -
1424 (10, 71.4) 2 1(0-1)

P14 VREDOQO7 Rectal 17

80 (4, 26.6) 2 2 (1-2)
P20 VRED15 | Rectal 27 80 (14, 100) 3 0(0-2)
P20 VRED17 | Rectal 30 80 (14, 100) 3 1(0-1)
P24 VRED13 | Rectal 26 1424 (14, 100) 0 0(0-0)
P33 VRED12 | Rectal 24 80 (14, 100) 1 0(0-0)
P34 VREDO4 Rectal 9 1424 (14, 100) 0 0(0-0)
P34 VREDO5 | Rectal 14 1424 (14, 100) 1 0(0-0)
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80 (10, 71.4) 0(0-1)
P49 | VREDO6 | Rectal 15 1424 (3, 21.4) 0(0-0)
789 (1, 7.1) -
P49 | VREDO8 | Rectal 17 1424 (14, 100) 0(0-1)
P49 | VRED14 | Blood 30 1424 (1, 100) -
1424 (13, 92.9) 1(0-2)
P50 | VRED11 | Rectal 23

1659 (1, 7.1)

ID, identification; IQR, interquartile range
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4.2.5 Genomic population structure of VREfm suggests recent transmission events

The chromosomes of the two strain-specific genome assemblies (VRED06-02 and VREDO6-

10, Table 4.5, and Appendix 2) were used as references for short-read mapping within

each ST. Within-patient diversity was low when genomes of the same ST were compared,

generally differing by zero SNPs and a maximum pairwise difference of 3 SNPs (Table 4.4).

Similarly, insertions, deletions, and plasmids were usually shared in genomes from the

same patient. However, the presence of DEL3 (12 bp non-coding deletion) and DEL4 (11

bp deletion in adcA encoding solute binding protein accession WP_002297324) were

variable within 24 ST80 genomes from P20 with 0-2 differentiating SNPs (Figure 4.2). In

genomes from P9 p1_VREDO06-10 and p3_VREDO06-10 were variably detected despite most

genomes having no differentiating SNPs (Figure 4.2).

Table 4.5 Quality metrics for genome assemblies

Truncated CDS,
BUSCO [n, (%)] possible indel
Isolate MLST errors [n, (%)]
Total Total | CDS <0.9x
Complete | Fragmented | Missing
BUSCOS CDS reference
VREDO06-02 1424 402 | 400 (99.5) | 1(0.2%) 1(0.2) 3163 | 122 (3.4)
VREDO6-10 80 402 | 400 (99.5) | 1(0.2%) 1(0.2) | 3122 124(3.9
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(202,738 bp) and maximum likelihood phylogeny built on remaining SNPs (96 bp).
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Metadata is indicated by coloured blocks (see figure for key). Tree unrooted. DEL,

deletion; INS, insertion; MNP, multiple nucleotide polymorphism
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The ST80 genomes formed a well-structured population with five clear clusters each
separated by >10 SNPs (Figure 4.2). Clustered genomes differed by 0-2 SNPs and were
mostly from individual patients although two clusters included genomes from two
different patients (patients P7 and P33, and P2 and P9). All the reference plasmids were
detected in the P7 and P33 genomes, considering insertions INS1 and INS2 were present
in all genomes while INS3 was present in all but two genomes from P7. INS4 was
additionally only detected in a single genome from P33. Within P9 genomes, p1_VREDO06-
10 was detected in 28/48 and p3_VREDO06-10 in 10/48, although in P2 genomes all

plasmids were detected.

Mapping of the ST1424 genomes showed a much more homogeneous population than in
ST80 (Figure 4.3). Of the 97 ST1424 genomes, 69 had no SNPs and the remaining 28 had 1-
2 SNPs differentiating them from the rest of the collection. The SNPs that were detected
did not lead to any clear clustering of genomes, except for the 14 genomes from P6 which
all carried a SNP in a penicillin-binding protein which differentiated them from the other
ST1424 genomes. Two of the P6 genomes had further independent SNPs (one each) and
another genome had lost p1_VREDO06-02. No insertions were detected in the ST1424
collection, and of the six deletions found five were only in genomes from P49.
p6_VREDO06-02 was not detected in 14 P24, 14 P50, and two P49 genomes, while

pl_VREDO06-02 was not detected in five genomes from three patients.
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4.2.6 Analysis of multiple VREfm colonies supports transmission resolution

Transmission identification was performed with Phyloscanner after mapping all 229
genomes to the VRED06-10 ST80 reference. Phyloscanner takes multiple phylogenetic
trees containing host origin information, determines ancestral host states, and then
identifies putative transmission events between individual hosts. The final transmission
network based on all 229 genomes is Figure 4.4. The network supports transmission of
ST80 between P2 and P9, and between P7 and P33, with P20 not linked to transmission.
Epidemiological data supports transmission from P7 to P33 on Ward B, as P33 screened
negative early in their admission and then screened positive six days after P7 (Figure 4.1,
Figure 4.4). P9 and P2 screened positive on the same day - no shared rooms or bed spaces
were identified as this was P2’s first day on Ward B so it is unclear where or when
transmission may have occurred (Figure 4.1, Figure 4.5). P20 had two admissions during
the study period, was negative at the end of first admission then screened positive on re-

admission suggesting they may have become colonised outside of the hospital.
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Figure 4.4 Transmission network showing putative links between patients

Each patient is represented by a node coloured by detection of the two outbreak STs.
Edge thickness corresponds to fraction of Phyloscanner trees with given relationship,
relationship fraction is printed alongside each edge, and edge colour based on type of

relationship (orange, direct transmission; blue, transmission but direction unclear).

Interactions were defined with Phyloscanner based on 100 random MrBayes trees and the

network visualised in Cytoscape.
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Figure 4.5 Patient locations at time of screening positive for VREfm

Schematic diagram of patient placement on Wards A and B at the time of first testing
positive for VREfm during the study. Ward A comprised one four-bedded room, one two-
bedded room, and two one-bedded rooms, Ward B comprised 10 one-bedded rooms.

Patients are indicated by circles, coloured by the main STs identified within each patient.
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All ST1424 patients clustered together with P34 strongly linked to all patients and likely
direct transmission to P6 (Figure 4.4). P34 was the first ST1424 identified on Ward B, P49
was positive six days later (having been negative earlier in admission), P14 was positive
two days after that, and P24 was positive 9 days subsequently (Figure 4.1). P14 and P49
had ST1424 and ST80 in carriage samples, sharing of the ST80 lineages in these patients
was not identified suggesting there was no direct transmission between these two
patients. On Ward A, P50 screened positive with ST1424 and ST1659 on day two of
admission and P6 screened positive for ST1424 on day six. The ST1424 populations in P6
and P50 may derive from different hosts with P6 genomes all having a single SNP and P50
genomes having multiple different SNPs and lack the p6_VRED06-02 plasmid (Figures 4.3
and 4.5). P34 and P50 shared time on Ward A early in the study before either were known
to be VREfm positive, but there is very limited overlap in time between P34 and P6 while
both were in different wards (Figure 4.1). None of the patients with ST1424 shared a room
or used a bed space previously used by an identified ST1424-positive carrier during their

stay (Figure 4.5).

Analysing less than 14 colonies per sample produced fewer transmission links and lower
confidence (Table 4.6, Figure 4.6). Linkage within the ST80 clusters was strong in all cases,
but within ST1424 it was more variable. For example, with three colonies P14 was weakly
associated with transmitting to P6 and P49, with five colonies P49 was weakly associated
with P50 and P6 was unlinked, and with 10 colonies P49 was weakly associated with P24,

moderately associated with P34, and P6 was unlinked. With 14 colonies, there was
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moderate support for direct transmission from P34 to P6 and P34 was strongly associated

with all other cases, which could be supported by the epidemiological data.

Table 4.6 Transmission network scores for different colony thresholds

3 Colonies 5 Colonies | 10 Colonies | 14 Colonies
Total Colonies 30 50 100 229
Transmissions detected 9 9 10 10
Transmission confidence, | 0.84 0.73 0.90 0.98
median (min-max) (0.58-0.99.0) | (0.57-1.0) (0.53-1.0) (0.53-1.0)
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Figure 4.6 Effect of different sampling strategies on transmission inference

Phyloscanner transmission networks for three (A), five (B), and ten (C) colony picks. Edge
thickness corresponds to fraction of Phyloscanner trees with given relationship,
relationship fraction is printed alongside each edge, and edge colour based on type of
relationship (orange, direct transmission; blue, transmission but direction unclear).
Relationships were determined with Phyloscanner based on 100 random MrBayes trees

and the networks visualised with Cytoscape.
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4.2.7 Plasmids were mostly ST-specific

Given the detection of distinct STs within P49 and the availability of high-quality plasmid

assemblies, it was then investigated whether there was any evidence of within patient

plasmid transfer. VRED06-02 (ST1424 reference) contained seven plasmids, and VREDOG6-

10 (ST80 reference) contained five plasmids. Plasmid sequences were compared using

Mash to identify similarity, with a score of 0 being identical and 1 being highly dissimilar.

Plasmids in the two genomes were generally distinct, suggesting limited sharing between

STs within P49 (Table 4.7).

Table 4.7 Mash distance of reference isolate plasmids

T T T T T T T T T T T T
I-. IN Iw Ilh IuI Im I\‘ I-. IN Iw Ilh IuI
< < < < < < < < < < < <
=) =) =) =) =) =) =) =) =) =) =) =)
m m m m m m m m m m m m
o o o o o o o o o o o o
[=] [=] [=] [=] [=] [=] [=] [=] [=] [=] [=] [=]
[=2] [=2] [=2] [=2] [=2] [=2] [=2] [=2] [=2] [=2] [=2] [=2]
S| & &| & & &| & | A x| L] &
N N N N N N N o o o o o
p1_VREDO06-02 | 0.00 0.15 0.13 1.00 1.00 1.00 1.00 0.06 0.20 0.11 1.00 1.00
p2_VREDO06-02 | 0.15 0.00 0.17 0.30 0.16 0.30 0.16 0.16 0.09 0.09 0.23 0.30
p3_VREDO06-02 | 0.13 0.17 0.00 1.00 1.00 1.00 1.00 0.11 0.18 0.09 1.00 1.00
p4_VREDO06-02 | 1.00 0.30 1.00 0.00 0.18 1.00 1.00 1.00 1.00 0.24 0.05 0.16
p5_VRED06-02 1.00 0.16 1.00 0.18 0.00 0.15 1.00 1.00 1.00 0.24 0.15 0.11
p6_VREDO06-02 | 1.00 0.30 1.00 1.00 0.15 0.00 0.17 1.00 1.00 0.26 1.00 1.00
p7_VRED06-02 1.00 0.16 1.00 1.00 1.00 0.17 0.00 1.00 1.00 0.24 1.00 1.00
p1_VREDO06-10 | 0.06 0.16 0.11 1.00 1.00 1.00 1.00 0.00 1.00 0.17 1.00 1.00
p2_VREDO06-10 | 0.20 0.09 0.18 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00
p3_VREDO06-10 | 0.11 0.09 0.09 0.24 0.24 0.26 0.24 0.17 1.00 0.00 0.23 0.26
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p4_VREDO06-10 | 1.00 0.23 1.00 0.05 0.15 1.00 1.00 1.00 1.00 0.23 0.00

0.18

p5_VREDO06-10 1.00 0.30 1.00 0.16 0.11 1.00 1.00 1.00 1.00 0.26 0.18

0.00

Coloured based on similarity: <0.01, green; <0.05, yellow; <0.1, blue.

Carriage of similar plasmids was sought in the entire collection by short read mapping
(Table 4.8). Most plasmids were ST-specific with few examples of ST1424 genomes
carrying plasmids from the ST80 reference, and vice versa. However, all ST80 genomes
from P7 and P33 carried p7_VREDO06-02 from ST1424, and almost all genomes appeared to
carry p4_VREDO6-10. The hits against the ST1424 genomes are likely due to cross-mapping
of reads from the related p4_VREDO06-02 (Table 4.7). P7_VREDO06-02 is unrelated to others
in the collection (Table 4.7), but no close links to any ST1424-positive patients were

identified for P7 and P33 (Figure 4.4).
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1424 (10)

P14
80 (4)

1424 (18)

P49 | 80(10)
789 (1)

P7 80 (14)
P20 | 80(28)
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P2 80 (14)

P33 80 (14)

P9 80 (46)

9p4_VREDO6-10 is shorter than but homologous to p4_VRED06-02, the matches in P6, P24, and P34, and ST1424/1659 P14, P49, and

P50 genomes are likely false positives.
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4.2.8 AMR gene content differs between closely related genomes

The variability of AMR genes within the collection was investigated next (Table 4.9 and
Figure 4.7). In total 13 AMR genes were detected with three (aac(6’)-li, msr(C), and vanA)
present in all genomes, two (aph(3’)-1ll and erm(B)) in all but one genome, four (ant(9)-la,
dfrG, erm(A), and tet(M)) only in ST1424 or ST1659 genomes, two genes (ant(6)-la and
tet(S)) found only in ST80 and ST789 genomes, and tet(L) found in a single ST1659
genome. The aminoglycoside resistance gene aac(6’)-aph(2”’) was variably present, found

in 69.9% of all genomes.
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Table 4.9 Presence of AMR Genes in complete genome collection (n=229)

. . ST80,n =130 ST1424,n =97 All Genomes, n =229
Gene Phenotypic resistance - -
n (%) Genetic element n (%) Genetic element n (%) Summary

Amikacin, Gentamicin, Variable i

ariable in
aac(6')-aph(2") | Kanamycin, Streptomycin, 65 (50.0) pl VREDO06-10 94 (96.9) pl VREDO06-02 160 (69.9)
. ST80/ST1424/ST789

Tobramycin
aac(6')-li Gentamicin, Tobramycin 130 (100) Chromosome 97 (100) Chromosome 229 (100) All genomes
ant(6)-la Streptomycin 130 (100) p3_VREDO06-10 0(0) - 131 (57.2) All ST80/ST789
ant(9)-la Spectinomycin 0(0) - 97 (100) Chromosome 97 (42.4) All ST1424

Amikacin, Kanamycin, All
aph(3')-1ll , 130 (100) | p3_VREDO6-10 | 97 (100) p2_VRED06-02 | 228(99.6)

Neomycin ST80/ST789/ST1424
dfrG Trimethoprim 0(0) - 97 (100) Chromosome 97 (42.4) All ST1424

Clindamycin, Erythromycin,
erm(A) . y ) y y 0(0) - 97 (100) Chromosome 97 (42.4) All ST1424

Quinupristin

Clindamycin, Erythromycin, pl_VREDO6-10, All except one ST80
erm(B) R 129 (99.2) 97 (100) p2_VRED06-02 | 228(99.6)

Quinupristin p3_VREDO06-10 genome
msr(C) Erythromycin, Quinupristin | 130 (100) Chromosome 97 (100) Chromosome 229 (100) All genomes
tet(L) Doxycycline, Tetracycline 0(0) - 0(0) - 1(0.4) Only ST1659

Doxycycline, Minocycline, Variable in
tet(M) yevel Y 0(0) i 60(61.9) | Chromosome | 61(26.6)

Tetracycline ST1424/ST1659

Doxycycline, Minocycline,
tet(S) vey . Y 130 (100) p3_VREDO06-10 0(0) - 131 (57.2) All ST80/ST789

Tetracycline
vanA Teicoplanin, Vancomycin 97 (100) p2_VREDO06-10 97 (100) p2_VREDO06-02 229 (100) All genomes
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Figure 4.7 Presence of AMR genes varies within patients
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Tetracycline resistance gene tet(M) was identified on the chromosome of VRED06-02 as
part of Tn6944 (Figure 4.8A). tet(M) was identified in 62.2% of ST1424 and ST1659
genomes; excision of Tn6944 was responsible for this variable presence. aac(6’)-aph(2”)
was present on pl_VREDO06-02 (ST1424) and p1_VREDO06-10 (ST80). aac(6’)-aph(2”) was
not detected in any ST80 genomes that were p1_VREDO06-10 negative, although only
59.6% (n=65) of genomes that carried this plasmid also carried aac(6’)-aph(2”). In

pl VREDO06-02, two copies of aac(6’)-aph(2”’) were surrounded by 15256, IS1216, and 1S3,
providing multiple mechanisms of excision. In ST1424 aac(6’)-aph(2”’) was detected in
97.8% (n=90) genomes with p1_VREDO06-02. Another four ST1424 genomes carried
aac(6’)-aph(2”’) but not p1_VREDO06-02 (Table 4.9 and Figure 4.7). In p1_VREDO06-10,
aac(6’)-aph(2”’) was surrounded by two copies of I1S256 similarly to Tn6218, although the
transposition machinery was missing (Figure 4.8B).372 Short read assemblies could not
resolve the environment of the aac(6’)-aph(2”’) gene, but in three cases aac(6’)-aph(2”)
was co-located with an 1S3 gene suggesting mobilisation to another transposable element.
The tetracycline resistance gene tet(L) was identified in a single ST1659 genome, the gene
was co-located with tet(M) on a 30 kb contig that was similar to Tn6248 from E. faecium

over ~19 kb (Figure 4.8C).
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Figure 4.8 Comparison of AMR elements to previously described transposons

Comparison of (A) tet(M), (B) aac(6’)-aph(2”’), and (C) tet(L) elements to published
examples. Transposon or strain identification, species, year, and country of first
identification are given where available. CDSs are coloured based on inferred function:

AMR, red; transposon, blue; replication, orange; regulation, yellow; toxin/antitoxins,

tet(L)
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black; hypothetical, grey; pink, surface-associated; other, brown. Coloured blocks

between sequences indicate BLASTn identity >292%.
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4.2.9 Identification of linear plasmid

A single contig in the genome assembly of VRED06-10 did not circularise during assembly
and was found to have structural similarity with linear plasmids identified in VREfm from
Japan (pELF1, accession LC495616) and Denmark (pV24-2, accession CP036153) (Figure
4.9) 285373 The contig in VRED06-10 was named p2_VREDO06-02. In pELF1 and pV24-2, the
left of the plasmid forms a ~5kb hairpin loop around the 5’-TATA-3’ motif and the right
hand end contains multiple palindromic sequences that may form hairpins. Proteins are
postulated to interact with each end and prevent exonuclease digestion. In p2_VREDO6-
02, there is a 46kb inverted repeat around the 5’-TATA-3’ motif, and a hairpin structure
was confirmed. At the right-hand end of p2_VREDO06-02, sequence was identical to that of
pELF1 and pV24-2. To confirm the contig was linear, PCR primers were designed targeting
an internal region within the plasmid as a positive control, and primers targeted off each
end (external). A PCR product of expected size was generated from the internal primers,
but no product was generated from the external primers, confirming that the identified
contig is present within the cell, and is not circularised over the two identified ends (Figure

4.10).

p2_VREDO06-10 was 151kb in length, present in a single copy, with 183 CDSs. No rep type
could be assigned but the repB and parA genes were identified, which may be used in
plasmid replication and segregation 373. The vanA vancomycin resistance operon was the

only identified AMR determinant. In total, 136 (74.3%) of the identified CDSs could not be
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matched to existing protein databases so these were assigned as hypothetical proteins as
a product could not be inferred during annotation. Boumasmoud et al 374 recently
described the linear plasmid pELF_USZ in VREfm from Switzerland that carried an operon
that conferred the ability to utilise the human gut mucin N-acetyl-galactosamine, however

p2_VREDO06-02 did not carry this operon (results not shown).
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Figure 4.9 Comparison of linear plasmid sequences

Strain identification, ST, and country of first identification are given. CDSs are coloured
based on inferred function: AMR, red; hypothetical, grey; replication, dark blue;
transposase, pink; toxin/antitoxins, black; prophage, yellow; other, light blue. Coloured
blocks between sequences indicate BLASTn identity 291%, matches in the same
orientation are coloured yellow and inversions are coloured blue. The first half of the
inverted repeat has been removed for ease of visualising matched nucleotide blocks; all

sequences start at the middle of the hairpin structure (5’-TATA-3’) of the inverted repeat.
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Figure 4.10 — Linear Plasmid PCR products.

Well 1, 100 bp ladder; Well 2, Internal Primer set against VRED06-02; Well 3, Internal
Primer set against VREDO6-10; Well 4, Internal Primer set against water; Well 5, External
Primer set against VRED06-02; Well 6, External Primer set against VRED06-10; Well 7,

External Primer set against water.
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4.3 Discussion

Within-patient diversity is a potentially important confounder in studies of bacterial
transmission 36173%7_ Within patient diversity has been described in E. faecium but this has
not been robustly investigated taking account of statistical power 12282368370 pyplished
work was utilised to design a sampling strategy to identify the optimal number of colonies
to detect transmission and reliably detect within-patient diversity (Tables 4.1 and 4.2).
This study performed WGS on 14 colony picks from rectal screening samples collected on
a single ward over a one month period. Bacteraemia isolates were included where
available to identify how these differed from carriage populations. ST80 and ST1424
dominated the sequenced isolates, and long read sequencing was used to generate high-
quality reference genomes within these lineages for short read mapping. Multiple strains
were detected in 27% of patients, and bloodstream isolates differed by 0-1 SNP to
carriage isolates highlighting transition to invasive disease in this immunosuppressed
patient group. The finding of multiple strains in 27% of patients is in line with recent
studies showing up to half of patients carry 2-4 different E. faecium strains, and within-
patient diversity varies over time 267282370375 Thjs work also identified a maximum of 3
SNPs between isolates of the same lineage within patients, this can be used as a cut-off
for transmission based analyses as isolates sharing <3 SNPs can be considered to be very

closely related and possibly linked to recent transmission.
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Where multiple samples from the same patient were collected over time low (0-3 SNPs)
accumulation of SNPs were found with no pattern in the prevalence of other genomic
variants. Estimates of diversification rates in E. faecium from single colony sampling of
national isolate collections suggest 7 mutations per year,?*® other studies of longitudinal
within-patient diversification have estimated higher rates of 12.6 — 128 mutations per
year.282:36836% The |ow SNP diversity identified in this one-month collection of carriage
isolates is in keeping with the lower estimated mutation rates. Sequencing more than 14
colonies would improve the detection of minor variants but would increase costs,
complexity, and turnaround time. Given the low within-patient diversity in most patients
this approach may not be required in every case. Gouliouris et al*’® analysed within-
patient diversity of E. faecium in 185 stools collected from 109 patients, analysing a
median of five (interquartile range 3-5, total 865) colonies. This identified 51% of stools
contained multiple E. faecium subtypes. Based on the analysis in this thesis five colonies
would identify 50% of the population with 95% confidence (Table 4.1), so may be a
pragmatic choice for analysing within-patient diversity as it should identify most mixed-
strain carriage. However, five colonies gave the lowest confidence in transmission analysis
so the accuracy of the linkage method should be considered and verified before applying
within-patient diversity estimates to routine transmission investigations in future (Table
4.6, Figure 4.6). Alternatively, strain-resolved metagenomics directly on clinical samples or
sweeps of selective culture growth may be more feasible.3””37° Although these
approaches would eliminate considerations over how many colonies to include, they will

likely need higher sequencing depth to identify minor variants which would in turn reduce
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the number of samples that can be sequenced per run and increase costs. Few analysis
pipelines exist for analysing sequence data from mixed samples for transmission analysis,
and the suitability of these tools for outbreak investigations remains to be established.
Further work is required to determine the optimum sampling strategy to support IPC

investigations in healthcare settings.

As within-patient diversity was identified in SNPs as well as MGEs, AMR patterns within
the genomes were also investigated to determine if there could be clinically significant
variation in susceptibility between single colonies. It was identified that presence of
tet(M) was variable within individual patients and phenotypic tetracycline susceptibility
would therefore differ based on which colony was picked (Figure 4.7). However,
tetracyclines are not generally used for treatment of enterococcal human infections so the
clinical impact may be limited. Similar variable presence of the vancomycin resistance
element within patients has been described elsewhere and could lead to inappropriate
use of vancomycin when the patient harbours a resistant subpopulation.!?282:380,381 Thjg
study only included vancomycin resistant isolates, so cannot resolve the potential role of
variable vancomycin resistance carriage within patients or in transmission networks.38?
Gain and loss of vancomycin resistance has been described in regional networks over
periods of years?#. Similar variability was identified with the aac(6’)-aph(2”)
aminoglycoside resistance gene. The impact on aminoglycoside resistance phenotype is
unclear — all genomes carried aac(6’)-li and aph(3’)-1ll which together confer high-level

resistance to the clinically relevant aminoglycosides amikacin and gentamicin, so the loss
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of aac(6’)-aph(2”’) may be more efficient for the cell without an overt change in antibiotic
susceptibility. tet(M) and aac(6’)-aph(2”) were present on transposons Tn6944 and
Tn6218 respectively, both of which were first characterised in Clostridioides difficile,
highlighting transmission of AMR elements between nosocomial pathogens as recently

described.3®3

Long read sequencing allowed the identification of a linear plasmid, p2_VREDO06-10, which
carried the VanA vancomycin resistance operon. Linear plasmids are increasingly
identified in VREfm in studies using long read approaches, before now these would be
missed in fragmented short read assemblies 230:285373,374,384,385 Many of the genes on
p2_VREDO06-10 could not be assigned a function from automated annotation although
other studies have identified AMR genes and biosynthetic clusters linked to nutrient
acquisition. Linear plasmids in enterococci appear to be structurally conserved in a pELF1-
like family and are globally distributed, they are highly stable within E. faecium due to high
horizontal transmission rates, low-level transcription of carried genes, low impact on
chromosomal transcription, and a low overall fitness cost 23°. Further investigation of the
contents, maintenance, and transfer of enterococcal linear plasmids will be an important

aspect of genomic surveillance in the future.

This study has some limitations. Around 60% of E. faecium carriers can be linked to
nosocomial transmission from other patients or reservoirs in the hospital

environment.1?>37538388 This study did not include environmental samples, and although
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patients were mostly located in individual rooms bathroom facilities were shared posing a
significant environmental reservoir for VREfm. Also, direct plating to solid VREfm
screening agar was used to identify carriers for inclusion in the study. Previous studies
have shown a sensitivity of 58-96% for this approach, rising to 97-100% with a pre-

enrichment step.389-391

A proactive sequence-based surveillance approach should avoid large infection outbreaks,
and reduce ward closure costs and the clinical impact of invasive disease.3?73°> Recent
impact modelling for the UK estimated routine WGS-based surveillance could prevent
74,408 HAIs and 1257 deaths while saving £478 million, or £7.83 per £1 invested 3%, In the
study setting, an outbreak of VREfm was suspected three weeks after the study collection
period when P9 and P49 developed BSI concurrently but this was many weeks after VREfm
transmission had likely occurred (Figure 4.1 and Figure 4.4). Prospective WGS surveillance
would have highlighted linked cases prior to the increase in BSls. Due to this study's
retrospective nature, sequencing results could not be used to directly influence patient

care.

To conclude, by taking account of within-patient diversity in VREfm carriage populations
transmission links were identified between patients that could supplement efforts to
control transmission within hospitals. This study also show that diversity exists not just at
the level of SNPs — AMR gene presence/absence, indels, and plasmid presence all vary

within and between patients. Accounting for within-patient diversity is important for
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resolving VREfm transmission using WGS-based investigations and therefore its potential

to informing infection prevention control measures and control the spread of VREfm.
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Chapter 5 Whole genome sequencing based investigation of a suspected nosocomial

outbreak of vancomycin resistant Enterococcus faecium

5.1 Introduction

Having investigated within-patient diversity and defining a 3 SNP cut-off for putative
transmission links, this was then taken forward and applied to a known VREfm nosocomial
outbreak. Outbreak investigations are often initiated in response to an increase in VREfm
infections or colonisation detected from screening, with the aim being to identify whether
transmission has occurred in the clinical setting and stop further transmission. VREfm can
be carried in the gut with no symptomes, this is a significant risk for onward transmission in
hospital settings and infection control policies aim to limit this 3°73% Qutbreak
investigations are often complex requiring input from specialist staff, closure of beds or
entire wards, an increase in testing, and enhanced cleaning leading to costs of $159k -

$357k per VREfm outbreak 127399400,

Typing in outbreak investigations has historically been performed with PFGE but WGS is
increasingly used to identify genetic relationships with higher resolution 15024937539 The
analysis that supports this has mainly been based on the definition of a core genome
specific to the analysis and detection of SNPs, usually after mapping to a reference
genome 2°4280_ An alternative approach is cgMLST which compares 1,400 genes common

in E. faecium between all genomes in the investigation °8. Core SNP and cgMLST analyses
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are relatively stable but ignore a significant amount of genetic diversity, up to 40% of the
E. faecium genome is estimated to be MGEs much of which will not be included in core
genome approaches 2°2, Lately, reference-free SKA typing has been shown to be equally or
more sensitive for E. faecium genetic relationships than both core SNPs and cgMLST 305401,
SKA uses split k-mers to identify variation between closely related genomes, calculate
pairwise distances, and create clusters of linked genomes; the use of k-mers also makes
SKA faster to run than other genomic epidemiology tools '87. SKA does not rely on a
reference genome and so takes account of the whole genome, including MGEs, so should
allow more in-depth comparisons between genomes by including more sequence variants
187 Recently, SKA has been implemented into the PopPIPE pipeline. First, related genomes
are clustered using PopPUNK, then PopPIPE calculates the core and accessory distances
within each cluster, runs SKA to generate within-cluster alignments, builds a phylogeny for
each cluster, and the phylogeny is partitioned into subclusters using fastbaps 18402,
PopPIPE provides a straightforward means to generate SKA-based subclusters for

identifying closely related genomes in a large collection.

In Chapter 4, within-patient diversity was investigated and a maximum of 3 SNPs were
identified between related isolates within patients. This knowledge was next applied to
investigate a suspected nosocomial outbreak as these are important drivers of
transmission of MDR enterococci and are challenging to manage. VREfm were isolated as
part of a suspected multi-ward outbreak on the orthopaedic department of RIE in 2016,

only single colonies were available for most samples as this is the standard practice
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currently. The aim of the study was to investigate the utility of merged WGS and
epidemiological analysis to understand suspected VREfm outbreaks. Reference-free and
core SNP based clustering will be compared to each other and to PFGE, and the linkage of

these genetic clustering approaches with epidemiology will be investigated.

5.2 Results

5.2.1 Epidemiological context

An outbreak investigation was started when a patient (patient 3) on Ward B in the
Orthopaedic Department developed VREfm UTI after contact with a known carrier
(patient 1). IPC measures were implemented including enhanced cleaning of ward,
practice reviews, staff education, and patient screening for VREfm carriage. On day 11 a
further investigation was implemented on Ward A when two patients (patients 2 and 11)
in a shared room developed VREfm UTI. On day 26 the investigation was further widened
when VREfm was isolated from urine and deep tissue samples collected on wards C and D
(patients 23 and 24). The investigation was further expanded to Ward E on day 49 when
VREfm was isolated from a hip fluid aspirate (patient 42). Patient 42 was the last
associated with confirmed clinical infection, screening was discontinued on day 111, and

the incident was closed on day 155.
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In total, 2114 samples from 1519 patients were investigated for the presence of VREfm, of

which 108 (5.1%) samples from 87 (5.7%) patients were positive. Of these, 87 isolates
from 84 patients were available for further investigation (Table 5.1). The outbreak
investigation followed local guidance at the time and so single colonies were sent for

typing and stored in most cases, only the stored colonies were available for this study.

While this does not reliably distinguish within-patient diversity, it does reflect current NHS

practice and so the findings from this study can be directly applied to other VREfm

outbreak investigations. VREfm was isolated throughout the investigation on all implicated

wards, with no clear pattern identifiable from epidemiological data alone (Figure 5.1).

Table 5.1 Patient demographics (84 patients)

Metric Number (%)
Female 51 (60.7)
Age, median (range) years 78 (33-98)
Colonised 74 (88.1)
Patient Status® Possible Infection 7 (8.3)
Confirmed Infection 3(3.6)
Ward A 24 (28.6)
Ward B 23 (25.0)
Ward C 10 (11.9)
Location
Ward D 13 (15.5)
Ward E 12 (14.3)
ADM 4 (4.8)
Rectal Swab 50 (59.5)
Specimen type
Faeces 14 (16.7)
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Swab, site not stated 9(10.7)
Mid-Stream Urine 5 (6)

Catheter specimen urine 2(2.4)
Perineal Swab 2(2.4)
Hip Fluid 1(1.2)
Tissue 1(1.2)

9 Colonised, VREfm isolated from rectal carriage sample only; possible infection, VREfm

isolated from clinical sample in absence of clinical symptoms; confirmed infection, VREfm

isolated from clinical sample with symptoms.

ADM, pre-admission clinic
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Figure 5.1 Epicurve of VREfm outbreak on Orthopaedic Department

Blocks indicate collection of a VREfm positive sample, blocks are coloured according to
patient ward at time of sample collection, time unit is days, incident measures are

indicated by arrows. ADM, pre-admission clinic.
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5.2.2 Genomic clustering

The 87 genomes in the collection were assigned to five STs, all belonging to the Clade A
nosocomial lineage (Table 5.2) 371, ST80 accounted for 58.6% (n=51) of the genomes,
ST203 for 14.9% (n=13), ST18 and ST262 for 12.6% (n=11) each, and ST2287 for 1.1%

(n=1). ST2287 was a novel ST, and a single locus variant of ST17.

Core genome SNP analysis grouped 74 (85.1%) genomes into 14 clusters with a median
size of 4 (Figure 5.2, Table 5.2). PopPUNK partitioned the genomes into seven clusters,
these were like the ST groupings identified by MLST, but PopPUNK split the ST80 and
ST203 populations. The same split was seen in the structure of the core SNP phylogeny
(Figure 5.2). PopPIPE was used to subcluster within each PopPUNK cluster and assigned 77
(88.6%) genomes into 20 clusters with median size of 3 (Table 5.2). Core SNP and PopPIPE
grouping agreed in 68 (78.2%) genomes. Core SNP included three genomes in clusters that
PopPIPE identified as singletons, whereas PopPIPE included six genomes in clusters that
were singletons with core SNP analysis. PFGE was performed on 84 isolates and grouped
58 (69.1%) into 11 clusters with median size of 4 (Table 5.2). PFGE agreed with core SNP

clustering in 52 (61.9%) and with PopPIPE in 50 (59.5%) cases.
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Table 5.2 Typing results of VREfm (n = 87)

MLST PFGE “ Core SNP PopPIPE
Median Median Median Days
isolates isolates isolates between
Isolates Isolates Isolates Study
Sequence per per per first and
Isolates | Clusters | clustered Clusters | clustered Clusters | clustered Wards
Type cluster cluster cluster last
(%) (%) (%)
(Min- (Min- (Min- isolate
max) max) max)
80 51 6 37 (74) | 4(2-15) 8 43 (84.4) | 3(2-12) 11 48 (94.2) | 3(2-11) 6 116
203 13 3 9 (75) 3 (2-4) 3 12 (92.4) | 4(2-6) 4 11 (84.7) | 2.5(2-4) 5 116
18 11 1 5 (50) 5 (5-5) 2 9(81.9) 4.5 (4-5) 3 10 (91) 3(2-5) 6 53
10 (10-
262 11 1 7(63.7) | 7(7-7) 1 10 (91) ) 2 8(72.8) | 4(3-5) 3 82
10
2287 1 0 - - 0 - - 0 - - 1 -
All 87 11 58 (69.1) | 4 (2-15) 14 74 (85.1) | 4(2-12) 20 77 (88.6) | 3(2-11) 6 125

984 isolates tested with PFGE

MLST, multilocus sequence typing; PFGE, pulsed field gel electrophoresis; SNP, single nucleotide polymorphism
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Figure 5.2 Core SNP phylogeny of outbreak collection

All genomes (n=87) mapped to Aus0004 chromosome (2,955,294 bp), MGEs and
recombination masked (456,461 bp), and maximum likelihood phylogeny built on

remaining SNPs (607 bp). Patient metadata and clustering are indicated by coloured
blocks (see figure for key), branches are coloured according to bootstrap. Patient 20, 42,
and 51 had multiple isolates sequenced and are indicated in the tree based on coloured

blocks in the patient column. Tree is midpoint rooted.
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5.2.3 Epidemiological support for genomic clusters

Next, epidemiological linkage was assigned to all patient pairs within the identified
clusters to determine to what degree the genomic linkage was supported by patient
movement in time and space. It was considered that patients sharing time on the same
ward were epidemiologically linked and represent possible direct transmissions, patients
sharing the same ward without overlapping stay or having overlapping stay on different
wards were also epidemiologically linked and may represent indirect transmission,
patients admitted to different wards at different times were weakly linked and
transmission opportunity was unclear, all other patients were considered unlinked

epidemiologically and transmission could be ruled out.

MLST clustering was not well supported by epidemiological linkage with 9% of pairs
admitted to the same ward at the same time, 74% admitted to different wards, and 6%
had no identified link (Table 5.3). This reflects the broad clustering of MLST based on long-
term evolutionary relationships rather than short-term genetic linkage. Patient pairs
clustered with core SNPs had higher agreement with epidemiological linkage, with 26%
being on the same ward at the same time and 5% having no identified epidemiological link
(Table 5.3). PopPIPE performed similarly but had slightly higher agreement with
epidemiological linkage, with 30% of pairs being on the same ward at the same time and

3% having no identified link (Table 5.3). PFGE had similar epidemiological linkage to the
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core SNP and PopPIPE clusters, although it had the lowest proportion with no linkage and

the highest with unclear linkage (different wards at different times, Table 5.3).
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Table 5.3 Epidemiological linkage within genomic clusters

Epidemiological linkage

MLST [n=1354]

PFGE [n=185]

Core SNP [n=228]

PopPIPE [n=159]

% (95% CI)

Same ward, same time

Same ward, stay 1-28d apart

Different ward, same time

Different ward, stay 1-28d apart

No link

polymorphism

% (95% CI)

% (95% Cl)

25.5(19.2-31.8)

25.5(19.2-31.8)

25.9 (20.2-31.6)

36.3(29.4-43.2)

Coloured from low (blue) to high (orange) percentage across each row

32.9 (26.8-39.0)

Cl, confidence interval; MLST, multilocus sequence typing; PFGE, pulsed field gel electrophoresis; SNP, single nucleotide

% (95% Cl)

12.6 (7.4-17.8)

26.5 (19.6-33.4)

3.2(0.5-5.9)
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5.2.4 Cluster introductions and on-ward transmission

Next, patients were assigned as likely VREfm introductions and acquisitions based on
timing of positivity relative to admission. Twenty five (29.8%) patients were identified as
likely VREfm introductions, three (3.6%) likely acquired VREfm during inpatient episode,
and 56 (66.7%) were inconclusive. As PopPIPE clustered the most genomes together,
PopPIPE clusters containing likely VREfm introductions were then investigated to identify
possible on-ward transmissions. The 25 introductions were present in 21 PopPIPE clusters
containing a total of 63 patients (Table 5.4). All three identified acquisitions were VREfm
positive after a cluster introduction and were on the same ward at the same time,
suggesting these three acquisitions were due to direct transmission from an introduction.
There were six introduction cases assigned as singletons by PopPIPE, suggesting these
introductions did not lead to any direct transmission in the study population. Of 35
inconclusive cases, two (5.7%) were on the same ward at the same time as an introduction

case and may be instances of direct transmission.
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Table 5.4 Introductions of VREfm and possible onward transmission

PopPIPE
Cluster

Total
Patients

Introductions

(n)

Acquisitions

Inconclusive

S

Same ward as
introduction

Same time as
introduction

=]

Same ward as
introduction

Same time as
introduction

2-1-3

=
o

1

1

0

1

1-4-5

4-1-2

2-1-1

3-2-3

6-1-1

2-2-6

4-1-1

2-1-2

OO0l O|O|O|O

R |INOlO|R,r|O|O|O

1-1-1

1-3-3

5-2-2

3-1-2

2-1-5

OO0 | |Fr

O |FRr |, |O

2-1-4

1-6-7

1-7-8

4-1-3

5-3-4

5-4-5

No ID

R Rr|IRPR|IRP[IRP|IFRPININININININWWW [P dDIPdDIU|O
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Total 63 25 B 3 (100) 3 (100) | 35 | 3(8.6) 7(20.0)

ID, identification
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The three largest PopPIPE clusters also had the most inconclusive cases based on timing of
positivity, epidemiological data was investigated to attempt to resolve these clusters
(Figure 5.3). Cluster 2-1-3 contained 10 patients of which two were introductions, one
acquisition, and seven inconclusive based on timing of positivity. Patients 14, 17, 18, and
39 were all on Ward A at the same time so may represent a transmission cluster (Figure
5.3A). While patient 39 was on Ward A there was overlap with patient 28 on Ward C and
Patient 51 on non-study wards and Ward B, this may represent between-ward
transmission via unidentified sources or detection of pre-existing carriage of related
isolates. Patient 60 was identified as an introduction into Ward E, with patient 75
subsequently acquiring VREfm after sharing time on Ward E, this indicates likely
transmission on the ward. Patient 67 overlapped in time with patients 60 and 75 but on
different wards, they had also stayed on Ward A but prior to any cases in this cluster.
Patient 73 screened VREfm positive while a day case on Ward A so was classed as an
introduction, they were subsequently admitted to Ward B but no further cases were

identified on this ward.

Cluster 1-4-5 contained nine patients of which one was an introduction and eight
inconclusive (Figure 5.3B). Patient 1 was a known VREfm carrier, patient 3 grew VREfm
from a urine sample in month 3 having shared a room with patient 1 and an outbreak
investigation was called. Patient 1 was screened while in a neighbouring hospital to be
included in the investigation. Transmission between patient 1 and 3 can be ruled out as

the isolate from patient three was assigned to cluster 6-1-1. However, WGS does link
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patient 1 and patient 4 (a rectal screen performed as part of the outbreak investigation)
and these patients shared time on Ward B suggesting a transmission link. Patients 8, 19,
and 21 were subsequently positive on Ward B with overlap on the ward in a likely
transmission cluster. Patient 16 was positive on Ward A at the same time. Patients 30 and
34 were positive on Ward D around 2 weeks after these cases had been discharged from
the hospital, in a likely on-ward transmission pair. Patient 34 shared a short time in the
hospital with patients 16, 19, and 21, and was on Ward D for a month while patient 1 was
on Ward A. The introduction case in this cluster was paradoxically the last identified,
screening positive at a pre-admission clinic around two weeks after patient 34. Patient 57
had no identified hospital contact prior to screening positive and was admitted from their

home.

Cluster 4-1-2 contained five patients of which one was an introduction and four
inconclusive (Figure 5.3C). Patients 2 and 11 both had VREfm UTI after sharing a room on
Ward A which prompted an outbreak investigation, WGS confirmed these cases are likely
transmission but also identified patient 13 and 15 as being linked and on the ward at the
same time. Similar to cluster 1-4-5, patient 55 was admitted three weeks later to Ward B
and was the only identified introduction of this cluster. Patient 55 had no identified

hospital contact prior to screening positive and was admitted from their home.
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Figure 5.3 Patient timelines for three largest PopPIPE clusters

A, PopPIPE cluster 2-1-3; B, PopPIPE cluster 1-4-5; C, PopPIPE cluster 4-1-2. Each patient is
represented by a row, with time on the x-axis. Hospital visits are plotted as coloured
boxes, coloured by the ward, isolates are represented by circles and coloured based on

whether the isolate was sequenced or not. ADM, pre-admission clinic
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5.3 Discussion

The utility of genomic typing for investigating a suspected multi-ward nosocomial
outbreak of VREfm was investigated. Among a collection of 87 isolates, core SNPs
clustered 74 (85.1%) into 14 clusters and PopPIPE clustered 77 (88.6%) into 20 clusters
(Table 5.2). Clustering agreed between the two methods for 68 (78.2%) isolates.
Considering epidemiological linkage of patients, 30.2% of patient-pairs in PopPIPE clusters
were on the same ward at the same time, compared to 25.9% of pairs in core SNP clusters

(Table 5.3).

For both core SNP and PopPIPE clustering, ~54% of patient pairs were on different wards
either at the same time or within 28 days (Table 5.3). This could be due to clustering of
genetically related lineages circulating outside of the studied setting, or undetected
sources of transmission linking multiple wards (staff, patients, equipment, or shared
facilities) 127:357:403 The SNP approach in this study clustered based on SNPs in a core
genome, the PopPIPE approach first partitioned the genome collection into broad
groupings using PopPUNK and then used SKA to perform reference-free whole genome
sub-clustering within these groups. PopPIPE considers the whole genome including mobile
elements when clustering, this likely provides further discrimination and may explain why
more clusters with smaller numbers were identified with PopPIPE compared to core SNPs
(Table 5.2). Similar results have recently been described comparing SKA with SNP-based

and cgMLST typing highlighting that split k-mer based clusters can have higher
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epidemiological support 3°>4%1, MGEs allow E. faecium to adapt to the nosocomial
environment and drive the emergence of novel clones, including these elements in
outbreak investigation could provide important insights into transmission patterns
252,305,401 However, MGEs may also spread into lineages that are distinct when core SNPs
are considered, this may explain why some genomes were unclustered by core SNPs but
clustered by PopPIPE 4%, In comparison to core SNP mapping, PopPIPE and other SKA
based approaches also benefit from fast run times using k-mers and do not require a well
curated reference genome to generate accurate clustering. Higgs et al*® recommend SKA

as the optimal method for identifying putative transmission links in E. faecium.

This Chapter also confirms PFGE has lower resolution than WGS-based typing 24,
clustering less isolates into fewer clusters and agreeing with WGS clustering in 60-62% of
cases, although when isolates are clustered by PFGE these have reasonable
epidemiological support (Table 5.3). PFGE may retain a role in outbreak investigations if
WGS is not available, particularly to rule out transmission when isolates do not have the
same PFGE profile, although with the significant caveat that some cases of transmission

are likely to be missed or incorrectly assigned.

Twenty five (29.8%) patients were identified as likely VREfm colonised at admission,
suggesting a significant baseline of VREfm colonisation in the patient cohort and in
keeping with estimates from another centre in the UK 11, Additionally, 25/35 (71.4%)

inconclusive cases in eight PopPIPE clusters with introductions were identified as VREfm
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positive before the introductions were admitted (Table 5.4), indicating multiple reservoirs
of these genetic clusters. Only 7 (8.3%) patients were admitted directly from another
hospital or care home, but the patient cohort is elderly (Table 5.1) and 43 (51.2%) had
been admitted in the 3 months before the study began so this cohort could be considered
high risk for VREfm carriage. Given the high carriage rate detected (29.8%), structured
surveillance screening within 48 h of admission, at least weekly during stay, and at
discharge would be optimal to correctly assign introductions, acquisitions, and likely
transmission sources but can be challenging to implement 4%>4%_ Of note, eleven PopPIPE
clusters either had one isolate, or only introductions, and so there was no evidence for

transmission of these clusters from this analysis.

Three (3.6%) cases of likely VREfm acquisition were identified during hospital stay based
on conversion from negative to positive rectal screens. All three cases clustered with
identified introductions and shared time on the same wards, indicating a likely patient
source for transmission. It was not possible to classify 56 (66.7%) patients as likely
introduction or acquisition due to the absence of VREfm screening within 48 h of
admission, but the addition of WGS clustering allowed the investigation of likely
transmission between some individuals (Figure 5.3). However, the detection of very
closely linked genomes from patients admitted to different wards at different times is
challenging to interpret even with WGS, and has been reported elsewhere in E. faecium
249,407 Recently, Cassone et al*®® performed mathematical modelling to define the spread

of VRE in their hospital. This showed that VRE had a high tendency towards horizontal
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spread between patients in different rooms, or multiple introductions into the hospital of
related strains. Despite the high burden of VRE in their hospital, environmental
persistence within individual rooms was rare suggesting terminal cleaning was effective.
Taken together with the results in this Chapter, it appears that some of the difficulties
investigating VRE outbreaks is due to the continual introduction of related strains into
different clinical areas likely due to a significant number of admissions being VRE carriers

from previous healthcare contact.

This study was mainly performed on single colony picks but included two morphologically
distinct isolates from three patients, giving a small insight into within-patient diversity.
These isolates were selected for further typing as they had different colony morphology.
In two cases, the within-patient isolates clustered together, but in patient 20 the two
isolates were assigned to different STs and differed by 167 core SNPs (Figure 5.2). If one
isolate from patient 20 had been selected, they would either be assigned a singleton or
clustered with other cases. Carriage of multiple E. faecium genetic subtypes has been
identified in 27-51% of cases, which can complicate accurate delineation of nosocomial
transmission events 376, A limitation of this study is that multiple colonies were not
sequenced in all cases and so some relationships may be missed. Currently, the optimal
approach to include within-patient diversity in transmission analyses of E. faecium
remains to be established, but the core SNP threshold of 3 SNPs used here was based on
the maximum within-patient diversity identified in Chapter 4. Additionally, accurate

assignation of VREfm carriage status can be affected by the laboratory method used: solid
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medium has estimated sensitivity for VREfm of 58-96%, compared to 97-100% using
enrichment 389391 The findings in this Chapter are applicable to current practice and add

to increasing evidence for the utility of SKA-based genomic clustering 39>401,

In summary, in a collection of 87 VREfm isolates from 84 patients implicated in a
suspected multi-ward transmission outbreak 85-89% of isolates were clustered based on
WGS typing. PopPIPE was slightly more discriminatory than core SNP clustering, likely due
to the consideration of MGEs. However, when considering epidemiological linkage there
was not always a strong relationship within genetic clusters, suggesting reservoirs of
VREfm transmission outside of the setting or transmission mechanisms not identified in
this analysis. Although three patients were identified as likely acquisitions and at least
29.8% were colonised on admission, it could not be determined whether 66.7% of
patients had acquired VREfm during their stay based on timing of samples, further analysis
of WGS clustering identified putative transmission links between the inclusive cases.
These findings suggest PopPIPE is a suitable method for VREfm clustering for outbreak
investigation, but this is reliant on a robust sampling strategy and patient epidemiological

data.
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Chapter 6 Genomic analysis of national vancomycin resistant Enterococcus faecium

dynamics

6.1 Introduction

Having investigated the role of nosocomial transmission on VREfm lineages, the role of regional
relationships was investigated next. Surveillance of BSIs has identified an increasing number of
E. faecium in Scotland that are resistant to vancomycin, comparisons to other countries show a
similar increasing trend but suggest Scotland has a higher VREfm rate than England, Australia,
and most of Europe (Table 1.3) 216265409 The exact reasons for this higher rate are unclear,
there could be multiple factors involved including a high-risk patient population, ineffective or
poorly applied IPC measures, or the presence of particularly invasive strain(s) of VREfm. At a
national level recent studies from Australia, Denmark, England, Germany, and the Republic of
Ireland have highlighted diverse populations of VREfm with evidence of spread of VREfm clones

between and within hospitals 140257,410-412,

In Scotland, studies in the mid-1990s using PFGE identified clonal spread of vanB positive
VREfm in Glasgow hospitals, while in Edinburgh a vanA positive outbreak was identified with
potential inter-hospital transfer within Edinburgh and to a neighbouring region 413414 A 2012
outbreak of linezolid and vancomycin resistant E. faecium was described by Inkster et al 4%,
PFGE analysis showed transmission within a single ward in Glasgow. More recently, Lemonidis

et al 284 performed WGS on five VREfm isolated from two hospitals in Lanarkshire, showing
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related ST1424 isolates in the two hospitals and phylogenetic clustering with ST1424 from
Australia and England. However, Lemonidis et al do not report relationships at the SNP level so
it is unclear if these genomes represent direct transmission or not. There is currently a lack of

understanding of the genetic epidemiology of VREfm in Scotland.

Chapters 4 and 5 investigated VREfm dynamics within closely linked wards within a single

hospital, the aim of this Chapter is to identify the genetic background of VREfm across Scotland

to determine if VREfm lineages are geographically limited, or if there is evidence of national

transmission patterns.

6.2 Results

6.2.1 Description of collection

This study included 326 isolates identified as VREfm in eight of the 14 regional Health Boards

providing frontline healthcare in Scotland between 2012 and 2017 (Figure 6.1, Table 6.1).

Table 6.1 Sampling Health Boards for Scottish VREfm

Health Board Count (%)

Lothian 86 (26.4)
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Tayside 77 (23.6)
Greater Glasgow & Clyde | 45(13.8)
Fife 43 (13.2)
Grampian 42 (12.9)
Dumfries & Galloway 19 (5.8)
Highland 8(2.5)
Lanarkshire 6 (1.8)
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Collection Year for included Scottish VREfm (n=326)
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Figure 6.1 Histogram of collection year for the 326 Scottish VREfm isolates
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The included isolates represented a convenience sample of all available isolates in participating
Health Boards at the time of study inception (2016). This includes isolates stored at the Scottish
MRSA Reference Laboratory after PFGE typing as part of outbreak investigations, and isolates
stored in regional Health Boards after isolation from clinical or screening samples. Isolates from
a range of clinical samples were included, although blood, rectal, and urine samples accounted

for 20-24% each (Table 6.2).

Table 6.2 Clinical samples types yielding study isolates

Sample Type | Count (%)

Blood 78 (23.9)

Rectal screen | 78 (23.9)

Urine 66 (20.2)
NA 53 (16.3)
Drain 23(7.1)

Tissue/bone 16 (4.9)

Wound 7 (2.1)

Respiratory 3(0.9)

Line 2 (0.6)

NA, Not available
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We estimate that the collection includes ~25% of all bloodstream VREfm from Scotland in 2012-
2015 during which time VREfm detections went from stable to increasing year on year (Table

6.3, Figure 1.2).

Table 6.3 Proportion of Bloodstream Scottish VREfm isolates included in this study

Estimated study coverage of national
Year Study count | National count® | count (%)
2012 13 61 21.5
2013 14 55 25.6
2014 23 87 26.4
2015 26 102 25.6
2016 2 114 1.8
2017 0 124 0.0

IData from 416417

6.2.2 MLST

The Scottish genomes were assigned to 20 STs, all related to the previously described Clade A
nosocomial lineage 3’%. ST203 and ST80 accounted for 74% of the genomes with other STs
accounting for lower numbers of isolates (Table 6.4). All STs with more than one assigned
genome were detected in multiple Health Boards, although ST distribution varied between

regions. ST203 was particularly concentrated in Tayside and Lothian, ST80 was more common in

192



Fife, Grampian, Lothian, and Dumfries and Galloway, Greater Glasgow and Clyde had the most

STs detected (n=10) and was the most common source of ST262 and ST17.
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Table 6.4 MLST Results in Scottish isolates (n=326)

Greater Glasgow Dumfries &
ST Total (%) Lothian Tayside Fife Grampian Highland Lanarkshire

& Clyde Galloway
203 125 (38.3) 50 54 9 3 6 1 0 2
80 117 (35.9) 21 8 8 34 28 14 3 1
262 23(7.1) 4 2 11 3 0 0 0 2
18 15 (4.6) 3 9 0 0 0 0 3 0
17 12 (3.7) 2 1 8 0 1 0 0 0
2228 8 (2.5) 0 0 4 0 0 2 2 0
64 7(2.1) 0 0 0 0 6 1 0 0
412 5(1.5) 2 0 1 2 0 0 0 0
78 2 (0.6) 0 0 1 0 0 0 0 1
117 2 (0.6) 1 0 0 1 0 0 0 0
132 1(0.3) 0 0 1 0 0 0 0 0
280 1(0.3) 0 0 0 0 0 1 0 0
282 1(0.3) 1 0 0 0 0 0 0 0
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992 1(0.3) 0 0 0 0 1 0
1032 1(0.3) 0 0 1 0 0 0
2227 1(0.3) 0 0 1 0 0 0
2229 1(0.3) 0 1 0 0 0 0
2230 1(0.3) 1 0 0 0 0 0
2231 1(0.3) 0 1 0 0 0 0
2232 1(0.3) 0 1 0 0 0 0
Total 326 (100) |85 77 45 43 42 19

ST, Sequence Type
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6.2.3 Genomic clustering of Scottish VREfm

The population structure of the Scottish VREfm isolates was investigated by reference based
mapping and generation of a SNP-based core genome phylogeny (Figure 6.2). The direct
transmission threshold used in Chapter 5 was doubled to 6 SNPs to identify genomes linked in
putative regional transmission networks. A total of 238 (73.0%) genomes were assigned to 17
clusters using a threshold of 6 SNPs, which highlighted intra- and inter-regional VREfm spread
(Table 6.5). Clusters 5, 6, 7, 10, 13, and 15 contained genomes from single Health Boards and
may represent local lineages of transmission either within a single hospital or local healthcare
network. Clusters 9 and 11 were the widest spread clusters and were both detected in five
Health Boards. Cluster 9 is dominated by genomes from Fife, with smaller numbers of
detections in Lothian, Tayside, Highland, and Grampian. Cluster 17 contained 44 genomes from
Tayside and 1 from Fife, it is the biggest cluster in the collection. Cluster 14 contains 40
genomes, mainly from Lothian but also three genomes each from Tayside and Grampian.
Cluster 14 is not only of interest as a large cluster from Lothian with evidence of transfer to
other Health Boards, but also because Clusters 15, 16, and 17 arose from within it suggesting

diversification within the ST203 lineage in Scotland.
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Figure 6.2 Core SNP phylogeny of Scottish VREfm

All genomes (n=326) mapped to Aus0004 chromosome (2,955,294 bp), MGEs and
recombination masked (1,994,316 bp), and maximum likelihood phylogeny built on remaining

SNPs (1080 bp). Clusters were assigned where three or more genomes had <6 SNPs. Metadata

and clustering are indicated by coloured blocks (see figure for key).
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Table 6.5 VREfm clusters identified by collecting Health Board

Greater Glasgow Dumfries &
Clusters Lothian Tayside Fife Grampian Highland Lanarkshire | Total (%)
& Clyde Galloway

Cluster 1 2 - 1 - - - - - 3(1.3)
Cluster 2 3 8 - - - - 3 - 14 (5.9)
Cluster 3 1 - 3 - - - - - 4(1.7)
Cluster 4 4 - 8 2 - - - - 14 (5.9)
Cluster 5 - - - - 25 - - - 25 (10.5)
Cluster 6 - - - - 3 - - - 3(1.3)
Cluster 7 - - 7 - - - - - 7(2.9)
Cluster 8 6 - 3 2 - - - - 11 (4.6)
Cluster 9 4 6 - 22 1 - 3 - 36 (15.1)
Cluster 10 - - - - - 9 - - 9(3.8)
Cluster 11 5 1 5 1 - 2 - - 14 (5.9)
Cluster 12 1 - - - - - - 2 3(1.3)
Cluster 13 - - 3 - - - - - 3(1.3)
Cluster 14 34 3 - - 3 - - - 40 (16.8)
Cluster 15 4 - - - - - - - 4(1.7)
Cluster 16 1 - 2 - - - - - 3(1.3)
Cluster 17 - 44 - 1 - - - - 45 (18.9)
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6.2.4 Comparison of national collection to known outbreaks

Given the detection of local clusters and evidence for diversification leading to new
clusters of transmission in the national collection, the outbreak genomes described in
Chapters 4 and 5 were compared to the national collection. All reads were mapped to the
Aus0004 reference and a core SNP phylogeny generated (Figure 6.3). This showed that the
Chapter 4 and 5 genomes clustered within the lineages of ST18, ST80, ST203, and ST262
identified in Lothian, suggesting these outbreaks were largely driven by ongoing VREfm

transmission dynamics within Lothian.

The ST1424 genomes from Chapter 4 were distinct from others in the phylogeny (Figure
6.3). Lemonidis et al?®* describe four ST1424 VREfm isolated in Lanarkshire also in 2017, to
investigate whether these cases represented a national cluster all Scottish ST1424 were
aligned to the V24 reference genome (ST80 isolated in Denmark in 2013) and a maximum
likelihood phylogeny generated (Figure 6.4). This showed the Lothian and Lanarkshire
ST1424 genomes represented related but distinct populations, separated by 12 SNPs.
Within Lanarkshire, 9-30 SNPs differentiated the four genomes suggesting these were not

linked by recent direct transmission and are part of a more diverse population.
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Figure 6.3 Phylogeny of all Scottish VREfm genomes presented in this thesis

Genomes (n=642) mapped to Aus0004 chromosome (2,955,294 bp), MGEs and

recombination masked (2,146,548 bp), and maximum likelihood phylogeny built. Metadata
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are indicated by coloured blocks (see figure for key). Thesis collection: VRE Diversity,

Chapter 4; Cluster, Chapter 5; National, Chapter 6.
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Figure 6.4 Phylogeny of Scottish ST1424 genomes

Genomes (n=102) mapped to V24 chromosome (2,720,495 bp), MGEs and recombination

masked (1,427,975 bp), and maximum likelihood phylogeny built. Metadata are indicated
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by coloured blocks (see figure for key). Thesis collection: VRE Diversity, Chapter 4; Cluster,

Chapter 5; National, Chapter 6.
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6.2.5 AMR detection, comparison of genotypic and phenotypic

Prior to inferring AMR patterns in the entire national collection, accuracy of the in silico
approach was determined by comparing to phenotypic susceptibility results. A subset of
80 isolates from the national collection and the 87 isolates included in Chapter 5 were

used, as results from routine phenotypic AST were available.

The FDA provide guidance for the evaluation of AST methods which suggest new tests
should have categorical agreement to the Gold Standard method of >89.9%, a ME rate
(reference test sensitive, new test resistant) <3%, and a VME rate (reference test resistant,
new test sensitive) <2.94% 3%3, Considering phenotypic AST as the Gold Standard to
compare against genotypic assignment, genotype was acceptable for 5/11 tested
antimicrobials including ampicillin, vancomycin, and linezolid (Table 6.6). Teicoplanin was
unsuitable due to a high ME rate after detection of vanA in seven isolates that tested
teicoplanin sensitive, retesting with a different AST method confirmed that six of these
isolates were teicoplanin resistant as predicted by the genotype. Chloramphenicol
resistance was uncommon based on AST and genotypic detection would be deemed
unsuitable for clinical use based on one VME, despite very high categorical agreement.
Kanamycin, gentamicin, and tetracycline all had unacceptable major and VME rates.
Genotypic determination of trimethoprim susceptibility would also not pass the FDA

recommendations due to poor categorical agreement (59.9%) with AST.
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Table 6.6 Accuracy of in silico antimicrobial susceptibility determination (n=167)

Categorical
Agreement,

% (95 % Cl)

Phenotypic AST | Genotypic
Drug

Resistance, n (%) | Resistance, n (%)
Ampicillin 166 (99.4) 165 (98.8)
Vancomycin 166 (99.4) 165 (98.8)
Erythromycin 167 (100) 166 (99.4)
Chloramphenicol | 15 (9) 14 (8.4)
Linezolid 0(0) 1(0.6)
Streptomycin 126 (75.4) 124 (74.3)
Teicoplanin 160 (95.8) 165 (98.8)
Kanamycin 159 (95.2) 153 (91.6)

Major

error, n (%)

Very major

error, n (%)

-

0(0) 1(0.6)
0(0) 1(0.6)
0(0) 1(0.6)
0(0) 1(6.7)
1(0.6) 0(0)

0(0) 2(1.6)
7 (100) 2(1.3)
3(37.5) 9(5.7)
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Tetracycline 154 (92.2) 137 (82)
Gentamicin 123 (73.7) 99 (59.3)
Trimethoprim 90 (53.9) 41 (24.6)

1(7.7) 18 (11.7)
19 (43.2) | 43(35.0)
NA® NA®

% No sensitive class for trimethoprim, only intermediate or resistant. Lack of AMR gene

was considered intermediate, detection of a gene was considered resistant. There were 67

(40.1%) minor errors where the different call was between intermediate and resistant. No

other antibiotics had intermediate reference test results so minor errors were not

calculated.

AST, antimicrobial sensitivity test; Cl, confidence interval; n, number; NA, not available

6.2.6 Insilico AMR detection in national collection

While Section 6.2.5 highlights some limitations in defining phenotypic susceptibility from

genotypic markers and may preclude the introduction of the method into clinical use for

the full AST panel at the current time, the detection of AMR markers from WGS data is still

informative to characterise the national collection. In silico detection of AMR markers

showed the Scottish isolates to carry a median of 10 (range 2-15) AMR markers (Table

6.7). vanA was the most common vancomycin resistance mechanism, detected in 96.6% of
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isolates while vanB was only detected in nine (2.8%) cases and eight of these also carried
vanA. No vancomycin resistance mechanism was detected in 10 isolates, eight were
available for repeat MIC testing which confirmed five were vancomycin sensitive (MIC
<0.75 mg/I, resistant breakpoint >4 mg/I) and three were confirmed as resistant (MIC
>256 mg/l). De novo assemblies were made of the three discrepant isolates and uploaded
to the CARD and ResFinder AMR detection sites, again no complete vancomycin resistance

operons were detected.

Two isolates lacked the pbp5 ampicillin resistance mutations but were confirmed
phenotypically resistant (MIC >256 mg/|, resistance breakpoint >8 mg/l), investigation of
de novo assemblies could not identify an intact copy of pbp5. Isolates lacking pbp5 have
been infrequently detected, but these are usually ampicillin sensitive #°. Linezolid
resistance mutations in the 23S rRNA gene were detected in three isolates. There are six
copies of the 23S rRNA gene in E. faecium, ~80% reads matched the mutant for
VRE_ABD_036 suggesting five mutated copies, and ~30% matched the mutant for
VRE_ABD_038 and VRE_EDI_084 suggesting two mutated copies. A 23S rRNA mutant ratio
of 80% correlates with clinical resistance, but a ratio of 30% may be sensitive or resistant
by phenotypic AST 7348, Fluoroquinolone resistance mutations were detected in 99.4%
gyrA and parC sequences, only one isolate had no mutations in either gene. The most
common gyrA mutation was S83I (n=228, 70.4%), then S83Y (n=94, 29.0%), with S83R and
E87G detected in single isolates (0.3%). In parC the S80I (n=180, 55.6%) and S80R (n=144,

44.4%) mutations were detected. These mutations all lead to resistance to clinically active
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concentrations of fluoroquinolones #!°. The ResFinder database also included genes

associated with disinfectant tolerance, these compounds are increasingly used in

healthcare and other settings to reduce microbial load on patients and the environment.

Quaternary ammonium compound (QAC) resistance genes are multidrug efflux pumps and

are also activate against chlorhexidine gluconate. Of these QAC resistance genes only gacZ

was detected in a single isolate.

Table 6.7 Presence of AMR Markers in Scottish isolates (n=326)

Antimicrobial Class | Drug Genetic Marker Count (%)
Beta-lactams Ampicillin pbp5-R 324 (99.4)
Vancomycin, Teicoplanin vanA 315 (96.6)
Glycopeptides
Vancomycin vanB 9(2.8)
Oxazolidinones Linezolid 23S rRNA G2576T 3(0.9)
Gentamicin* aac(6’)-li 326 (100)
Gentamicin, Kanamycin aac (6°)-le-aph(2”’)-la 159 (48.8)
Aminoglycosides Kanamycin aph (3’)-llla or aac (6°)-le- aph (2”) | 284 (87.1)
Streptomycin ant(6)-la 244 (74.8)
Spectinomycin ant(9)-la 8(2.5)
Ciprofloxacin gyrA mutations 324 (99.4)
Fluoroquinolones
Ciprofloxacin parC mutations 324 (99.4)
Macrolides Erythromycin msrC 322 (98.8)
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Chlorhexidine digluconate

Erythromycin ermA 8(2.5)
Erythromycin ermB 290 (89)
Erythromycin ermT 44 (13.5)
Tetracycline tet(M) 171 (52.5)
Tetracyclines Tetracycline tet(S) 66 (20.2)
Tetracycline tet(L) 36 (11)
Diaminopyrimidines | Trimethoprim dfrG 93 (28.5)
Phenicols Chloramphenicol cat 19 (5.8)
Clindamycin IsaE 17 (5.2)
Lincosamides
Clindamycin InuB 7(2.1)
Benzalkonium chloride,
Disinfectants qgacZ 1(0.3)

* Confers low level resistance, gentamicin can still be used in higher doses

6.2.7 Plasmid rep typing

Plasmid rep genes were sought as a marker of plasmid carriage. All isolates showed

evidence of plasmid presence, with a median of four (range 2-10) plasmid rep genes

detected. A total of 16 rep genes were detected, with four detected in >75% of isolates

(Table 6.8).
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Table 6.8 Presence of plasmid rep genes (n=326)

rep gene Count (%)
repUS15 321 (98.5)
rep2 304 (93.3)
replla 269 (82.5)
repl?7 248 (76.1)
repl8b 97 (29.8)
repUS43 78 (23.9)
repUSs12 64 (19.6)
repUS7 42 (12.9)
repl 40 (12.3)
replda 27 (8.3)
repldb 22 (6.7)
rep29 22 (6.7)
repUS57 5(1.5)
rep7a 1(0.3)
rep7b 1(0.3)
repUS56 1(0.3)
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6.2.8 Presence of virulence markers

Virulence markers were screened in the Scottish collection and identified genes encoding

the collagen-binding adhesin acm in 99.7% (n=325), endocarditis antigen adhesin efdA in

92.3% (n=301), hyaluronidase hyl in 54.6% (n=178), and surface protein esp in 0.3% (n=1).

6.2.9 Association of genetic markers with MLST

Associations between the presence of AMR, plasmid, and virulence markers with MLST

were determined using Chi-square (Table 6.9, Figure 6.5). ST203 and ST80 were analysed

individually, all other STs were analysed together due to low numbers. Only markers

present in 220 and <306 genomes were analysed to ensure an acceptable sample size of

positive and negative cases in the Chi-square analysis.

Table 6.9 Incidence of genetic markers of AMR, plasmids, and virulence in MLST groups

ST203 ST80 Other STs
Target
(n=125) | (n=117) | (n=84)
125 115
Beta-lactams Ampicillin pbp5-R 84 (100)
(100) (98.3)
AMR
Vancomycin, 123 114
Glycopeptides vanA 80 (95.2)
Teicoplanin (98.4) (97.4)
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Vancomycin vanB 0(0) 1(0.9) 8(9.5)
Oxazolidinones Linezolid 23S rRNA G2576T 1(0.8) 2(1.7) 0(0)
125 117
Gentamicin aac(6’)-li 81 (96.4)
(100) (100)
Gentamicin, aac(6’)-le- 41 80
38 (45.2)
Kanamycin aph(2”)-la* (32.8) (68.4)
aph (3’)-llla or
Aminoglycosides 121 109
Kanamycin aac(6’)-le- 54 (64.3)
(96.8) (93.2)
aph(2”)*
116 94
Streptomycin ant(6)-la* 34 (40.5)
(92.8) (80.3)
Spectinomycin ant(9)-la 3(2.4) 0(0) 5 (6)
125 116
Erythromycin msrC 81 (96.4)
(100) (99.1)
Erythromycin ermA 3(2.4) 0(0) 5(6)
Macrolides 122 106
Erythromycin ermB* 62 (73.8)
(97.6) (90.6)
19
Erythromycin ermT* 0(0) 25(29.8)
(16.2)
Clindamycin InuB 2 (1.6) 0(0) 5 (6)
Lincosamides
Clindamycin IsaE 6 (4.8) 1(0.9) 10(11.9)
119 33
Tetracyclines Tetracycline tet(M)*
(95.2) (28.2) | 19(22.6)
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64
Tetracycline tet(S)*
0 (0) (54.7) 2 (2.4)
Tetracycline tet(L)* 6 (4.8) 0(0) 30(35.7)
27
Diaminopyrimidines | Trimethoprim dfrG*
0(0) (23.1) 66 (78.6)
Phenicols Chloramphenicol | cat 1(0.8) 0(0) 18 (21.4)
Benzalkonium
chloride,
Disinfectants gacZ 0(0) 0(0) 1(1.2)
Chlorhexidine
digluconate
28
Ciprofloxacin
gyrA S83Y* 1(0.8) | (23.9) | 65(77.4)
124 89
Ciprofloxacin
gyrA S831* (99.2) (76.1) | 15(17.9)
Ciprofloxacin gyrA S83R 0(0) 0(0) 1(1.2)
Fluoroquinolones
Ciprofloxacin gyrA E87G 0(0) 0(0) 1(1.2)
Ciprofloxacin 116
parC S801* 1(0.8) (99.1) 63 (75)
Ciprofloxacin 123
parC S80R* (98.4) 1(0.9) 20 (23.8)
38
Plasmids
rep1* 0 (0) (32.5) 2 (2.4)
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125 113
rep2* (100) (96.6) 63 (75)
rep7a 1(0.8) 0(0) 0(0)
rep7b 0(0) 0(0) 1(1.2)
114 116
replla* (91.2) (99.1) | 39(46.4)
replda* 6(4.8) | 4(3.4) | 17(20.2)
repl4b* 3(2.4) | 4(3.4) | 15(17.9)
121 83
rep17* (96.8) (70.9) | 44(52.4)
18 23
rep18b* (14.4) (19.7) | 56(66.7)
rep29* 0(0) 1(0.9) 21 (25)
35
repUS7* 3(2.4) | (29.9) 4 (4.8)
20
repUS12* 6(4.8) | (17.1) | 38(45.2)
124 114
repUS15 (99.2) (97.4) 83 (98.8)
42
repUS43* 0(0) (35.9) 36 (42.9)
repUS56 0(0) 0(0) 1(1.2)
repUS57 0(0) 0(0) 5(6)
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124 117
acm (99.2) (100) 84 (100)
116 109
Virulence efaA* (92.8) (93.2) 76 (90.5)
118 26
hyl* (94.4) (22.2) | 34(40.5)
esp 1(0.8) 0(0) 0(0)

* Included in chi-square analysis

A significant association (p<0.001) was found between the analysed MLST groups and
AMR markers, plasmid rep genes, and virulence genes. Residuals within the chi-square
analysis were investigated to identify which markers were most associated with MLST
groups (Figure 6.5, Appendix 3). This showed that tet genes were MLST specific with
tet(M) more common in ST203, tet(S) in ST80, and tet(L) in other STs. The trimethoprim
resistance gene dfrG was strongly associated with other STs and underrepresented in
ST203. Fluoroquinolone resistance mutations also partitioned with STs, gyrA S83Y was
enriched in other STs and underrepresented in ST203, while the opposite was true for
S83l. In parC S80R was strongly associated with ST203 and not ST80, and vice versa for
S80I. Associations between plasmid rep genes and ST groups were also identified: rep17
was positively associated with ST203; rep1 and repUS7 were positively associated with
ST80; rep14a/b, rep18b, rep29, and repUS12 were positively associated with other STs.
The virulence genes had lower strength of association, although hy/ did have a positive

association with ST203 and negative association with ST80.
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6.2.10 Genomic comparison between Scottish and international genomes

To further contextualise VREfm in Scotland, 1584 raw short read sequence sets from
international studies of E. faecium were downloaded from the NCBI 149283, The
international collection encompassed the years 1946-2016 and 37 countries, 1418 were
from the nosocomial Clade Al. Quality trimmed read sets for the 326 Scottish and 1584
international isolates were then used to assign VLKCs with PopPUNK %85, The 1910
genomes were assigned to 513 VLKCs, 400 (78.0%) were singletons (Appendix 4). Scottish
genomes were assigned to 19 VLKCs (median size 2, range 1-146) and 90% of the genomes
were found in five VLKCs. In comparison, the global genomes were assigned to 475 VLKCs
(median size 1, range 1-755) and 90% of genomes were found in 327 VLKCs. Only eight
VLKCs contained genomes from both collections, and most were small with <100 genomes
from each collection (Appendix 4). One VLKC (6_12 17 23 30) accounted for 44.8%
(n=146) of Scottish and 47.7% (n=755) of international genomes. VLKC6_12 17 23 30
contained genomes sampled between 1991 and 2016 from 21 countries. The genomes
were assigned to 33 MLSTs, ST203 was the most common ST and eight STs accounted for
90% of all genomes (Table 6.10). All 901 genomes assigned to this VLKC were further

analysed.
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Table 6.10 Sequence Types identified in VLKC6_12 17 23 30

International (%) Scottish (%) Total (%)
MLST Total Cumulative %
[n=755] [n=146] [n=901]

203 175 (23.2) 125 (85.6) 300 (33.3) 33.3
17 124 (16.4) 2(1.4) 126 (14.0) 47.3
18 99 (13.1) 0(0) 99 (11.0) 58.3

796 70 (9.3) 0(0) 70 (7.8) 66.0
78 62(8.2) 2 (1.4) 64 (7.1) 73.1
192 58(7.7) 0(0) 58 (6.4) 79.6

412 45 (6) 5(3.4) 50 (5.6) 85.1
117 38 (5) 2 (1.4) 40 (4.4) 89.6

341 17 (2.3) 0(0) 17 (1.9) 91.5

252 15 (2) 0(0) 15 (1.7) 93.1

400 12 (1.6) 0(0) 12 (1.3) 94.5
80 10 (1.3) 0(0) 10 (1.1) 95.6

2228 0(0) 8 (5.5) 8(0.9) 96.5

233 6(0.8) 0(0) 6(0.7) 97.1
132 3(0.4) 0(0) 3(0.3) 97.5

414 3(0.4) 0(0) 3(0.3) 97.8

323 2(0.3) 0(0) 2(0.2) 98.0

1005 2(0.3) 0(0) 2(0.2) 98.2

1043 2(0.3) 0(0) 2(0.2) 98.4

204 1(0.1) 0(0) 1(0.1) 98.6
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549 1(0.1) 0(0) 1(0.1) 98.7
555 1(0.1) 0(0) 1(0.1) 98.8
780 1(0.1) 0(0) 1(0.1) 98.9
991 1(0.1) 0(0) 1(0.1) 99.0
1032 1(0.1) 0(0) 1(0.1) 99.1
1038 1(0.1) 0(0) 1(0.1) 99.2
1039 1(0.1) 0(0) 1(0.1) 99.3
1042 1(0.1) 0(0) 1(0.1) 99.4
1201 1(0.1) 0(0) 1(0.1) 99.5
1483 1(0.1) 0(0) 1(0.1) 99.7
1486 1(0.1) 0(0) 1(0.1) 99.8
2227 0(0) 1(0.7) 1(0.1) 99.9
2230 0(0) 1(0.7) 1(0.1) 100.0

The ST203 complete reference genome (Aus0085, accession NC_021994) was used for

mapping the 900 quality-trimmed short read sets. Aus0085 was included in the initial

PopPUNK analysis and was part of VLKC6_12 17 23 30 so the short reads for this isolate

were removed to avoid self-mapping. The mapped genomes were aligned and putative

MGEs masked with Snippy, and recombination masked with Gubbins. The optimal root

was identified in the Gubbins tree and a root-to-tip analysis performed with BactDating

308 The root-to-tip analysis showed a significant temporal signal within the dataset

(R?=0.52, p<1.00x104). The temporal signal within VLKC 6_12_17 23 30 was then fully
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inferred using the Bayesian framework in BactDating (Figure 6.6). The most recent

common ancestor of VLKC6_12 17 23 30 was estimated in 1956 (95% Cl 1948-1964),

and the substitution rate was estimated at 5.7 (95% Cl 5.3-6.2) substitutions per genome

per year. Most of the Scottish genomes (136/146, 93.2%) clustered together with six

genomes sampled in the UK, the ancestral node was dated in 2005 (95% Cl 2003-2006).

The Scottish cluster was differentiated from other genomes by 32 SNPs in three

recombination blocks (542783-543423, 8 SNPs; 1894193-1893929 7 SNPs; 1972840-

1973292 17 SNPs) and a further five SNPs outside of recombination blocks (Table 6.11).

Table 6.11 Defining SNPs for the Scottish Cluster in VLKC6_12 17 23 30

SNP

Effect

CDS

CDS Product

G660242A

Nonsynonymous

EFAUO85_RS03060

ABC transporter substrate-binding protein

G1262352A

None

A1287787C

Nonsynonymous

EFAUO85_RS06380

DNA internalization-related competence protein

ComEC/Rec2

C2304701A

Nonsynonymous

EFAUO85_RS11475

ABC transporter permease

G2346860T

Synonymous

EFAUO85_RS11660

ABC transporter ATP-binding protein
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Figure 6.6 Dated phylogeny of VLKC6_12 17 23 30

Genomes (n=900) were mapped to the Aus0085 chromosome (2,994,661 bp), MGEs and
recombination masked (588,350 bp), and maximum likelihood phylogeny built. Branch
lengths correspond to phylogenetic dating with the internal scale indicated. Metadata are
indicated in the tree based on coloured blocks (see figure for key). VSE, vancomycin-

sensitive Enterococcus.
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Six putative alcohol tolerance markers have previously been identified in successful E.
faecium lineages, including ST203 31°, We sought to identify alcohol tolerance markers in
the genome collection and generated a composite score based on whether markers were
detected or not, and the inferred effect of each marker (increased or decreased tolerance,
Table 2.1). To avoid confounding from differences in AMR patterns, only vanA positive
genomes were included in this analysis. Within VLKC 6_12_17 23 30, the 136 genomes in
the Scottish clade (134 from this study and two from the international collection) had a
mean + standard deviation (SD) alcohol tolerance score of 2.1 £ 0.5, which was not
significantly different to the other vanA-positive genomes in VLKC6_12 17 23 30 (n=139,
mean + SD alcohol tolerance 2.1 £ 0.7). Within the whole Scottish collection, mean = SD
alcohol tolerance score for the 134 vanA-positive genomes in VLKC 6_12 17 23 30 was
2.1 £0.5, compared to 0.9 £ 1.0 for the 181 vanA-positive Scottish genomes not in VLKC

6_12_17 23 30 (p < 0.001).

6.3 Discussion

This chapter describes the genetic diversity of 326 VREfm from Scotland collected during
2012-17, at this time vancomycin resistance in bloodstream isolates increased by 15% so it
is of public health importance to understand the drivers of this increase. ST203 and ST80
accounted for 74% of Scottish VREfm, longitudinal studies in Denmark, Germany, and
Spain have identified ST203 being the dominant lineage during 2000-2009 before being

displaced in the following 10 years by ST117 and ST80 2°7,28>420,421 ‘Scottish ST203 were
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grouped with 755 international genomes by PopPUNK, although maximum likelihood
phylogeny showed the Scottish genomes were closely related to only six other genomes
collected in the UK with the cluster differentiated by 5 genomic SNPs (four in CDS involved
in membrane transport or DNA internalisation, Table 6.11) and 32 SNPs in recombination
blocks. Indeed, dating analysis suggested a common ancestor of Scottish ST203 in 2005
(95% Cl 2003-2006) suggesting the lineage had been present in Scotland for around a
decade (Figure 6.6). Around the early 2000s and 2010s significant changes in IPC were
occurring in Scottish healthcare due to the impact of MRSA and C. difficile - including
promoting hand hygiene, use of alcohol hand rub, antimicrobial stewardship, reduction in
co-amoxiclav/3™ generation cephalosporins/fluoroquinolone use, and standardisation of
practice nationally 4227424, Putative alcohol tolerance markers were enriched in ST203 and
VLKC 6_12_17_23 30 as a whole, but were much less common in non-ST203 Scottish
VREfm. Australian ST203 isolates have also been shown to carry these markers which may
point to an intrinsic characteristic of the lineage that aids survival in healthcare settings
310 The identified alcohol tolerance markers confer the ability to survive up to 23%
isopropanol in vitro, isolates are still killed by 70% isopropanol so alcohol hand rubs when

used correctly are still effective for decontamination 310425,

Scottish ST80 genomes were split between five VLKCs: 1_6_21 contained 94 Scottish

genomes (6 SNP clusters 5, 6, 8,9, 10, and outliers, Figure 6.3) and 14 international

(Australia, Germany, Netherlands, and UK), VLKC 8 contained 20 Scottish genomes only (6
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SNP cluster 11 and outliers). These VLKCs were not analysed further due to there being

<100 genomes from each collection.

Using a threshold of <6 core SNPs clusters of related genomes could be identified within
Scottish VREfm that highlighted transmission within and between different regions (Figure
6.3, Table 6.5). Cluster 17 was the largest (n=45) and represented ongoing transmission
within Tayside, with one genome from Fife suggesting spread into the neighbouring
Health Board. Tayside hosts a large teaching hospital which provides specialist services for
residents of Fife so patient transfers between the two boards are common #%¢, Cluster 9
contained 36 genomes, mainly from Fife but also cases from four other Health Boards
showing a wide dispersal across Scotland. Cluster 10 from Dumfries and Galloway (DG)
also appears to have arisen from within Cluster 9, Fife and DG rarely transfer patients
directly so this may highlight the role of inter-board transfers for specialist care in the
national transmission of VREfm 425, or cases linking these two clusters that have been
missed in the sampling for this study. Previous studies have highlighted the role of patient
transfers within healthcare networks in the regional and national transmission of E.

faecium in Australia, England, and Germany 140411427,

Analysis of the outbreak genomes from Chapters 4 and 5 identified these were mostly
related to existing lineages in Lothian, further highlighting the important role of intra-
regional transmission patterns driving the burden of VREfm (Figure 6.3). Additionally,

there were some instances of phylogenetic clustering between outbreak genomes from
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Chapter 4 and 5 within ST80, highlighting the spread of closely related strains with
outbreak potential between two hospitals and patient groups (haematology and
orthopaedics) within Lothian. On the other hand, ST1424 was only identified in 6 patients
from the collection presented in Chapter 4 and was not closely related to

contemporaneous ST1424 isolates from Lanarkshire (Figure 6.4).

In healthcare settings, bacterial WGS is largely used as a typing tool to support IPC
investigations and identify circulating clones. WGS also provides the capacity to identify
genetic AMR markers and so could be used to inform clinical decision making for
treatment, if sequencing results can be returned fast enough #%2. In this Chapter, the
accuracy of using Ariba and the ResFinder database to infer antimicrobial susceptibility
was compared to currently used phenotypic tests for E. faecium. Ampicillin, vancomycin,
and linezolid are important for the treatment of E. faecium and in silico susceptibility
detection showed high accuracy (Table 6.6). Gentamicin susceptibility determination was
poor in this analysis which would preclude in silico guidance of VREfm endocarditis
treatment, but otherwise aminoglycosides would not usually be considered for E. faecium
treatment due to the high ampicillin resistance rates ruling out synergy between beta-
lactams and aminoglycosides. Teicoplanin did not have acceptable performance due to
seven false positive in silico calls, repeat phenotypic testing of these isolates showed six
isolates were in fact resistant and so were falsely negative on Vitek. Teicoplanin is not
commonly used as directed treatment against E. faecium, particularly those with

vancomycin resistance so the clinical significance of this finding may not be significant.

227



Trimethoprim accuracy was particularly low, although this antibiotic is not recommended
for treatment of enterococcal infections due to the ability to absorb environmental folate
leading to poor correlation between in vitro MIC and clinical outcomes 3’. Daptomycin
and ciprofloxacin are not included on the Vitek card used for phenotypic testing so were
not considered in this analysis. The ResFinder database was published in 2013 and
included relevant enterococcal resistance genes 3°2, and WGS has been successfully used
to infer susceptibility in other pathogens, in particular Mycobacterium tuberculosis where
this is now replacing phenotypic AST in reference laboratories 42°. However, only in the
past five years have studies began to emerge comparing in silico and phenotypic AMR
determination in enterococci 1°9430-433 ResFinder is commonly used, and studies are
generally small in size (100-200 genomes, low numbers of some phenotypes). A recent
preprint from Coll et al ** moves the field forward by presenting a curated database of
enterococcal AMR determinants against 15 antimicrobials and an Ariba-based pipeline to
detect markers in WGS datasets. The method was evaluated with 4730 E. faecium with
WGS and phenotypic antimicrobial susceptibility results and outperformed the AMR-
Finder, CARD, and ResFinder databases. In comparison to phenotypic results the curated
database showed high accuracy for ampicillin, vancomycin, ciprofloxacin, and linezolid.
Like the results presented in this Chapter accuracy for teicoplanin, aminoglycosides, and
tetracycline was reduced due to MEs, although often due to errors in original phenotypic
test or silent/inactivate AMR genes. The curated database included AMR markers for
daptomycin and tigecycline, but sensitivity was poor (<40%) highlighting that the

mechanisms of resistance against these last-line agents are still to be fully understood.
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Despite the challenges highlighted here, Sherry et al 4** recently published an 1S0:15189
accredited workflow to detect important AMR determinants in a range of pathogenic
bacteria (including enterococci), classify the determinants into antibiotic classes, and
provide customised reports. Sherry et al 4** show that in silico AMR detection can be
implemented in a clinical setting and this will be an area of active development in the

coming years.

Associations were identified between MLST and plasmid rep genes, suggesting some
plasmids were delineated within STs in Scotland (Table 6.9, Figure 6.5). This may also
explain why some AMR genes were enriched in specific STs, if they are carried on
particular plasmids. This observation is supported by results in Chapter 4 where limited
evidence of plasmid sharing between ST1424 and ST80 was identified. However, a large
study of full plasmid sequences by Arredondo-Alonso et al 2% identified shared plasmid
content between two isolates is highly dependent on the source of the isolates and the
collection time, geographic distance had little impact on plasmid relatedness, highlighting
that within a transmission network (e.g. healthcare) plasmid contents are highly mobile
and spread rapidly. However, the same authors show that enterococcal plasmids are
highly modular and can harbour multiple rep genes, so the detections in this Chapter may
not all map to single plasmids. To fully investigate plasmid contents, long read sequencing

is required to overcome repetitive elements (Chapters 3 and 4) 43>,
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There are some limitations to this work. The Scottish VREfm isolates are not a fully
representative, structured sample of the entire population, but represent a convenience
sample of available isolates. Efforts were made to avoid oversampling specific Health
Boards at the expense of others but the risk of bias due to differences in sample collection
dates, and clinical sample types remains. For this reason, the results presented here
should not be considered the complete picture of VREfm in Scotland during the sampling
period. Nevertheless, there is no clear clustering with regards to time or sample type
(Figure 6.2) suggesting the sample is heterogenous and represents some of the diversity
within the population. This work only focusses on VREfm, although it is clear from Figure
6.6 VSEfm are dispersed throughout the phylogeny and interspersed with VREfm
indicating vancomycin resistance is a fluid marker and by focussing on VREfm some
important links may be missed 2*°. Currently, IPC is largely focussed on AMR phenotypes
and so VREfm are screened for and efforts made to control their transmission, the
inclusion of VSEfm in future surveillance would allow monitoring of emerging lineages that
may acquire vancomycin resistance in the future, and delineate more transmission

networks that could be controlled before they spread widely 393,

To conclude, this Chapter shows that VREfm in Scotland are polyclonal, but dominated by
a few STs that have spread within and between Health Boards. Common STs in Scotland
are recognised as successful nosocomial lineages around the World, although clustering
with international genomes found few close relationships. Further analysis of the

predominant Scottish ST203 suggested the lineage was introduced into Scotland around
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2005, at which time IPC practice was undergoing profound change. It is likely the
prevalent VREfm lineages were well placed to survive in the hospital environment, WGS
can play an important role as part of wide-ranging Public Health surveillance to monitor

the bacterial populations and detect new threats.
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Chapter 7 General discussion and future work

7.1 General Discussion

E. faecalis and E. faecium are leading causes of nosocomial infections, mainly due to their
capacity to resist antimicrobial treatments and colonise the gut of hospitalised patients. In
Scotland, vancomycin resistance in E. faecium has been increasing in recent years putting
more strain on the remaining antibiotics, mainly linezolid and daptomycin. WGS allows the
delineation of possible bacterial transmission pathways, and an in-depth understanding of
the causative AMR mechanisms. The central aim of this thesis was to use WGS to
understand the molecular epidemiology of antimicrobial resistant enterococci from
human healthcare settings in Scotland. As an NHS Clinical Scientist working in clinical
microbiology, this PhD has given me the opportunity to investigate the neglected problem
in Scotland with VRE and other significant AMR in enterococci. The results presented here
suggest that while linezolid resistance in E. faecalis is present in diverse genetic
backgrounds, nosocomial VREfm were represented by more closely related lineages within
Clade A. Closer inspection of VREfm hospital outbreaks showed evidence of on-ward
transmission and possible transmission between wards in the same hospital. Analysis of a
national VREfm isolate collection supported the role of intra-regional spread but also
highlighted some links between Health Boards and possible national transmission

pathways.
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In Chapter 3, short and long read sequencing were combined to generate near-complete
genome assemblies of six optrA-positive E. faecalis, optrA is an emerging resistance
mechanism against the last-line antimicrobial linezolid and these isolates were among the
first such cases identified in Scotland. The six isolates were assigned to unrelated STs and
differed by a median 18,806 SNPs (range 13,909 — 22,272), ruling out a clonal outbreak.
optrA was identified on unrelated plasmids and there was limited evidence of a shared
optrA cassette in the identified plasmids, suggesting multiple transmission networks of the
optrA gene (Figure 3.2). Comparison to international genomes did show relationships to
optrA cassettes identified in Europe and East Asia from humans, animals, and pet food
(Figure 3.3). Although based on only six isolates, these findings suggest multiple seedings

from a diverse optrA reservoir.

In Chapter 4, within-patient diversity of VREfm carriage populations were investigated.
Within-patient diversity can complicate transmission investigations based on single colony
picks, so this chapter aimed to identify how diverse the VREfm population is in rectal
carriage and determine the optimal number of colonies to use to effectively detect
transmission. Analysis of 229 colony picks from 11 patients over a 1-month period
identified carriage of up to three population variants in 27% of patients (Table 4.4). Within
individual patients, when VREfm genomes belonged to the same ST a maximum of three
core genome SNPs were identified. Three transmission clusters were identified involving
10 patients and transmission resolution was reduced when using less than 14 colony picks

per screening sample (Figure 4.6 and Table 4.6). Carriage of multiple E. faecium lineages
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has been identified in other studies investigating carriage in up to five patients, and a large
study of 109 haematology inpatients found 58% carried 2-4 E. faecium subtypes
267,282,370376 The results in Chapter 4 are in keeping with these estimates and show that
consideration of within patient diversity impacts on transmission resolution. The use of 14
colonies per sample may not be feasible for routine use as this increases costs and
complexity of the final analysis, while only revealing diversity in 27% of patients. Power
calculation suggested five colonies would reveal 50% of the within-patient diversity and
may be a pragmatic choice for routinely identifying within-patient diversity to reduce
costs, and this strategy has been successfully applied elsewhere (Table 4.1) 376, The degree
of within-patient diversity considered in transmission analyses will ultimately be
determined by the aim of the IPC investigation - if a high-confidence transmission network
is required then 14 (or more) colonies may be necessary, if the presence only of the main
outbreak strain(s) in the studied patients is required then fewer colonies can be used,

Table 4.1 could be used as a guide for such decisions in the future.

Chapter 4 also highlighted the presence of plasmids and AMR genes was variable between
genomes that differed by zero core genome SNPs (Figures 4.2, 4.3, and 4.7). This is
perhaps not surprising, given the masking approach taken to generate a core genome
removes some of the most variable regions. However, it is a reminder that core SNPs are
just one measure of distinguishing genomes. Variable presence of AMR genes was also
identified in another studies of within-patient diversity, including the vancomycin

resistance gene vanA 282, Chapter 4 also showed close relationships between colonising
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populations and subsequent bloodstream isolates, this has also been identified by other
studies which did not identify any genetic markers that predispose BSI 12282376 These
findings suggest the progression of E. faecium from carriage to bloodstream invasion is
predicated more by host factors than the gain of a particular marker, and that the
combination of patient immune status and the pre-existing predilection of nosocomial E.

faecium for survival in healthcare settings is sufficient to allow bloodstream invasion 43¢,

In Chapter 5, WGS was applied to a larger outbreak of VREfm occurring over four months
with 84 patients identified as VREfm positive. The aim of this chapter was to investigate
the utility of merged WGS and epidemiological analysis to understand suspected VREfm
outbreaks. Two WGS analysis approaches were used: core genome SNPs using a suspected
transmission cut-off of 3 SNPs (based on maximum SNP distance between isolates of the
same lineage within individual patients identified in Chapter 4) and PopPIPE which clusters
genomes based on whole genome relationships using SKA. Both WGS methods had higher
resolution than PFGE, this finding is in agreement with other studies and confirms WGS is
a superior method for outbreak investigations 2°4263.264 \ijthin the WGS methods, core
SNPs clustered 85% of genomes into 14 clusters while PopPIPE clustered 89% of genomes
into 20 clusters, clustering agreed between the two methods in 78% of cases.
Epidemiological support (patients on same ward at same time) was marginally higher for
PopPIPE clusters (Table 5.3). The results in this Chapter suggest PopPIPE is a modest
improvement on core SNPs, recent studies by Higgs et al>*®> and Maechler et a/*°* show a

more pronounced improvement in clustering and epidemiological support when using SKA

235



compared to core SNPs. The differences in strength of findings may be due to the higher
core SNP threshold applied in these studies (7 and 10 SNPs, compared to 3 SNPs here)
which will cluster more genomes regardless of epidemiological linkage than that applied in
Chapter 5, and the application of these approaches to more genomes (308 and 693,
compare to 87 here) allowing differences between the methods to be more obvious due
to higher statistical power. Together, the data in Chapter 5 and the literature support the
use of SKA-based approaches for investigating E. faecium outbreaks 30>4°1, Chapter 5
highlights the applicability of PopPIPE for this task, as SKA analysis is recommended on
genomes that are already known to be closely related so PopPUNK could be used to
generate clusters of related genomes prior to sub clustering with PopPIPE. A reference-
free k-mer based methodology is attractive as it may be quicker to implement into routine
use as the validation of reference choice and core genome masking strategy would not be
required, and would likely have lower turnaround times in suspected outbreaks as k-mer
approaches are generally very quick 8487 The reference-free PopPIPE approach could
also be applied to different bacterial species of interest, providing a unified protocol for

WGS-based typing and outbreak investigations.

From the epidemiological data and using timing of VREfm positivity in Chapter 5, 25
patients could be identified as introductions carrying VREfm on admission and three
patients were confirmed acquisitions during admission. The acquisitions were in PopPIPE
clusters with introductions and on the same ward at the same time, supporting a

transmission link. PopPIPE also identified likely transmission clusters in patients that could
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not be classified as introductions or acquisitions based on sampling data alone (Figure
5.3). Cluster analysis also showed linked cases in unconnected wards, and patients
admitted to the hospital already carrying VREfm belonging to a known cluster with no
recognised healthcare contact in the preceding three months (Figure 5.3). These results
suggest multiple introductions of VREfm into the hospital, with evidence of transmission
within and possibly between wards. Complex pictures of E. faecium transmission involving
multiple hospital wards have been uncovered in other WGS based studies, this may be
due to uncovered links between wards such as movement of staff or equipment or the
movement of patients to central facilities such as imaging suites 24%:3>7407 g3|ternatively
this could be due to ongoing introductions driven by healthcare contact or community-
based transmission. Current evidence suggests VREfm are not common in healthy
individuals in the community, and nosocomial E. faecium lineages are infrequently
identified in community, animal, or food samples which would point more towards

healthcare contact as a driver for transmission 100,102,103,140,437

In Chapter 6, WGS was applied to a collection of 326 VREfm from eight Scottish regional
Health Boards. The aim of this chapter was to identify the genetic background of VREfm
across Scotland. MLST identified ST203 and ST80 as the main STs (75% of all genomes),
with another 18 STs detected in lower numbers (Table 6.4). For more in depth
understanding, the core SNP cut-off applied for direct transmission in Chapter 5 was
doubled to 6 SNPs to detect more distantly related cases across different regions. In total,

73% of genomes were assigned to 17 clusters, five clusters (23% of genomes) contained
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genomes from a single Health Board (Figure 6.3 and Table 6.9). The remaining 12 clusters
involved up to five different Health Boards, indicating widespread dissemination of VREfm
lineages. Dispersal of VREfm within referral networks has been described in other
countries 140411427 "natient movements for specialist care within Scotland could explain

the clustering of VREfm genomes from different Health Boards.

Given the observation that VREfm transmission between regions in Scotland was not
uncommon, investigation as to whether there was sharing of international clones was
performed using PopPUNK and a collection of 1584 E. faecium genomes from the UK and
international studies. A total of 513 VLKCs were present, but Scottish genomes were only
present in 19 of these, VLKC 6_12 17 23 30 was the largest containing 146 Scottish and
755 international genomes and was analysed further. A phylogeny based on mapping to a
reference genome within VLKC 6_12 17 23 30 showed 134 of the Scottish genomes
clustered together with six from the UK, the other 12 Scottish genomes were not closely
related to others in the phylogeny (Figure 6.12). The Scottish cluster was predicted to
have a common ancestor in 2005 (95% Cl 2003-2006) suggesting this lineage has been
present in Scotland for at least a decade. ST203 was identified in other European countries
around this time and was later displaced by other STs 2°7285420421 "pytative markers of
alcohol tolerance were enriched in VLKC 6_12 17 23 30, which may provide a selective

advantage in the healthcare environment 3%,
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The findings in this thesis shed some light on the lineages driving VREfm in Scotland in the
mid 2010s, and hint at some of the factors that made them successful. This dataset is also
useful as a backdrop to understand newly identified clusters within Scotland. For example,
many of the outbreak genomes identified in Chapters 4 and 5 clustered within pre-existing
lineages in Lothian (Figure 6.3). ST1424 was not identified in the national collection but
was found in Lothian and Lanarkshire in 2017 (six and four patients respectively, see
Chapter 4 and Lemonidis et al?®*), while the Lothian cases represented a clonal outbreak
the Lanarkshire cases were more diverse likely representing a large population of ST1424
in that Health Board. Our analysis is not powered to detect changes in population variants
over time, but it is worth noting the ST1424 lineage did displace successful lineages in
other countries around the late 2010s, for example being the most common E. faecium
lineage in Australian BSls in 2019 %38, These observations highlight the potential benefits
from ongoing WGS-based surveillance for E. faecium in Scotland, and at the time of
writing a proposal is being considered by the Public Health Scotland Pathogen Genomics
Oversight Group to develop this activity in part informed by the data demonstrated in this

thesis.

Chapter 3 investigates some of the first identified optrA-positive linezolid resistant E.
faecalis in Scotland, detected in the community and healthcare. Linezolid resistance due
to optrA and poxtA has been identified in E. faecalis from animals, food, and humans with
a suggestion that the resistance mechanism is selected by the use of florfenicol in

agriculture and transmitted to humans via animal contact or the food chain 3°343%440 This
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has hallmarks of VREfm in the 1990s, which was selected in livestock by the use of the
glycopeptide avoparcin for growth promotion and transmitted to humans via the food
chain #1442 Avoparcin was banned as a growth promoter in livestock in 1997 %43 and a
large study from the UK by Gouliouris et al found VREfm carriage in livestock fell from 66%
in 2003 to 0% in 2014-15 #3744 |n the same study, the majority of sampled E. faecium
from livestock animals and human BSls were not phylogenetically related suggesting
transmission between these two sources was uncommon. However, analysis of Clade Al
nosocomial E. faecium by van Hal et al >? identified that Clade A2 (animal-associated) and
Clade B (commensals) are important reservoirs for adaptation within A1 mediated by
recombination driven by MGEs, this highlights that although rare, animal associated E.
faecium do transfer to humans and can have impacts on nosocomial lineages. E. faecalis is
more of a generalist and does not display the genetic clades linked to host species seen in
E. faecium, therefore lineages that do transfer from animals into humans are more readily
able to cause disease. Transferable linezolid resistance has been identified in a wide range
of Gram-positive bacteria, including VREfm, but was not present in any VREfm in this

thesis where linezolid resistant was very rare 357,358,

Chapters 3 and 4 used long read sequencing to generate hybrid genome assemblies. This
approach allowed the in-depth investigation of plasmid structures to be performed, which
was essential for confirming that optrA-positive E. faecalis carried different MGEs as
opposed to a shared linezolid resistance element and the detection of a linear vanA

plasmid in E. faecium. Hybrid assemblies also allowed the use of phylogenetically close
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reference genomes for mapping, this ensures more of the genetic variation is considered
in core genome SNP typing which is an important consideration in transmission studies. In
comparison, use of public reference genomes that may have been isolated many years
prior to the isolates of interest and in different geographic regions may lead to
informative genome regions being omitted from the core genome, reducing the ability to
resolve close relationships. Long read sequencing is increasingly applied in microbial
genomics to identify the genetic context of AMR, investigate MGEs, and produce novel
reference genomes 225258445446 Hybrid assembly is still the optimal approach, although
with improvements in long read accuracy, particularly from ONT platforms, the generation
of accurate long-read only assemblies may soon be possible 13154447 However, a
limitation of long read sequencing over short reads at this time is the throughput. Long
read platforms can generate up to 12 or 24 bacterial genomes per flowcell, although the
larger ONT PromethION platforms may allow higher throughput these are generally only
found in large core sequencing labs that have high throughput to keep the cost per
genome down. lllumina provides platforms with a range of throughputs but many
flowcells produce more sequence data per run than equivalent ONT sequencers, allowing
more genomes to be generated per run. Another challenge with long read sequencing is
the need for high amounts of input DNA (generally 200 ng to 1 ug DNA per sample for
non-PCR amplified ONT library preparations, compared to <100 ng for lllumina) of longer
fragment size which requires optimised extraction methods that can be expensive, time
consuming, and not easily automated. Another challenge with ONT sequencing is the pace

of improvements, with chemistry and bioinformatic methods updating regularly making
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implementation into an accredited service challenging. At this time, long read sequencing
is best utilised as an adjunct to short read sequencing in laboratories interested in
genomic surveillance, with short reads used for bulk sequencing and long reads used to

generate complete assemblies of genomes of interest.

There are some overarching limitations of this work. All the included isolates were
resistant to linezolid (Chapter 3) or vancomycin (Chapters 4-6), which means the findings
may not be representative of wider populations. This may be important if resistance is
frequently gained by sensitive strains as suggested by some genomic epidemiology studies
249,282,448,489 However, recent analysis from a single hospital in Denmark found no
correlation between VSEfm and VREfm clones over a four year period suggesting
vancomycin resistance acquisition by VSEfm is not always frequent #°°. All the analyses
presented in this thesis were retrospective and so were not used to influence patient care.
The results of this work provide a valuable insight into enterococcal AMR in Scotland and
may inform future IPC planning but to show the full utility of WGS for outbreak
management WGS must be performed and fed back to clinical teams as near to real time

as possible 407451,

7.2 Future Work

The data generated in this thesis provides a baseline for future genomic surveillance of

AMR in enterococci in Scotland. This activity should become a routine public health
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function to inform ongoing IPC policy to reduce the incidence of VREfm. A significant
upscale in WGS capacity occurred in response to the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) pandemic and the expertise, equipment, and bioinformatics
capacity put in place for this could be applied to bacterial AMR surveillance and other
public health threats in future. WGS alone will not impact enterococcal AMR and must be
linked to work to improve patient outcomes, antimicrobial utilisation, and infection

control measures to reduce the burden of these bacteria.

Enterococcal AMR surveillance should also be extended into animal health, given the
possible link between agricultural antibiotic use and the generation of optrA-mediated
linezolid resistance. A possible means of population-level surveillance of AMR bacteria
transfer into humans from agriculture would be to screen cases of Salmonella,
Campylobacter, Cryptosporidium, or Shiga toxin positive E. coli, as these zoonotic
pathogens are often linked to improper food preparation or contact with animals which
could also be a means of transfer for enterococci. Another surveillance measure would be

to screen wastewater for AMR determinants #>2.

As described in Chapter 5, it can be challenging to interpret enterococcal outbreaks with
sampling not always coinciding with epidemiological definitions of healthcare acquired
infections, and a reduced sensitivity of rectal screening methods. This would be much
improved with an agreed guideline on how to approach enterococcal outbreaks giving

evidence based advice on sampling strategies. For example, how to sample for
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environmental reservoirs, when and how often to screen patients in an outbreak setting,
optimal choice of screening approach (solid agar or enrichment broth), and how to
approach within-patient diversity. Such a guideline could include recommendations for
multiple nosocomial pathogens to increase utility in healthcare settings and provide

optimal impact of WGS surveillance.

Future studies should aim to improve the reliability of in silico AMR detection in
enterococci. A recent preprint shows promise but the approach was only applied against
E. faecium and showed low accuracy against the last line agents daptomycin and
tigecycline 433, Collaboration between healthcare laboratories and academic centres to

identify the underlying resistance mechanisms is essential.

Within patient diversity was analysed in Chapter 4. The choice of 14 colonies was based on
statistical power calculation but may not be feasible for routine use due to excessive
costs. Future studies applying mixed strain inputs for real time outbreak detection should
be investigated, which will allow the diversity present within a sample to be investigated
using a single index in a WGS library preparation. Plate sweep metagenomics with the
MSWEEP pipeline determines the lineages present and estimates their abundance in a
sweep of growth from an agar plate 3”7, or strain-resolved metagenomics can be
attempted directly on clinical samples with the StrainXpress pipeline >3, These
approaches are yet to be applied to genomes from cases of transmission but may form the

basis of future developments in bacterial epidemiology.
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7.3 Conclusion

In summary, this thesis shows that VREfm in Scotland is driven by multiple clones
transmitted within healthcare settings and migrating between regional Health Boards.
Two approaches to investigating local outbreaks were presented, one taking account of
within-patient diversity to resolve patient linkage with high precision, and another
showing the utility of reference-free whole genome analysis to cluster suspected outbreak
cases. In comparison to VREfm, linezolid resistant E. faecalis due to optrA were less
common and were identified in patients based in the community and healthcare,
suggesting a different means of selection and acquisition. It is likely that different public
health strategies will be required to tackle these different threats. This work also
highlights the utility of long read sequencing to investigate exceptional AMR patterns and
to generate outbreak-specific reference genomes for short read mapping. WGS should be

an important part of the public health response against AMR in enterococci.
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Appendices

Appendix 1

Information on hybrid genome assemblies for optrA+ E. faecalis
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Efs pEO35;
coverage 65%; fexA; ISEf1 (2);
pBX5936-1 1 68656 rep9 S2F C5T
98% ID optrA 151216 (2)
BX5936 2017 894 (MK140641)
Efs FC unnamed catA8;
pBX5936-2 1 51669 rep9 plasmidi; tet(L); - - ND
coverage 85%; tet(M);
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100% ID ant(6)-la;
(CP028836) cadA;
copz;
ermB
Efs
FDAARGOS_324
unnamed
pBX8117-1 68773 rep9 plasmid2; None - - ND
coverage 100%;
100% ID
BX8117 2017 16
(CP028284)
K3E; A7G;
catA8;
Efs pEF123; N12Y; A34T;
cfr(D);
pBX8117-2 41839 rep9 coverage 64%; E37K; G109A; | I1S1216(5)
optrA;
98% ID (KX579977) N122K; G240A;
fexA
Y135C; C366A,
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Y176D; A404G;

A350V; C474T;

V395A; T526G;

A396S; A582T;

Q509K; C606T;

Q541E; T894C;

M552L; | G1035A;

N560Y; | A1041G;
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T1500C;

314



C1525A;

T1530C;

A1587G;

C1621G;
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Efs FC unnamed
plasmidi;
coverage 74%;
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copZ;
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llla; sat4;
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InuB;
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ermB;
dfrG
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ISL3-
pTM6294- coverage 87%; fexA;
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2 99% ID optrA
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Efs pEF123; cadA; K3E;
T526G; (2); 1S3-
WE0438 2016 330 pWE0438 61284 rep9 coverage 76%; copZ; Y176D;
C849T; | family (4);
99% ID (KX579977) | ant(6)-la; 1622M
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(1); Tn3-
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fexA; (2); 1S3-
pWEO0851- coverage 22%; T112K; C335A;
59708 | repUS11 optrA; family (6);
1 100% ID Y176D T526G
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26996 | repUSil - - ND
2 coverage 63%; le-
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100% ID

(AP018546)
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la

pWE0851-

3

10826

None

detected

Efs pEO35;
coverage 63%;
99% ID

(MK140641)

aac(6')-
le-
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la;
aac(6')-
le-
aph(2")-
la; aadK;
ermB;
ant(6)-la;
aph(3')-

llla; sat4

ND

bp, base pairs; Efs, E. faecalis; ID, identity; NCBI, National Center for Biotechnology Information ; ND, not determined; ST, sequence

type
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a Inferred from depth of coverage relative to chromosomal contigs in hybrid assembly

b Amino acid sequence variants compared to the first described optrA sequence from pE394 (KP399637)
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Appendix 2

Genome components identified in VRED06-02 and VREDO6-10 hybrid assemblies

28.4 kb)

CDS rep Resistance Virulence
Isolate Element Size (bp) Circular | Copies Prophages
(n) type genes genes
2 complete (43.2 kb,
aac(6’)-li,
52.3 kb), 1
ant(9)-la,
guestionable (21.5 acm, efaA,
Chromosome | 2,945,113 | 2774 Yes 1 - dfrG, erm(A),
kb), and 5 incomplete esp
msr(C),
VREDO06-02 (6.7 kb, 14.3 kb, 16.6
tet(M)
(ST1424) kb, 24.7 kb, 27.5 kb)
2 complete (42.6 kb,
31.3 kb), and 2 aac(6’)-
pl_VREDO06-02 | 201,362 207 Yes 2 uUsi15 hylesm
questionable (14.5 kb, aph(2”)
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aph(3’)-11l,

p2_VREDO06-02 83,608 89 Yes 5 2,18b 1 complete (34.4 kb) -
erm(B), vanA
p3_VREDO06-02 59,532 67 Yes 2 17 - - -
p4_VREDO06-02 6,302 8 Yes 14 - - - -
p5_VRED06-02 | 5,212 6 Yes 9 18b - - -
p6_VREDO06-02 2,947 4 Yes 12 14b - - -
p7_VREDO06-02 4,372 6 Yes 14 14b - - -
2 intact (49.2 kb, 53.6
kb), 2 questionable
VREDO06-10 aac(6’)-li,
Chromosome | 2,814,943 | 2658 Yes 1 - (6.2 kb, 14.8 kb), and 2 acm, efaA
(ST80) msrC

incomplete (7.2 kb,

27.5 kb)
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aac(6’)-
1, 2 incomplete (5.1 kb,
pl_VREDO06-10 | 205,024 | 208 Yes 1 aph(2”), -
uUsi15 28.8 kb)
erm(B)

1 questionable (16.6
p2_VREDO06-10 | 150,852 183 No 1 - kb), and 2 incomplete vanA -

(14.6 kb, 16.6k b)

ant(6)-la,
p3_VREDO6-10 | 51,924 61 Yes 2 2,17 | 1complete (24.9kb) | aph(3”)-1ii, -

erm(B), tet(S)

p4_VREDO6-10 6,173 7 Yes 9 11a - - -

pS5_VRED06-10 | 4,464 3 Yes 6 - - - -

bp, base pairs; CDS, coding sequence; n, number
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Appendix 3

Residuals in Chi-square analysis of MLST to AMR, plasmid rep type, and virulence genes in

national collection

Fluoroquinolones

Other
ST203 ST80
STs
Target (n=125) | (n=117)
(n=84)
Gentamicin, aac(6’)-le-
-2.511 2.596 -0.09
Kanamycin aph(2”’)-la
aph (3’)-llla or
Aminoglycosides Kanamycin aac(6’)-le- 1.238 0.193 | -1.792
aph(2”)
Streptomycin ant(6)-la 2.397 0.215 -3.272
Erythromycin ermB 1.103 -0.313 | -0.993
AMR Macrolides
Erythromycin ermT -4.093 0.595 4.387
Tetracycline tet(M) 6.68 -3.916 | -3.489
Tetracyclines Tetracycline tet(S) -5.013 7.847 -3.501
Tetracycline tet(L) -2.081 -3.683 7.199
Diaminopyrimidines | Trimethoprim dfrG -5.95 -1.358 9.149
Ciprofloxacin gyrA S83Y -5.815 -1.246 8.84
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Ciprofloxacin gyrA S83I 3.992 0.334 -5.418
Ciprofloxacin parC S80I -8.157 5.85 2.929
Ciprofloxacin parC S80R 9.208 -7.23 -2.525
repl -3.618 5.57 -2.727
rep2 2.669 -0.564 | -2.228
replia 2.767 0.922 -4.111
repl4a -0.954 -2.046 3.484
rep14b -1.565 -1.596 3.61
Plasmids repl7 4.422 -1.532 | -2.976
repl18b -2.44 -2.485 5.624
rep29 -2.683 -2.612 6.041
repUS7 -2.898 4.506 -2.237
repUS12 -3.266 -1.06 4.818
repUs43 -5.052 2.002 31
efaA 17.245 18.115 1.8
Virulence hyl 29162 | 30.633 | 3.044

AMR, antimicrobial resistance; n, number
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Appendix 4

Full PopPUNK clustering for Scottish and international genomes

International (%) | Scottish (%) Total (%)
VLKC

[n=1584] [n=326] [n=1910]
6_12_17_23_30 | 755 (47.7) 146 (44.8) 901 (47.2)
1.16_21 14 (0.9) 95 (29.1) 109 (5.7)
7 1(0.1) 21 (6.4) 22 (1.2)
8 0(0) 20 (6.1) 20 (1.1)
43 0(0) 14 (4.3) 14.(0.7)
5 19 (1.2) 7(2.2) 26 (1.4)
35 18 (1.1) 5(1.5) 23 (1.2)
56 0(0) 4(1.2) 4(0.2)
61 0(0) 3(0.9) 3(0.2)
73 0(0) 2 (0.6) 2(0.1)
2 26 (1.6) 1(0.3) 27 (1.4)
13 16 (1) 1(0.3) 17 (0.9)
11 15 (1) 1(0.3) 16 (0.8)
115 0(0) 1(0.3) 1(0.1)
116 0(0) 1(0.3) 1(0.1)
117 0(0) 1(0.3) 1(0.1)
118 0(0) 1(0.3) 1(0.1)
119 0(0) 1(0.3) 1(0.1)
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120 0(0) 1(0.3) 1(0.1)
39 32(2) 0(0) 32(1.7)
40 27 (1.7) 0(0) 27 (1.4)
41 20 (1.3) 0(0) 20 (1.1)
42 15 (1) 0(0) 15 (0.8)
44 12 (0.8) 0(0) 12 (0.6)
45 12 (0.8) 0(0) 12 (0.6)
46 11(0.7) 0(0) 11 (0.6)
47 10 (0.6) 0(0) 10 (0.5)
48 10 (0.6) 0(0) 10 (0.5)
49 8(0.5) 0(0) 8(0.4)
9 7(0.4) 0(0) 7(0.4)
50 6 (0.4) 0(0) 6(0.3)
51 5(0.3) 0(0) 5(0.3)
52 5(0.3) 0(0) 5(0.3)
53 5(0.3) 0(0) 5(0.3)
54 5(0.3) 0(0) 5(0.3)
55 5(0.3) 0(0) 5(0.3)
57 4(0.3) 0(0) 4(0.2)
58 4(0.3) 0(0) 4(0.2)
59 4(0.3) 0(0) 4(0.2)
60 4(0.3) 0(0) 4(0.2)
62 3(0.2) 0(0) 3(0.2)
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63 3(0.2) 0(0) 3(0.2)
64 3(0.2) 0(0) 3(0.2)
65 3(0.2) 0(0) 3(0.2)
66 3(0.2) 0(0) 3(0.2)
67 3(0.2) 0(0) 3(0.2)
68 3(0.2) 0(0) 3(0.2)
69 3(0.2) 0(0) 3(0.2)
70 3(0.2) 0(0) 3(0.2)
71 3(0.2) 0(0) 3(0.2)
72 3(0.2) 0(0) 3(0.2)
74 2(0.1) 0(0) 2(0.1)
75 2(0.1) 0(0) 2(0.1)
76 2(0.1) 0(0) 2(0.1)
77 2(0.1) 0(0) 2(0.1)
78 2(0.1) 0(0) 2(0.1)
79 2(0.1) 0(0) 2(0.1)
80 2(0.1) 0(0) 2(0.1)
81 2(0.1) 0(0) 2(0.1)
82 2(0.1) 0(0) 2(0.1)
83 2(0.1) 0(0) 2(0.1)
84 2(0.1) 0(0) 2(0.1)
85 2(0.1) 0(0) 2(0.1)
86 2(0.1) 0(0) 2(0.1)
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87 2(0.1) 0(0) 2(0.1)
88 2(0.1) 0(0) 2(0.1)
89 2(0.1) 0(0) 2(0.1)
90 2(0.1) 0(0) 2(0.1)
91 2(0.1) 0(0) 2(0.1)
92 2(0.1) 0(0) 2(0.1)
93 2(0.1) 0(0) 2(0.1)
94 2(0.1) 0(0) 2(0.1)
95 2(0.1) 0(0) 2(0.1)
96 2(0.1) 0(0) 2(0.1)
97 2(0.1) 0(0) 2(0.1)
98 2(0.1) 0(0) 2(0.1)
99 2(0.1) 0(0) 2(0.1)
100 2(0.1) 0(0) 2(0.1)
101 2(0.1) 0(0) 2(0.1)
102 2(0.1) 0(0) 2(0.1)
103 2(0.1) 0(0) 2(0.1)
104 2(0.1) 0(0) 2(0.1)
105 2(0.1) 0(0) 2(0.1)
106 2(0.1) 0(0) 2(0.1)
107 2(0.1) 0(0) 2(0.1)
108 2(0.1) 0(0) 2(0.1)
109 2(0.1) 0(0) 2(0.1)
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110 2(0.1) 0(0) 2(0.1)
111 2(0.1) 0(0) 2(0.1)
112 2(0.1) 0(0) 2(0.1)
113 2(0.1) 0(0) 2(0.1)
114 2(0.1) 0(0) 2(0.1)
26_33 1(0.1) 0(0) 1(0.1)
121 1(0.1) 0(0) 1(0.1)
122 1(0.1) 0(0) 1(0.1)
123 1(0.1) 0(0) 1(0.1)
124 1(0.1) 0(0) 1(0.1)
125 1(0.1) 0(0) 1(0.1)
126 1(0.1) 0(0) 1(0.1)
127 1(0.1) 0(0) 1(0.1)
128 1(0.1) 0(0) 1(0.1)
129 1(0.1) 0(0) 1(0.1)
130 1(0.1) 0(0) 1(0.1)
131 1(0.1) 0(0) 1(0.1)
132 1(0.1) 0(0) 1(0.1)
133 1(0.1) 0(0) 1(0.1)
134 1(0.1) 0(0) 1(0.1)
135 1(0.1) 0(0) 1(0.1)
136 1(0.1) 0(0) 1(0.1)
137 1(0.1) 0(0) 1(0.1)
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138 1(0.1) 0(0) 1(0.1)
139 1(0.1) 0(0) 1(0.1)
140 1(0.1) 0(0) 1(0.1)
141 1(0.1) 0(0) 1(0.1)
142 1(0.1) 0(0) 1(0.1)
143 1(0.1) 0(0) 1(0.1)
144 1(0.1) 0(0) 1(0.1)
145 1(0.1) 0(0) 1(0.1)
146 1(0.1) 0(0) 1(0.1)
147 1(0.1) 0(0) 1(0.1)
148 1(0.1) 0(0) 1(0.1)
149 1(0.1) 0(0) 1(0.1)
150 1(0.1) 0(0) 1(0.1)
151 1(0.1) 0(0) 1(0.1)
152 1(0.1) 0(0) 1(0.1)
153 1(0.1) 0(0) 1(0.1)
154 1(0.1) 0(0) 1(0.1)
155 1(0.1) 0(0) 1(0.1)
156 1(0.1) 0(0) 1(0.1)
157 1(0.1) 0(0) 1(0.1)
158 1(0.1) 0(0) 1(0.1)
159 1(0.1) 0(0) 1(0.1)
160 1(0.1) 0(0) 1(0.1)
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161 1(0.1) 0(0) 1(0.1)
162 1(0.1) 0(0) 1(0.1)
163 1(0.1) 0(0) 1(0.1)
164 1(0.1) 0(0) 1(0.1)
165 1(0.1) 0(0) 1(0.1)
166 1(0.1) 0(0) 1(0.1)
167 1(0.1) 0(0) 1(0.1)
168 1(0.1) 0(0) 1(0.1)
169 1(0.1) 0(0) 1(0.1)
170 1(0.1) 0(0) 1(0.1)
171 1(0.1) 0(0) 1(0.1)
172 1(0.1) 0(0) 1(0.1)
173 1(0.1) 0(0) 1(0.1)
174 1(0.1) 0(0) 1(0.1)
175 1(0.1) 0(0) 1(0.1)
176 1(0.1) 0(0) 1(0.1)
177 1(0.1) 0(0) 1(0.1)
178 1(0.1) 0(0) 1(0.1)
179 1(0.1) 0(0) 1(0.1)
180 1(0.1) 0(0) 1(0.1)
181 1(0.1) 0(0) 1(0.1)
182 1(0.1) 0(0) 1(0.1)
183 1(0.1) 0(0) 1(0.1)
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184 1(0.1) 0(0) 1(0.1)
185 1(0.1) 0(0) 1(0.1)
186 1(0.1) 0(0) 1(0.1)
187 1(0.1) 0(0) 1(0.1)
188 1(0.1) 0(0) 1(0.1)
189 1(0.1) 0(0) 1(0.1)
190 1(0.1) 0(0) 1(0.1)
191 1(0.1) 0(0) 1(0.1)
192 1(0.1) 0(0) 1(0.1)
193 1(0.1) 0(0) 1(0.1)
194 1(0.1) 0(0) 1(0.1)
195 1(0.1) 0(0) 1(0.1)
196 1(0.1) 0(0) 1(0.1)
197 1(0.1) 0(0) 1(0.1)
198 1(0.1) 0(0) 1(0.1)
199 1(0.1) 0(0) 1(0.1)
200 1(0.1) 0(0) 1(0.1)
201 1(0.1) 0(0) 1(0.1)
202 1(0.1) 0(0) 1(0.1)
203 1(0.1) 0(0) 1(0.1)
204 1(0.1) 0(0) 1(0.1)
205 1(0.1) 0(0) 1(0.1)
206 1(0.1) 0(0) 1(0.1)

333



207 1(0.1) 0(0) 1(0.1)
208 1(0.1) 0(0) 1(0.1)
209 1(0.1) 0(0) 1(0.1)
210 1(0.1) 0(0) 1(0.1)
211 1(0.1) 0(0) 1(0.1)
212 1(0.1) 0(0) 1(0.1)
213 1(0.1) 0(0) 1(0.1)
214 1(0.1) 0(0) 1(0.1)
215 1(0.1) 0(0) 1(0.1)
216 1(0.1) 0(0) 1(0.1)
217 1(0.1) 0(0) 1(0.1)
218 1(0.1) 0(0) 1(0.1)
219 1(0.1) 0(0) 1(0.1)
220 1(0.1) 0(0) 1(0.1)
221 1(0.1) 0(0) 1(0.1)
222 1(0.1) 0(0) 1(0.1)
223 1(0.1) 0(0) 1(0.1)
224 1(0.1) 0(0) 1(0.1)
225 1(0.1) 0(0) 1(0.1)
226 1(0.1) 0(0) 1(0.1)
227 1(0.1) 0(0) 1(0.1)
228 1(0.1) 0(0) 1(0.1)
229 1(0.1) 0(0) 1(0.1)

334



230 1(0.1) 0(0) 1(0.1)
231 1(0.1) 0(0) 1(0.1)
232 1(0.1) 0(0) 1(0.1)
233 1(0.1) 0(0) 1(0.1)
234 1(0.1) 0(0) 1(0.1)
235 1(0.1) 0(0) 1(0.1)
236 1(0.1) 0(0) 1(0.1)
237 1(0.1) 0(0) 1(0.1)
238 1(0.1) 0(0) 1(0.1)
239 1(0.1) 0(0) 1(0.1)
240 1(0.1) 0(0) 1(0.1)
241 1(0.1) 0(0) 1(0.1)
242 1(0.1) 0(0) 1(0.1)
243 1(0.1) 0(0) 1(0.1)
244 1(0.1) 0(0) 1(0.1)
245 1(0.1) 0(0) 1(0.1)
246 1(0.1) 0(0) 1(0.1)
247 1(0.1) 0(0) 1(0.1)
248 1(0.1) 0(0) 1(0.1)
249 1(0.1) 0(0) 1(0.1)
250 1(0.1) 0(0) 1(0.1)
251 1(0.1) 0(0) 1(0.1)
252 1(0.1) 0(0) 1(0.1)
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253 1(0.1) 0(0) 1(0.1)
254 1(0.1) 0(0) 1(0.1)
255 1(0.1) 0(0) 1(0.1)
256 1(0.1) 0(0) 1(0.1)
257 1(0.1) 0(0) 1(0.1)
258 1(0.1) 0(0) 1(0.1)
259 1(0.1) 0(0) 1(0.1)
260 1(0.1) 0(0) 1(0.1)
261 1(0.1) 0(0) 1(0.1)
262 1(0.1) 0(0) 1(0.1)
263 1(0.1) 0(0) 1(0.1)
264 1(0.1) 0(0) 1(0.1)
265 1(0.1) 0(0) 1(0.1)
266 1(0.1) 0(0) 1(0.1)
267 1(0.1) 0(0) 1(0.1)
268 1(0.1) 0(0) 1(0.1)
269 1(0.1) 0(0) 1(0.1)
270 1(0.1) 0(0) 1(0.1)
271 1(0.1) 0(0) 1(0.1)
272 1(0.1) 0(0) 1(0.1)
273 1(0.1) 0(0) 1(0.1)
274 1(0.1) 0(0) 1(0.1)
275 1(0.1) 0(0) 1(0.1)
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276 1(0.1) 0(0) 1(0.1)
277 1(0.1) 0(0) 1(0.1)
278 1(0.1) 0(0) 1(0.1)
279 1(0.1) 0(0) 1(0.1)
280 1(0.1) 0(0) 1(0.1)
281 1(0.1) 0(0) 1(0.1)
282 1(0.1) 0(0) 1(0.1)
283 1(0.1) 0(0) 1(0.1)
284 1(0.1) 0(0) 1(0.1)
285 1(0.1) 0(0) 1(0.1)
286 1(0.1) 0(0) 1(0.1)
287 1(0.1) 0(0) 1(0.1)
288 1(0.1) 0(0) 1(0.1)
289 1(0.1) 0(0) 1(0.1)
290 1(0.1) 0(0) 1(0.1)
291 1(0.1) 0(0) 1(0.1)
292 1(0.1) 0(0) 1(0.1)
293 1(0.1) 0(0) 1(0.1)
294 1(0.1) 0(0) 1(0.1)
295 1(0.1) 0(0) 1(0.1)
296 1(0.1) 0(0) 1(0.1)
297 1(0.1) 0(0) 1(0.1)
298 1(0.1) 0(0) 1(0.1)
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299 1(0.1) 0(0) 1(0.1)
300 1(0.1) 0(0) 1(0.1)
301 1(0.1) 0(0) 1(0.1)
302 1(0.1) 0(0) 1(0.1)
303 1(0.1) 0(0) 1(0.1)
304 1(0.1) 0(0) 1(0.1)
305 1(0.1) 0(0) 1(0.1)
306 1(0.1) 0(0) 1(0.1)
307 1(0.1) 0(0) 1(0.1)
308 1(0.1) 0(0) 1(0.1)
309 1(0.1) 0(0) 1(0.1)
310 1(0.1) 0(0) 1(0.1)
311 1(0.1) 0(0) 1(0.1)
312 1(0.1) 0(0) 1(0.1)
313 1(0.1) 0(0) 1(0.1)
314 1(0.1) 0(0) 1(0.1)
315 1(0.1) 0(0) 1(0.1)
316 1(0.1) 0(0) 1(0.1)
317 1(0.1) 0(0) 1(0.1)
318 1(0.1) 0(0) 1(0.1)
319 1(0.1) 0(0) 1(0.1)
320 1(0.1) 0(0) 1(0.1)
321 1(0.1) 0(0) 1(0.1)
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322 1(0.1) 0(0) 1(0.1)
323 1(0.1) 0(0) 1(0.1)
324 1(0.1) 0(0) 1(0.1)
325 1(0.1) 0(0) 1(0.1)
326 1(0.1) 0(0) 1(0.1)
327 1(0.1) 0(0) 1(0.1)
328 1(0.1) 0(0) 1(0.1)
329 1(0.1) 0(0) 1(0.1)
330 1(0.1) 0(0) 1(0.1)
331 1(0.1) 0(0) 1(0.1)
332 1(0.1) 0(0) 1(0.1)
333 1(0.1) 0(0) 1(0.1)
334 1(0.1) 0(0) 1(0.1)
335 1(0.1) 0(0) 1(0.1)
336 1(0.1) 0(0) 1(0.1)
337 1(0.1) 0(0) 1(0.1)
338 1(0.1) 0(0) 1(0.1)
339 1(0.1) 0(0) 1(0.1)
340 1(0.1) 0(0) 1(0.1)
341 1(0.1) 0(0) 1(0.1)
342 1(0.1) 0(0) 1(0.1)
343 1(0.1) 0(0) 1(0.1)
344 1(0.1) 0(0) 1(0.1)
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345 1(0.1) 0(0) 1(0.1)
346 1(0.1) 0(0) 1(0.1)
347 1(0.1) 0(0) 1(0.1)
348 1(0.1) 0(0) 1(0.1)
349 1(0.1) 0(0) 1(0.1)
350 1(0.1) 0(0) 1(0.1)
351 1(0.1) 0(0) 1(0.1)
352 1(0.1) 0(0) 1(0.1)
353 1(0.1) 0(0) 1(0.1)
354 1(0.1) 0(0) 1(0.1)
355 1(0.1) 0(0) 1(0.1)
356 1(0.1) 0(0) 1(0.1)
357 1(0.1) 0(0) 1(0.1)
358 1(0.1) 0(0) 1(0.1)
359 1(0.1) 0(0) 1(0.1)
360 1(0.1) 0(0) 1(0.1)
361 1(0.1) 0(0) 1(0.1)
362 1(0.1) 0(0) 1(0.1)
363 1(0.1) 0(0) 1(0.1)
364 1(0.1) 0(0) 1(0.1)
365 1(0.1) 0(0) 1(0.1)
366 1(0.1) 0(0) 1(0.1)
367 1(0.1) 0(0) 1(0.1)
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368 1(0.1) 0(0) 1(0.1)
369 1(0.1) 0(0) 1(0.1)
370 1(0.1) 0(0) 1(0.1)
371 1(0.1) 0(0) 1(0.1)
372 1(0.1) 0(0) 1(0.1)
373 1(0.1) 0(0) 1(0.1)
374 1(0.1) 0(0) 1(0.1)
375 1(0.1) 0(0) 1(0.1)
376 1(0.1) 0(0) 1(0.1)
377 1(0.1) 0(0) 1(0.1)
378 1(0.1) 0(0) 1(0.1)
379 1(0.1) 0(0) 1(0.1)
380 1(0.1) 0(0) 1(0.1)
381 1(0.1) 0(0) 1(0.1)
382 1(0.1) 0(0) 1(0.1)
383 1(0.1) 0(0) 1(0.1)
384 1(0.1) 0(0) 1(0.1)
385 1(0.1) 0(0) 1(0.1)
386 1(0.1) 0(0) 1(0.1)
387 1(0.1) 0(0) 1(0.1)
388 1(0.1) 0(0) 1(0.1)
389 1(0.1) 0(0) 1(0.1)
390 1(0.1) 0(0) 1(0.1)
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391 1(0.1) 0(0) 1(0.1)
392 1(0.1) 0(0) 1(0.1)
393 1(0.1) 0(0) 1(0.1)
394 1(0.1) 0(0) 1(0.1)
395 1(0.1) 0(0) 1(0.1)
396 1(0.1) 0(0) 1(0.1)
397 1(0.1) 0(0) 1(0.1)
398 1(0.1) 0(0) 1(0.1)
399 1(0.1) 0(0) 1(0.1)
400 1(0.1) 0(0) 1(0.1)
401 1(0.1) 0(0) 1(0.1)
402 1(0.1) 0(0) 1(0.1)
403 1(0.1) 0(0) 1(0.1)
404 1(0.1) 0(0) 1(0.1)
405 1(0.1) 0(0) 1(0.1)
406 1(0.1) 0(0) 1(0.1)
407 1(0.1) 0(0) 1(0.1)
408 1(0.1) 0(0) 1(0.1)
409 1(0.1) 0(0) 1(0.1)
410 1(0.1) 0(0) 1(0.1)
411 1(0.1) 0(0) 1(0.1)
412 1(0.1) 0(0) 1(0.1)
413 1(0.1) 0(0) 1(0.1)
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414 1(0.1) 0(0) 1(0.1)
415 1(0.1) 0(0) 1(0.1)
416 1(0.1) 0(0) 1(0.1)
417 1(0.1) 0(0) 1(0.1)
418 1(0.1) 0(0) 1(0.1)
419 1(0.1) 0(0) 1(0.1)
420 1(0.1) 0(0) 1(0.1)
421 1(0.1) 0(0) 1(0.1)
422 1(0.1) 0(0) 1(0.1)
423 1(0.1) 0(0) 1(0.1)
424 1(0.1) 0(0) 1(0.1)
425 1(0.1) 0(0) 1(0.1)
426 1(0.1) 0(0) 1(0.1)
427 1(0.1) 0(0) 1(0.1)
428 1(0.1) 0(0) 1(0.1)
429 1(0.1) 0(0) 1(0.1)
430 1(0.1) 0(0) 1(0.1)
431 1(0.1) 0(0) 1(0.1)
432 1(0.1) 0(0) 1(0.1)
433 1(0.1) 0(0) 1(0.1)
434 1(0.1) 0(0) 1(0.1)
435 1(0.1) 0(0) 1(0.1)
436 1(0.1) 0(0) 1(0.1)
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437 1(0.1) 0(0) 1(0.1)
438 1(0.1) 0(0) 1(0.1)
439 1(0.1) 0(0) 1(0.1)
440 1(0.1) 0(0) 1(0.1)
441 1(0.1) 0(0) 1(0.1)
442 1(0.1) 0(0) 1(0.1)
443 1(0.1) 0(0) 1(0.1)
444 1(0.1) 0(0) 1(0.1)
445 1(0.1) 0(0) 1(0.1)
446 1(0.1) 0(0) 1(0.1)
447 1(0.1) 0(0) 1(0.1)
448 1(0.1) 0(0) 1(0.1)
449 1(0.1) 0(0) 1(0.1)
450 1(0.1) 0(0) 1(0.1)
451 1(0.1) 0(0) 1(0.1)
452 1(0.1) 0(0) 1(0.1)
453 1(0.1) 0(0) 1(0.1)
454 1(0.1) 0(0) 1(0.1)
455 1(0.1) 0(0) 1(0.1)
456 1(0.1) 0(0) 1(0.1)
457 1(0.1) 0(0) 1(0.1)
458 1(0.1) 0(0) 1(0.1)
459 1(0.1) 0(0) 1(0.1)
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460 1(0.1) 0(0) 1(0.1)
461 1(0.1) 0(0) 1(0.1)
462 1(0.1) 0(0) 1(0.1)
463 1(0.1) 0(0) 1(0.1)
464 1(0.1) 0(0) 1(0.1)
465 1(0.1) 0(0) 1(0.1)
466 1(0.1) 0(0) 1(0.1)
467 1(0.1) 0(0) 1(0.1)
468 1(0.1) 0(0) 1(0.1)
469 1(0.1) 0(0) 1(0.1)
470 1(0.1) 0(0) 1(0.1)
471 1(0.1) 0(0) 1(0.1)
472 1(0.1) 0(0) 1(0.1)
473 1(0.1) 0(0) 1(0.1)
474 1(0.1) 0(0) 1(0.1)
475 1(0.1) 0(0) 1(0.1)
476 1(0.1) 0(0) 1(0.1)
477 1(0.1) 0(0) 1(0.1)
478 1(0.1) 0(0) 1(0.1)
479 1(0.1) 0(0) 1(0.1)
480 1(0.1) 0(0) 1(0.1)
481 1(0.1) 0(0) 1(0.1)
482 1(0.1) 0(0) 1(0.1)
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483 1(0.1) 0(0) 1(0.1)
484 1(0.1) 0(0) 1(0.1)
485 1(0.1) 0(0) 1(0.1)
486 1(0.1) 0(0) 1(0.1)
487 1(0.1) 0(0) 1(0.1)
488 1(0.1) 0(0) 1(0.1)
489 1(0.1) 0(0) 1(0.1)
490 1(0.1) 0(0) 1(0.1)
491 1(0.1) 0(0) 1(0.1)
492 1(0.1) 0(0) 1(0.1)
493 1(0.1) 0(0) 1(0.1)
494 1(0.1) 0(0) 1(0.1)
495 1(0.1) 0(0) 1(0.1)
496 1(0.1) 0(0) 1(0.1)
497 1(0.1) 0(0) 1(0.1)
498 1(0.1) 0(0) 1(0.1)
499 1(0.1) 0(0) 1(0.1)
500 1(0.1) 0(0) 1(0.1)
501 1(0.1) 0(0) 1(0.1)
502 1(0.1) 0(0) 1(0.1)
503 1(0.1) 0(0) 1(0.1)
504 1(0.1) 0(0) 1(0.1)
505 1(0.1) 0(0) 1(0.1)
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506 1(0.1) 0(0) 1(0.1)
507 1(0.1) 0(0) 1(0.1)
508 1(0.1) 0(0) 1(0.1)
509 1(0.1) 0(0) 1(0.1)
510 1(0.1) 0(0) 1(0.1)
511 1(0.1) 0(0) 1(0.1)
512 1(0.1) 0(0) 1(0.1)
513 1(0.1) 0(0) 1(0.1)

347
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Presence of optrA-mediated linezolid resistance in multiple
lineages and plasmids of Enterococcus faecalis revealed by long
read sequencing

Martin P. McHugh'?, Benjamin J. Parcell'*t, Kerry A. Pettigrew's, Geoff Toner? Elham Khatamzas?§, Noha el Sakka®,
Anne Marie Karcher3t, Joanna Walker?, Robert Weir*, Daniéle Meunier?®, Katie L. Hopkins®, Neil Woodford®, Kate
E. Templeton?, Stephen H. Gillespie' and Matthew T. G. Holden'*

Abstract

Transferable linezolid resistance due to optrA, poxtA, cfr and cfr-like genes is increasingly detected in enterococci associated
with animals and humans globally. We aimed to characterize the genetic environment of optrA in linezolid-resistant Enterococ-
cus faecalis isolates from Scotland. Six linezolid-resistant E. faecalis isolated from urogenital samples were confirmed to carry
the optrA gene by PCR. Short read (lllumina) sequencing showed the isolates were genetically distinct (>13900 core SNPs) and
belonged to different MLST sequence types. Plasmid contents were examined using hybrid assembly of short and long read
(Oxford Nanopore MinlON) sequencing technologies. The optrA gene was located on distinct plasmids in each isolate, suggest-
ing that transfer of a single plasmid did not contribute to optrA dissemination in this collection. pTM6294-2, BX5936-1 and
pWEOQ438-1 were similar to optrA-positive plasmids from China and Japan, while the remaining three plasmids had limited
similarity to other published examples. We identified the novel Tné6993 transposon in pWE0254-1 carrying linezolid (optrA),
macrolide (ermB) and spectinomycin [ANT(9)-la] resistance genes. OptrA amino acid sequences differed by 0-20 residues. We
report multiple variants of optrA on distinct plasmids in diverse strains of E. faecalis. It is important to identify the selection
pressures driving the emergence and maintenance of resistance against linezolid to retain the clinical utility of this antibiotic.

INTRODUCTION

Enterococcus faecalis and Enterococcus faecium are carried in the intestinal tract and are important opportunistic pathogens in
humans [1]. Treatment of enterococcal infections is challenging due to intrinsic or acquired resistance to multiple antimicrobials
including aminoglycosides, benzylpenicillin, cephalosporins, fluoroquinolones, macrolides, tetracyclines and trimethoprim.
Among the remaining treatment options, clinical E. faecium isolates are usually resistant to amoxicillin, and resistance to vanco-
mycin is increasingly common [2]. In contrast, E. faecalis typically remains susceptible to amoxicillin and resistance to vancomycin
is uncommon. Where vancomycin cannot be used, treatment options against severe enterococcal infections are largely limited to
daptomycin, linezolid or combination therapy and are further complicated by issues with efficacy, susceptibility or toxicity [1].

Oxazolidinones such as linezolid block protein synthesis by binding to the 50S ribosomal subunit and inhibit formation of the
initiation complex [3]. Linezolid resistance is reported in <1% of bloodstream enterococcal isolates in the UK and is an important
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antimicrobial for the treatment of multi-drug-resistant Gram-positive infections, including vancomycin-resistant enterococci
[4, 5]. The G2576T mutation in the chromosomal 23S rRNA genes can arise de novo during extended linezolid therapy [6],
although antimicrobial stewardship and infection prevention and control measures appear to be successful in limiting the genera-
tion and spread of mutational linezolid resistance in clinical practice [7]. The methyltransferases Cfr, Cfr(B) and Cfr(D), and
the ABC-F ribosomal protection proteins OptrA and PoxtA also confer resistance to linezolid in enterococci but are carried on
mobile genetic elements, which can spread across genetically distinct lineages in the absence of antimicrobial selection [8-14].
Recent international surveillance confirmed that linezolid resistance remains rare, but optrA has recently spread to every continent
and is the dominant mechanism of linezolid resistance in E. faecalis [15]. Surveillance has also detected optrA in the UK [16].
Studies into the genetic context of optrA have identified the gene on both the chromosome and plasmids, often associated with
insertion sequences such as IS1216, a possible vehicle for the rapid spread of optrA [17, 18].

We used whole genome sequencing to determine whether Scottish optrA-positive E. faecalis isolates represent transmission of a
single clonal lineage. We hypothesized that spread of optrA is driven by a single mobile genetic element, and to investigate this
we made hybrid assemblies of short and long read sequencing data to generate complete genomes and to reconstruct the genetic
environment of optrA.

METHODS
Bacterial strains

Study isolates were a convenience sample from three regional hospital laboratories during 2014-17; as such they may not reflect
the entire Scottish population of optrA-positive E. faecalis. E. faecalis were identified from clinical samples using MALDI-TOF
MS or the Vitek-2 GP-ID card (bioMérieux). Initial antimicrobial susceptibility testing was performed with the Vitek-2 AST-607
card; where linezolid resistance was detected the full MIC was determined by agar dilution methodology at the AMRHALI refer-
ence laboratory, and susceptibility testing was interpreted with EUCAST breakpoints [19]. Linezolid-resistant isolates were then
screened for the genetic determinant of resistance at AMRHALI Detection of the G2576T mutation (Escherichia coli numbering)
in the 23S rRNA genes was investigated by PCR-RFLP or by a real-time PCR-based allelic discrimination assay [20, 21]. The cfr
and optrA genes were sought by a multiplex PCR using primers for the detection of cfr (cfr-fw: 5'-TGAAGTATAAAGCAGGTTGG
GAGTCA-3" and cfr-rev: 5'-ACCATATAATTGACCACAAGCAGC-3') [22] and optrA (optrA-F: 5-GACCGGTGTCCTCTTT-
GTCA-3"and optrA-R: 5'-TCAATGGAGTTACGATCGCCT-3') (AMRHAI, unpublished).

Access to isolates and clinical data was approved by the NHS Scotland Biorepository Network (Ref. TR000126).

Whole genome sequencing and genomic analysis

Genomic DNA was extracted from pelleted overnight broth cultures using the MasterPure Gram Positive DNA Purification Kit
(Cambio), or QiaSymphony DSP DNA Mini Kit (Qiagen). Short read barcoded libraries were prepared using the Nextera XT
kit (Illumina) and sequenced with a MiSeq instrument (Illumina) using 250bp paired-end reads on a 500-cycle v2 kit. Short
reads were quality trimmed with Trimmomatic v0.36 and the settings [LEADING:5 TRAILING:5 SLIDINGWINDOW:4:15
MINLEN:100] [23]. Barcoded long read libraries were generated with the 1D Ligation Sequencing Kit (Oxford Nanopore Tech-
nologies) and sequenced with an R9.4 flow cell on a MinION sequencer (Oxford Nanopore Technologies). Base-calling and
barcode de-multiplexing was performed with Albacore v2.1.3 (Oxford Nanopore Technologies) and the resulting fast5 files
were converted to fastq with Poretools v0.6.0 [24], or basecalled and de-multiplexed with Albacore v2.3.3 with direct fastq
output. Porechop v0.2.3 (https://github.com/rrwick/Porechop) was used to remove chimeric reads and trim adapter sequences.
Sequencing reads and annotated assemblies for this study have been deposited in the European Nucleotide Archive at EMBL-EBI
under accession number PRJEB36950 (https://www.ebi.ac.uk/ena/data/view/PRJEB36950).

Short reads were mapped to the E. faecalis reference genome V583 (accession number AE016830) using SMALT v0.7.4 [25].
Mapped assemblies were aligned, and regions annotated as mobile genetic elements in the V583 genome (transposons, integrases,
plasmids, phages, insertion sequences, resolvases and recombinases) were removed from the assembly (https://github.com/
sanger-pathogens/remove_blocks_from_aln). All sites in the alignment with SNPs were extracted using SNP-sites v2.4.0 [26]
and pairwise SNP counts were calculated (https://github.com/simonrharris/pairwise_difference_count).

MLST profiling was performed using SRST2 v0.2.0 [27] and the E. faecalis MLST database (https://pubmlst.org/efaecalis/) sited
at the University of Oxford [28, 29]. Antimicrobial resistance mechanisms were detected using ARIBA v2.12.1 [30] and the
ResFinder database v3.0 [31] with the addition of linezolid resistance mutations in the 23S rRNA (G2505A and G2576T based
on E. coli numbering) and rplC, rpID, and rplV ribosomal protein genes.

Hybrid assembly was performed with Illumina short reads and Nanopore long reads using Unicycler v0.4.7 [32] in standard mode.
The resulting assemblies were annotated with Prokka v1.5.1 using a genus-specific RefSeq database [33]. Hybrid assemblies were
checked for indel errors using Ideel (https://github.com/mw55309/ideel) and UniProtKB TrEMBL database v2019_1. Plasmid
comparisons were generated and visualized with EasyFig v2.2.2 [34].
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RESULTS
Detection of optrA in distinct E. faecalis strains

There were 14133 isolates of E. faecalis during the study period from all sample types: 14 (0.1%) were identified as linezolid-
resistant, and eight (57.1%) were confirmed as optrA-positive at the AMRHALI reference laboratory. Six optrA-positive E. faecalis
were available for further characterization (Table 1). The earliest isolates in this collection were from the Grampian region in
the northeast of Scotland in 2014, 2015 and 2016. Three more isolates were identified in 2017 from the Lothian and Forth Valley
regions in east and central Scotland (Table 1), with no clear epidemiological links between the patients. Only one patient had
known exposure to linezolid prior to the isolation of an optrA-positive E. faecalis, two patients were hospitalized at the time of
sample collection while the remaining four were from general practice. Samples were collected for symptomatic urinary tract
infection or orchitis.

Whole genome sequencing was performed to investigate the genetic relationship between the isolates. In silico MLST showed the
six isolates belonged to different STs, suggesting they were genetically distinct (Table 1). To further confirm this, we analysed SNPs
in the core genomes of the optrA-positive isolates and found the isolates differed by a median 18806 SNPs (range 13909-22272).
Previous estimates suggest a genetic diversification rate of 2.5-3.4 SNPs/year for E. faecalis, highlighting the optrA-positive isolates
share a very distant common ancestor [35].

optrA is carried on diverse genetic platforms

Hybrid assembly produced complete or near-complete genomes with <3% putative coding sequences shorter than the closest
reference match. This indicated the hybrid assembly process removed most indel errors, with 1-5% of coding sequences expected
to represent true truncated pseudogenes [36]. The hybrid assemblies contained between one and three plasmids ranging in
size from 11 to 80kb, with optrA present on a single complete plasmid in each isolate (pBX5936-1, pBX8117-2, pTM6294-2,
PpWEO0254-1, pWE0438, pWE0851-1; Table S1, available in the online version of this article).

The optrA-positive plasmids shared limited sequence similarity to the first described optrA plasmid (pE394, accession KP399637),
with only the 5-10kb region surrounding optrA and fexA (a chloramphenicol/florfenicol exporter) showing >70% nucleotide
identity. In all six Scottish optrA-positive plasmids, optrA and fexA were located within 550-750 nt of each other intervened
by a single coding sequence (hypothetical function in all but pBX8117-2 which was annotated as a putative NADH reductase).
Within the Scottish optrA-positive plasmids, pBX5936-1 (69 kb) and pTM6294-2 (53 kb) were most similar, sharing 97% average
nucleotide identity over 40kb of aligned sequence (Fig. 1). pTM6294-2 shared 99.8% identity with a 53 kb optrA-positive phero-
mone responsive plasmid detected in E. faecalis from a clinical sample in China (pEF10748), clinical samples in Spain (IsoBarl,
IsoBar2 and IsoBar3) and raw dog food in Portugal (pAPT110) [37, 38]. pWE0438 shared 92.3% nucleotide identity over 52kb
with pS7316 from an E. faecalis isolated from a hospitalized patient in Japan [39]. In pWE0438, the optrA and fexA genes
were ~3.8 kb upstream of Tn917 carrying ermB, and ~1.8 kb downstream of another Tn3-family transposase (Fig. 1). pBX8117-2
carried optrA and the novel c¢fr(D) gene (encoding a 23S rRNA methylase that confers phenicol, oxazolidinone, pleuromutilin
and streprogramin A resistance) but apart from these genes showed no similarity to another E. faecium optrA/cfr(D)-positive
plasmid identified in a clinical sample in Ireland (M17-0314) [40]. The other Scottish optrA-positive plasmids showed limited
similarity to other published examples outside of the optrA/fexA region.

1S1216 is often associated with optrA and other antimicrobial resistance genes in enterococci. pBX5936-1 and pBX8117-2 had
1S1216 flanking the optrA and fexA region as a putative transposable cassette (Figs 1 and S1). However, IS1216 can mobilize from
asingle insertion sequence copy [41] and single copies were found close to optrA in pTM6294-2 and pWE0851-1 (Figs 1 and S1).
BLASTN comparison of pWE0254-1 with the other optrA-positive plasmids highlighted a partial IS1216 transposase that was not
identified by automated annotation. Immediately upstream of the partial IS1216 was an IS3-family transposase, the insertion of
which probably disrupted 1S1216. In pWE0254-1 optrA and fexA were found on a Tn6674-like element carrying macrolide (ermA)
and spectinomycin (APH(9)-Ia) resistance genes. The element was 98.9% identical to Tn6674 but had a 1.2 kb insertion containing
1S3-family transposases (Fig. S1), and was classified as Tn6993 by the Transposon Registry (accession GCA_906464915) [42].
Tn6993 was not inserted into the chromosomal radC gene as described for most Tn6674-like elements [43, 44]. A similar element
was present in a plasmid from E. faecalis in Chinese swine (TBCP-4814-p1, accession MH830363) but this element lacked the
tnpA gene and the 1.2kb insertion of Tn6993 (Fig. S1) [45]. pWE0438 had a single copy of IS1216 located ~35kb from optrA,
although Tn917 and Tn3-like transposases were detected closer to optrA as described above.

optrA sequences vary between isolates

Comparison of the optrA sequence from each isolate to the first identified optrA from pE394 revealed different variants at the
nucleotide and amino acid levels: WE0254 and TM6294 had one synonymous nucleotide substitution, BX5936 had a single
non-synonymous nucleotide substitution, WE0851 had two non-synonymous nucleotide substitutions, WE0348 had three non-
synonymous and one synonymous substitution, and BX8117 had 20 non-synonymous and a further 17 synonymous substitutions
(Table S1, Fig. S2). The degree of sequence variation between the six FexA proteins was less than that seen in OptrA. Comparison
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Fig. 1. Alignment of full optrA-positive plasmid sequences. While some sequence similarity is seen between pTM6294-2 and pBX5936-1, in general
identity is low between the optrA-positive plasmids, indicating optrA has mobilized to multiple plasmid backbones. Arrows indicate coding sequences,
coloured blocks between each sequence indicate regions with BLASTN sequence identity 290% and length >680bp. Blue identity blocks indicate
inverted sequence.

with the first reported FexA sequence (AJ549214) showed four common non-synonymous variants in all strains (amino acid
changes A34S, L39S, 1131V and V305I), with all but BX8117 having an additional D50A variant.

DISCUSSION

This study found optrA present in diverse genetic lineages of E. faecalis and carried on largely unrelated plasmids in six isolates
from Scotland. pTM6294-2, pBX5936-1 and pWE0438 shared homology with plasmids identified in China or Japan, highlighting
the wide dispersal of optrA. However, the other Scottish plasmids had limited similarity to other published examples, suggesting
a diverse reservoir of optrA-carrying genetic elements. We identified optrA often carried with a number of other resistance genes,
including in a novel multiresistance transposon Tn6993 in pWE0254-1, and the recently described cfr(D) in pBX8117-2. Despite
differences in optrA sequences and carriage of other linezolid determinants such as cfr(D), all isolates showed low-level linezolid
resistance of 8mg 1"' (Table 1).

Freitas et al. [44] recently analysed all publicly available optrA-positive genome sequences and categorized the genetic environ-
ment of optrA. Group 1 includes Tn6674-like platforms, of which WE0254 is a representative (Fig. S1). However, in the original
scheme all Group 1 elements were integrated into the chromosome, while in WE0254 the optrA element Tn6993 is inserted into
a plasmid. Group 2 includes optrA-fexA-impB platforms, represented in the Scottish isolates by TM6294 and WE0438 (Fig. S1).
Group 3 includes platforms containing the araC regulatory element and is not represented in the Scottish optrA-positive isolates
characterized here. The three remaining Scottish isolates could not be grouped based on the Freitas scheme, highlighting the need
for further studies and public access to complete genome sequences to determine the true diversity of optrA-positive platforms.

Many studies of optrA to date are from China and tend to show a higher prevalence of optrA in isolates from animals rather than
humans [11, 46, 47]. Additionally, florfenicol use in agriculture is linked to optrA detection in farm animals [48, 49]. However,
increasing reports describe rapid increases in optrA detection from human samples in many countries [15, 50, 51]. optrA-positive
isolates are often resistant to multiple antibiotic classes used in animal and human health, allowing significant opportunity for
co-selection of optrA-positive strains both in animal and in human settings. More recently, optrA has been identified in clinical
vancomycin-resistant E. faecium isolates, with very limited treatment options [50, 52, 53].
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Our study is limited in scale as we only include isolates from three regional clinical laboratories, and therefore larger studies are
required to infer national patterns. However, our finding that optrA is present as different gene variants, carried on different mobile
genetic elements, in unrelated strains of E. faecalis suggest a diverse optrA reservoir that is only partly investigated in this study.

As well as optrA, the cfr and poxtA genes are emerging transferable linezolid resistance mechanisms. Further studies from a
One Health perspective are warranted to understand the selection pressures driving transferable linezolid resistance, and the
transmission dynamics of these strains to avoid further spread of oxazolidinone resistance within E. faecalis and other Gram-
positive bacteria.
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