Metagenomic, Genomic and
Functional Genomic Approaches for
the Characterisation of Antibiotic
Resistance

Ross Stuart Mclnnes

A thesis submitted to the University of Birmingham for the degree of Doctor
of Philosophy

Institute of Microbiology and Infection
College of Medical and Dental Sciences
University of Birmingham

April 2022



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive
e-theses repository

cl0Ele

This unpublished thesis/dissertation is under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International (CC BY-NC-ND 4.0) licence.

You are free to:
Share — copy and redistribute the material in any medium or format
The licensor cannot revoke these freedoms as long as you follow the license terms.
Under the following terms:

Attribution — You must give appropriate credit, provide a link to the license, and indicate if changes were
made. You may do so in any reasonable manner, but not in any way that suggests the licensor endorses you
or your use.

NonCommercial — You may not use the material for commercial purposes.

NoDerivatives — If you remix, transform, or build upon the material, you may not distribute the modified
material.

ONMC

No additional restrictions — You may not apply legal terms or technological measures that legally restrict others from
doing anything the license permits.

Notices:

You do not have to comply with the license for elements of the material in the public domain or where your use is
permitted by an applicable exception or limitation.

No warranties are given. The license may not give you all of the permissions necessary for your intended use. For
example, other rights such as publicity, privacy, or moral rights may limit how you use the material.

Unless otherwise stated, any material in this thesis/dissertation that is cited to a third-party source is not included in
the terms of this licence. Please refer to the original source(s) for licencing conditions of any quotes, images or other
material cited to a third party.


https://creativecommons.org/licenses/by-nc-nd/4.0/

Abstract

Antibiotic resistance is an emerging threat to global public health. To tackle antibiotic
resistance, we must take a One Health approach in which we study antibiotic resistance in
combined human, animal and environmental contexts. Here I studied antibiotic resistance at
the environmental, clinical and molecular level using different genomics-based approaches.
Bacterial culturing and metagenomics were used to uncover that a major reservoir of
antibiotic resistance in Bangladesh was the urban surface water environment and that the
discharge of untreated human waste into these water bodies was the possible source of
antibiotic-resistant bacteria. Short and long-read whole genome shotgun sequencing were
used to reveal the structure of a hospital vancomycin resistant Enterococcus faecium (VRE)
outbreak and to examine the genetic background of vancomycin-variable E. faecium (VVE)
isolates found in this environment. Long-read sequencing and RT-qPCR were also used to
uncover that the VVE isolates could rapidly revert to a vancomycin-resistant phenotype by
co-transcribing the vanHAX vancomycin resistance genes with one of the rRNA operons.
Transcriptomics and transposon insertion sequencing were leveraged to identify genes
important for the fitness of VRE strains in the presence of vancomycin at sub-inhibitory
concentrations. Exposure to vancomycin led to wide-ranging alterations in the
transcriptional program of E. faecium, particularly the downregulation of
phosphotransferase system genes. A currently uncharacterised gene avrB, was identified by
both RNA-seq and Tn-seq and shown to confer a growth advantage to E. faecium E745 in
the presence of vancomycin at 2 minimum inhibitory concentration compared to a deletion
mutant. This study demonstrated that important insights can be gained by taking a One
Health approach when studying antibiotic resistance. These data suggest that increased

sanitation in Bangladesh could prevent the high levels of antibiotic resistance in the urban
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environment. Increased sequencing of E. faecium in the clinical setting may be required in
the future to prevent treatment failures caused by vancomycin-variable E. faecium strains.
Novel targets were identified for the development of drugs that can be used in conjunction

with vancomycin for the treatment of E. faecium infections.
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Chapter 1
General introduction



1.1 Antibiotics and Antibiotic Resistance

1.1.1 History of antibiotics

Antibiotics are drugs which can either kill or inhibit the growth of bacteria (Baquero and
Levin, 2021). In 1909, the first modern antibiotic drug, the organoarsenic compound
Salvarsan, was developed for the treatment of syphilis (Sepkowitz, 2011) (Figure 1.1).
Although Salvarsan was widely used, it had major drawbacks in terms of its stability and
hepatotoxicity (Zaffiri, Gardner and Toledo-Pereyra, 2012). The Salvarsan-based drugs
were followed in 1935 by the sulphonamide drug Prontosil. This prodrug had activity against
Gram-positive organisms and was used worldwide for the treatment of Streptococcus
pyogenes infections (Millett, 1937). The first beta-lactam drug penicillin was discovered by
Sir Alexander Fleming in 1928 but its utility as a therapeutic was initially overlooked due to
issues with its production and scalability (Fleming, 1929; Gaynes, 2017). It was not until
1942 when Howard Florey and Norman Heatley made significant breakthroughs in the mass
production of penicillin that it was recognised as a viable drug for the treatment of Gram-
positive bacterial infections (Chain et al., 1940). Its mass production allowed it to be used
extensively in the second half of World War II and is still in use today (Quinn, 2013). The
development of antibiotics falls into two main periods, the “Golden Age” of antibiotic
development between 1940 and 1960 and the “lean years” from 1960 until the present day.
During the Golden Age many of the clinically relevant antibiotics which we use today such
as the beta-lactams, aminoglycosides and glycopeptides were developed (Gould, 2016).
However, after 1960 few new classes of antibiotics were in production and it was not until
the early 2000s that the oxazolidinones and lipopeptide antibiotics were approved for clinical

use (Nicolaou and Rigol, 2018).



ANTIBIOTIC ANTIBIOTIC RESISTANCE
INTRODUCED IDENTIFIED

Salvarsan 1909 —

Prontosil 1935 —
T — 1940 penicillin-R Staphylococcus

penicillin 1943 —

bacitracin 1948 —

GOLDEN AGE
tetracycline 1950 —

erythromycin 1953 —

kanamycin 1957 —

polymyxin E 1959 ———— 1959 tetracycline-R Shigella
- methicillin 1960 —
—— 1962 methicillin-R Staphylococcus
—— 1965 penicillin-R pneumococcus

gentamicin 1967 — 1968  erythromycin-R Streptococcus

vancomycin 1972 —

INCREASING
RESISTANCE

—— 1979  gentamicin-R Enterococcus

imipenem and ceftazidime 1985 —

1987 ceftazidime-R Enterobacteriaceae
1988 vancomycin-R Enterococcus

levofloxacin 1996 — 1 1996 levofloxacin-R pneumococcus

A 4

—— 1998  imipenem-R Enterobacteriaceae

linezolid 2000 ——— 2000 XDR tuberculosis
—— 2001 linezolid-R Staphylococcus

—— 2002 vancomycin-R Staphylococcus

daptomycin 2003 T }— 2004/5 PDR-Acinetobacter and Pseudomonas

: —— 2009 ceftriaxone-R Neisseria gonorrhoeae
ceftaroline 2010 \ PDR-Enterobacteriaceae

2011 ceftaroline-R Staphylococcus

Figure 1.1: A timeline of notable antibiotics and the subsequent rise of resistance to these
antibiotics. Figure adapted from (Centers for Disease Control & Prevention, 2013).



1.1.2 Antibiotic resistance

Antimicrobial resistance (AMR) is the resistance of fungi, parasites, viruses and bacteria to
the therapeutic drugs used to treat them (Prestinaci, Pezzotti and Pantosti, 2015). Resistance
to antimicrobials, and in particular to antibiotics, is an increasing public health concern (Ferri
et al.,2017). It has been reported that by 2050 10 million deaths per year could be attributed
to antimicrobial resistance (O’Neill, 2014). This is a worst-case scenario and likely
overestimates deaths due to confounding factors in estimation. However it does illustrate the
growing threat of AMR to public health (de Kraker, Stewardson and Harbarth, 2016). A
recent study estimated that in 2019, 4.95 million deaths were associated with antibiotic
resistant bacteria (ARB) and 1.27 million deaths were directly attributable to ARB (Murray
et al., 2022). Antimicrobial resistance not only affects public health but also has a negative
impact on the global economy. The World Bank produced a report titled “Drug resistant
infections a threat to our economic future” which modelled the impact of antimicrobial
resistance on global GDP. It demonstrated in its high-impact scenario that global GDP could

drop by 3.8% and that low-income countries would be worst affected (Jonas et al., 2017).

Multiple human factors contribute to the increase in AMR, including over-prescription of
drugs, failure to finish courses of drugs and the use of clinically relevant drugs in agriculture
(Michael, Dominey-Howes and Labbate, 2014). It should also be noted that even the
appropriate use of antibiotics will select for drug-resistant bacteria. The issues linked to
AMR are likely to increase as few new classes of antimicrobial drugs which target priority

pathogens are currently in development (Theuretzbacher ef al., 2020).

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter

baumannii, Pseudomonas aeruginosa, and Enterobacter species are a group of bacteria



collectively known as the ESKAPE pathogens (Santajit and Indrawattana, 2016). These
opportunistic pathogens are often associated with the hospital environment and are in many
cases multidrug resistant (De Oliveira et al., 2020). Drug resistant ESKAPE pathogens,
particularly S. aureus and K. pneumoniae are a major cause of death globally (Murray ef al.,
2022). These drug resistant pathogens use a variety of different mechanism to survive

exposure to antibiotic drugs.



1.1.3 Mechanisms of antibiotic resistance

Bacteria have evolved many different strategies to resist antibiotic drugs. The mechanisms
of resistance can be grouped into three major categories namely; prevention of the antibiotic
from reaching toxic levels inside the cell, modification of the antibiotic target and

modification of the antibiotic itself (Blair ez al., 2015) (Figure 1.2).

Decreased antibiotic
accumulation

Target
modification

Drug
modification

Figure 1.2: Mechanisms of antibiotic resistance. Drug modification: Antibiotics can be degraded
or modified by bacterial enzymes. Decreased antibiotic accumulation: Increased expression of
efflux pumps and decreased expression of porins (in Gram-negative bacteria) prevent
accumulation of the antibiotic inside the bacterial cell. Target modification: Mutations in DNA
encoding the antibiotic target result in the antibiotic no longer being able to bind.

Antibiotics may enter the bacterial cell through either the membrane or through porin
proteins in the outer membrane of Gram-negative bacteria. Bacteria can resist antibiotics

entering the cell by downregulating the expression of the genes encoding porin proteins or



by having mutated porin proteins that obstruct the passage of antibiotics into the cell.
Bacteria also actively pump antibiotics out of the cell using a variety of different efflux
pumps which can also be upregulated during antibiotic treatment (Delcour, 2009).
Modification of the antibiotic target is a strategy that is employed by many bacteria and is
often a self-resistance mechanism of cells that produce antibiotics. Two examples of this
strategy provide resistance to the cell wall targeting antibiotics penicillin and vancomycin.
Mutations in the penicillin binding protein (PBP) genes of bacteria can produce PBPs that
have a much lower binding affinity for penicillin than the wildtype proteins. Resistance to
vancomycin is conferred by an alteration of D-Ala-D-Ala residues to D-Ala-D-Lac or D-
Ala-D-Ser in peptidoglycan precursor molecules which greatly reduces the binding affinity
of vancomycin (Peterson and Kaur, 2018). The final strategy employed by bacteria to resist
antibiotics is the modification or destruction of the antibiotic itself. Resistance to
aminoglycosides is conferred by acetyltransferase enzymes which acetylate aminoglycoside
drugs leading to steric hinderance at the target site, thus lowering the antibiotic’s binding
affinity to its target. Other enzymes such as beta-lactamases cleave bonds within the drug
which in turn stops them binding to their target (Munita and Arias, 2016). Antibiotic
resistance genes are found on both the chromosome and on mobile genetic elements (MGEs)
such as plasmids and phage. These MGEs are capable of exchanging genetic material,
including antibiotic resistance genes, by different mechanisms of horizontal gene transfer.
The most important of which are, transformation (the uptake of naked DNA from the
environment), conjugation (the transfer of plasmids and integrative and conjugative
elements between strains) and transduction (the transfer of DNA between strains via a

bacteriophage) (Mclnnes et al., 2020).



1.1.4 Global spread of antibiotic resistance genes

There have been many examples of novel resistance genes arising and subsequently being
spread globally. An example of this process is provided by the spread of resistance to the
antibiotic colistin. Colistin was generally avoided for use in humans due to its toxicity.
However, as organisms have become increasingly resistant to other drugs, colistin was
brought in for use in humans as a drug of last resort (Zavascki et al., 2007). Resistance to
colistin had previously been observed due to mutations in chromosomally encoded genes
including mgrB and pmrB (Cannatelli et al., 2014; Berglund et al., 2018). In 2015, mcr-1 a
mobilizable colistin resistance gene was detected and by 2017 the gene had been detected
on five continents (Liu et al., 2016; Wang et al., 2018). A similar situation was seen with
the beta-lactamase gene blanpy-; which was first identified in 2008 and within a few years
had spread globally (Yong ef al., 2009; Khan, Maryam and Zarrilli, 2017). Mutations in an
antibiotics target site can also lead to the global emergence of antibiotic resistance.
Ampicillin resistance in Enterococcus faecium is conferred by the expression of a mutated
penicillin-binding protein PBP5 which has a reduced affinity for B-lactam antibiotics.
Approximately 90% of all clinical E. faecium isolates are resistant to ampicillin because they
possess this low affinity protein whereas in Enterococcus faecalis, another important
hospital associated pathogen, resistance rates are around 2% (Gagetti et al., 2019). The
spread of resistance genes can be mediated either by the spread of the bacterial host and/or
the spread of the resistance gene itself on mobile genetic elements (Mclnnes et al., 2020).
Resistance genes that are chromosomally encoded are usually spread vertically and are
inherited by daughter cells. However, transduction mechanisms can mobilise chromosomal
genes via bacteriophage, and in some cases insertion sequences can mobilise chromosomally

encoded genes on to plasmids allowing them to spread horizontally (Ebmeyer, Kristiansson



and Larsson, 2021). Antibiotic resistance genes which are found on mobile genetic elements
such as plasmids, integrative and conjugative elements (ICE) and bacteriophages can be
shared horizontally with other bacteria (Partridge et al., 2018). The horizontal transfer of
antibiotic resistance genes occurs often in microbial ecosystems due to the close spatial
relationship of bacteria and the large numbers of potential donors and recipients (van Elsas

and Bailey, 2002).



1.2 Metagenomics

Bacteria live in complex ecosystems that can be studied using modern DNA-sequencing
technologies. These technologies can be leveraged to perform metagenomics, which is the
study of the total genetic content of an ecosystem, or the metagenome (Thomas, Gilbert and
Meyer, 2012). There are many different techniques that can be used to identify organisms
that contribute to a metagenome, and these are typically grouped into culture-dependent and
culture-independent techniques (Pandya et al., 2017). The simplest way to identify the
organisms that contribute to a microbial ecosystem is to culture them on selective media and
sequence their genomes. However, many microorganisms that are found in natural
environments cannot be cultured in the laboratory so would be missed using routine
culturing approaches (Bodor ef al., 2020). To overcome this problem, a group of techniques
termed culturomics were developed which leveraged high-throughput methods to culture
organisms in hundreds or thousands of different conditions increasing the likelihood of their
isolation (Lagier et al., 2012). Although culturomics vastly increased the number of
organisms that could be isolated, it still failed to identify organisms which had unknown

growth requirements (Lagier ef al., 2018).

Culture-independent techniques have now been developed that do not require isolation of
the microorganisms thus overcoming many of the drawbacks of culture-dependent
approaches (Forbes et al., 2017). There are two major culture-independent approaches to
identify microorganisms in the environment, both of which use high-throughput sequencing
to sequence the microbial DNA (Semenov, 2021). The first technique is meta-barcoding,
this technique uses the amplification and sequencing of marker genes to identify and
quantify the organisms present in a microbiome (Huggins et al., 2019). A common marker

gene used for the identification of bacteria in a sample is the 16S ribosomal RNA gene which

10



contains nine variable regions with the 250 bp V4 region being most commonly used (Bukin
et al., 2019). Metabarcoding is an extremely useful technique to identify organisms in an
environment as it is relatively low-cost and extremely high-throughput (Elbrecht et al.,
2017). Metabarcoding does, however, have a number of drawbacks. Due to the short length
of the variable regions that are typically sequenced in a metabarcoding study, it is not always
possible to identify organisms to the species level. (Shahi et al., 2019). Due to their low
abundance these short regions of DNA must be amplified by PCR, which can lead to
sequencing errors and can preclude the identification of certain organisms. PCR can also
introduce biases through primer-mismatch and preferential target amplification skewing
community composition estimates (Sze and Schloss, 2019). Arguably, the greatest drawback
of metabarcoding is that it only identifies the organisms, missing vital genomic information
that can give insights into the biology of these organisms, including any virulence or

antibiotic resistance genes that they may carry (Bharti and Grimm, 2021).

Shotgun metagenomic sequencing is a technique that is used to sequence all of the DNA in
a sample rather than just the marker genes (Quince et al., 2017). By sequencing all of the
DNA in a sample it is not only possible to identify and quantify the organisms present, but
also to identify all other genes of interest in the sample (Chiu and Miller, 2019). Sequencing
of all DNA also makes it possible to identify organisms from different kingdoms whereas in
metabarcoding the marker genes are often kingdom-specific such as the 16S rRNA gene for
bacteria or the ITS gene for fungi (Edgar, 2018). Metagenomes that have been sequenced
using shotgun metagenomic sequencing to a high read depth, can also be assembled to
construct metagenome assembled genomes (MAGs) which can be near-complete genome
sequences of organisms in a microbial ecosystem (Meziti et al., 2021). The advantage of

recovering MAGs from a sample is that it reveals the functional potential of specific
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organisms in an environment (Liu et al., 2020). Metagenomics has been leveraged to profile
the metagenomes of both human-associated “built environments”, such as homes and office

spaces, and natural environments including soil and water.

1.2.1 Metagenomes of the built environment

Many studies have looked at the microbiome of the home as a model for a human associated
microbiome (Jeon, Chun and Kim, 2013; Adams et al., 2014; Lax et al., 2014; Casas et al.,
2019). These studies identified that the microbiome of the home was mainly associated with
the bacteria carried by their human occupants. It was also found that specific areas of the
home could be linked to specific occupants and that the transmission of these bacteria could
be traced throughout the household (Lax et al., 2014). It has also been shown that domestic
animals such as cats and dogs can have a significant impact on the microbiome of the home
(Fujimura et al., 2010). Highly controlled built environments have also been associated with
human and environmental microbiomes. The cleanroom used to construct the Mars 2020
Perseverance Rover was found to be contaminated with human-associated bacteria but as
the distance increased from the entrance of the cleanroom, the bacteria were more associated
with the soil environment (Hendrickson ef al., 2021). Operating theatres also have human-
associated microbiomes, bacteria from the walls of the operating theatres were most
associated with human skin but this varied spatially and the lower walls were more

associated with human faeces (Derilus et al., 2020).

1.2.2 Metagenomes of the natural environment

As well as the built environment, the natural environment has been studied in great depth,
particularly the microbiomes of sediment and water. Although these environments directly

interact with each other, they contain very different bacterial communities (Huang et al.,

12



2018). In freshwater, sediment samples are often dominated by bacteria belonging to the
phyla Proteobacteria while the corresponding water samples are dominated by bacteria
belonging to the phyla Cyanobacteria (Huang et al., 2017; Marmen et al., 2021). It has also
been shown that the microbial composition of these environments can be altered
dramatically through natural processes like the change of seasons or by human processes
such as runoff from agriculture (Wilhelm et al., 2014; Beattie ef al., 2020). The discharge of
human waste into urban rivers is associated with high environmental levels of human gut
associated bacteria. These human associated bacteria often carry antibiotic resistance genes

that confer resistance to clinically relevant antibiotics (Hiruy et al., 2022).

1.2.3 Resistomes

The resistome is the total genetic material in a sample that confers resistance to antibiotic
drugs (van Schaik, 2015). DNA sequences assembled from metagenomic sequencing can be
queried against antibiotic resistance gene databases such as ResFinder (Zankari et al., 2012)
or CARD (Alcock et al., 2020) which contain known antibiotic resistance genes. This allows
the identification of the antibiotic resistance genes (ARGs) present in a sample and to
identify whether ARGs are enriched for certain antibiotic classes (Gupta, Tiwari and Cytryn,

2020).

The resistomes of the built environment have been studied extensively. Antibiotic resistance
genes are ubiquitous in the built environment and in some cases levels of antibiotic resistance
genes in household dust can exceed that of soil contaminated with sewage (Ding, Zhou and
Zhu, 2020). High levels of cleaning in clinical environments has also been linked to a shift
in the bacterial communities to a less diverse state with higher levels of antibiotic resistance
(Mahnert et al., 2019). “One Health” is a multidisciplinary approach to improve health by

targeting human, animal and environmental health particularly at its intersection (McEwen
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and Collignon, 2018)(Figure 1.3). Using this approach, many studies have shown that
antibiotic resistance genes are present at high levels in lakes and rivers used for drinking
water and recreational activities (Lee ef al., 2020; Han et al., 2022). The use of antibiotics
in aquaculture and the release of untreated human waste into environmental water bodies
provides selection for antibiotic resistant bacteria and also introduces antibiotic resistant
bacteria directly into the environment (Karkman, Parnénen and Larsson, 2019; Stanton et
al., 2020). This is particularly relevant for developing and low- and middle-income (LMIC)
countries where policies surrounding antibiotic use and sanitation infrastructure are

generally not as developed as those in high-income countries (Tattevin ef al., 2020).

Environmental

Figure 1.3: One Health: One Health is the approach of looking at health not only from the human
perspective but also animals and the environment.
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1.3 Bacterial Genomics

Bacterial genomics is the study of the bacterial genome, including chromosomal and
extrachromosomal elements. It can be used to study different features of the genome such as
genes and larger elements such as transposons and plasmids (Raskin ef al., 2006). Bacterial
genomics can also be used to compare the genomes of closely related strains to understand
the evolution of a species or to track an outbreak of bacterial infections (Van Goethem et al.,
2019; Koonin, Makarova and Wolf, 2021). The advent of next generation sequencing (NGS)
has made bacterial genomics accessible to most laboratories which has enabled the
sequencing of hundreds of thousands of bacterial genomes (Blackwell et al., 2021). NGS is
a group of techniques that can be used to sequence DNA and can be broadly grouped into
short-read sequencing and the more recently introduced long-read sequencing technologies

(Goodwin, McPherson and McCombie, 2016).

1.3.1 Short-read sequencing

Short-read sequencing is the highly parallel sequencing of short fragments of DNA around
250 bp long. The most widely used short-read sequencing technology is from Illumina which
employs a method called “Sequencing by Synthesis” (SBS) (McCombie, McPherson and
Mardis, 2019). DNA which has been extracted from an organism of interest is sheared into
short fragments that are first hybridised to a flow cell. Fluorescently labelled nucleotides are
passed over the flow cell and the fluorescent signal is recorded as they are incorporated into
the growing chain. The fluorescent signals can then be translated into nucleotide bases to
obtain the DNA sequence of the fragment. These short fragments of DNA sequence are then
assembled to give the entire genome sequence of the organism (Modi et al., 2021). This
technology can also be used to study the functional capacities of the genome which will be

discussed further in sections 1.4 (Transposon Insertion Sequencing) and 1.5
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(Transcriptomics). Short-read sequencing with Illumina technology is high throughput,
relatively inexpensive and highly accurate, producing less than 1 error per 1000 bases (Tan
et al., 2019). A drawback of short-read sequencing is a function of its short read length.
Bacterial genomes, particularly those of the low-GC Gram-positive organisms contain many
repetitive elements such as insertion sequences (IS). Short-reads cannot distinguish between
different copies of the same element as they have no genomic context, which can lead to the
fragmentation of short-read assemblies Important information about the genome can be lost
(Makatowski et al., 2019). To overcome these challenges, new technologies have been

developed which generate longer read lengths.

1.3.2 Long-read sequencing

Long-read sequencing is an approach that allows the sequencing of considerably longer
fragments of DNA than short-read sequencing can achieve. Unlike short-read sequencing
where the Illumina platform has a monopoly on the market, there are two leading long-read
sequencing technologies. Pacific Biosciences’ Single Molecule Real-time (SMRT)
sequencing technology uses an approach similar to Illumina in that it is a sequencing-by-
synthesis approach and fluorescence is measured as each base is incorporated in the growing
DNA strand. SMRT sequencing can achieve DNA reads lengths of around 10 kbp (Logsdon,
Vollger and Eichler, 2020). Oxford Nanopore Technologies use a radically different
approach to sequencing, instead of sequencing-by-synthesis, the DNA is sequenced directly.
The DNA is unwound by a helicase enzyme and then a single strand of DNA is fed through
a pore in a conductive membrane. As each base is passed through the membrane the change
in current is measured. These changes in current can be translated into nucleotide bases
giving the sequence of the DNA strand (Mantere, Kersten and Hoischen, 2019). A major

advantage of long-read sequencing is that the read length can be longer than repetitive
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elements, meaning that the genome can be assembled in its entirety, and information is not
lost (Amarasinghe et al., 2020). Theoretically, DNA fragments of any length can be
sequenced using nanopore technology but, in reality, this is limited by the integrity of the
DNA. It is now commonplace to achieve read lengths of over 1 Mb which equates to around
1/3 of the entire genome of some bacteria (Payne et al., 2019). A current disadvantage of
nanopore sequencing is that it is less accurate than Illumina sequencing or PacBio SMRT
sequencing with a read accuracy of 1 error per 50-100 bp whereas these other platforms

regularly achieve error rates of 1 error per 1000 bp (Hu ef al., 2021).

Short-read Long-read
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Figure 1.4: Next generation sequencing technologies. Illumina short-read sequencing using
cluster generation and sequencing by synthesis. Pacific Biosciences (PacBio) SMRT sequencing
also using a sequencing by synthesis approach. Oxford Nanopore Technologies (ONT) sequencing
uses changes in current as DNA passes through a nanopore to sequence DNA.

1.3.3 Hybrid assembly — The best of both worlds

Short and long-read technologies can be used in a complementary manner to overcome both
of their shortcomings. The more inaccurate long reads can be used to create a highly
contiguous genome assembly and the higher quality short reads can then be used to remove
any errors in the assembly (Chen, Erickson and Meng, 2020). Hybrid assembly can produce
a complete and highly accurate genome with one replicon per contig, which is especially

useful for studying plasmid sequences (Wick et al., 2017).
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1.4 Transposon insertion sequencing

Transposon insertion sequencing (TIS) is a functional genomics method that can be used to
query gene essentially and function in a bacterium (van Opijnen and Camilli, 2013). Several
different implementations of TIS exist, but they all involve the creation of a mutant library
in which a transposon with a selectable marker is distributed throughout the genome such
that there are many insertions within every gene in the genome, except those which are
essential for survival (Lariviere et al., 2021) (Figure 1.5). The mutant pool is then exposed
to a test condition such as the presence of an antibiotic and a control condition in which
selection for mutants is minimal. DNA is then extracted and a library is prepared such that
the end of the transposon and a small region of the genome adjacent to the transposon is
sequenced (Cain et al., 2020). Reads can then be mapped to the parent strain’s genome and
the transposon insertion site can be identified. The reads/insertions can then be summed for
each gene in the genome and different methods used to compare genes in the test condition

compared to the control (Chao et al., 2016).

Transposon library Control
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Figure 1.5: Transposon insertion sequencing method. The transposon library is grown in a
treatment condition such as an antibiotic and a control condition. The DNA is then extracted, and
the sequencing library is prepared according to the specific TIS method. The libraries are then
sequenced, and the reads are aligned to the parent genome. Genes that contribute to survival in the
treatment condition have fewer mapped reads than the control, in this example the hypothetical
gene jacT is essential for survival in the treatment condition. Genes that contribute to survival in
the control condition have fewer mapped reads than the treatment, in this example the hypothetical
gene btsA is essential for survival in the control condition.

Insertion counts
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1.4.2 Different types of transposon sequencing

Transposon insertion sequencing (TIS) has four main incarnations; Tn-seq, TraDIS, INSeq
and HITS (Cain et al., 2020). Tn-seq and INSeq are highly similar techniques which both
use mariner transposons that non-specifically target thymidine-adenine (TA) dinucleotide
motifs. Both techniques use a Mmel restriction site in the inverted repeat region of the
transposon to capture a 16 bp (INSeq) or 20 bp (Tn-seq) region of genomic DNA adjacent
to the transposon (Goodman et al., 2009; van Opijnen, Bodi and Camilli, 2009). TraDIS
does not use a mariner transposon and instead uses a Tn5 transposon derivative which inserts
into the genome non-specifically. TraDIS does not utilise restriction enzymes but instead
uses sonication to shear the DNA into varying lengths (Langridge et al., 2009). Random
shearing of the DNA is useful as it creates longer reads which are easier to map back to the
genome. However, as the reads are different lengths this can introduce a PCR bias into the
analysis, which is not the case for the uniform read lengths produced by Tn-seq and INSeq
(van Opijnen and Camilli, 2013). HITS has features of both Tn-seq/INSeq and TraDIS, as it
uses a mariner transposon to create insertions but uses random shearing of the DNA prior to
adapter ligation rather than restriction enzymes. Unlike the other TIS techniques, HITS
employs a streptavidin based selection step to recover only fragments of DNA which contain

a transposon genome junction (Gawronski et al., 2009).

When the techniques Tn-seq and TraDIS were first described they were used for the
identification of essential genes in Streptococcus pneumoniae and Salmonella Typhi
respectively (Langridge et al., 2009; van Opijnen, Bodi and Camilli, 2009). INSeq leveraged
transposon insertion sequencing to identify the genes that were essential for colonisation of
the gut environment by Bacteroides thetaiotaomicron both in the presence and absence of a

resident microbiome (Goodman et al., 2009). HITS was originally used to identify genes in
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Haemophilus influenzae which contributed to its delayed clearance in a murine pulmonary

model (Gawronski ef al., 2009).

Since the original publication of the TIS techniques in 2009, they have been used to identify
genes which contribute to increased fitness in many different species and conditions. A
major use of TIS has been the identification of virulence genes. TIS techniques were able to
identify that a type III secretion system was important for Burkholderia pseudomallei to
cause respiratory melioidosis (Gutierrez, Yoder-Himes and Warawa, 2015). Similarly, type
IIT secretion systems have been linked to survival of enterohaemorrhagic E. coli in an animal
model (Warr et al., 2019). Possibly the most widespread use of TIS is the identification of
genes which contribute to antibiotic resistance against both old and new antibiotics in many
of the ESKAPE pathogens (Cain et al., 2020). TraDIS identified that efflux genes adel/K
and lipooligosaccharide synthesis genes /pxC and IpsO were required for survival of
Acinetobacter baumannii when exposed to the polymyxin drug colistin (Boinett et al., 2019).
TIS was also able to help characterise the mechanism of action of the lysocin drugs,
identifying that they work through binding to lipid II (Santiago ef al., 2018). Transposon
sequencing has also been used to identify genes which contribute to antibiotic resistance in
Enterococcus faecalis. A transposon insertion library of multidrug resistant strain, E.
faecalis MMHS594, was exposed to 10 different antibiotics at 1/8" MIC. Genes were
identified which were important for survival in the presence of ceftriaxone, polymyxin and
daptomycin but not for vancomycin. These data suggests that in E. faecalis vancomycin

resistance is conferred solely by acquired genes (Gilmore ef al., 2020).
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1.5 Transcriptomics

Transcriptomics is the study of all of the RNA transcripts in a cell usually excluding the
ribosomal RNA genes (Lowe et al., 2017). Transcriptomics was originally performed using
Sanger sequencing technology, but this was expensive, laborious and allowed only a fraction
of the transcriptome to be studied at one time (Adams et al., 1991). The first advance in
transcriptomics was the development of microarrays which queried thousands of transcripts
at one time, this dramatically reduced the price and labour (Baldi and Hatfield, 2002).
However, microarrays also had drawbacks, as commercial microarrays were only available
for model organisms and the dynamic range of gene expression that could be measured was
narrow (Jaluria et al., 2007; Zhao et al., 2014). The advent of next generation sequencing
opened the door for studies mapping the total transcriptional activity of cells. It is now
possible to query the transcriptional profile of every gene in the genome relatively easily and
cheaply using RNA sequencing (RNA-seq) (Wang, Gerstein and Snyder, 2009). Total RNA
is extracted from the sample and DNA contamination is removed by treating the RNA with
a DNA degrading enzyme. Ribosomal RNA makes up the majority of the RNA in a bacterial
cell. It is removed using magnetic beads coated in oligonucleotides complimentary to the
ribosomal RNA, leaving behind mRNA transcripts from all other transcribed genes. The
RNA is then reverse transcribed into cDNA using random hexamer primers and the cDNA
library can then be prepared for sequencing on next generation sequencing platforms using
adapters specific for the sequencing platform (Kukurba and Montgomery, 2015). A recent
advance in transcriptomics is the ability to directly sequence RNA without first reverse
transcribing it to cDNA, with Oxford Nanopore Technologies developing a kit which allows
RNA to be directly sequenced on their long-read sequencing platforms (Workman et al.,

2019).
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Transcriptomics has been used widely in microbiology to investigate a wide array of
processes in the bacterial cell. RNA-seq has been used extensively to probe the biology of
bacteria during infection. It has identified genes and sSRNAs in Salmonella enterica serovar
Typhimurium that are important for the infection of murine macrophages (Srikumar et al.,
2015) and uncovered the mechanisms by which Yersinia spp. evade the host immune system
when infecting the Peyer’s patches. RNA-seq has also been used to investigate gene
expression in biofilms of clinically important pathogens such as Staphylococcus aureus,
Campylobacter jejuni and Pseudomonas aeruginosa (Tram et al., 2020; D’ Arpa et al., 2021;
Tomlinson, Malof and Shaw, 2021). As with biofilm formation, antibiotic resistance is
another important phenotype that has been studied extensively in human associated
pathogens using RNA-seq. Genes have been discovered for amikacin resistance in A.
baumanii and tigecycline resistance in Mycobacterium abscessus (Qin et al., 2018;
Schildkraut et al., 2021), and the two-component regulatory system croRS was shown to

provide tolerance to teixobactin in E. faecalis (Darnell et al., 2019).
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1.6 Enterococcus faecium

The genus Enterococcus consists of a group of low GC% Gram-positive organisms
belonging to the phylum Bacillota. The genus is thought to have emerged approximately 500
million years ago (Lebreton et al., 2017). To date, 78 species in the genus Enterococcus have
been described. They are found ubiquitously in nature and are often associated with the
gastrointestinal tract of animals and insects (Hammerum, 2012; Parte et al., 2020).
Enterococcus faecalis and Enterococcus faecium are the species most frequently isolated
from human infections (Zhou et al., 2020). Phylogenetically, the species E. faecium has been
split into two major clades, clade A and clade B (Figure 1.6). Clade A is also split into two
subclades; clade A1 which is associated with the hospital environment and clade A2 which
is associated with animals. Clade B organisms are found in healthy individuals and are
considered to be commensals of the human gastrointestinal tract (Lebreton et al., 2013).
Recently it has been suggested that the clade B isolates should be reclassified as
Enterococcus lactis as their average nucleotide identity clusters more closely with E. lactis
isolates than non-clade B E. faecium isolates (Belloso Daza et al., 2021). A multilocus
sequence typing (MLST) scheme for Enterococcus faecium was developed in 2002 and
consists of seven housekeeping genes (gdh, purK, pstS atpA, gyd, adk and ddl) (Homan et
al., 2002). Mutations in these genes have, so far, given rise to 2,268 sequence types (ST) of
E. faecium (Jolley, Bray and Maiden, 2018). These sequence types can be grouped into
clonal complexes (CC), the most notable of which is CC-17. CC-17 is a hospital-associated
lineage that contains isolates which often carry resistance to antibiotics including
vancomycin, fluoroquinolones and aminoglycosides. As well as antibiotic resistance genes,
CC-17 isolates often contain virulence factors particularly the enterococcal surface protein

(Esp) which is thought to contribute to biofilm formation (Willems et al., 2005; Top,
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Willems and Bonten, 2008). Many different sequence types can be found in the hospital
environment, however there are a few CC-17 sequence types that regularly cause outbreaks
in the hospital environment. ST80 is currently the dominant sequence type in Stockholm,
Sweden and has caused outbreaks in a number of hospitals (Fang et al., 2021). This sequence
type has also caused outbreaks of VRE in Australia and Ireland with some isolates
additionally possessing linezolid resistance (Pratama et al., 2021; Egan et al., 2022). ST17
is another widespread hospital-associated sequence type that has caused several outbreaks
in Spain, and also in Slovakia, Australia, Columbia and others (Valdezate et al., 2009, 2012;
Hughes et al., 2019; Rios et al., 2020; Jozetikova et al., 2022). Like ST80 and ST17, ST78
is another CC-17 sequence type that is associated with hospital outbreaks in several countries
including those in South East Asia and South America. Outbreaks of ST78, have involved
both vanA4 and vanB-type vancomycin resistance (Hsieh et al., 2010; Khan et al., 2010; Yang
et al., 2016). E. faecium is a lactic acid producing bacterium that has been used widely in
food production to flavour fermented products such as cheese and cured meats (Hanchi ef
al., 2018). Despite their use in food manufacturing, enterococci are opportunistic human

pathogens that can cause a variety of diseases (Gao, Howden and Stinear, 2018).
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Figure 1.6: Phylogenetic tree based on SNP difference in 1,344 single-copy core genes across 73
E. faecium genomes. Dates are estimated by a BEAST analysis and are indicated by (ya, years
ago). The infectivity score is the number of strains of a particular sequence type that have been
isolated from an infection, in the MLST database. Clades are coloured: clade B in purple, clade
Al inred, and clade A2 in grey. Figure reproduced from (Lebreton et al., 2013).
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1.6.1 Enterococcal diseases

Enterococcus species can cause a number of different diseases in immune compromised
patients (Figure 1.7). Urinary tract infection (UTI) is the most common disease caused by
enterococci and accounts for 5% of all uncomplicated UTIs and 11% of complicated UTIs
(Flores-Mireles et al., 2015). UTIs, particularly within the upper urinary tract can lead to
severe disease as they have been shown to contribute to the development of bacteraemia
(Giannakopoulos et al., 2019). Enterococci are also often isolated from cases of
polymicrobial intra-abdominal infections. As with UTIs these infections can contribute to
the development of bacteraemia (Montravers et al., 1997). Enterococci are a leading cause
of bacteraemia, accounting for around 8% of blood stream infections annually (Diekema et
al., 2019). These enterococcal blood stream infections have high mortality rates which vary
between 50.5% in cases of vancomycin-resistant E. faecium and 24.4% in cases of
vancomycin-sensitive E. faecalis (Kramer et al., 2018). Bacteraemia, urinary-tract infections
and the gastrointestinal tract can act as sources for the development of endocarditis.
Enterococci are the third leading cause of bacterial endocarditis with a mortality rate of
23.8% (Holland et al., 2016; Pericas et al., 2020). Around 10% of skin and soft tissue
infections in North America are caused by Enterococcus species (Moet et al., 2007). In rare
occasions, Enterococcus species can also cause meningitis following traumatic brain injury

or surgery (Zhang, Jiang and Zhou, 2021).
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Figure 1.7: Diseases caused by Enterococcus faecium in human hosts.
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1.6.2 Enterococcal Pathogenesis

Historically E. faecalis has been the predominant human pathogen in the Enterococcus
genus which has meant that virulence has been primarily studied in this organism. However,
over recent years many homologues of the E. faecalis virulence factors have been identified
in E. faecium. The virulence factors of E. faecium fall into two broad categories, those that
are extracellularly secreted and those that are not. The extracellularly secreted proteins can
have markedly different functions, GelE is a gelatinase which breaks down host derived
peptides such as gelatine and collagen (Rathnayake, Hargreaves and Huygens, 2012;
Landete et al., 2018) while cytolysin (Cyl) is a secreted protein that forms a pore in the
surface of both prokaryotic and eukaryotic cells causing cell death (Van Tyne, Martin and
Gilmore, 2013). Another secreted protein SagA, allows E. faecium cells to bind to the
extracellular matrix and has also been shown in some clinical isolates to aid in biofilm
formation (Teng et al., 2003; Paganelli et al., 2015; Pedicord et al., 2016; Rangan et al.,
2016; Griffin et al., 2021). As well as the secreted virulence factors, E. faecium has a large
arsenal of surface associated molecules which contribute to virulence. The production of
capsular polysaccharides has been associated with a number of functions including masking
cells from detection by the host immune system and biofilm formation (Hancock and
Gilmore, 2002; Ramos, Sansone and Morales, 2021). E. faecium possesses both lipoteichoic
acids and cell wall teichoic acids which are also involved in biofilm formation and evasion
of the host immune system. E. faecium has many LPXxTG anchored cell surface proteins
including Esp, Acm, Scm, PrpA, EcbA and SgrA, which are involved in binding to the host
extracellular matrix and biofilm formation (Hendrickx et al., 2009; Guzman Prieto et al.,
2015; Freitas et al., 2018). Two types of pili are present in E. faecium, PilA and PilB, as with

the LPxTG anchored proteins the pili aid in cell attachment and biofilm formation
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(Hendrickx et al., 2008). Phosphotransferase systems have also been linked to virulence in
enterococci, while their mechanism of action is unclear, the phosphotransferase BepA has

been associated with in vivo biofilm formation (Paganelli ef al., 2016).

GelE

LTA SgrA

Figure 1.8: Enterococcus faecium virulence factors including both cell-associated and
extracellular secreted factors.
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1.6.3 Antibiotic resistance in Enterococcus faecium

Around 45,000 deaths per year have been directly attributed to antibiotic-resistant
Enterococcus faecium and a further 190,000 deaths have been associated with antibiotic-
resistant E. faecium (Murray et al., 2022). E. faecium is resistant to a number of antibiotic
drugs through both intrinsic and acquired mechanisms (Hollenbeck and Rice, 2012). Strains
belonging to the hospital associated clade A1 are often resistant to the beta-lactam antibiotic
ampicillin. These resistant isolates encode a D, D-transpeptidase called PBP5 which has a

reduced binding affinity for beta-lactam antibiotics (Gagetti et al., 2019).

As well as being intrinsically resistant to beta-lactam drugs, E. faecium is also intrinsically
resistant to aminoglycosides. Low-level resistance is generally attributed to the integrity of
the enterococcal cell envelope and/or the aac(6')-Ii gene which is found in the majority of
E. faecium strains (Costa et al., 1993; Adamecz et al., 2021). For high-level resistance to
aminoglycosides, E. faecium strains have horizontally acquired genes. Different
aminoglycoside resistance genes provide resistance to different aminoglycoside drugs, with
ant(6')-1a conferring resistance to streptomycin while aac(6')-aph(2'") confers resistance to
kanamycin (Adamecz et al., 2021). A single aminoglycoside resistance gene can also confer
resistance to a number of drugs, such is the case for ant(4")-Ia which confers resistance to
amikacin, kanamycin and tobramycin (Chow, 2000). These aminoglycoside resistance genes
can often be found on large conjugative plasmids demonstrating their ability to transfer
between strains (Tanimoto and Ike, 2008). Clinical E. faecium strains often have three or
more aminoglycoside resistance genes making them pan-resistant (Chow, 2000). Previously,
vancomycin was the drug of choice for treating beta-lactam- and aminoglycoside-resistant
E. faecium strains. However, vancomycin resistance emerged in the late 1980s and has

increased over the last 30 years (Rubinstein and Keynan, 2014). It is thought that the use of
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another glycopeptide drug, avoparcin, as a growth promoter in agriculture may have driven
the emergence of vancomycin resistance (Bager et al., 1997). Unlike other antibiotic
resistance genes which require only one gene to confer resistance, vancomycin requires an
array of genes (Figure 1.9). These genes include vanR and vanS that code for a two-
component regulatory systems which senses the presence of vancomycin. Upon binding of
vancomycin, VanS is dimerised and autophosphorylated which in turn leads to the
phosphorylation of VanR. The phosphorylated VanR can then bind to its own promoter and
the promoter of the vanHAX operon where it works as an activator (Stogios and Savchenko,
2020). The first gene in this operon vanH is a D-hydroxyacid dehydrogenase which catalyses
the formation of D-lactate from pyruvate creating a pool of D-lactate for the subsequent steps
in the pathway (Matelska et al., 2018). The next gene in the operon is vanAd, which functions
as a D-alanyl-D-lactate ligase that catalyses the formation of D-alanyl-D-lactate. This
substrate is then used by MurF in the peptidoglycan synthesis pathway (Roper et al., 2000).
This D-alanyl-D-lactate ligase gene is variable with nine variants currently known (van4,
vanB, vanC, vanD, vanE, vanG, vanL, vanM and vanN), with vanA4 and vanB being the most
clinically relevant (Sattari-Maraji et al., 2019). The final gene that is essential for
vancomycin resistance is vanX, which is a D-alanyl-D-alanine peptidase that selectively
cleaves D-Ala-D-Ala dipeptides into single D-alanine subunits. The cleavage of the
dipeptide reduces the amount available for incorporation into the cell wall thus increasing
the amount of D-alanyl-D-lactate which is incorporated instead (Bussiere et al., 1998). As
well as the vanRSHAX genes which are essential for vancomycin resistance, there are also
two accessory genes called vanY and vanZ which are not required for resistance to
vancomycin. VanY is a D-D-carboxypeptidase that targets lipid II containing the terminal

D-alanyl-D-alanine motif, in a similar manner to VanX, VanY limits the amount of the
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native cell wall precursor that is available for incorporation into the cell wall (Stogios and
Savchenko, 2020). The final protein VanZ is not required for vancomycin resistance but is
required for resistance to the glycopeptide antibiotic teicoplanin through a mechanism that

remains to be elucidated (Vimberg et al., 2020).
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Figure 1.9: Vancomycin resistance mechanism. Vancomycin is sensed by VanS which leads to
the activation of the vanHAX genes. The VanHAX proteins replace the terminal D-Ala D-Ala
motif of the peptidoglycan precursors which D-Ala D-Lac which has a reduced biding affinity for
vancomycin thus conferring resistance.
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As well as vancomycin resistant and vancomycin susceptible E. faecium there are also strains
that are vancomycin variable. These strains are phenotypically susceptible to vancomycin
but contain the genes required for phenotypic resistance (Downing et al, 2015).
Vancomycin variable E. faecium (VVE) strains often contain insertions and deletions in the
promoter regions of the vanR and vanH genes (Wagner et al., 2021). Although VVE strains
are phenotypically susceptible to vancomycin, they can rapidly revert back to a high-level
resistant phenotype when exposed to a low concentration of vancomycin (Thaker ef al.,
2015). The mechanisms behind the reversion to a resistant phenotype often involve the
excision of IS elements from the resistance region and formation of constitutive promoters

(Sivertsen et al., 2016).

The widespread dissemination of vancomycin-resistant E. faecium has necessitated the use

of more recently developed antibiotics to treat infections caused by these strains. Linezolid
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is an oxazolidinone antibiotic that was first licenced in the early 2000s and is used to treat
drug resistant Gram-positive pathogens, particularly vancomycin resistant Enterococcus
faecium (Hashemian, Farhadi and Ganjparvar, 2018). Two different mechanisms for
resistance have emerged in E. faecium, the first is a G2576T point mutation in the 23S rRNA
gene leads to a target site modification in the ribosome and reduces binding of linezolid
(Auckland et al., 2002). Linezolid resistance genes can also be horizontally acquired from
other E. faecium strains. One such gene optr4, encodes an ABC transporter that actively
removes linezolid from the cell (Wang et al., 2015). Another horizontally acquired gene Cfr,
is an rRNA methyltransferase which methylates 23 rRNA gene at position A2503 blocking
the linezolid ribosomal binding site (Long ef al., 2006). Additionally, the poxt4 gene
encodes an ATP-binding cassette protein that provides ribosomal protection from linezolid,

likely by displacement (Antonelli et al., 2018).
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1.6.4 Treatment of E. faecium infections

Owing to their extensive repertoire of antibiotic resistance genes, the treatment options for
infections caused by Enterococcus faecium are limited to a handful of antibiotic drugs (Zhou
et al., 2020). For bacteraemia caused by vancomycin-susceptible E. faecium, intravenous
infusion of the glycopeptide antibiotic vancomycin is the first-choice treatment. Similarly,
in cases of endocarditis caused by vancomycin-susceptible E. faecium, vancomycin infusion
is the recommended treatment, but this can also be supplemented with gentamicin (Turco et
al., 2021). Bacteriaemia and endocarditis infections caused by vancomycin-resistant E.
faecium cannot be treated with vancomycin and are instead treated with linezolid or
daptomycin. As with vancomycin-susceptible cases of endocarditis, treatment with linezolid
or daptomycin can also be augmented with gentamicin (O’Driscoll and Crank, 2015). The
glycopeptide antibiotic teicoplanin can also be used for the treatment of vancomycin-
susceptible and vanB-type resistant E. faecium strains as they do not carry the vanZ gene
that confers resistance to teicoplanin. However, teicoplanin cannot be used to treat vanA4-
type E. faecium infections as they often carry this gene (Escola-Vergé et al., 2019).
Asymptomatic urinary tract infections are not regularly treated with antibiotics. However,
fosfomycin is efficacious in the treatment of UTIs caused by vancomycin-resistant E.
faecium strains (Abbott et al., 2020). As E. faecium isolates are often multidrug resistant it
is important to practice good antimicrobial stewardship when treating these infections.
Treatment of E. faecium should be informed by susceptibility testing of isolates to ensure an

appropriate treatment is administered.

1.6.5 Enterococcal Plasmids

Enterococcus species have plasmids belonging to four main groups namely RepA N, Inc18,

RCR and Rep 3 (Arredondo-Alonso et al., 2020). RepA_ N plasmids are found in many low-

34



GC Gram-positive organisms but have a very narrow host range (Weaver et al., 2009). The
well characterised pheromone-responsive plasmids (PRP) pADI1 and pCF10 of E. faecalis
belong to this group. The transfer of these plasmids is mediated by the production of a
peptide hormone in plasmid-free strains which stimulates conjugation in the plasmid-
containing strain. Plasmid transfer rates can be exceptionally high in PRPs reaching rates of
1 transconjugant per 10 donor cells (Sterling et al., 2020). PRPs can transfer antibiotic
resistance determinants, with the prototypical PRP pCF10 carrying the tetracycline
resistance gene tetM and pBRG1 carrying the vand vancomycin resistance operon (Magi et
al., 2003; Dunny, 2007). Other notable members of the RepA N plasmids include the pRUM
plasmids which are non-conjugative but often carry vancomycin resistance genes in both E.
faecalis and E. faecium and pHT[} which also carries vancomycin resistance genes and is
highly conjugative (Tomita and Ike, 2008; Hegstad ef al., 2010). Inc18 plasmids are broad
host-range plasmids that often carry antibiotic resistance genes in both E. faecalis and E.
faecium. The prototypical Inc18 plasmid pIP501 can be transferred to a wide variety of
species including streptococci, staphylococci and lactococci amongst others (Kohler,
Vaishampayan and Grohmann, 2018). It has also been shown that vancomycin resistance in
S. aureus can be caused by the transfer of Inc18 plasmids carrying vancomycin resistance
genes from enterococci (Rossi et al., 2014). Rolling circle replication (RCR) plasmids are
found in many Gram-positive organisms but are not common in enterococci. However, some
RCR plasmids carry antibiotic resistance genes such as pMV158 which carries the
tetracycline resistance gene tetL (Ruiz-Maso6 et al., 2017). The Rep_3 plasmids are small
plasmids that often carry bacteriocin genes and can also carry antibiotic resistance genes
such as the tetracycline resistance gene fetL in pAMal and aadE aminoglycoside resistance

gene in pEF418 (Clewell et al., 2002; Wardal et al., 2017).
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1.6.6 Incidence of enterococci in UK hospitals

Although enterococcal species are ESKAPE pathogens, mandatory reporting is not required
in UK hospitals. However, a voluntary surveillance program was in place between 2014 and
2018 (Public Health England, 2019). The total bacteraemia cases caused by Enterococcus
spp. was 6,126 in 2014 and has increased year-on-year to 8,136 cases in 2018 (Figure 1.10).
The surveillance program recorded bacteraemia caused by 14 different species of
Enterococcus but 12 of the 14 species accounted for only around 5% of the total cases. .
faecalis and E. faecium caused the majority of bacteraemia cases, E. faecalis caused 2,549
cases and E. faecium caused 2,295 cases in 2014. Cases caused by E. faecalis and E. faecium
have also increased year-on-year but have made up the same proportion of cases each year

approximately 43% and 38% respectively.

Enterococcus spp. bacteraemia 2014-2018
10000—
(7)) 8000 - //
4]
(7]
©
© 6000~
[Te.
o
@
2 4000
£
Z
2000
0_

2014 2015 2016 2017 2018
Year

1 E. faecium 3 E. faecalis —— Total

Figure 1.10: Prevalence of Enterococcus spp. bacteraemia in England, Wales and Northern
Ireland from 2014 to 2018. Created from data from Health Protection Report, Volume 13, Number
33, 23/09/19, “Laboratory surveillance of Enterococcus spp. Bacteraemia in England, Wales and
Northern Ireland: 2018”. Total cases (black dotted line), E. faecium (blue) and E. faecalis (brown).
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1.6.7 Incidence of antibiotic resistant Enterococcus spp. in UK hospitals

The antibiotic resistance profile of E. faecalis and E. faecium causing bacteraemia in
England and Northern Ireland was measured between 2015 and 2018 (Public Health
England, 2019). E. faecium had extremely high rates of ampicillin resistance with 91% of
isolates being resistant from 2015 to 2018 while resistance rates remained at around 2% for
E. faecalis across the same time period (Figure 1.11). The rate of vancomycin resistance was
also considerably higher for E. faecium with a yearly rate of around 23%. In comparison,
only around 1% of E. faecalis isolates were found to be vancomycin-resistant every year.
Approximately 25% of E. faecium strains causing bacteraemia were found to be resistant to

teicoplanin while only 2% of E. faecalis were.
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Figure 1.11: Percentage of Enterococcus faecium and Enterococcus faecalis species causing
bacteraemia in England and Wales between 2015 and 2018 that are antibiotic resistant. E. faecium
(blue) and E. faecalis (brown).
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1.6.8 Incidence of VRE in Europe

The European Centre for Disease Control has been monitoring rates of VRE in the European
Union since 2001 (TESSy & ECDC, 2021). The percentage of E. faecium which are resistant
to vancomycin has risen across Europe over the last 20 years from an average of 4% in 2001
to an average of 18% in 2020 (Figure 1.12). However, VRE rates have varied dramatically
across Europe. The Scandinavian countries of Finland, Norway and Sweden have
maintained low rates of VRE over this period with around 1-2% isolates being resistant to
vancomycin. On the other hand, the Eastern European countries including Latvia, Lithuania,
Slovakia and Romania have reported significant increases in VRE rate with 30-60% of

isolates being resistant to vancomycin in 2020.
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Figure 1.12: Mean percentage of Enterococcus faecium isolates which are resistant to vancomycin

across Europe from 2001 to 2020. Error = Standard deviation. Generated from data gathered in
(TESSy & ECDC, 2021)
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1.7 Aims

With the research presented in this thesis, I aimed:
e To identify whether antibiotic use in aquaculture is driving antibiotic resistance in
Bangladesh.
e To investigate the diversity of Enterococcus faecium in a Birmingham hospital and
to determine whether a VRE outbreak was clonal in nature.
e To use transcriptomics and functional genomics to identify genes that are
differentially expressed and genes that contribute to increased fitness in the presence

of vancomycin.
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Chapter 2
Materials and Methods
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2.1 General methods

2.1.1 Buffers and solutions

2.1.1.1 General Buffers

Phosphate Buffered Saline (PBS) (AppliChem): 1 tablet per 100 ml of deionised water.
5x Tris Borate EDTA (TBE) (National Diagnostics)

2.1.1.2 Enterococcus competent cells protocol

Medium A (50 ml): 2.5 ml of 20% (w/v) glycine (Alfa Aesar), 5 ml of 1 M sucrose (VWR)

& 42.5 ml of BHI broth (VWR)

Medium B (50 ml): 25 ml of 2x concentrated BHI (VWR) & 25 ml of 1 M sucrose (VWR)

Wash buffer (50 ml): 25 ml of 1 M sucrose (VWR) & 25 ml of 20% (v/v) glycerol (Fisher
Bioreagents)

2.1.1.3 E. coli competent cells protocol

Transformation Storage Solution (TSS) buffer pH 6.5 (100 ml): 2 g LB powder (Sigma-
Aldrich), 10 g PEG 3350 (Alfa Aesar), 5 ml DMSO (Alfa Aesar) & 0.5 g MgCl, (Merck Life

Science Ltd).

2.1.2 Growth Media and Antibiotics

All E. coli strains were grown in Lysogeny Broth (LB) and on LB agar (Table 2.1).
E. faecium strains were grown in Brain Heart Infusion (BHI) broth and on BHI agar plates.
Iso-Sensistest broth was used in all minimum inhibitory concentration assays (see 2.1.20

Broth microdilution MIC).
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Table 2.1: Growth media used in this thesis.

Media Components Supplier

LB (400 ml) LB powder (8 g) Sigma-Aldrich
LB agar (400 ml) LB agar powder (14 g) Sigma-Aldrich
BHI broth (400 ml) BHI broth powder (14.8 g) VWR

2x BHI broth (400 ml) BHI broth powder (29.6) VWR

BHI agar (400 ml) BHI agar powder (20.8 g) Millipore
Iso-Sensitest broth (400 ml) Iso-Sensitest broth powder (9.36 g)  Oxoid

LB = Lysogeny Broth, BHI = Brain Heart Infusion
All media were prepared according to the manufacturer’s instructions.

Antibiotic concentrations varied in each experiment and will be described in each relevant

section. A list of all antibiotics used in this thesis and the solvent used is provided below

(Table 2.2).

Table 2.2: Antibiotics used in this thesis.

Antibiotic Solvent Diluent Supplier
Spectinomycin dihydrochloride ddH>O ddH,O Alfa Aesar
Erythromycin EtOH (100%) ddH,O  Serva
Vancomycin hydrochloride ddH>O ddH>O  Alfa Aesar
Rifampicin DMSO ddH>O  Fisher Chemical
Fusidic acid sodium salt ddH>O ddH,O Arcos Organics
Ampicillin sodium salt ddH>O ddH>O  Fisher Bioreagents
Ciprofloxacin hydrochloride ddH>O ddH>O MP Biomedicals
Gentamicin sulfate ddH>O ddH>O  Alfa Aesar

ddH,0O = Double-distilled water, EtOH = Ethanol, DMSO = Dimethyl sulfoxide
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2.1.3 Plasmid sequencing

Plasmids were sanger sequenced using the Eurofins TubeSeq service. Prior to sequencing
plasmids were quantified using the Qubit broad range kit (Invitrogen) and diluted to 50 —
100 pg/ml in 15 pl. A full list of primers used for Sanger sequencing can be found in Tables
2.7 and 2.8. FASTA files were visualised and analysed using SnapGene software (from GSL
Biotech; available at snapgene.com).

2.1.4 Polymerase Chain Reaction

Polymerase Chain Reaction (PCR) was used to confirm successful electroporation of
plasmids into E. faecium and transformation of plasmids into E. coli. A standard PCR
reaction consisted of 25 ul of DreamTaq 2x Mastermix (Thermo Fisher Scientific), 0.25 ul
(0.5 uM) of both forward and reverse primers, a bacterial colony and 24.5 pl of PCR-grade
water (VWR). The reaction was incubated according to the following program which was

carried out in a Mastercycler Pro Thermal Cycler (Eppendorf):

Table 2.3: Colony PCR program

Step Time Temperature Number of cycles
Initial denaturation 3 minutes (mins) 95°C 1
Denaturation 30 seconds (s) 95°C

Annealing 30s Tm of primers -5°C 25-30
Extension 1 min per kb 72°C

Final Extension 10 mins 72°C 1

Hold Indefinite 10°C 1

Phusion polymerase (New England Biolabs (NEB)) was used for the amplification of
products used in cloning reactions. PCR reactions using Phusion polymerase were carried
out as follows: 10 ul of 5x Phusion HF buffer (NEB), 1 ul of 10 mM dNTPs (NEB), 2.5 ul
of 10 uM forward and reverse primers, 10 ng of template DNA and 0.5 pl of Phusion DNA

polymerase were prepared on ice and mixed well. The reaction was incubated according to
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the following program which was carried out in a Mastercycler Pro Thermal Cycler

(Eppendorf):
Table 2.4: Cloning PCR program
Step Time Temperature Number of cycles
Initial denaturation 30s 98°C 1
Denaturation 10's 98°C
Annealing 25s Tm of primers +3°C 25-30
Extension 20 s per kb 72°C
Final Extension 10 mins 72°C 1
Hold Indefinite 10°C 1

2.1.5 Agarose Gel Electrophoresis

DNA fragments between 200 and 20,000 bp were visualised on 1% (w/v) agarose gels.
Typically, 500 mg of agarose (Sigma) was dissolved in 50 ml of 1% (v/v) TBE (National
diagnostics) (0.089 M Tris base, 0.089 M boric acid (pH 8.3) and 2 mM Na;EDTA). 5 ul of
SYBR Safe® (EDVOTEK) was added to the TBE agarose mixture prior to dissolving. The
agarose was dissolved by heating to 100°C for 1 min. The gel mixture was cooled for 10
mins at room temperature before being poured into the gel tray and set for 15 mins. When
DreamTaq 2x Mastermix had been used, 10 pl of PCR product was loaded directly onto the
gel. However, in the case of a PCR which used Phusion polymerase, 2 pl of DNA loading
dye was mixed with 10 pl of the sample and again 10 pl was loaded onto the gel. Gels were
run at 125 V for 45 mins and imaged on an Amersham Imager 680 gel imager (General

Electric Healthcare) using blue light epifluorescence and an automatic exposure time.

44



2.1.6 Competent cells and bacterial transformation

2.1.6.1 E. coli competent cells

All E. coli cells used for transformations were made competent by the one step polyethylene
glycol method (Chung, Niemela and Miller, 1989). A single E. coli colony was inoculated
into 5 ml of LB broth and grown for 16 hours at 37°C with shaking (200 RPM). 1 ml of the
bacterial culture was transferred to 99 ml of LB broth and grown at 37°C with shaking (200
RPM) until an ODggo = 0.4. The culture was transferred to two 50 ml Falcon tubes (Corning)
and centrifuged at 1000 x g for 10 mins at 4°C. The supernatant was discarded, and the cell
pellet was resuspended in 5 ml of ice cold TSS buffer (see 2.1.1.3 E. coli competent cells
protocol). The cells were then aliquoted into 1.5 ml Eppendorf tubes and immediately stored
at -80°C. Competent E. coli cells were transformed by incubating 100 ul of cells with 10 ul
of ligation mixture or 500 ng of plasmid DNA on ice for 30 mins. The cells were further
incubated at 42°C for 45 s and then on ice for 3 mins. 900 ul of LB was added to the cells
and they were recovered at 37°C for 1 hour with shaking (200 RPM). 100 ul of the
transformed cells was spread on a LB agar plate containing an appropriate antibiotic for

selection and incubated at 37°C for 16 hours.

2.1.6.2 E. faecium competent cells

E. faecium cells were made electrocompetent using the protocol described in (X Zhang et
al., 2012). E. faecium cells were transformed as in (X Zhang et al., 2012), electroporation

was performed in a Eporater (Eppendorf) at 2.5 kV.

2.1.7 Plasmid DNA isolation

Plasmid DNA < 10 kb was isolated using the GeneJET Plasmid Miniprep Kit (Thermo

Scientific™). The strain of interest was grown in the relevant media for 16 hours at 37°C
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with shaking (200 RPM). Cells were collected by centrifugation at 4,000 RPM for 10 mins.
The pelleted cells were resuspended in 250 pl of Resuspension solution by pipetting up and
down. For the extraction of Enterococcal plasmid DNA, lysozyme was added to a
concentration of 10 mg/ml and incubated at 37°C for 1 hour. To lyse the cells 250 ul of Lysis
solution was added, and the tube was inverted 10 times to mix. 350 ul of Neutralisation
solution was then added, and the tube was inverted 10 times to mix. The solution was
centrifuged at 13,000 x g for 5 mins before 755 pl of the supernatant was removed and
applied to the Thermo Scientific GeneJET Spin Column. The spin column was centrifuged
at 13,000 x g for 1 min and the flow through was discarded. 500 pl of wash solution was
then added to the column and centrifuged for a further 1 min at 13,000 x g. The flow-through
was discarded and the previous step was repeated once more. The empty column was
centrifuged at 13,000 x g for 2 mins to remove any residual wash buffer. The column was
then placed in a fresh 1.5 ml microcentrifuge tube and 32 pl of nuclease-free water was
added directly to the filter. After incubation for 2 mins at room temperature the column was
centrifuged at 13,000 x g for 2 mins, the column was then discarded and the flow-through

containing the purified plasmid DNA was retained.

2.1.8 PCR purification and gel extraction

Both PCR purification and gel extraction used the GeneJet PCR Purification Kit (Thermo
Scientific™). For gel extraction the agarose gel piece was weighed and an equal amount
(ul:mg) of binding buffer was added, the reaction was then incubated at 65°C for 10 mins to
melt the agarose. For PCR purification, an equal volume (ul:pl) of binding buffer was added
to the PCR reaction. Up to 800 pl of the gel solution / PCR reaction solution was then added

to a Genelet purification column and centrifuged at 13,000 x g for 1 min. The flow through
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was discarded and 700 ul of Wash buffer was added to the column, the column was
centrifuged for a further 1 min at 13,000 x g and again the flow through was discarded. The
column was placed in a fresh 1.5 ml microcentrifuge tube and 32 pl of nuclease-free water
was applied directly to the filter. The column was incubated at room temperature for 2 mins
before being centrifuged at 13,000 x g for 2 mins. The column was discarded, and the

purified DNA was retained.

2.1.9 Restriction digest

All restriction enzymes were purchased from New England Biolabs (USA). High Fidelity
(HF) enzymes were purchased where possible to make double-digest reactions more
straightforward. Restriction enzyme reactions were set up according to the manufacturer’s
instructions. A typical restriction digest reaction consisted of 1 pl (20 U) of the relevant
restriction enzyme, 1 pg of DNA, 5 ul of the appropriate restriction enzyme buffer and the
reaction was made up to 50 pl with nuclease-free water. The restriction enzyme buffer used
with HF enzymes was always CutSmart buffer however for non-HF enzymes this could be
NEB Buffer 1.1, 2.1 or 3.1. The reactions were incubated for greater than 1 hour independent
of whether they were HF or not. The enzymes were inactivated according to the
manufacturer’s instructions for the particular enzyme. For double-digest reactions where the
enzymes could not use the same restriction enzyme buffer, a single-digest reaction was
carried out followed by purification (see 2.1.8 PCR purification and gel extraction) and then

the second digestion was performed.
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2.1.10 Ligation reactions

T4 DNA ligase (New England Biolabs) was used in all ligation reactions. A typical ligation
reaction consisted of 2 pl of T4 DNA ligase buffer (New England Biolabs, USA), vector and
insert DNA at a molar ratio of 1:3, nuclease-free water up to 20 ul and 1 pl of T4 DNA
ligase. The reaction was incubated at 16°C for 16 hours before inactivation at 65°C for 10
mins. Ligation reactions which were unsuccessful had the molar ratio of vector to insert

DNA changed from 1:3 to 1:5 and the previous steps were repeated.

2.1.11 Oligonucleotide annealing

To create short inserts that could be ligated into plasmids and adapters for sequencing,
oligonucleotides were designed which could be annealed together. 5 pl of the forward and
reverse primer (1 nmol/pul) were mixed with 0.5 pl of 100x Tris-EDTA, 0.5 pl of 5 M NaCl
and 39 pl of nuclease-free water (New England Biolabs). The reaction was incubated for

95°C for 10 mins, the metal block was then removed from the heat block and allowed to cool

to room temperature. The annealed oligonucleotides were then stored at -20°C for 1 year.

2.1.12 CRISPR protocol

A CRISPR-Cas9 system was used to insert and delete genes from the genomes of E. faecium
strains (de Maat et al., 2019).

2.1.12.1 Electroporation of pVPL3004 into the strain of interest

Plasmid pVPL3004, containing the cas9 gene and tracrRNA, was electroporated into the
strain of interest and selected for on BHI agar with erythromycin 50 pg/ml at 30°C for 24-
48 hours (see 2.1.6.2 E. faecium competent cells), colonies were then screened for successful

plasmid uptake by colony PCR (see 2.1.4 Polymerase Chain Reaction).
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2.1.12.2 Cloning of CRISPR sequence into pVDM1001

A CRISPR sequence was designed by identifying a unique 30 bp stretch of DNA followed
by the protospacer adjacent motif (PAM) sequence “NGG” in the gene of interest. An
oligonucleotide was then ordered that contained the CRISPR sequence with an additional
AAAC at the 5’ end and a G at the 3” end. A second oligonucleotide was ordered with the
reverse complement of the CRISPR sequence and an additional AAAAC at the 5 end. The
oligonucleotides were annealed together to form a CRISPR insert (see 2.1.11
Oligonucleotide annealing). Plasmid pVDM1001 was digested with Bsal-HF (New England
Biolabs) and was column purified (see 2.1.8 PCR purification and gel extraction). The
annealed CRISPR insert possessed Bsal-compatible overhangs which allowed the linearised
pVDMI1001 plasmid and CRISPR insert to be directly ligated together (see 2.1.10 Ligation
reactions). The ligation mixture was transformed into E. coli EC1000 and selected on LB
agar with spectinomycin 100 pg/ml for 16 hours at 37°C, colonies were then screened for

successful insertion by colony PCR (see 2.1.4 Polymerase Chain Reaction).

2.1.12.3 Construction of gene insertion or deletion plasmids

DNA templates were created which could be used to insert or delete a gene from the genome.
500 bp stretches of sequence were taken from upstream and downstream of the gene being
targeted. For the deletion template, a gBlock (Integrated DNA Technologies) was ordered
which had the two flanking regions directly fused together. For the gene insertion template,
the same flanking regions were taken but the gBlock was ordered with restriction sites
between the two flanking regions, this template was termed the universal repair template
(URT). The templates were then amplified and pVDM1001 containing the appropriate
CRISPR sequence was digested with Smal (New England Biolabs) (see 2.1.9 Restriction

digest) and ligated together with the gBlock construct (see 2.1.10 Ligation reactions). The
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ligation mixture was transformed into E. coli EC1000 and selected for on LB agar with
spectinomycin 100 pg/ml for 16 hours at 37°C (see 2.1.6 Competent cells and bacterial
transformation), colonies were then screened for successful insertion by colony PCR (see
2.1.4 Polymerase Chain Reaction). For insertion plasmids, pVDM1001 containing the URT
was digested with an appropriate restriction enzyme (see 2.1.9 Restriction digest) and ligated
together with the gene of interest (from a gBlock or amplicon) (see 2.1.10 Ligation
reactions). The ligation mixture was then transformed into E. coli EC1000 and selected for
on LB agar with spectinomycin 100 pg/ml for 16 hours at 37°C (see 2.1.6 Competent cells
and bacterial transformation), colonies were then screened for successful insertion by colony
PCR (see 2.1.4 Polymerase Chain Reaction). The insertion or knockout plasmid was then
electroporated into the E. faecium strain of interest carrying pVPL3004 (see 2.1.6.2 E.
faecium competent cells) and selected for on BHI agar with 200 pg/ml spectinomycin and
70 pg/ml erythromycin at 30°C. Colonies were then screened for successful knockout or

insertion by colony PCR (see 2.1.4 Polymerase Chain Reaction).

2.1.12.4 Curing of pVDM1001 and pVPL3004

Colonies which contained the successful insertion or deletion were inoculated into 5 ml of
BHI with 200 pg/ml spectinomycin and 70 pg/ml erythromycin and incubated at 30°C for
16 hours. 4 pl of the culture was then inoculated into 40 ml of BHI broth and incubated at
37°C for 16 hours. The subculturing was repeated a further three times, after the third day
the culture was diluted 10 in PBS, 100 pl spread on BHI agar and incubated at 37°C for 16
hours. 50 colonies were then patched onto BHI agar, BHI agar containing 200 pg/ml

spectinomycin and BHI agar containing 50 pg/ml erythromycin and incubated at 37°C for
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16 hours. Colonies which grew on BHI but not on the spectinomycin or erythromycin plates

were cultured in 5 ml of BHI at 37°C for 16 hours and were saved as glycerol stocks.

2.1.13 Conjugation protocol

The donor and recipient E. faecium strains were first grown for 16 hours in 5 ml of BHI
broth at 37°C with shaking (200 RPM). 1 ml of the bacterial culture was mixed with 19 ml
of brain heart infusion (BHI) broth and cultured at 37°C until it had reach ODgoo = 1. 1ml
aliquots of the donor and recipient strains were mixed together and cells were pelleted by
centrifugation at 14,000 x g for 2 mins. The cells were washed by adding 1 ml of phosphate
buffered saline (PBS) and resuspending the cells. The cells were re-pelleted by further
centrifugation at 14,000 x g for 2 mins and the supernatant was discarded. The cell pellets
were re-suspended in 30 pl of BHI broth and spotted on 0.45 pum Whatman nitrocellulose
filters (GE Healthcare) which were placed on BHI agar plates. These plates were then
incubated at 37°C for 16 hours with the agar facing upwards. After incubation, the filters
were removed from the plates and the cells were resuspended in 1 ml of BHI broth. 100 pl
of the cell suspension was plated on BHI agar containing an antibiotic which selected for the
donor and transconjugant bacteria, an antibiotic which selected for the recipient and
transconjugant bacteria and multiple antibiotics which selected for only the transconjugant
bacteria. These plates were incubated at 37°C for 24 hours before the colonies were counted

and the conjugation rate was calculated.

2.1.14 Genomic DNA extraction for short-read sequencing

Chromosomal DNA was extracted using the Wizard® Genomic DNA Purification Kit
(Promega). The bacteria that were to have their genomic DNA extracted were grown for 16

hours in the relevant media at 37°C with shaking (200 RPM). 1 ml of cells were pelleted by
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centrifugation at 16,000 x g for 2 minutes. The supernatant was discarded, and the cells were
resuspended in 480 pl of 50 mM EDTA (Invitrogen). 120 pl of 10 mM lysozyme (Sigma-
Aldrich) was then added to the cells and they were incubated at 37°C for 60 minutes. The
cells were pelleted by centrifugation at 16,000 x g, the supernatant was removed and 600 pl
of nuclei lysis solution was added and mixed by pipetting up and down. The cell suspension
was then incubated at 80°C for 5 mins before being cooled to room temperature. 3 pl of
RNase solution was added to the cells and incubated at 37°C for 60 mins, the solution was
again cooled to room temperature. To precipitate the proteins in the sample, 200 pl of the
protein precipitation solution was added, and the cells were vortexed for 20 s. The cells were
incubated on ice for 5 mins and then centrifuged at 16,000 x g for 3 mins to pellet the
precipitated protein. To precipitate the DNA, the supernatant was transferred to a tube
containing 600 pl of room temperature isopropanol and mixed by inverting 10 times. The
DNA was pelleted by centrifugation at 16,000 x g for 2 mins and the supernatant was
discarded. 600 pl of 70% (v/v) ethanol was added to the pellet and mixed by inverting 10
times. The solution underwent another round of centrifugation at 16,000 x g for 2 minutes
and the ethanol was aspirated so that no liquid was left on the interior of the tube. The pellet
was left to air dry for 10 mins before being rehydrated in 50 ul of nuclease-free water at

65°C for 1 hour. Extracted DNA was stored at -80°C until used.

2.1.15 Genomic DNA extraction for long-read sequencing

A single colony of Enterococcus faecium was inoculated into 5 ml of BHI broth and grown
at 37°C for 16 hours with shaking (200 RPM). 1.5 — 2 ml of the culture was pelleted by
centrifugation at 17,000 x g for 1 minute to collect 1 x 10° — 5 x 10? cells. The pellet was

then resuspended in 300 pl of STET buffer (https://openwetware.org/wiki/Yu:STET)
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containing 50 mg/ml lysozyme and incubated at 37°C for 30 mins. DNA extraction was
carried out using the Monarch® HMW DNA Extraction Kit for Tissue (NEB). 300 ul of
HMW gDNA Tissue lysis buffer (NEB) was added to the sample and mixed by inverting 10
times, followed by 20 ul of proteinase K (NEB) and mixed again by inverting 20 times. The
sample was incubated at 56°C for 30 mins in a thermo-mixer HCM100-Pro with shaking at
1400 rpm. 10 pl of RNase A (NEB) was added to the sample, mixed by inverting 10 times
and incubated for a further 10 mins at 56°C with shaking at 1400 RPM. 300 pl of Protein
separation solution was then added, and the sample was mixed by inverting for 1 min. The
sample was then centrifuged at 16,000 x g for 10 mins to separate the protein from DNA.
This split the sample into a large upper clear phase and a lower clear phase, the large upper
clear phase (approximately 800 pl) was transferred to a fresh tube containing 550 pl of 100%
isopropanol and 2 DNA capture beads. The tube was slowly inverted 30 times to precipitate
the DNA and to wrap it around the DNA capture beads. The liquid was then removed from
the tube without disturbing the DNA wrapped around the beads. 500 ul of gDNA Wash
Buffer (NEB) was quickly added to the beads and the tube was inverted 5 times to mix. The
wash step was repeated once more and then the beads were tipped into a bead strainer to
remove any residual wash buffer by pulse-spinning in a centrifuge for ~ 1 s. The beads were
then transferred to a new 2 ml tube and 100 pl of 10 mM Tris-HCI (pH 8.5) (Sigma-Aldrich)
was added quickly, the sample was then incubated at 56°C for 10 mins with shaking at 300
RPM. The liquid and beads were poured into a bead strainer placed in a fresh 1.5 ml and
centrifuged at 12,000 x g for 30 s to remove the DNA from the beads. The DNA was pipetted
up and down 10 times to mix, it was then left overnight at room temperature and pipetted a
further 10 times to mix. To ensure the integrity of the high molecular weight DNA it was

stored at 4°C for a maximum of one week.
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2.1.16 Measurement of DNA concentrations

DNA concentrations between 0.2 — 100 ng were measured using the Qubit™ dsDNA HS
Assay Kit (Invitrogen) and concentrations between 2 — 1000 ng were measured using the
Qubit™ dsDNA BR Assay Kit (Invitrogen). The procedure for both kits was the same
however the specific reagents for each kit were different. A working solution was prepared
by diluting Qubit® dsDNA BR/HS Reagent 1 in 200 in Qubit® dsDNA BR/HS Buffer.
Standards 1 and 2 were made by mixing 190 pul of the working solution with 10 pl of Qubit®
dsDNA BR/HS Standard #1 and 10 pl of Qubit® dsDNA BR/HS Standard #2 in a Qubit™
Assay Tube. To measure the DNA, 2 ul of DNA was mixed with 198 ul of working solution
in a Qubit™ Assay Tube. The mixed solutions were vortexed briefly and incubated for 2
mins at room temperature. The assays were then read using a Qubit 4 fluorometer

(Invitrogen).
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2.1.17 Long-read sequencing

2.1.17.1 DNA repair and end-preparation

Long-read sequencing was performed using the MinlON sequencer (Oxford Nanopore). To
obtain the longest reads possible the Ligation Sequencing Kit (SQK-LSK109) (Oxford
Nanopore) was used. Genomic DNA was extracted from the E. faecium strains using the
Monarch® HMW DNA Extraction Kit for Tissue (New England Biolabs) (see 2.1.15
Genomic DNA extraction for long-read sequencing). 1 pg of genomic DNA was prepared
for the ligation sequencing kit by diluting in 48 pl of nuclease-free water. A DNA repair and
end preparation reaction was carried out by mixing 48 pl of DNA, 3.5 ul of NEBNext FFPE
DNA Repair Buffer, 2 pl of NEBNext FFPE DNA Repair Mix, 3.5 pl of Ultra II End-prep
reaction buffer and 3 pl of Ultra II End-prep enzyme mix. The reaction was mixed by
flicking the tube and briefly spinning down. The reaction was incubated at 20°C for 5
minutes followed by 65°C for 5 mins in a Mastercycler Pro thermal cycler (Eppendorf). The
reaction was transferred to a 1.5 ml LoBind tube (Eppendorf) and 60 pl of AMPure XP beads
(Beckman Coulter) were added and mixed by flicking the tube. The reaction was incubated
on a Hula mixer (Invitrogen) at room temperature for 5 mins. The AMPure XP beads were
pelleted on a magnet and the supernatant was removed and discarded. The pellet was washed
by adding 200 pl of 70% (v/v) ethanol. Without disturbing the pellet, the ethanol was
removed and discarded and a further 200 pl of 70% (v/v) ethanol was added. The ethanol
was removed, and the pellet was allowed to air dry for 30 s. The tube was removed from the
magnetic rack and 25 pl of nuclease-free water was added, this was incubated for 2 mins at
room temperature. The AMPure XP beads were pelleted using a magnet until the liquid was

clear, 25 ul of the clear liquid was removed to a clean 1.5 ml LoBind tube.
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2.1.17.2 Barcode ligation

The native barcodes were then ligated to the end-repaired DNA. 500 pg of end-repaired
DNA was first diluted to a final volume of 22.5 pl in nuclease-free water and mixed with
2.5 ul of a single native barcode (taken from either EXP-NBD104 or EXP-NBD114 barcode
kits (Oxford Nanopore)) and 25 pl of Blunt/TA Ligase Master Mix (NEB). The reaction was
incubated for 10 mins at room temperature and then cleaned up with AMPure XP beads as

the previous section however the DNA was eluted in 26 pl of nuclease-free water.

2.1.17.3 Adapter ligation

DNA from each barcode ligation reaction was pooled in equimolar quantities to a total DNA
amount of 700 ng and the volume adjusted to 65 pul with nuclease-free water. The pooled
DNA was mixed with 5 pl of Adapter Mix II (Oxford Nanopore), 20 pl of NEBNext Quick
Ligation Reaction Buffer (5X) (NEB) and 10 ul of Quick T4 DNA Ligase (NEB) then
incubated for 10 mins at room temperature. The DNA was then cleaned up using AMPure
XP beads as previously described however during the wash steps 250 pl of Long Fragment
Buffer (Oxford Nanopore) was used instead of 70 % (v/v) ethanol and the DNA was eluted

with 15 ul of Elution Buffer (Oxford Nanopore).

2.1.17.4 Library preparation for loading

The sequencing library was prepared by mixing 37.5 pul of Sequencing Buffer (Oxford
Nanopore) with 25.5 pl of Loading Beads and 12 pul of the adapter ligated DNA. The
sequencing library was then loaded onto a pre-primed R.9.4.1 flowcell (Oxford Nanopore)

and sequenced for 72 hours or until no pores remained actively sequencing.
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2.1.18 Short-read sequencing

[llumina short-read sequencing was carried out by microbesNG (Birmingham). DNA was
extracted from the bacterial isolates by incubating with lysozyme and RNase A for 25 mins
at 37°C. Proteinase K and more RNase A were added and incubated at 65°C for 5 mins. The
genomic DNA was purified using SPRI beads and the eluted DNA was resuspended in
Elution buffer. The Nextera XT Library Prep Kit (Illumina) was used for library preparation
according to the manufacturer’s instructions apart from the following alterations. Two
nanograms of DNA was used as input to the kit and the PCR extension time was increased
from 30 s to 1 min. The libraries were sequenced on an [llumina HiSeq 2500 using a 250 bp
paired end protocol. The demultiplexed sequencing reads were provided with the adapter

and barcodes removed.

2.1.19 Broth Microdilution Minimum Inhibitory Concentration Assay

The strains to be tested were grown for 16 hours in Iso-Sensitest broth (Oxoid) at 37°C with
shaking (200 RPM). The antibiotics to be tested were dissolved in the relevant solvent at a
concentration 2x greater than the highest antibiotic concentration to be tested. 50 pl of Iso-
Sensitest broth was added to columns 2 — 11 and 100 pl to column 12 of a round bottomed
96-well plate (Corning). 100 pl of the antibiotic solution was added to column 1. 50 ul of
the antibiotic solution was withdrawn from column 1 and added to column 2 and mixed by
pipetting up and down. This was repeated for columns 2 to 10 and the media removed from
column 10 was discarded. The absorbance (ODsoo) of the bacterial culture was measured and
diluted to ODsoo = 0.01 in Iso-Sensitest broth. 50 pl of the diluted culture was added to
columns 1 — 11 and the 96-well plate was incubated for 16 hours at 37°C. The MIC was

determined as the lowest concentration of antibiotic with no visible growth.
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2.1.20 Glycerol stocks

Bacterial isolates were stored long-term by creating glycerol stocks. A single colony was
picked and inoculated into 5 ml of an appropriate medium and grown at 37°C for 16 hours
with shaking (200 RPM). 750 pl of the culture was then mixed with 750 pl of 50% (v/v)
glycerol to create a stock with a final glycerol concentration of 25% (v/v). The glycerol

stocks were stored at -80°C.

2.1.21 Bioinformatic Analyses

Bioinformatic analyses were carried out on the Cloud Infrastructure for Microbial
Bioinformatics (CLIMB) servers unless otherwise stated. Specific bioinformatic techniques
will be described in detail in the chapter-specific methods. The programming language “R”
(r-project.org) was used extensively throughout this thesis for the analysis and visualisation
of data. Specific R packages are referenced within the text. GraphPad Prism v8.3.1 was also

used for statistical analysis and visualisation of data.
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2.2 Chapter 3 methods

2.2.1 Site selection

Paired freshwater surface water and sediment samples were collected in Bangladesh from
24 surface water sites across three districts (Mymensingh, Shariatpur and Dhaka). These
sites spanned both rural and urban areas with different population densities. Samples were
collected from 11 aquaculture ponds in the rural areas of two districts (Mymensingh and
Shariatpur) with high commercial aquaculture activity. These ponds all had a history of
antibiotic use within the past three months of collection. Six ponds with no history of
antibiotic use were also sampled from these rural areas. In Mymensingh, 3 ponds used for
domestic purposes were selected, while in Shariatpur, these were aquaculture ponds with no
prior antibiotic use, which were used for culturing fingerlings. Antibiotic use information
for the ponds was collected from local dealers who were responsible for supplying fish feed
for these ponds. In addition to rural surface water sites, 7 water bodies (rivers, lakes and
public ponds) were sampled in Dhaka. The public ponds were heavily used for domestic
purposes and, while some had history of casual (non-commercial) fish cultivation, none of

them had any prior antibiotic use.

2.2.2 Sample collection

Samples were named using the following scheme; water (W) or sediment (S) followed by
aquaculture (A) or control (C; ponds without antibiotic use). Sample sites were designated
using (M) Mymensingh, (S) Shariatpur or (D) Dhaka and a number was included to
differentiate samples. Further metadata on the samples, including temperature, pH and
dissolved oxygen levels was collected. Water samples were collected by submerging a sterile
500 ml Nalgene plastic bottle approximately 15 cm below the water’s surface. Bottles were

capped before being removed from the water. The water samples were filtered through a
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0.22 pm Sterivex-GP filter (Millipore) until water would no longer pass through the filter.
The filter units were then capped and stored in a cool box and transported to the laboratory
within 12 hours of sampling. In addition to the water samples, approximately 10 g of
sediment was taken from either the bed of the pond or from the bank 30 — 50 cm below the
surface of the water. The sediment samples were stored in sterile 50 ml Falcon tubes and

were transported with the water samples.

2.2.3 Selective culturing for coliforms in surface water and sediment samples

Water and sediment samples were screened for the presence of ESBL-producing coliforms
by quantitative plating on Brilliance ESBL agar (Oxoid). For sediment, 0.1 g of the sample
was mixed with 0.9 ml of sterile saline solution, and 50 pl was spread onto the agar plates.
For water samples, 50 pl of the undiluted sample was spread onto the media. Plates were
incubated for 48 hours (h) at 37°C. In accordance with the manufacturer’s instructions, blue,

pink, and green colonies were designated coliforms and counted.

2.2.4 DNA extraction and Illumina sequencing

DNA was extracted from the Sterivex filters and sediment samples using the DNeasy
PowerWater Kit (Qiagen) and the DNeasy PowerSoil kit (Qiagen), respectively, in
accordance with the manufacturer’s instructions. DNA concentrations were quantified using
the Qubit dsDNA HS assay kit (Thermo Fisher) with all samples yielding more than 0.2
ng/ul. Negative control runs were performed for both kits by isolating DNA from sterile,
distilled water: these yielded no detectable DNA. Metagenomic DNA libraries were
prepared using the Nextera XT Library Prep Kit (Illumina). The libraries were pooled and
sequenced on the HiSeq 2500 sequencing platform (Illumina) using a 150 bp paired-end

protocol. Paired reads were adapter trimmed and both duplicates and reads less than 50 bp
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were removed using Trimmomatic v.0.30 with Q15 as the sliding-window quality cut-off
(Bolger, Lohse and Usadel, 2014). The short-read sequencing data for this project has been

deposited under accession number PRJEB39306.

2.2.5 Taxonomic Profiling

To perform taxonomic profiling, the paired-end sequencing reads were mapped against clade
specific markers using the MetaPhlAn2 package (Truong et al., 2015). The MetaPhlAn2
package was run with default parameters. The utility script merge metaphlan_tables.py was

used to merge all of the output files into a single tab delimited file.

2.2.6 Source-sink analysis

Raw sequence reads from projects PRINA254927, PRIEB7626 and PRIEB6092, which had
previously been used as sources for source-sink analysis (McGhee et al., 2020), were
downloaded from the European Nucleotide Archive (ENA). These sequences represented
freshwater, soil and gut metagenomes respectively. Adapters were removed from the
sequence reads using fastp (Chen ef al., 2018). Taxonomic counts were created for these
metagenomic sequences and the 48 samples in this study by kraken2 v.2.0.9 (Wood, Lu and
Langmead, 2019) and Bracken v.2.6.0 (Lu et al., 2017) using a database containing bacterial,
archaeal, viral and fungal sequences. A metadata table was created which described the
environment that the sample was from and designated it as either a source or a sink. The
taxonomic count table and the metadata table were used as input to the R package FEAST
v.0.1.0 (Shenhav et al., 2019) which determined the proportion that each source contributed

to each sink.
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2.2.7 Resistome profiling

Antibiotic resistance genes were identified using the ShortBRED package v.0.9.5 (Kaminski
et al.,2015). The CARD database (Alcock et al., 2020) (downloaded 1st July 2019) and the
UniRef90 database (downloaded 4 July 2019) were used by ShortBRED-Identify to
construct a marker database which the metagenomic reads could be mapped against.
ShortBRED-Quantify.py was then used to map these paired-end reads against the database
(cutoffs, >95% identity and >95% coverage). The relative abundance in reads per kilobase
of reference sequence per million sample reads (RPKM) was generated for each resistance
gene family in the database. The RPKMs were summed for antibiotic resistance genes
belonging to the same class and visualised with the pheatmap package (https://cran.r-

project.org/web/packages/pheatmap/pheatmap.pdf) in R (R Core Team, 2017).

2.2.8 Reconstruction of plasmids from metagenomic datasets

Metagenomic sequencing reads were assembled using the MEGAHIT vl1.1.3 assembler
using default parameters (Li et al., 2015). Contigs produced by MEGAHIT were then
classified as plasmid or chromosomal by trained neural networks in the PlasFlow v.1.1
program (Krawczyk, Lipinski and Dziembowski, 2018). Contigs designated to be of plasmid
origin were queried against the CARD database by ABRicate v.0.9.8
(https://github.com/tseemann/abricate) to identify the presence of antibiotic resistance
genes. Resistance genes were identified which had at least 95% identity and 50% coverage
compared to the CARD database. Plasmid contigs were similarly queried against the
PlasmidFinder database (Carattoli et al., 2014) to identify replication genes. Plasmids were
circularised by comparing 300 bp from either end of putative plasmid-containing contigs
using BLASTn (Altschul et al., 1990). When ends were found to overlap, one copy of the

overlapping sequence was removed to generate a complete, circularized plasmid sequence.
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To avoid spurious overlaps, overlapping regions were manually inspected to ensure that they

were not part of translocatable elements.

2.2.9 Statistical analyses

The Shannon Diversity Index of the samples was calculated in R v.3.4.3 using the diversity
function of the vegan package v.2.5-7 (Oksanen et al., 2019). Non-metric multidimensional
scaling (NMDS) was also performed in R using the metaNMDS function of the vegan
package. Permutational multivariate analysis of variance (PERMANOVA) was performed
on a Bray-Curtis distance matrix of species abundance in R using the adonis function of the
vegan package. Correlation between total ARG abundance and human gut bacterial
contribution was calculated using the Im function in base R. Additional tests for determining
statistical significance were performed as described in the text and implemented in GraphPad

Prism v.8.3.1.
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2.3 Chapter 4 methods

2.3.1 Collection of 1solates

E. faecium isolates were collected from Heartlands Hospital in Birmingham, UK over a
period of 5 years (2016-2020). The first set of isolates (n=39) were collected during an
outbreak of Enterococcus faecium associated bacteriaemia in 2016 and 2017. The second
set of isolates (n=21) were routine screening isolates collected in 2019 and 2020.
Anonymised metadata was collected for all of the patients. As these isolates were collected

as part of outbreak surveillance and routine screening, no ethical approval was required.

2.3.2 Genome assembly

Adapters were removed from the short-read data and reads were trimmed using
Trimmomatic v.0.39 (Bolger, Lohse and Usadel, 2014) with a sliding window cut-off of
QI15. Short-reads were assembled with shovill v.1.0.5 (Seeman T, shovill,
https://github.com/tseemann/shovill) using default parameter. SPAdes v.3.14.0 (Bankevich
et al., 2012) was used within shovill to assemble the reads. Isolates that were both long and
short read sequenced were hybrid assembled using both sets of reads. Unicycler v.0.4.8
(Wick et al., 2017) was used with default parameters to obtain closed genomes and closed
plasmid sequences. The quality metrics of the assemblies were determined using Quast
v.5.0.2 (Gurevich et al., 2013). The average nucleotide identity to E. faecium strain E745
was calculated using FastANI v.1.32 (Jain et al., 2018). The E. faecium genomes were

annotated using Prokka v.1.14.6 (Seemann, 2014).
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2.3.3 Sequence type analysis

The E. faecium isolate sequence types were determined by querying their short-read
assemblies against PubMLST (Jolley and Maiden, 2010) using mlst v.2.18.0 (Seemann

T, mlst, https://github.com/tseemann/mlst).

2.3.4 Phylogenetic analysis

A phylogenetic tree was constructed for the clinical E. faecium isolates by mapping the short-
reads against the E. faecium E745 reference genome (GCA _001750885.1) using snippy
v.4.6.0 (Seemann T, 2015 snippy: fast bacterial variant calling from NGS reads
https://github.com/tseemann/snippy). A core genome SNP alignment was created using
snippy-core. The core SNP alignment was passed to Gubbins v.2.4.1 (Croucher et al., 2015)
to mask recombination. A phylogenetic tree was then constructed using RaxML v.8.1.15

(Stamatakis, 2014) implementing the GTRGAMMA DNA substitution model.

2.3.5 Short-read resistance genes

The antibiotic resistance gene profiles for the clinical E. faecium isolates were determined
by querying the short-read assemblies against the Resfinder database (2020) (Zankari et al.,
2012) using ABRicate v.0.9.8 (Seemann T, ABRuicate,
https://github.com/tseemann/abricate). A minimum identity cut-off of 95% and minimum
coverage cut-off of 50% was used. To identify resistance to linezolid, the E. faecium short

reads were queried using LRE-Finder v.1.0.0 (Hasman et al., 2019).

2.3.6 Reversion of VVE to a resistant phenotype

A single VVE susceptible isolate (HHI2, HHI3 or OI25) was inoculated into 5 ml of BHI
broth and grown for 16 hours at 37°C with shaking (200 RPM). The bacterial culture was

then diluted 1/100 into 5 ml of BHI broth containing 8 pg/ml vancomycin. The culture was
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grown at 37°C with shaking (200 RPM) and the cultures were observed every 24 hrs until
growth was observed (broth had become turbid). The cultures were then diluted 10 and 100
pl was spread onto BHI agar plates containing 8 pg/ml vancomycin. Two colonies from each
plate were cultured in BHI broth containing 8 pg/ml vancomycin for 16 hours at 37°C with
shaking (200 RPM). Glycerol stocks were then made, and the bacterial isolates were stored

at -80°C for further use.

2.3.7 Terminator analysis

The Rho-independent terminator of the ribosomal RNA gene operon was identified in isolate
OI25 by taking 100 nucleotides downstream of the 5S stop codon and submitting them to
the RNAfold Web Server (Lorenz ef al., 2011). The output was then manually inspected to
identify the typical A-tail, Loop, T-tail structure of a Rho-independent terminator

(Kingsford, Ayanbule and Salzberg, 2007).

2.3.8 RT-qPCR

2.3.8.1 Vancomycin challenge

The E. faecium strains were first streaked onto BHI agar and incubated at 37°C for 48 hours.
A single colony was used to inoculate 5 ml of BHI broth and incubated at 37°C for 16 hours
with shaking (200 RPM). The E. faecium cultures were then diluted 1/100 by inoculating
200 pl in 19.8 ml of BHI broth, they were then grown at 37°C with shaking (200 RPM) to
an ODgoo = 0.5. 2 ml of the culture was transferred to a 2 ml Eppendorf tube for RNA
extraction. Vancomycin was added to the remaining culture to a final concentration of 8
pg/ml and incubated for a further hour at 37°C with shaking (200 RPM). A further 2 ml of

the culture was then removed from each culture to a 2 ml Eppendorftube for RNA extraction.

66



2.3.8.2 RNA extraction

The Total RNA miniprep kit (New England Biolabs) was used to extract total RNA from the
E. faecium cells. The bacterial cells were harvested from 2 ml of culture by centrifugation at
16,000 x g for 30 s and the supernatant was discarded. The cell pellet was resuspended in
700 ul of 1X DNA/RNA Protection reagent (New England Biolabs) and transferred to a
lysing matrix B tube (MP Biomedicals). The cells were lysed using a FastPrep-24 5G device
at a setting of 6 m/s for 40 s. The homogenate was then transferred to a fresh 1.5 ml
Eppendorf tube and the debris was pelleted by centrifugation at 16,000 x g for 2 mins. The
supernatant was transferred to a fresh tube 1.5 ml Eppendorf tube and an equal volume of
RNA lysis buffer (New England Biolabs) was added and vortexed briefly. 800 ul of the
mixture was added to a gDNA Removal column (New England Biolabs) and then
centrifuged at 16,000 x g for 30 s. For samples with more than 800 pl, the column was
reloaded, and the centrifugation step was repeated. An equal volume of 95% (v/v) ethanol
was added to the flow-through from the gDNA removal column and mixed by pipetting. The
mixture was then added to an RNA purification column (New England Biolabs), centrifuged
for 30 s at 16,000 x g and the flow-through was discarded. 500 ul of RNA Wash Buffer
(New England Biolabs) was applied to the column, centrifuged for 30 s at 16,000 x g and
the flow-through was discarded. 5 pul of DNase I was combined with 75 pl of DNase |
Reaction Buffer and applied directly to the matrix of the RNA purification column, it was
then incubated at room temperature for 15 mins. 500 pl of RNA Priming Buffer was added
to the column, centrifuged at 16,000 x g for 30 s and the flow-through was discarded. 500
pl of RNA Wash Buffer was then added to the column and centrifuged at 16,000 x g for 30
s. Another 500 pl of RNA Wash Buffer was added to the column and centrifuged at 16,000

x g for 2 mins. The RNA purification column was then moved to a new 1.5 ml Eppendorf
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tube, 50 pl of nuclease-free water was added directly to the membrane and centrifuged for
30 s. The TURBO DNA-firee™ kit (Invitrogen) was then used to remove any residual traces
of DNA in the extracted RNA. 5 ul of 10X TURBO DNase™ buffer and 1 pL of TURBO
DNase™ Enzyme were added to the RNA and mixed gently by flicking the tube. The RNA
sample was then incubated at 37°C for 30 mins. The reaction was stopped by adding 6 ul of
DNase Inactivation Reagent and flicking to mix. The samples were incubated at 25°C for 5
mins and were mixed by flicking every minute. The samples were centrifuged at 10,000 x g
for 1.5 mins to pellet the DNase Inactivation Reagent and the supernatant was transferred to
a fresh 1.5 ml RNase-free microfuge tube. The eluted RNA was stored at -80°C until further

use.

2.3.8.3 ¢cDNA synthesis

Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific™) was used for
cDNA synthesis. A reaction was set up with included 4 pl of 5X Reaction Mix, 2 ul of
Maxima Enzyme Mix, 100 ng of RNA and the reaction was made up to 20 pl with nuclease-
free water. The reaction was mixed by pipetting and pulse centrifuged to collect the liquid
at the bottom of the tube. The reaction was then incubated at 25°C for 10 mins followed by
50°C for 15 mins, the reaction was stopped by heating to 85°C for 5 mins. A second reaction
was carried out which was identical to the first, except the Maxima Enzyme Mix was
replaced with nuclease-free water, this was used as the no reverse transcriptase control for

the subsequent qPCR reactions. The synthesised cDNA was stored at -80°C until further use.

2.3.8.4 gPCR

qPCR reactions were set up as follows: 10 pl PrimeTime® Gene Expression Master Mix

(2X) (Integrated DNA Technologies (IDT)), 1 pul PrimeTime® qPCR Assay (20X) (IDT), 2
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pl cDNA and 7 pul Nuclease-free water. PrimeTime qPCR assays (IDT) which contain the
forward primer, reverse primer and probe were created for vanRS, vanHAX and tufA4 (Table
2.7) using the PrimerQuest™ tool (IDT). gPCR reactions were carried out in biological
triplicate and technical duplicate. No template controls and no reverse transcriptase controls
were included to ensure no genomic DNA was carried over (Ct > 30). The qPCR reactions
were transferred to a MicroAmp® Optical 96-Well reaction plate (Applied Biosystems) and
sealed with an Optical Adhesive Cover (Applied Biosystems). The qPCR reaction was
carried out in a QuantStudio 1 Real-Time PCR system (Applied Biosystems) using the

following program:

Table 2.5: RT-qPCR program.

Step Time Temperature Number of cycles
Polymerase activation 3 mins 95°C 1
Denaturation 15s 95°C 40
Annealing/Extension 1 min 60°C

2.3.9 Variant calling

Variants were called between the VVE revertant isolates and the VVE parent strains using
snippy v.4.6.0 (Seemann T, 2015 snippy: fast bacterial variant calling from NGS reads

https://github.com/tseemann/snippy).

2.3.10 Identification of plasmids in short-read data

Plasmid replicons were identified in the E. faecium isolates by querying the short-read
assemblies against the PlasmidFinder database (Carattoli et al., 2014) using ABRicate
v.0.9.8 (Seemann T, ABRicate, https://github.com/tseemann/abricate). A minimum identity

cut-off of 95% and minimum coverage cut-off of 50% was used.
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2.3.11 RT-PCR of rRNA-vanHAX junctions

RNA was extracted from the OI25 revertant isolates and reversed transcribed into cDNA as
in (2.3.8.2 RNA extraction) and (2.3.8.3 cDNA synthesis). PCR was performed from the
23S rRNA gene across the junction into each of the vanHAX genes using primers Junc fwd,
Junc_vanH rev, Junc vanA rev and Junc vanX rev (Table 2.7) according the protocol in
(2.1.4 Polymerase Chain Reaction). The PCR products were visualised on a 1% (w/v)

agarose gel.

70



2.4 Chapter 5 methods

2.4.1 Preparation of samples for RNA-seq

E. faecium strains E745 and E8202 (Table 2.10) were streaked onto BHI agar plates and
incubated for 20 hrs at 37°C to obtain single colonies. 5 ml of BHI broth was then inoculated
with a single colony of either E745 or E8202 (cultures were prepared in triplicate), they were
grown for 16 hrs at 37°C with shaking (200 RPM). 20 ml of BHI broth and 20 ml of BHI
broth plus vancomycin (E745: 128 pg/ml and E8202: 64 pg/ml) were inoculated with 200
ul of the overnight culture and grown to an ODgoo= 1. 1500 pl of culture was transferred to
a 1.5 ml Eppendorf tube and centrifuged at 16,000 x g for 30 s, the supernatant was
discarded, and the previous step was repeated with a further 1500 ul. Tubes were centrifuged
briefly and any remaining BHI broth was removed. The cell pellets were then flash frozen
by submerging the tubes in a slurry of dry ice and 100 % ethanol. The cell pellets were stored

at -80°C until use.

2.4.2 RNA extraction, library preparation and sequencing

RNA extraction, library preparation and sequencing were carried out by GENEWIZ From
Azenta Life Sciences (New Jersey, USA). RNA was extracted using the RNeasy Plus
Universal kit (Qiagen) following the manufacturers protocol. RNA quality was measured
using the Qubit 2.0 fluorometer and Agilent TapeStation, samples were taken forward if they
had an RNA integrity number (RIN) > 6, DIV200 score > 70 and DNA concentration < 10%
of the RNA concentration. Ribosomal RNA was removed from the samples using the Ribo-
Zero TRNA Depletion kit (Illumina). The sequencing library was prepared using the
NEBNext® Ultra™ II RNA Library Prep Kit for Illumina® (NEB). The quality of the

sequencing library was assessed using the Qubit 2.0 fluorometer and KAPA qPCR assay.
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The prepared libraries were mixed in equimolar concentrations and sequenced on the

Illumina HiSeq 4000 sequencing platform.

2.4.3 RNA data analysis

The quality of the sequencing data was assessed using FastQC v.0.11.9 (Andrews S, FastQC,
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). DNA assemblies were
downloaded from Genbank for E. faecium strains E745 (GCA_001750885.1) and E8202
(GCA _900639535.1) and annotated using PROKKA v.1.14.6 (Seemann, 2014) using the
Enterococcus specific database. Kallisto v.0.44.0 (Bray et al., 2016) was used to pseudo-
align the RNA-seq reads and against the E. faecium transcripts and quantify the reads per
gene. The annotation files in genbank format were converted to a kallisto input using the
script  genbank to kallisto.py (https://github.com/AnnaSyme/genbank to kallisto.py).
Voom/limma v.3.50.1 (Law et al., 2014) in Degust v.4.1.5 (David R. Powell. Degust:
interactive RNA-seq analysis, DOI: 10.5281/zen0odo0.3258932.) was used to analyse
differential gene expression (DGE) between the vancomycin treated samples and the

controls. Further visualisation of the DGE results was performed in R, v.3.4.3.

2.4.4 Functional annotation of significant genes identified by RNA-seq or Tn-
seq

The genome assemblies of E. faecium E745 and E. faecium E8202 were downloaded from
Genbank and submitted to the eggNOG-mapper webserver v.2.1.7 (Cantalapiedra et al.,
2021). The genes were then manually curated into different functional categories by the
COQG letter that they were assigned. The coding sequences of genes which were significantly
upregulated or downregulated in the RNA-seq analysis or significant in the Tn-seq analysis
were also submitted to the eggNOG-mapper webserver. Again, the genes were manually

curated into different functional categories. The percentage of significant genes in each
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functional category was calculated by dividing the number of genes in that category
identified as being significant by the total number of genes in that category and multiplying

by 100.

2.4.5 Vancomycin treatment of the Tn-seq libraries

The transposon mutant libraries for E. faecium strains E745 (Zhang et al., 2017), E8202 and
Aus0004 (both generated by Dr Vincent de Maat, University Medical Centre Utrecht, The
Netherlands (de Maat, 2022)) were recovered by adding 20 pl of the transposon library to
20 ml of BHI broth and growing for 16 hours at 37°C with shaking (200 RPM). 20 ul of the
cultured library was then added to 20 ml of BHI broth and grown at 37°C with shaking until
ODeoo = 1, similarly 20 pl of the cultured library was added to 20 ml of BHI broth that was
supplemented with /2 MIC vancomycin (E745 = 128 ug/ml, Aus0004 = 8 ng/ml & E8202 =
64 ng/ml) and grown at 37°C with shaking. This was carried out in quadruplicate for the

control and the treatment groups.

2.4.6 Library preparation

2.4.6.1 DNA digestion with Mmel

Genomic DNA was extracted from 2 ml of each culture (see 2.1.14 Genomic DNA extraction
for short-read sequencing). 2 ug of genomic DNA was digested with 10 U of Mmel (NEB)
at 37°C for 4 hours before being dephosphorylated with 1 U of Calf Intestinal Alkaline
Phosphatase (Invitrogen™) at 50°C for 30 mins. The DNA was then re-purified by adding
200 ul of phenol:chloroform:isoamyl alcohol (Sigma) to the sample. The sample was then
vortexed, centrifuged at 17,000 x g for 5 minutes and the top layer was transferred to a fresh
2 ml tube containing 200 ul of chloroform:isoamyl alcohol (Sigma). As with the previous

step, the samples were vortexed, centrifuged at 17,000 x g for 5 minutes and the top layer
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was removed to a fresh 2 ml tube. 20 pl of 3M NaAc pH 5.3 (Thermo Scientific™), 0.5 ul
of glycogen (10 mg/ml) (VWR) and 500 ul of 100% ethanol were added and mixed well.
The samples were incubated at -20°C for 16 hours and then centrifuged at 17,000 x g for 10
mins at 4°C to pellet the DNA. The DNA pellet was washed with 500 ul of 70% (v/v) EtOH,
centrifuged at 17,000 x g for 5 mins at 4°C, the supernatant was discarded, and the pellet
was air dried for 10 mins. The DNA pellet was then resuspended in 20 pul of nuclease-free

water.

2.4.6.2 Adapter annealing and 5’ phosphorylation

Primers containing a barcode sequence (A-L) and a partial TruSeq sequence, were annealed
together to form adapters (Table 2.8). 5 ul of 1 nmol/ul PBGSF29-Barcode, 5 ul of the
corresponding PBGSF30-Barcode, 0.5 pl 100x Tris-EDTA (Sigma-Aldrich), 0.5 ul 5 M
NaCl (Sigma-Aldrich) and 39 pl of nuclease-free water (NEB) were mixed together and
incubated at 95°C for 10 mins in a heat block. The metal tube holder was removed and
allowed to cool to room temperature over a time period of ~45 mins. The adapters were then
5'-phosphorylated by mixing 2 pl of the annealed adapter (100 pmol/ul), 2 ul of 10x T4
DNA ligase buffer (NEB), 0.5 ul 10 U/ul T4 polynucleotide kinase (3' phosphatase minus)
(NEB) and 15.5 pul dH20O. The reaction was initially incubated at 37°C for 5 mins and then
incubated at 70°C for 10 mins in a heat block, the heat block was then removed and cooled

to room temperature.

2.4.6.3 Adapter ligation to genomic DNA

Next the adapters were ligated to the digested genomic DNA by mixing 100 ng of
dephosphorylated Mmel restriction fragments, 0.2 pl (10 pmol/ul) phosphorylated &

annealed adapter (adapters with different barcodes were used for each sample), 2 ul 10x T4
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DNA ligase buffer (NEB), 0.2 ul (10 U/ul) T4 DNA ligase (NEB) and the reaction was made
up to 20 ul with nuclease-free water. The ligation reaction was incubated at 16°C for 60

mins.

2.4.6.4 PCR amplification, sequencing adapter addition and sequencing

The following PCR reaction was set up: 26 ul nuclease-free water, 10 pl 5x Phusion HF
buffer (NEB), 1 ul 10 mM dNTP mix (NEB), 5 ul (4 pmol/ul) PBGSF40 primer, 5 ul (4
pmol/ul) PBGSF31 primer, 2.5 ul ligation mixture and 0.5 pl Phusion DNA polymerase
(NEB). The PCR reaction was performed according to the following program: 72°C 1 min,
98°C 30 s, 25 cycles (98°C 10s, 57°C 30 s, 72°C 10 s) and 72°C for 5 mins. The PCR
reactions were cleaned up using the MinElute Reaction Cleanup Kit (Qiagen) in the
following reaction. The PCR reaction was mixed with 50 pul of nuclease-free water, 300 ul
of ERC buffer and transferred to a MinElute column. The column was centrifuged at 13,000
x g for 1 min and the flow through was discarded. 750 pl of PE buffer was then added to the
column, it was once again centrifuged at 13,000 x g for 1 min and the flowthrough was
discarded. The column was then centrifuged at 17,000 x g for 1 min to completely dry the
membrane. The column was moved to a fresh 1.5 ml Eppendorf tube and 10 pl of nuclease-
free water was added directly to the membrane. After 1 min, the column was centrifuged at
17,000 x g for 1 min and the flowthrough containing the DNA was retained. The DNA
concentration was measured (see 2.1.16 Measurement of DNA concentrations). Equimolar
quantities of the barcoded DNA were mixed together and sequenced on an I[llumina NovaSeq

platform using a SE50 protocol.
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2.4.7 Tn-seq data analysis

Raw reads were first demultiplexed and the barcodes removed using Cutadapt v.3.0 (Martin,
2011). The reads were then cropped to 16 bp to remove the transposon sequence and leave
only genomic DNA using Trimmomatic v.0.39 (Bolger, Lohse and Usadel, 2014). The reads
were aligned to the parent strains genome using the BWA algorithms aln and samse v.0.7.17-
r1188 (Li and Durbin, 2009). Reads were counted per gene using the Bio-Tradis v.1.4.1
scripts tradis_plot and tradis_gene insert_sites, reads were not included which mapped to
the first and last 10% of the genes. The outputs of Bio-Tradis were processed in R v3.4.3.
DESeq2 v.1.30.0 was then used to calculate the fold-change of reads between the control
experiment and the vancomycin experiment, a Benjamini-Hochberg adjusted P value was
also produced to correct for multiple testing (Love, Huber and Anders, 2014). Genes which
had an adjusted P value < 0.05 and a log> fold-change less than -1 were considered to

contribute to increased fitness in the presence of vancomycin.

Demultiplex
reads

‘ Map reads to Count reads
genome per gene

Remove
~ -~ =
sequence

View mapped Process read
reads counts Metadata file

' -
Calculate fold
change and P - DESeq2
values
Visualise
results

Figure 2.1: An outline of the bioinformatics pipeline used to analyse and visualise data from the
Tn-seq experiment.
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2.4.8 Phylogenetic analysis

A phylogenetic tree was constructed of the 1644 E. faecium isolates using mash distances in
Mashtree v.1.1.2 (Katz et al, 2019). A phylogenetic tree was constructed for the
Enterococcus genus using MEGAX v.10.01.08 (Kumar et al., 2018). The 16S rRNA genes
were extracted from the genomes using Barrmap v.0.9 (Seeman T, Barrnap,
https://github.com/tseemann/barrnap) and MEGAX was used to create an alignment of the
16S rRNA genes and construct a phylogenetic tree. A custom database was created that
contained the nucleotide sequences of asnB, avrA, glpO, gshAB, mgs and vanX. The
assemblies of 1644 E. faecium clade A isolates (Arredondo-Alonso et al., 2020) were
queried against the custom database using ABRicate v.0.9.8 (Seemann T, ABRicate,
https://github.com/tseemann/abricate) with minimum identity and minimum coverage cut-
offs of 95% and 50% respectively. Similarly, the assemblies of 24 species of Enterococcus,
3 species from genera closely related to Enterococcus and 2 outgroup species were queried

against the database using the same method.

Table 2.6: Species used in phylogenetic analyses.

Species Accession number
Enterococcus

E. asini NZ ASVU01000001.1
E. avium NZ KE136500.1

E. caccae NZ KE136472.1

E. casseliflavus NZ GG670403.1

E. cecorum NZ ASWI01000001.1
E. columbae NZ KE136491.1

E. dispar NZ ASWKO01000001.1
E. durans NZ KE136512.1

E. faecalis OGIRF NC 017316.1

E. faecalis V583 NC 004668.1

E. faecium Aus0004 CP003351.1

E. faecium EnGen0015 NZ KB029496.1

E. faecium EnGen0043 NZ KB029937.1

E. gallinarum NZ GG670299.1

E. gilvus NZ ASWHO01000001.1

E. haemoperoxidus

NZ KE136479.1

E. hirae

NZ_ASVZ01000001.1
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E. italicus NZ GL622241.1

E. malodoratus NZ KE136481.1

E. moraviensis NZ ASWB01000001.1

E. mundtii NZ ASWC01000001.1

E. pallens NZ ASWDO01000001.1

E. phoeniculicola NZ ASWEO01000001.1

E. raffinosus NZ ASWF01000001.1

E. saccharolyticus NZ KE136522.1

E. sulfureus NZ ASWO0O01000001.1

E. villorum NZ KE136487.1

Closely related species

Melissococcus plutonius NC 015516.1

Tetragenococus halophilus NC 016052.1

Vagococcus lutrae NZ AYSHO01000001.1

Outgroup species

Carnobacterium maltaromaticum NC 019425.2

Lactococcus garvieae NZ ASWTO01000001.1
2.4.9 Gene deletions

Genes avrd, avrB, asnB, glpO and gshAB were deleted using a CRISPR-Cas9 system (see
2.1.12 CRISPR protocol). Primers used to create the CRISPR sequence and amplify the
deletion templates can be found in Table 2.8. The sequences of the deletion templates can

be found in Table 8.1.

2.4.10 Conjugation of a gentamicin-tagged vancomycin resistance plasmid
into the E. faecium deletion mutants

A conjugation assay was carried out between the E745 transposon library and E. faecium
64/3 according to the standard conjugation protocol (see 2.1.13 Conjugation protocol). The
donor library and transconjugants were selected with gentamicin 300 pg/ml, the recipient
and transconjugants were selected with rifampicin 25 pg/ml and fusidic acid 25 pg/ml and
the transconjugants were selected with gentamicin 300 pg/ml, rifampicin 25 pg/ml and
fusidic acid 25 pg/ml. A further conjugation assay was performed between 64/3 pvanA-G
and the deletion mutants that did not contain the vancomycin resistance plasmid. The donor

strain and transconjugants were selected with gentamicin 300 pg/ml, the recipient and
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transconjugants were selected with ciprofloxacin 64 pg/ml and the transconjugants were

selected with gentamicin 300 pg/ml and ciprofloxacin 64 pg/ml.

2.4.11 Inverse PCR

To map the insertion site of the gentamicin transposon in the vanA plasmid, genomic DNA
was extracted from E. faecium 64/3 pvanA-G using the Wizard Genomic DNA Purification
kit (Promega) (see 2.1.14 Genomic DNA extraction for short-read sequencing). 1 pg of
genomic DNA was digested with Haelll (New England Biolabs) at 37°C for 1 hour, the
enzyme was then heat inactivated at 80°C for 20 mins. The digested DNA was then self-
ligated to form a circular product, a 100 pl ligation reaction was set up which contained 10
ul of T4 DNA ligase buffer (New England Biolabs), 250 ng of digested genomic DNA,
nuclease-free water (New England Biolabs) up to 100 pl and 5 pul of T4 DNA ligase (New
England Biolabs). The ligation reaction was incubated at room temperature for 5 hours
before being heat inactivated at 65°C for 10 mins. The region adjacent to transposon insertion
site was amplified by PCR with primers [IPCR_Haelll F and IPCR Haelll R (Table 2.8)
using Phusion High-Fidelity DNA Polymerase (New England Biolabs) and an input DNA
concentration of 50 ng. The cycling conditions were as follows: 98°C for 30 s followed by
35 cycles of 98°C for 10 s, 60°C for 30 s and 72°C for 5 mins; and a final extension at 72°C

for 10 mins.

2.4.12 Growth kinetics in the presence of vancomycin

The knock-out strains were grown in the presence and absence of 2 MIC vancomycin to
assess their fitness when exposed to vancomycin. E. faecium strains were streaked onto BHI
agar and incubated at 37°C for 16 hours. Single colonies were then used to inoculate 5 ml of

BHI broth and incubated for 16 hours at 37°C with shaking (200 RPM). The liquid cultures
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were initially diluted to a concentration of 2 x 10° with BHI broth. For the wells with no
vancomycin present, 50 pl of BHI broth and 50 pl of the diluted culture were added to a
flatbottomed 96-well plate. For strains exposed to /2 MIC vancomycin, 50 pl of BHI broth
with 1x MIC vancomycin and 50 pl of diluted culture was added to the 96-well plate. The
outer wells of the 96-well plate were filled with 200 pl of sterile water to minimise
evaporation and the lid was replaced. The 96-well plate was incubated at 37°C for 15 hours

with shaking at 240 RPM. The absorbance of each well was measured at 600 nm every 10

mins for the 15-hour period.
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2.5 Primers

Table 2.7: Chapter 4 Primers.

Primer name Sequence (5° -> 37) Description Source

vanRS & vanHAX RT-PCR

tufA_fwd GGTGACGATGTTCCTGTAGTT PrimeTime qPCR Probe assay targeting the tuf4 gene in E. faecium. This project

tufA_probe TGAAAGCTCTAGAAGGCGACGCTT

tufA_rev CGTTCTGGAGTTGGGATGTATT

vanHAX_fwd ATATAAAGCGCTCGGCTGTAG PrimeTime qPCR Probe assay targeting the vanHAX operon in E. This project

vanHAX_probe TAACGGCCGCATTGTACTGAACGA Jaecium.

vanHAX_rev TGAAACCGGGCAGAGTATTG

vanRS_fwd AAGCTGGCCGAACAAAGA PrimeTime qPCR Probe assay targeting the vanRS operon in E. This project

vanRS_probe ACGTTGTTATGTACTTGGCGCACG Sfaecium.

vanRS_rev CGTCAAGCAGGCTCAAATAAC

OI25 chromosomal insertion

Junc_fwd CGGACTGATACTAATCGATCG Primer used to check for junction between rRNA and vanHAX genes in This project
cDNA.

Junc_vanH_rev GGAATGCATCTGCCTCATC Primer used to check for junction between rRNA and vanH gene in This project
cDNA.

Junc_vanA_rev AGATTTTACCGATACGTCATGC Primer used to check for junction between rRNA and vand gene in This project
cDNA.

Junc_vanX_rev CAACGAACACCGTGTACTAT Primer used to check for junction between rRNA and vanX gene in This project

cDNA.




Table 2.8: Chapter 5 Primers.

Primer name

Sequence (5 > 3°)

Description

Source

Transposon sequencing library preparation

PBGSF29 ATCACG

TTCCCTACACGACGCTCTTCCGATCTATCACGNN

PBGSF30 ATCACG

P-CGTGATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P

Oligonucleotides used to form adapter A

(Zhang et al., 2017)

PBGSF29 CGATGT

TTCCCTACACGACGCTCTTCCGATCTCGATGTNN

PBGSF30 CGATGT

P-ACATCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P

Oligonucleotides used to form adapter B

(Zhang et al., 2017)

Oligonucleotides used to form adapter C

(Zhang et al., 2017)

Oligonucleotides used to form adapter D

(Zhang et al., 2017)

PBGSF29 TTAGGC TTCCCTACACGACGCTCTTCCGATCTTTAGGCNN
PBGSF30 TTAGGC P-GCCTAAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P
PBGSF29 TGACCA TTCCCTACACGACGCTCTTCCGATCTTGACCANN
PBGSF30 TGACCA P-TGGTCAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P
PBGSF29 ACAGTG TTCCCTACACGACGCTCTTCCGATCTACAGTGNN
PBGSF30 ACAGTG P-CACTGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P

Oligonucleotides used to form adapter E

(Zhang et al., 2017)

PBGSF29 GCCAAT

TTCCCTACACGACGCTCTTCCGATCTGCCAATNN

PBGSF30 GCCAAT

P-ATTGGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P

Oligonucleotides used to form adapter F

(Zhang et al., 2017)

PBGSF29 CAGATC

TTCCCTACACGACGCTCTTCCGATCTCAGATCNN

PBGSF30 CAGATC

P-GATCTGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P

Oligonucleotides used to form adapter G

(Zhang et al., 2017)

PBGSF29 ACTTGA

TTCCCTACACGACGCTCTTCCGATCTACTTGANN

PBGSF30 ACTTGA

P-TCAAGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P

Oligonucleotides used to form adapter H

(Zhang et al., 2017)

PBGSF29 GATCAG

TTCCCTACACGACGCTCTTCCGATCTGATCAGNN

PBGSF30 GATCAG

P-CTGATCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P

Oligonucleotides used to form adapter I

(Zhang et al., 2017)

PBGSF29 TAGCTT

TTCCCTACACGACGCTCTTCCGATCTTAGCTTNN

PBGSF30 TAGCTT

P-AAGCTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P

Oligonucleotides used to form adapter J

(Zhang et al., 2017)

PBGSF29 GGCTAC

TTCCCTACACGACGCTCTTCCGATCTGGCTACNN

PBGSF30 GGCTAC

P-GTAGCCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P

Oligonucleotides used to form adapter K

(Zhang et al., 2017)
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PBGSF29 CTTGTA

TTCCCTACACGACGCTCTTCCGATCTCTTGTANN

PBGSF30 CTTGTA

P-TACAAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT-P

Oligonucleotides used to form adapter L

(Zhang et al., 2017)

PBGSF31

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

Primer to amplify barcoded DNA

(Zhang et al., 2017)

PBGSF40

CAAGCAGAAGACGGCATACGAGATAGACCGGGGACTTATCATCCAACCTGT

Primer to amplify barcoded DNA and add
Illumina adapter

(Zhang et al., 2017)

Gene deletion

asnB_crispr_fwd_2 AAACGAATTCAAAATTCATCCGTGTGATTGCTCAG Oligonucleotide used to form asnB cripsr insert This project
asnB_crispr_rev_2 AAAACTGAGCAATCACACGGATGAATTTTGAATTC

asnB_amp_fwd ACTATTAGTACTGCAAAAGAAAAGCATGGGATG Primer used to amplify asnB gBlock This project
asnB_amp_rev CTGATCAGTACTAAAAAAATGGTATGAAGATGCTAGTGAATC

asnB_check_fwd CCAATGTACCATAAGTAAAAATCATCAAC Primer used to check for successful KO of asnB This project
asnB_check_rev CATTATTAGATGAAGGGTACCCTGA

avrB_crispr_fwd AAACGAAATTCGATCGATAAAGTGAATACACAAGG Oligonucleotide used to form avrB cripsr insert This project
avrB_crispr_rev AAAACCTTGTGTATTCACTTTATCGATCGAATTTC

avrB_amp_fwd ACTATTGATATCATTTCAATGAAGGAAGAGATAAGATGC Primer used to amplify avrB gBlock This project
avrB_amp_rev CTGATCGATATCTGGTCATTTTCCATCTTGACT

avrB_check_fwd GTCCGTAGTAAAGTAAGGAAACAAG Primer used to check for successful KO of avrB This project
avrB_check_rev CTTCTGAAAATTCTTTTTTGAACTCATCC

glpO_crispr_fwd AAACAATCAAAGCAAAATTAGTGATCAATACGAGG Oligonucleotide used to form glpO cripsr insert This project
glpO_crispr_rev AAAACCTCGTATTGATCACTAATTTTGCTTTGATT

glpO_amp_fwd ACTATTAGTACTACAAGCGAAGATGAGGTC Primer used to amplify gipO gBlock This project
glpO_amp_rev CTGATCAGTACTTACGTTCGTTCCAGGTG

glpO_check_fwd CTTCAAATGTTGCAAAAAGCTAGC Primer used to check for successful KO of gipO This project
glpO_check_rev GTTGATTGCATATCCTGTTGG

gshAB_crispr_fwd AAACTTCTTACAATTATTCCTGATGTACATGTTAG Oligonucleotide used to form gshA4B cripsr insert This project

gshAB_crispr_rev

AAAACTAACATGTACATCAGGAATAATTGTAAGAA

gshAB_amp_fwd

ACTATTAGTACTTAGAAAAAATAAAACGAGTAATCCAGCG

gshAB_amp_rev

CTGATCAGTACTTATGGCACACCTTTAGTGAAC

Primer used to amplify gsh4B gBlock

This project

83



gshAB_check_fwd

GCAGGCAGATGTTTTACTAGTT

gshAB_check_rev

GGTATTTTTTATGGCACAAGATGATGT

Primer used to check for successful KO of gshAB

This project

mgs_cripsr_fwd

AAACTGAACGTGTTATTGATACATTACGCAGCTAG

mgs_cripsr_rev

AAAACTAGCTGCGTAATGTATCAATAACACGTTCA

Oligonucleotide used to form mgs cripsr insert

This project

mgs_amp_fwd ACTATTAGTACTTACACATTTATTTGGTTTGGTCATGTT Primer used to amplify mgs gBlock This project

mgs_amp_rev CTGATCAGTACTCCGACCATGATCGTCAG

mgs_check_fwd TCAAACTGTCTCCGGATCAA Primer used to check for successful KO of mgs This project

mgs_check_rev ATTCTTTGAATAAAGGCAGTACTTGA

vanX_cripsr_fwd AAACCTAAGCGTGCTGTAAACTGTTTTATGCAATG Oligonucleotide used to form vanX cripsr insert This project

vanX_cripsr_rev AAAACATTGCATAAAACAGTTTACAGCACGCTTAG

vanX_amp_fwd ACTATTAGTACTGTGTGAAAAAAGTCAATAGCGC Primer used to amplify vanX gBlock This project

vanX_amp_rev CTGATCAGTACTTCAAGGGACAGAACATCG

vanX_check_fwd GTGGCAGCTACGTTTACC Primer used to check for successful KO of vanX This project

vanX_check_rev GTTGTAGTCACAGATAAAGCCC

avrA_crispr_fwd AAACCAACTGACAGCTCAAGCGAAACAAGTAATAG Oligonucleotide used to form avr4 cripsr insert This project

avrA_crispr_rev AAAACTATTACTTGTTTCGCTTGAGCTGTCAGTTG

avrA_amp_fwd ACTATTAGTACTGAAAAAGAAGGTGGTGCTC Primer used to amplify avr4 gBlock This project

avrA_amp_rev CTGATCAGTACTAAGGATACAATGTATTTCTATCGACC

avrA_check_fwd TCATGTTGCGCTAATCGTTG Primer used to check for successful KO of avr4 This project

avrA_check_rev GATGAACAATCCGACAGGTT

Gene overexpression

avrA_OE_Fwd GGATATCTGCAGTCAATGAAGGAAGAGATAAG TAGATGCGAAAAGTAGCACCTATTTT Primers used to amplify the avr4 gene, add a This project
ribosome binding site and PstI site to the 5° end. A

avrA_OE_Rev ATGATGATGATGATGATGTCCTCCTCCTCCTCCTCCTCCTTGAGAATCACCTGCTTGC his-tag and glycine linker are added to the 3’ end.

avrB_OE_Fwd GGATATCTGCAGCAGCAAGCAGGTGATTCTCA TAGATGACATTTTTACTAGACCTTATCAACG Primers used to amplify the avrB gene, add a This project
ribosome binding site and PstI site to the 5° end. A

avrB_OE_Rev ATGATGATGATGATGATGTCCTCCTCCTCCTCCTCCTCCTGAATGTCTTCTTCTTTGGCTAC his-tag and glycine linker are added to the 3’ end.

gshAB_OE_Fwd GGATATCTGCAGTATGAATTGGAGGTCACTTA TAGATGATGAATTTTAAGCAATTATTATTGCATGTC Primers used to amplify the gsh4B gene, add a This project

gshAB_OE_Rev

ATGATGATGATGATGATGTCCTCCTCCTCCTCCTCCTCCAAATACTTCAGGATATAACAATTTCAATACATTC

ribosome binding site and PstI site to the 5° end. A
his-tag and glycine linker are added to the 3’ end.
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This project

asnB_OE_Fwd GGATATCTGCAGTATTAGGATGTGAAAGTTAA TAGATGTGCGGTATTGTAGGTTT Primers used to amplify the asnB gene, add a
ribosome binding site and PstI site to the 5° end. A

asnB_OE_Rev ATGATGATGATGATGATGTCCTCCTCCTCCTCCTCCTCCAACAGTCACATAGTCGATTGC his-tag and glycine linker are added to the 3° end.

glpO_OE_Fwd GGATATCTGCAGTGAATAAGGAGGAAATCCAT TAGATGTTTTCAAACAAGACAAGACAAGA Primers used to amplify the glpO gene, add a This project
ribosome binding site and PstI site to the 5° end. A

glpO_OE_Rev ATGATGATGATGATGATGTCCTCCTCCTCCTCCTCCTCCTTTCTCCCCCTTTAGTTCC his-tag and glycine linker are added to the 3’ end.

mgs_OE_Fwd GGATATCCCGGGCTAGTTTGGAGGCGAAAAAC TAGATGAAAATCGGCTTTTTTACCGA Primers used to amplify the mgs gene, add a This project
ribosome binding site and Smal site to the 5° end.

mgs_OE_Rev ATGATGATGATGATGATGTCCTCCTCCTCCTCCTCCTCCTCTTTTAAATGAATTTAATTTTATTTTGATTCGTTCAATC 5 his-tag and glycine linker are added to the 3’
end.

vanX_OE_Fwd GGATATCTGCAGGCGTTAAAGGGGTGATAAGCTAGATGGAAATAGGATTTACTTTTTTAGATGAAATAGT Primers used to amplify the vanX gene, add a This project
ribosome binding site and PstI site to the 5° end. A

vanX_OE_Rev ATGATGATGATGATGATGTCCTCCTCCTCCTCCTCCTCCTTTAACGGGGAAATCAAAATAGCT his-tag and glycine linker are added to the 3° end.

CGAATCGCATGCTTAATGATGATGATGATGATGTCCTC Primer used to amplify the OE amplicons and add This project

Tn-seq_OE_Rev

a Sphl site at the 3’ end.

Inverse PCR

IPCR_Haelll_F AAACAGGAATTTATCGAAAATGGT Primers used to determine the location of the (X Zhang et al., 2012)
mariner transposon insertion.

IPCR_Haelll_R CCCCCTGAAATCCTTACAT

General Check primers

vanA-F

AAGATTCCGTACTGCAGCCT

vanA-R

GGATAGCTACTCCCGCCTTT

Primers to check for the presence of van4

This project

Cas9_check_fwd

GGGCGGTGATCACTGATGAATATA

Cas9_check_rev

ACCAATAATTCCTCAGTACCATCCAT

Primers to check for successful electroporation of
pVPL3004

(de Maat et al., 2019)

pWS3_check_fwd

TGTGCTGCAAGGCGATTAAGTTGG

pWS3_check_rev

AAAGCGTCCCTACTACTGACAGCTTC

Primers to check for presence of pVDM1001 and
to check for insertions in pVDM1001.

(de Maat et al., 2019)

P =5’ Phosphorylation
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2.6 Plasmids

Table 2.9: Plasmids used / created in this thesis.

Plasmid name

Description

Source

pVPL3004 Plasmid which expresses Cas9 and tracrRNA. Ery" (Oh and van Pijkeren, 2014)
pVDM1001 Plasmid for cloning the CRISPR sequence and Insertion/Knockout template of the gene of interest. Spec” (de Maat et al., 2019)
pVDM1001-asnB-KO Plasmid containing the asnB CRISPR sequence and the asnB knockout construct. Spec’ This project
pVDM1001-avrA-KO Plasmid containing the avr4 CRISPR sequence and the avr4 knockout construct. Spec” This project
pVDM1001-avrB-KO Plasmid containing the avrB CRISPR sequence and the avrB knockout construct. Spec” This project
pVDM1001-glpO-KO Plasmid containing the glpO CRISPR sequence and the glpO knockout construct. Spec” This project
pVDM1001-gshAB-KO  Plasmid containing the gsh4B CRISPR sequence and the gsh4B knockout construct. Spec’ This project
pVDM1001-mgs-KO Plasmid containing the mgs CRISPR sequence and the mgs knockout construct. Spec” This project
pMSP3535 E. faecium overexpression vector. Ery' (Bryan et al., 2000)
pMSP3535-asnB-OE E. faecium overexpression vector carrying the asnB gene. Ery" This project
pMSP3535-avrA-OE E. faecium overexpression vector carrying the avr4 gene. Ery" This project
pMSP3535-avrB-OE E. faecium overexpression vector carrying the avrB gene. Ery" This project
pMSP3535-glpO-OE E. faecium overexpression vector carrying the glpO gene. Ery" This project
pMSP3535-gshAB-OE  E. faecium overexpression vector carrying the gsh4B gene. Ery" This project
pMSP3535-mgs-OE E. faecium overexpression vector carrying the mgs gene. Ery" This project
pMSP3535-vanX-OE E. faecium overexpression vector carrying the vanX gene. Ery" This project
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2.7 Bacterial isolates

Table 2.10: Bacterial isolates used / created in this thesis.

Name Sample-source  Phenotypic vancomycin Citation
resistance

E. faecium isolates

E. faecium E745 Rectal swab Resistant (Zzhang et al., 2017)
E. faecium E8202 Hospitalised patient Resistant (Arredondo-Alonso et al., 2020)
E. faecium Aus0004 Rectal swab Resistant (Lam et al., 2012)
E. faecium 64/3 Rectal swab Susceptible (Bender et al., 2015)
E. faecium OI1 Blood culture Resistant This project
E. faecium OI2 Blood culture Resistant This project
E. faecium OI3 Blood culture Resistant This project
E. faecium Ol4 Blood culture Resistant This project
E. faecium OI5 Blood culture Resistant This project
E. faecium Ol6 Blood culture Resistant This project
E. faecium OI7 Blood culture Resistant This project
E. faecium OI8 Blood culture Resistant This project
E. faecium OI9 Blood culture Resistant This project
E. faecium 0110 Blood culture Resistant This project
E. faecium OI111 Blood culture Resistant This project
E. faecium 0112 Blood culture Resistant This project
E. faecium 0113 Blood culture Resistant This project
E. faecium 0114 Blood culture Resistant This project
E. faecium 0115 Blood culture Resistant This project
E. faecium OI16 Blood culture Resistant This project
E. faecium 0117 Blood culture Susceptible This project
E. faecium 0118 Blood culture Susceptible This project
E. faecium 0119 Blood culture Resistant This project
E. faecium 0120 Blood culture Susceptible This project
E. faecium 0121 Rectal swab Resistant This project
E. faecium 0122 Blood culture Susceptible This project
E. faecium 0123 Rectal swab Resistant This project
E. faecium 0124 Blood culture Susceptible This project
E. faecium 0125 Blood culture Susceptible This project
E. faecium 0125 Blood culture / Laboratory Resistant This project
revertant 1

E. faecium 0125 Blood culture / Laboratory Resistant This project
revertant 2

E. faecium 0126 Rectal swab Resistant This project
E. faecium 0127 Blood culture Susceptible This project
E. faecium 0128 Blood culture Susceptible This project
E. faecium 0129 Rectal swab Resistant This project
E. faecium 0130 Blood culture Susceptible This project
E. faecium 0131 Blood culture Susceptible This project
E. faecium 0132 Blood culture Resistant This project
E. faecium 0133 Blood culture Susceptible This project
E. faecium 0134 Rectal swab Resistant This project
E. faecium 0135 Blood culture Resistant This project
E. faecium 0136 Blood culture Resistant This project
E. faecium 0137 Blood culture Susceptible This project
E. faecium 0138 Blood culture Resistant This project
E. faecium 0139 Blood culture Susceptible This project
E. faecium HHI1 Blood culture Susceptible This project
E. faecium HHI2 Blood culture Susceptible This project
E. faecium HHI2 Blood culture / laboratory Resistant This project
revertant 1

E. faecium HHI2 Blood culture / laboratory Resistant This project
revertant 2

E. faecium HHI3 Blood culture Susceptible This project
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E. faecium HHI3 Blood culture / laboratory Resistant This project
revertant 1
E. faecium HHI3 Blood culture / laboratory Resistant This project
revertant 2
E. faecium HHI4 Rectal swab Resistant This project
E. faecium HHIS Rectal swab Resistant This project
E. faecium HHI6 Rectal swab Resistant This project
E. faecium HHI7 Urine Resistant This project
E. faecium HHI8 Rectal swab Resistant This project
E. faecium HHI9 Rectal swab Resistant This project
E. faecium HHI10 Rectal swab Resistant This project
E. faecium HHI11 Rectal swab Resistant This project
E. faecium HHI12 Rectal swab Resistant This project
E. faecium HHI13 Rectal swab Resistant This project
E. faecium HHI14 Rectal swab Resistant This project
E. faecium HHI15 Rectal swab Resistant This project
E. faecium HHI16 Rectal swab Resistant This project
E. faecium HHI17 Rectal swab Resistant This project
E. faecium HHI18 Rectal swab Resistant This project
E. faecium HHI19 Rectal swab Resistant This project
E. faecium HHI20 Rectal swab Resistant This project
E. faecium HHI21 Rectal swab Resistant This project
E. faecium E745 AavrA Laboratory Susceptible This project
E. faecium E745 AavrB Laboratory Resistant This project
E. faecium E745 AasnB Laboratory Susceptible This project
E. faecium E745 Aglpo Laboratory Resistant This project
E. faecium E745 AgshAB Laboratory Susceptible This project
E. coli isolates
E. coli DH5o Laboratory NA (Taylor, Walker and Mclnnes,
1993)
E. coli EC1000 Laboratory NA (Leenhouts et al., 1996)
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Chapter 3
Metagenome-Wide Analysis of
Rural and Urban Surface Waters
and Sediments in Bangladesh
Identifies Human Waste as a Driver
of Antibiotic Resistance
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3.1 Introduction

The prevalence of antibiotic-resistant bacteria causing infections is increasing globally, but
the clinical issues, including significant morbidity and mortality, posed by these bacteria are
particularly alarming in low- and middle-income countries (LMICs) (Laxminarayan et al.,
2013; Lim et al., 2016; Founou, Founou and Essack, 2017; Gandra et al., 2019). Proposed
drivers for the high burden of drug-resistant infections in LMICs include the unregulated
sales of antibiotics and their misuse in clinical medicine, agriculture, and aquaculture; an
inadequate sewerage infrastructure; poor governance; and low investments in health care

(Collignon et al., 2018; Chokshi et al., 2019).

One of the challenges of studying antimicrobial resistance (AMR) is to disentangle the
spread of resistant bacteria and antibiotic resistance genes between humans, animals, and the
wider environment (Woolhouse et al., 2015). For this reason, AMR is increasingly being
studied from a collaborative and cross-disciplinary perspective that has been termed “One
Health” (McEwen and Collignon, 2018). The One Health concept for studying the spread of
AMR is particularly relevant for LMICs due to the crucially important role of agriculture
and aquaculture in the livelihoods of billions of people in many of these countries, especially
the poorest ones (Robinson ef al., 2016). Asia is home to an estimated 74% of the world’s
570 million farms (Lowder, Skoet and Raney, 2016), and, in 2016, 89% of the global
aquaculture production was estimated to originate from this continent (Garlock et al., 2020).
However, there are still major knowledge gaps on the spread of AMR in Asia from a One

Health perspective.

Bangladesh is an LMIC in South Asia, where antibiotic-resistant infections are common

among both hospitalized patients and the non-hospitalized population (Ahmed, Rabbi and
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Sultana, 2019). The country has a number of unique characteristics that may contribute to
the rapid spread of AMR. The capital city of Bangladesh, Dhaka, has a population of around
16 million people, with a population density that ranks among the highest of any megacity.
Less than 20% of the households in Dhaka are directly connected to sewerage infrastructure
(Peal et al., 2014). The prevalence of carriage of multidrug-resistant Escherichia coli among
healthy humans is relatively high in Bangladesh, as it is in other LMICs (Mamun, Shears

and Hart, 1993; Monira et al., 2017; Nji et al., 2021).

Antibiotic-resistant bacteria that colonize the human gut can be passed into rivers, lakes, and
coastal areas through the release of untreated wastewater, the overflow of pit latrines during
monsoon season, or by practices such as open defecation (Akter, Kurisu and Hanaki, 2017,
Hussain ef al., 2017). These contaminated environments are often used for bathing and the
washing of clothes and food preparation equipment, thus facilitating human gut colonization
by antibiotic-resistant bacteria (Amin et al., 2019). The antibiotic resistance genes carried
by human-associated bacteria are often found on mobile genetic elements, including
plasmids, which are capable of transfer within and between bacterial species. Plasmid-
mediated transfer of antibiotic resistance genes thus contributes to the rapid dissemination
of antibiotic resistance genes in microbial ecosystems, including those in the human gut and

the environment (Martinez, 2008; Li ef al., 2019).

While a prescription is legally required to purchase antibiotics in Bangladesh, antibiotics can
be readily acquired from many of the 200,000 drug stores across Bangladesh (Rousham et
al., 2019). In rural Bangladesh, aquaculture is widespread, with more than 2 million tons of
freshwater fish produced in 2017 from inland freshwater fisheries (F4O yearbook. Fishery

and Aquaculture Statistics 2016, 2018). A survey performed from 2011 to 2012 revealed
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that antibiotics are widely used in Bangladeshi aquaculture for disease prevention and
growth promotion. The most prominent classes of antibiotics employed are the tetracyclines,
but other antibiotic classes, including B-lactams and sulphonamides, are also used (Ali et al.,
2016). The use of antibiotics in Bangladesh is regulated in line with the European Union
standards for antibiotic use in aquaculture, but Bangladesh has been found to be in breach
of these regulations several times (Lulijwa, Rupia and Alfaro, 2020). The causes of
antibiotics overuse in aquaculture are multifactorial: pharmaceutical companies provide
food that is premixed with antibiotics without the farmers’ knowledge, farmers administer
antibiotics too often because they do not understand the instructions, and prophylactic use
of antibiotics may be used to reduce the chance of damaging losses in production caused by
disease (Kawsar et al., 2018). The combination of a densely populated country, intensive
antibiotic usage in aquaculture, and the potential for the dissemination of antibiotic-resistant
bacteria through surface water thus provides a unique opportunity to study the spread of

AMR from a One Health perspective in Bangladesh.

In this chapter, I use a combination of quantitative bacterial culture and metagenomic
shotgun sequencing methods to disentangle pathways that contribute to the dissemination of
antibiotic resistance. Specifically, we describe the abundance and diversity of
microorganisms and antibiotic resistance genes in surface water in rural and urban settings

in Bangladesh.

3.2 Hypothesis

The use of antibiotics in rural aquaculture is a major driver of antibiotic resistance in

Bangladesh.
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3.3 Aims and objectives

1.

To quantify the number of ESBL-producing coliforms present in sediment and water
samples in Bangladesh.

To identify and quantify the bacteria present in water and sediment samples in
Bangladesh using metagenomic sequencing.

To identify and quantify the antibiotic resistance genes present in these samples.

To correlate the abundance of antibiotic resistance genes with the level of gut
associated bacteria in these samples.

To identify plasmids, particularly those carrying antibiotic resistance genes, in these

samples.
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3.4 Results

3.4.1 Sample collection across urban and rural sites in Bangladesh.

Freshwater surface water and sediment samples were collected from 24 sites across 3

districts in Bangladesh (Mymensingh, Shariatpur, and Dhaka; Figure 3.1). These sites

spanned both rural and urban areas with different population densities. Among rural sites,

ponds used for aquaculture with a history of antibiotic use (#» = 11) and ponds with no history

of antibiotic use (n=06) were sampled. Further information on sampling locations and

protocols is provided in Materials and Methods. We used culture-dependent and culture-

independent methods to study the abundance of antibiotic resistance genes and the diversity

of microbiotas across the different sites.

Population

110 2,000,000
2,000,001 to 4,000,000
4,000,001 to 6,000,000

6,000,001 to 8,000,000
8,000,001 to 10,000,000
10,000,001 to 12,000,000
12,000,001 to 14,000,000

Figure 3.1: Map of Bangladesh showing the districts that the samples were collected from and
the population of each district (obtained through https://data.humdata.org/dataset/bangladesh-
administrative-level-0-3-population-statistics). Green circles represent sampling locations.
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3.4.2 ESBL -producing coliforms were more prevalent in urban samples than in
rural samples

We quantitatively determined the burden of extended-spectrum beta-lactamase (ESBL)-
producing coliforms in the water and sediment samples from the different sampling locations
and found that ESBL-producing coliforms were detected in significantly more urban
samples (12/14) than rural samples (15/34) (Fisher exact test; P =0.01). However, there was

no statistically significant difference in the viable counts of ESBL-producing coliforms in

urban and rural samples (Figure 3.2).
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Figure 3.2: The abundance of ESBL-producing coliforms isolated from sediment logio(CFU/g)
and surface water logio(CFU/ml) in urban sites and rural settings with antibiotic use (+Abx) and
without antibiotic use (-Abx) across Bangladesh. The horizontal dashed lines represent the
detection limit of 200 CFU/g for sediment and 20 CFU/ml for water. Samples with ESBL-
producing coliforms below the detection limit were plotted at log;o(CFU/ml) of 1.
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3.4.3 Microbiotas of surface water and sediments are distinct, with higher levels
of human gut bacteria in urban samples.

Shotgun metagenomic sequencing was used to study the diversity and composition of the
microbial communities in the different samples. An important determinant shaping the
communities was the sample type, with distinct (permutational multivariate analysis of
variance ([PERMANOVA], P < 0.001) clustering of sediment and water samples

(Figure 3.3).
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Figure 3.3: Nonmetric multidimensional scaling (NMDS) analysis of a Bray-Curtis distance
matrix of species abundance. Stress, 0.15. Ellipses represent standard deviation.

The sediment samples were dominated by the phylum Proteobacteria (73.8%; standard
deviation [SD], 27.1), while in the water samples, Cyanobacteria (60.9%; SD, 29.6) was the
dominant phylum (Figure 3.4). However, among the different sample types (water and
sediment), these phyla were not inevitably dominant, as in five of the nine sediment samples
collected in Mymensingh, the abundance of Euryarchaeota was greater than 50%, while in

five Dhaka water samples, Proteobacteria were present at levels greater than 45%. Water
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sample WAMG6 had very high levels (>60%) of bacteriophage DNA. The sediment samples
were dominated by typical soil bacteria such as Pseudomonas, Azoarcus, and
Anaeromyxobacter, while the water samples were dominated by cyanobacteria such as
Cyanobium, Microcystis, and other typical aquatic bacterial species from the phyla
Proteobacteria and Actinobacteria (Figure 3.6). Three bacteriophages (Mycobacterium
phage Rizal, Microcystis aeruginosa phage Ma LMMO1, and an Epsilon15-like virus) were
also identified at different sampling sites. It was apparent that three of the Dhaka water
samples contained bacteria which are typically found within the gastrointestinal tract,

including Escherichia coli, Streptococcus infantarius, Bifidobacterium adolescentis, and

Prevotella copri.

Phylum

B Acidobacteria
B Actinobacteria
Il Cyanobacteria
[l Euryarchaeota
B Firmicutes

[ Proteobacteria
M Viruses

Other

Abundance (%)

Mymensingh Shariatpur Dhaka Mymensingh Shariatpur Dhaka

Sediment Water

Figure 3.4: Relative abundance (%) of phyla across the 48 samples from sediment and surface
water.

Through microbial source-tracking analysis of our shotgun sequencing data using the
FEAST algorithm (Shenhav et al., 2019), we found that the urban water samples had a
significantly greater contribution from gut bacteria (Kruskal-Wallis, P <0.01) than the rural

samples without previous antibiotic use (Figure 3.5).
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Figure 3.5: Source-sink analysis, percentage contribution of human gut bacteria to the bacterial
composition of the water and sediments samples. Kruskal-Wallis test; ** P <0.01.

Based on species-level data (Figure 3.6), the urban sediment samples were significantly
more diverse than both the rural samples with and without previous antibiotic use (Browne-
Forsythe and Welch, P < 0.05). There was no significant difference in diversity between
either of the rural sediment sample types (Figure 3.7). On the other hand, the rural water
samples without previous antibiotic use were significantly more diverse than the rural
samples with previous antibiotic use (Browne-Forsythe and Welch, P < 0.005), but there
was no significant difference between the urban water samples and either of the rural sample

types.

98



Location
Sample_Type

Ralstonia pickettii Location
Methanosaeta species

|| Thiobacillus denitrificans Rural
Escherichia species =
Ralstonia species Urban
Deinococcus species
Methylomonas species Sample_Type

B | |Azoarcus species 10° di

Nitrosospira multiformis Sediment
Cupriavidus species Water

Cetobacterium somerae
| |Pseudomonas species
Burkholderia species 10°
Sandarakinorhabdus species
Microcoleus species
Comamonas species
Caulobacter species
|| Pseudogulbenkiania species
Rhodanobacter species
Promicromonospora sukumoe
Wolbachia species
Rhodopseudomonas palustris 107
Anaeromyxobacter dehalogenans
Methanosarcina mazei
Thauera species
Acinetobacter species
Acinetobacter junii
Nocardioides species
Idiomarina species
Ochrobactrum anthropi
Marinobacter hydrocarbonoclasticus
Acidovorax ebreus
Sphingopyxis species
Pseudomonas stutzeri
Agromyces species
Chlorobium phaeobacteroides
Methanocella species
Methanocella paludicola
Anaeromyxobacter species
Escherichia coli
Bifidobacterium adolescentis
Prevotella copri
Arcobacter species
Mitsuokella species
Megasphaera species
Streptococcus infantarius
Thiomonas species
Desulfovibrio desulfuricans
Aquaspirillum serpens
Aeromonas species
Alicycliphilus species
Limnohabitans species
Polynucleobacter necessarius
alpha proteobacterium SCGC AAA280 P20
alpha proteobacterium SCGC AAA027 J10
alpha proteobacterium SCGC AAA027 L15
alpha proteobacterium SCGC AAA027 C06
Aeromonas veronii
Cyanobium species
actinobacterium SCGC AAA027 J17
actinobacterium SCGC AAA028 A23
actinobacterium SCGC AAA027 LO6
Epsilon15likevirus species
Microcystis species
Microcystis aeruginosa
Peptostreptococcaceae noname species
Microcystis aeruginosa phage Ma LMMO1
Pseudanabaena species
Cylindrospermopsis raciborskii
Rhodospirillum species

Figure 3.6: Heatmap of species-level abundances for surface water (n =24) and sediment (n = 24)
samples. Species-level abundance was determined by the analysis of shotgun metagenomic
sequencing data by the MetaPhlAn2 package. Colours reflect the relative abundance of each
individual taxon. The samples and species are clustered by Bray-Curtis dissimilarity.
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Figure 3.7: Shannon diversity values of species present in sediment and water samples from

across Bangladesh. Brown-Forsythe ANOVA. * P < 0.05; ** P <0.005; ns, not significant (P >
0.05).

3.4.4 Urban samples carry the highest antibiotic resistance gene loads.

A total of 114 different antibiotic resistance genes (ARGs) that confer resistance to 16
antibiotic classes were identified in the 48 samples from sediment and surface water. The
urban samples had the greatest number of ARGs (n =99) followed by the rural samples with
previous antibiotic use (n = 49), while the rural samples with no previous antibiotic use had
the fewest resistance genes (n = 36) (Figure 3.8). There was a large overlap between the
ARGs present in the different sample types, with the urban and rural positive antibiotic
samples sharing the greatest number of resistance genes (n = 24). There were 17 ARGs
shared between all three sample types, including five different beta-lactamase genes

belonging to the blaoxs and blarss families.
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Figure 3.8: Distribution of antibiotic resistance genes across urban, rural without prior antibiotic
use, and rural with prior antibiotic use sample types. Circles are proportional to the number of
antibiotic resistance genes (7) present within each sample type.

The abundance of antibiotic resistance genes varied 1,525-fold between sites, with sample
SAMS6 (rural sediment sample with previous antibiotic exposure collected in Mymensingh)
having the lowest abundance (0.078 reads per kilobase of reference sequence per million
sample reads [RPKM]) and sample WD?7 (surface water sample collected in Dhaka) having
the highest ARG abundance (120.45 RPKM). Of the paired sediment and water samples, the
ARG abundance was, on average, 3 times greater in the water samples than the sediment
samples (Wilcoxon, P < 0.0001). The urban sediment samples collected from around the
city of Dhaka were found to have a significantly greater (Kruskal-Wallis, P < 0.05) total

ARG abundance (median RPKM, 4.01; interquartile range [IQR], 0.95 to 12.79) than the
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rural samples with prior antibiotic use (median RPKM, 0.60; IQR, 0.20 to 1.27) (Figure 3.9).
However, the urban sediment samples were not significantly different from the rural samples
without antibiotic use (median RPKM, 0.72; IQR, 0.64 to 1.36). There was also no
statistically significant difference (Kruskal-Wallis, P < 0.99) between ARG abundance in
rural sediment with prior antibiotic use versus sediment from rural sites in which antibiotics
had not been used. ARG levels in the water samples reflected that of the sediment samples,
with the total ARG abundance in urban samples (median RPKM, 37.08; IQR, 5.71 to 97.74)
being significantly higher (Kruskal-Wallis, P < 0.05) than the rural samples with previous
antibiotic use (median RPKM, 4.30; IQR, 2.39 to 7.60) but not significantly different from
the rural samples with no previous antibiotic use (median RPKM, 5.09; IQR, 1.80 to 11.68).
As with the sediment samples, there was no significant difference found between either of

the rural sample types (Kruskal-Wallis, P > 0.99).
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Figure 3.9: Abundance in reads per kilobase of reference sequence per million sample reads
(RPKM) of antibiotic resistance genes (ARGs) in each sample (sediments and surface water;
urban, rural with antibiotic use, and rural without antibiotic use). Kruskal-Wallis test, *, P < 0.05.

The individual antibiotic resistance genes were collated into 16 classes that cover resistance

to specific antibiotics and a separate class for genes conferring antibiotic efflux mechanisms
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(Figure 3.10). Efflux genes were present in 47 of 48 samples, making it the most widespread
ARG class. Other abundant antibiotic resistance classes were resistant to sulphonamides,
macrolides, and aminoglycosides. Urban water samples WD2, WD6, WD7, and WD1 and

an urban sediment sample SD7 clustered together, with high levels of resistance genes from

these classes.
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Figure 3.10: Heatmap representing the summed abundance (logio-transformed RPKM) of
antibiotic resistance gene classes present in water and sediment samples from surface water sites
across Bangladesh.

3.4.5 Abundance of human gut bacteria predicts levels of antibiotic resistance
genes.

There was a statistically significant correlation (R? = 0.73; P = 8.9x10'') between the

aggregated abundance of ARGs and the levels of human gut bacteria, as identified by
FEAST, across our study (Figure 3.11A). We also determined whether the levels of ESBL-
producing coliforms are correlated with the total abundance of ARGs and observed a

relatively weak but statistically significant correlation (R>=0.12; P =0.009) (Figure 3.11B).
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Figure 3.11: Correlation between total ARG abundance and other factors. (A) Correlation
between the total antibiotic resistance gene (ARG) abundance (reads per kilobase of reference
sequence per million sample reads [RPKM]) and the percentage of bacteria contributed from the
human gut within each sample. R* = 0.73; P = 8.9 x10"'°. (B) Correlation between the total ARG
abundance (RPKM) and the number of ESBL-producing coliforms (CFU/ml) in each sample. R?
=0.12; P=0.009. Gray area represents the 95% confidence interval.

3.4.6 Urban sites were enriched in plasmids carrying antibiotic resistance
genes.

As antibiotic resistance genes were particularly abundant in water samples, we performed a
metagenomic assembly of the short-read data from the surface water samples to recover
complete plasmid sequences and study their potential association with antibiotic resistance.
The metagenomic assemblies were queried against the PlasmidFinder database (Carattoli et
al., 2014) to identify contigs which contained plasmid replication (rep) genes. Eleven
contigs in our data set contained rep genes (Table 3.1). Seven Gram-negative replicons were
found, which were related to representatives of the P and Q incompatibility groups or to
small theta- or rolling circle-replicating plasmids. A single Gram-positive replicon,

repUS43, was identified in sample WD1.
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Table 3.1: Features of plasmid contigs.

Sample  Contig Rep type Length (bp)  Coverage (%)"  Identity (%)"
WCMI1 k141 156157 Coll56 5212 100 9481
k141 206349%* Col(BS512) 2254 100 100
k141 35625 Col8282 3712 100 80.88
WD1 k141 304072%* IncQ1 8676 100 100
k141 320207 IncQ 1420 51.33 88.31
k141 593572 repUS43 1262 50.41 96.05
k141 711213 IncQ1 24244 78.39 77.48
k141 728573 Col(pWES) 1941 93.26 80.95
WD2 k141 452869 IncQ 2296 78.39 77.48
WD7 k141 315908 IncP6 1166 100 99.63
k141 77466 IncQ 4072 78.39 77.48

* Plasmid contig which could be circularised.
*Coverage and identity are of the closest rep gene in the PlasmidFinder database.

Two plasmid contigs, k141 206349 (2,113 bp) and k141 304072 (8,535 bp), could be

circularized. The latter plasmid, which we named pWDI1, contained the sulphonamide

resistance gene sul2 (Figure 3.12).

pWCM1

2113 bp

Figure 3.12: Plasmid maps of pWCMI1 and pWDI which were circularised from contigs
k141 206349 and k141 304072.

pWD1 was found to have 99.97% identity over 81% of its sequence to the canonical broad-

host-range mobilizable plasmid RSF1010 (Scholz et al., 1989) (Figure 3.13).
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Figure 3.13: Comparison of plasmids pWD1 and RSF1010. Plasmid sequence is shown as a black
line with the positions of genes indicated by labelled arrows below and the location of ori7T shown
above. The mobile element CR2 is shown as a thicker blue box. The light-blue shading highlights
the region that differs between the plasmids and includes the st74B genes in RSF1010. Drawn to
scale from GenBank accession nos. MW363525 and M28829 for pWD1 and RSFI1010,
respectively.

As metagenomic assemblies are often fragmented and plasmid replication genes may not be
on the same contigs as ARGs that are carried on another region of the plasmid, we employed
PlasFlow (Krawczyk, Lipinski and Dziembowski, 2018) to classify contigs in our
metagenomic assembly as either chromosomal or plasmid. We identified a total of 93
plasmid contigs containing ARGs. The urban sediment samples contained significantly more
plasmid contigs with ARGs than either of the rural sample types (Kruskal-Wallis, P <0.001),
whereas the urban water samples had significantly more ARG-bearing plasmid contigs than
the rural samples with no previous antibiotic use (Kruskal-Wallis, P < 0.05) (Figure 3.14).
There was no significant difference in the number of ARG-containing plasmid contigs

between rural samples with and without prior antibiotic use.
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Figure 3.14: Number of plasmid contigs, as identified by PlasFlow, carrying antibiotic resistance
genes in urban and rural (with and without antibiotic use [Abx]) surface water and sediment
samples. Kruskal Wallis test; *, P <0.05; *** P <0.001.

Of the 93 contigs identified which contained ARGs, 78 contigs contained only 1 resistance
gene, with the remaining 15 contigs containing 2 or more ARGs (Table 3.2). All of the
contigs that contained multiple resistance genes were found in urban samples and were

closely related to known proteobacterial plasmids.
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Table 3.2: Closest matches in the blastn database to the contigs of plasmid origin carrying antibiotic resistance genes.

Sample  Contig Closest match Bacterium Identity Coverage
(%) (%)
WCM3 k141 292096 pPml14CI18 Proteus mirabilis 99.88 100.00
SD1 k141 106889  pSCU-397-2 Escherichia coli 99.11 99.00
k141 227167 pAN70-1 Alcaligenes faecalis 99.96 100.00
k141 704017* pNFYY023-1 Comamonas testosteroni 99.94 91.00
k141 836485 pG5A4Y217 Escherichia coli 99.34 58.00
k141 99417 pKP14812-MCR1 Klebsiella pneumoniae 97.57 40.00
WDI k141 128693  p33 Escherichia coli 100.00 76.00
k141 134061 Unnamed plasmid Butyricimonas faecalis 89.14 28.00
k141 139895 pCP8-3-IncFIB Escherichia coli 95.43 99.00
k141 160447* pCAV1335-92 Klebsiella oxytoca 98.76 100.00
k141 205613 pl Klebsiella pneumoniae 99.76 90.00
k141 256831* pGENC284 Enterobacter hormaechei subsp. Xiangfangensis 100.00 100.00
k141 304072 pSL7202-3 Salmonella enterica subsp. enterica serovar 99.98 81.00
Typhimurium
k141 344452 pRWC72a Uncultured bacterium 98.60 100.00
k141 377411* pUCLAOXA232-5 Klebsiella pneumoniae 100.00 41.00
k141 391604 pTZC1 Cutibacterium acnes 98.57 91.00
k141 44508 pJF-786 Enterobacter cloacae 99.83 86.00
k141 467424* pYH12207-3 Acinetobacter piscicola 100.00 92.00
k141 510896 pG5A4Y217 Escherichia coli 99.46 51.00
k141 604491 pSTNO0717-64-1 Enterobacter hormaechei 99.75 100.00
k141 719363 pSAN1-06-0624 Salmonella enterica subsp. enterica serovar 100.00 100.00

Anatum

108



k141 719904 pAeme6 Aeromonas media 99.77 100.00
k141 804869 pMRGN207 Escherichia coli 99.59 70.00
k141 881861 pBS228 Pseudomonas aeruginosa 99.94 92.00
k141 903595 pWCX23 1 Aeromonas hydrophila 99.87 100.00
k141 91069 pPN3F2 1 Shewanella aestuarii 99.23 68.00
SD2 k141 324783 pEC422 1 Escherichia coli 99.91 81.00
k141 325504  Unnamed plasmid Klebsiella michiganensis 100.00 33.00
k141 343850 RWI109 Pseudomonas aeruginosa 99.92 58.00
k141 461478* pAN70-1 Alcaligenes faecalis 100.00 100.00
k141 701410 pGENC284 Enterobacter hormaechei subsp. Xiangfangensis 100.00 100.00
k141 743709 pN1566 2 Salmonella enterica subsp. enterica serovar 99.77 100.00
Schwarzengrund
WD2 k141 109523 pVBS82 1 Acinetobacter baumannii 99.94 92.00
k141 113493* pYH12207-3 Acinetobacter piscicola 99.93 78.00
k141 500987 p24358-1 Salmonella enterica subsp. enterica serovar 99.86 100.00
Bredeney
k141 723703* pNFYY023-1 Comamonas testosteroni 100.00 99.00
k141 740211 pVCGX2 Vibrio campbellii 99.94 100.00
k141 740911 pMHI17-012N 3 Citrobacter freundii 99.19 95.00
k141 76560 p3 Novosphingobium sp. ES2-1 99.93 72.00
k141 777886  pl681-tetX Empedobacter falsenii 98.40 98.00
SD3 k141 1668271 pOXA58 010030 Acinetobacter defluvii 99.82 100.00
k141 625842 pCF39S Pseudomonas aeruginosa 99.94 99.00
SD4 k141 546527 pEI-2234-3 Edwardsiella ictaluri 61.00 100.00
SD5 k141 806265 pG5A4Y217 Escherichia coli 99.78 74.00
WD5 k141 583117 pGENC284 Enterobacter hormaechei subsp. Xiangfangensis 99.81 59.00
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SD6 k141 104572 pAHO1-4 Escherichia coli 99.74 100.00
WD6 k141 124684 pl16753-FIIK Klebsiella pneumoniae 100.00 82.00
k141 158642* pPml14C18 Proteus mirabilis 99.90 51.00
k141 173719 pWP7-S18-ESBL-04 Klebsiella sp. WP7-S18-ESBL-04 99.97 72.00
k141 243506* pYPR31 Providencia rettgeri 100.00 100.00
SD7 k141 100623  p63039 Mpyroides odoratimimus 99.89 100.00
k141 204766 pKP20194a-p3 Klebsiella pneumoniae 100.00 100.00
k141 225349 pl Neisseria gonorrhoeae 98.74 100.00
k141 239404 p24358-1 Salmonella enterica subsp. enterica serovar 99.97 99.00
Bredeney
k141 24536 pA2293-Ct2 Klebsiella pneumoniae 99.64 100.00
k141 270502 pNA6 Uncultured bacterium 99.93 30.00
k141 333949 pLraf 19 5 1 Lactococcus raffinolactis 94.90 37.00
k141 383255 pHNCF11W-130kb Escherichia fergusonii 100.00 100.00
k141 393768 pVCGX2 Vibrio campbellii 99.83 100.00
k141 451891 pRErm46 Rhodococcus hoagii 99.00 89.00
k141 464290 pC16KP0065-1 Klebsiella pneumoniae 100.00 39.00
k141 479837 pEI-2234-3 Edwardsiella ictaluri 99.90 100.00
k141 556637 pRGRH0399 Uncultured bacterium 94.84 80.00
k141 557329 pHDCI14-2.133K Enterococcus hirae 98.45 88.00
k141 569663* pNFYY023-1 Comamonas testosteroni 99.98 80.00
k141 574437  Plasmid 2 Salmonella enterica subsp. enterica serovar Typhi 99.44 96.00
k141 94024* pAb-C63 1 Acinetobacter baumannii 99.95 79.00
WD7 k141 113036 pEI-2234-3 Edwardsiella ictaluri 100.00 100.00
k141 119966 pHNCF11W-130kb Escherichia fergusonii 100.00 100.00
k141 139664 pMS2HS5VEB-1 Klebsiella pneumoniae 99.88 95.00
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k141 16407 pBS228 Pseudomonas aeruginosa 99.79 71.00
k141 174331 pRSB222 Uncultured bacterium 97.35 83.00
k141 262055 pG5A4Y217 Escherichia coli 90.98 85.00
k141 323094 pN1566 2 Salmonella enterica subsp. enterica serovar 100.00 100.00
Schwarzengrund
k141 337873 pMHI17-012N 3 Cltrobacter freundii 98.83 92.00
k141 362572 pALTS33 Uncultured bacterium 93.81 54.00
k141 38198 pTet Campylobacter jejuni subsp. jejuni 99.89 100.00
k141 389765 pCAPO1 Capnocytophaga ochracea 89.11 35.00
k141 390832 pMRO211 Providencia stuartii 99.96 95.00
k141 47250 pE211-2 Enterococcus faecalis 99.41 100.00
k141 51571*  p3iANG Vibrio cholerae 97.91 85.00
k141 5646* pYHI12207-3 Acinetobacter piscicola 100.00 96.00
k141 7584 p63039 Mpyroides odoratimimus 99.89 26.00
k141 93260* pSY153-MDR Pseudomonas putida 99.97 96.00
k141 98708 p345-185 Vibrio harveyi 94.32 77.00
SASI k141 249579  p3 Novosphingobium sp. ES2-1 99.92 85.00
WASI k141 49220 p4130-KPC Pseudomonas aeruginosa 99.93 100.00
SAS2 k141 781158 pEI-2234-3 Edwardsiella ictaluri 100.00 100.00
WAS3 k141 1155247 p3 Novosphingobium sp. ES2-1 90.90 92.00
WAMI1 k141 388101 pP72 e Phaeobacter inhibens 98.95 99.00
k141 448754 pEI-2234-3 Edwardsiella ictaluri 99.65 100.00
WAM3 k141 457349 pCF39S Pseudomonas aeruginosa 100.00 88.00
WAM6 k141 67005 pHH2-227 Uncultured bacterium 99.94 99.00

* Multiple resistance genes
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3.5 Discussion

In this study, we used quantitative culture and metagenomic techniques to understand the
community composition and the level of antibiotic resistance genes in rural and urban
surface water sites across Bangladesh. Selective plating showed that ESBL-producing
coliforms were more prevalent in urban surface water than rural settings, consistent with
reports of antibiotic-resistant faecal coliforms in rivers across Asia (Lamba et al., 2018; Yu
et al.,2019). However, the predictive value of the abundance of ESBL-producing coliforms
for the total abundance of antibiotic resistance genes was found to be limited, suggesting
that ESBL-producing coliforms are not necessarily a valid proxy to determine the total load

of antibiotic resistance genes in environmental ecosystems.

In addition to quantitative culture of ESBL-producing coliforms, a metagenomic shotgun
sequencing approach was used to characterize the microbiota of each sample and quantify
the abundance of antibiotic resistance genes in water and sediment samples. We found that
the water and sediment samples grouped together by their type (water or sediment) rather
than the location they were collected from. Sediment samples were dominated by bacteria
belonging to the genera Pseudomonas, Azoarcus, and Hydrogenophilacea, which is in line
with other studies which have shown that sediment is dominated by the phylum
Proteobacteria (Nho et al., 2018). Water samples were dominated by the cyanobacteria
Cyanobium and Microcystis that cause harmful blooms in aquaculture ponds (Zhong ef al.,
2011). Microcystis produces potent toxins which can kill fish but are also harmful to humans
(Paerl and Tucker, 1995). The two river water samples and a public pond water sample
collected in Dhaka clustered away from the other water samples and were defined by an

increased abundance of bacteria associated with the human intestinal tract (Figure 3.6). The
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presence of increased amounts of the faecal indicator bacteria E. coli strongly suggests that

human waste is contaminating the urban surface water (Ouattara et al., 2013).

Several different types of antibiotics were used in the rural aquaculture ponds which we
surveyed. The antibiotics were either mixed with feed or added directly to the ponds for the
treatment of disease. Fluoroquinolone antibiotics such as ciprofloxacin and levofloxacin
were the most widely used antibiotics in the rural aquaculture ponds; however, high numbers
of fluoroquinolone resistance genes were not observed in the rural sites with prior antibiotic
use. Resistance to fluoroquinolone drugs is mainly mediated by chromosomal mutations in
the parC and gyrA genes, so the absence of dedicated resistance genes in these ecosystems
may be unsurprising (Hooper and Jacoby, 2015). However, we note that the multidrug efflux
pump genes mexV, mexF, adel, and adeH were exclusively found in the rural sites with prior
antibiotic use, and these efflux systems are capable of exporting fluoroquinolones from the
cell (Kohler et al., 1999; Li et al., 2003; Damier-Piolle ef al., 2008; Coyne et al., 2010). The
macrolide drug erythromycin was another antibiotic which was widely used in aquaculture
ponds that were sampled in this study. However, levels of macrolide resistance genes were
low in the rural aquaculture ponds but extremely high in a subset of the urban samples.
Notably, the erythromycin resistance gene msrA (Reynolds, Ross and Cove, 2003) was only
present in the aquaculture ponds with prior antibiotic use. This gene was previously found
in the intestinal contents of farmed rainbow trout and may thus be more commonly
associated with aquaculture (Muziasari et al., 2017). We did not observe a difference in the
total load of antibiotic resistance genes in rural ponds with and without a history of antibiotic
use, suggesting that other factors than solely the historical use of antibiotics in fish farming
are more important in shaping the resistome of the rural ponds. We postulate that heavy

metals in the environment could be responsible for this observation. Previous work in
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Bangladesh has shown high levels of heavy metals in surface water, sediments, and fish
(Ahmad et al., 2010; Sarker Md, 2016; Hossain et al., 2021), and heavy metals can co-select
for antibiotic resistance in aquaculture ponds (Seiler and Berendonk, 2012). Further research
is needed to quantify the impact of different fish farming practices and environmental

variables on the selection for antibiotic resistance in aquaculture.

Antibiotic resistance was the highest in urban areas, which suggests that human factors
contribute to the accumulation of antibiotic-resistant bacteria in the environment. This was
further corroborated by the correlation between the abundance of bacteria originating from
the human gut and antibiotic resistance gene abundance observed in our study. The rivers
and lakes of Dhaka are surrounded by slums with high population densities in which 13.7%
of households report that human waste is directly released into lakes, ponds, or rivers (Arias
Granada et al., 2018). Our study thus extends on previous observations that link the
introduction of human sewage into river and lake systems to high levels of antibiotic
resistance genes. A study of over 500 metagenomes demonstrated a strong correlation
between levels of faecal pollution and ARG abundance (Karkman, Parndnen and Larsson,
2019). Several other studies have linked levels of antibiotic resistance genes with faecal
contamination in both high and low-and-middle income countries demonstrating that this
observation is not specific to a particular country or the level of development of that country
(Agramont et al., 2020; Reynolds et al., 2020). Studies thus far have focused mainly on
antibiotic resistance in the urban environment, but the use of antibiotics in agriculture and
aquaculture necessitates the further study of antibiotic resistance in these rural environments.
Studies that compare the urban and rural environment may also be required to help
disentangle the different factors influencing the high levels of antibiotic resistance in the

urban environment.
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By creating a metagenomic assembly of our short-read sequencing data, we were able to
identify contigs which contained plasmid replication initiation genes and found that IncP,
IncQ, and various small plasmid types were most common. Only the IncQ1 plasmid pWDI1
contained an antibiotic resistance gene (sul/2). Using PlasFlow on the metagenomic
assemblies, we were able to assign antibiotic resistance genes to 93 plasmid contigs,
revealing that urban samples had a higher number of plasmids carrying antibiotic resistance
genes. This suggests that, particularly in urban water bodies, there exists an increased
potential of horizontal gene transfer of mobile genetic elements carrying antibiotic resistance

genes.

The microbiotas of surface water and sediment samples across Bangladesh are diverse, but
antibiotic resistance genes are highly abundant in urban samples and are more commonly
associated with plasmids in this setting. While the abundance of antibiotic resistance genes
was considerably lower in rural than in urban settings, we nonetheless observed evidence
for the selection for fluoroquinolone resistance mechanisms in ponds used for fish farming.
Policies to minimize the use of antibiotics in aquaculture should thus remain a priority to
reduce selection for antibiotic resistance. The presence of human gut bacteria was associated
with high levels of antibiotic resistance genes, suggesting that contamination by human
waste is an important driver for the presence of antibiotic resistance genes in surface water.
Interventions aimed at improving access to clean water, sanitation, and sewerage
infrastructure may thus be important to reduce the risk of AMR dissemination in Bangladesh

and other low- and middle-income countries.
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3.5.1 Future Work

To confirm that the antibiotic resistant bacteria found in the urban surface water samples
were from untreated sewage, it is necessary to sample the gut bacteria of people living within
Dhaka. Comparing the bacteria in the environment and the bacteria in the human gut would
identify any connectedness between them. However, it would be difficult to identify whether
the residents had been colonised by the bacteria through their use of the surface water or
whether they themselves contaminated these sites. Sampling persons that do not directly
interact with these urban surface water sites would help to disentangle this connection. Long-
read sequencing could also be used to provide novel insights into the hosts of the antibiotic
genes present and would allow better reconstruction of MGEs such as plasmid and
bacteriophage from the samples. As the majority of antibiotic resistance genes were found
within the urban environment a study focussing solely on this environment with a larger

samples size would provide important insights into ABR gene dynamics within a megacity.
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3.6 Key Findings

e The microbiotas of surface water and sediment are distinct and are defined by their
sample type (sediment or water) rather than their location or antibiotic use.

e Sediment samples were dominated by the phylum Proteobacteria while water
samples were dominated by the phylum Cyanobacteria.

e There was a significantly higher human gut contribution in the urban water samples
than the rural samples with no previous antibiotic use.

e The urban sediment samples were significantly more diverse than either of the rural
sample types.

e Urban samples contained a greater number of antibiotic resistance genes than either
of the rural sample types.

e The urban sediment and water samples contained significantly higher levels of
antibiotic resistance genes than the rural sites with previous antibiotic use but not
those that had no previous antibiotic use.

e There was a strong positive correlation between the contribution of human gut
bacteria to a sample and the levels of antibiotic resistance genes in that sample.

e Metagenomic assembly uncovered plasmid pWD1 which is a possible precursor
plasmid of the well-known plasmid RSF1010.

e The urban sediment samples contained significantly more plasmid contigs that

carried antibiotic resistance genes than the either of the rural sediment sample types.
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Chapter 4

Genomic epidemiology of
Enterococcus faecium in a
Birmingham hospital
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4.1 Introduction

In the previous chapter I demonstrated that antibiotic resistance can be highly prevalent in
the environment and that humans are a likely source of antibiotic resistant bacteria. To
expand on these findings, I then focused on antibiotic resistance in a clinical setting,
specifically at vancomycin resistant Enterococcus faecium (VRE) in a hospital in

Birmingham (United Kingdom).

Highly similar E. faecium strains are found in hospitals across the UK and almost exclusively
belong to the clinically associated Clade Al. However, some E. faecium strains cluster
within referral networks which is likely caused by transmission and clonal expansion within
the individual networks (Raven et al., 2016). The phylogenetic distribution of E. faecium
isolates in Birmingham hospitals has not been studied to date and this would potentially
provide important insights into transmission and antibiotic resistance of E. faecium within

the city.

Some E. faecium strains that have vancomycin resistance genes are not phenotypically
resistant to vancomycin, these are known as vancomycin variable enterococci (VVE)
(Kohler et al., 2018). VVE strains have the ability to revert to a vancomycin-resistant
phenotype when exposed to sub-MIC concentrations of vancomycin (Thaker et al., 2015).
Vancomycin variability has been linked to the movement of insertion sequences into and out
of the vanH promoter region, but other mechanisms have been described (Thaker ef al.,

2015; Sivertsen et al., 2016; Wagner et al., 2021).

In this chapter, I used short and long-read sequencing to investigate an outbreak of
Enterococcus faecium in a Birmingham hospital and to investigate the retention of E.

faecium strains over different time periods. I also used long-read sequencing to uncover the
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mechanism behind the phenotype-genotype disparity in clinical E. faecium isolates and the

mechanism behind their reversion to a resistant phenotype.

4.2 Hypothesis

It was hypothesised that the outbreak of Enterococcus faecium in a Birmingham hospital

was caused by clonal expansion of a single E. faecium strain. It was also hypothesised that

the same E. faecium strains would be maintained in patients over a long period of time.

4.3 Aims and objectives

l.

2.

To identify the E. faecium sequence types present in a Birmingham hospital.
To identify the antibiotic resistance profile of E. faecium strains present in

Birmingham hospitals.

. To identify which plasmids were present in these isolates.
. To investigate the phenotype — genotype disparity found in some E. faecium isolates.

. To investigate the mechanism by which vancomycin-variable isolates revert to a

resistant phenotype.
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4.4 Results

4.4.1 Description of isolates

Sixty Enterococcus faecium isolates (38 blood culture isolates, 21 rectal swab isolates and
one urine isolate) were collected from 36 patients admitted to Heartlands hospital
Birmingham (Table 4.1). Twenty-two of the blood culture isolates had been phenotypically
typed as vancomycin resistant while 16 were typed as susceptible. All twenty-one of the
rectal swab isolates were phenotypically vancomycin resistant. The single urine isolate was

also characterised as being vancomycin resistant.

Table 4.1: Phenotypic characterisation of hospital E. faecium isolates.

Vancomycin-resistant Vancomycin-susceptible
Blood culture 22 16
Rectal swab 21 0
Urine 1 0
Total 44 16

4.4.2 Isolation date

The clinical E. faecium isolates were collected in two distinct time periods (Figure 4.1). The
first set of isolates (n = 39) were collected during a period of increased vancomycin resistant
Enterococci (VRE) linked bacteraemia in 2016 and 2017. The second set of isolates (n = 21)
were routine screening isolates that were collected in 2019 and 2020. The shortest period of
time between collection of isolates from the same patient was the same day (Patient 13) and

the maximum period was 442 days (Patient 32).
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Figure 4.1: Isolation date of E. faecium isolates from each patient. Patients that had more than
one isolate have had their isolation dates connected by a horizontal line.

122



4.4.3 Short-read assembly statistics

The short reads of the 60 isolates were assembled to produce genomic assemblies. These
assemblies ranged in size from 2,821,205 bp to 3,191,929 bp with a mean length of
3,009,769.2 bp (Figure 4.2A). The assemblies had a mean %GC of 37.6% and only varied
by a maximum of 0.45% across the assemblies (Figure 4.2B). The mean N50 of the
assemblies was 41,235.2 bp with the lowest N50 being 32,792 bp and the highest N50 being
55,763 bp. All assemblies had an N50 greater than 15 kb which is an indication of good
assembly quality (Ellington et al., 2017)(Figure 4.2C). An average nucleotide identity (ANI)
was also calculated against a clade Al E. faecium E745 reference genome for each of the
isolates. The assemblies had a mean ANI of 98.9% and all values were greater than 95%
indicating that they were correctly assembled E. faecium genomes (Chan et al., 2012)

(Figure 4.2D).
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Figure 4.2: Short-read assembly statistics for 60 clinical vancomycin resistant Enterococcus
faecium isolates. A. Total length of each assembly (bp). B. GC% of each assembly. C. N50 of
each assembly (bp). D. Average Nucleotide Identity of each isolate to clinical E. faecium isolate
E745 (%).
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4.4.4 The hospital 1solates belonged to multiple sequence types

The E. faecium isolates were multilocus sequence typed according to seven core genes (atpA,
ddl, gdh, purK, gyd, pstS and adk) (Homan et al., 2002). The isolates collected during the
outbreak in 2016 and 2017 were composed of 8§ different sequence types, the most prevalent
of which was ST262 (n =20) which accounted for 51% of all of the outbreak isolates (Figure
4.3). ST80 (n=7), ST1478 (n=5) and ST780 (n = 3) were the next most prevalent sequence
types and collectively made up 38% of isolates. The remaining sequence types ST117,
ST203, ST412 and ST787 were all represented by a single isolate. The isolates collected in
2019 and 2020 comprised of 4 different sequence types with ST80 (rn = 11) being the most
prevalent, followed by ST262 (n = 5), ST780 (n = 4) and a single isolate of ST787 (Figure
4.3). When combined, the hospital isolates represented 8 sequence types all of which were
first seen in the isolates collected from the 2016 — 2017 outbreak (Figure 4.3). ST262 (n =
25) and ST80 (n = 18) were by far the most prevalent sequence types accounting for 72% of
all isolates collected. Multiple isolates also belonged to sequence types ST780 (n = 7),
ST1478 (n = 5) and ST787 (n = 2). Only a single isolate of sequence type ST117, ST203

and ST412 was present during the study period.
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Figure 4.3: Multi locus sequence types of 60 clinical E. faecium isolates. Blue bars represent the
number of outbreak isolates of each sequence type and the pink bars represent the number of
screening isolates of each sequence type.
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4.4.5 Phylogenetic structure of hospital isolates

The phylogenetic distribution of E. faecium in both the outbreak isolates and screening
isolates was polyclonal in nature (Figure 4.4). However, there were cases of clonal expansion
within the outbreak isolates. Seventeen of the outbreak isolates were closely related and
belonged to ST262, demonstrating that although the outbreak was polyclonal, ST262 was
the dominant clone. Another clonal group was formed of isolates OI9, OI11, OI12 and OI13
which belonged to ST1478. Although there were screening isolates that clustered apart from
the outbreak isolates, many of the screening isolates clustered together with the outbreak

isolates suggesting a high degree of relatedness.

There were eight patients (1, 7, 12, 13, 17, 18, 22 and 27) that were colonised by more than
one E. faecium sequence type. Patient 27’s isolates were collected from rectal swabs taken
3 weeks apart. The first isolate belonged to ST262 while the second isolate belonged to
ST787. Patient 1 had two episodes of bacteraemia eight months apart, the strain isolated
from the first episode belonged to ST262 and the strain from the second episode belonged
to ST787. Patient 22’s isolates were cultured during an episode of bacteriaemia and from a
rectal swab taken 3 months later. The blood isolate belonged to ST80 while the rectal
screening isolate belonged to ST262. Patients 12 and 17 had blood samples cultured 10 and
9 days apart respectively, patient 12 had an ST203 isolate in the first blood sample and an
ST1478 in the second sample while patient 17 went from an ST262 isolate to an ST780
isolate. Patient 7 had blood cultures taken two days apart which showed an ST117 isolate in
the first instance followed by an ST80 in the second instance. Patient 13 had two different
sequence types, ST412 and ST1478, present in a single blood culture. A cluster of four

isolates (OI9, OI11, OI12 and OI13) belonging to ST1478 were identical at the core genome
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level and were found in four different patients (9, 11, 12 and 13). Patient 32 had rectal swabs

taken 14 months apart which both contained ST262 E. faecium isolates.

Patients 18, 19, 20, 21 and 22 had both rectal screening swabs and blood cultures taken
which meant that it was possible to compare isolates between the different body sites.
Patients 18 and 22 both had ST80 isolates in their blood cultures and ST262 isolates in their
rectal screening samples. Patients 19, 20 and 21 had strains belonging to the same sequence
type in their rectal and blood samples. Patient 19 had strains belonging to ST262 in both
samples that were identical, based on the absence of any core SNPs. Patient 20’s strains
belonged to ST80 and both samples were also identical at the core genome level. Patient 21

had strains belonging to ST262 which were 1 core SNP different between the isolates.

Comparison of the outbreak and screening isolates identified that many of them were
unrelated between the two time periods. The screening isolates that were found to be
unrelated to the outbreak isolates could either have been missed during the outbreak or they
may be new acquisitions to the hospital. There were, however, several of the screening
isolates that were highly related to those identified during the outbreak. The presence of
highly related isolates could suggest that strains are being maintained in the hospital

environment and acting as a reservoir for reinfection of patients.
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Figure 4.4: Maximum likelihood core genome phylogenetic tree of E. faecium isolates in a Birmingham hospital. Metadata includes the patient number,
the source of the isolates (outbreak or routine screening), the sample type (blood, rectal swab or urine) and the sequence type (ST). E. faecium strain
E745 was used as the reference strain. The scale bar indicates the average number of nucleotide substitutions per site.
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4.4.6 Clinical E. faecium isolates contain a diverse population of plasmids

Seventeen plasmid replication (rep) genes were identified from the short-read assemblies of
the hospital outbreak isolates (Figure 4.5). The number of plasmid rep genes varied greatly
between the outbreak isolates. Isolates OI2 and OI22 had the most rep genes in a single
isolate (n = 7) while isolates OI27 and OI34 had the least (n = 2). The mean number of rep
genes per isolates was 5. Rep2 I orfl(pRE25) was the most abundant rep type as it was
found in 37 of the 39 isolates. Five replication initiation genes (rep/4a 2 ORFI1(pKQ10),
repl4a 4 _rep(AUS0004p3), repl4b 1 repA(pJS42), repl4b 2 EFAU085p6001
(AUSO0085p6) and rep29 2 EFAU085p4001(Aus0085p4)) were only found in a single
isolate. Twelve replication initiation genes were identified in the screening isolates (Figure
4.5). Isolates HHI14, HHI15, HHI17, HHI19 and HHI21 had the fewest rep genes at 2 and
isolate HHI18 had the most with 6 rep genes. The mean number of rep genes per screening
isolate was 4. The replla 1 repA(pB82) gene was the most widespread replication gene
and was found in all of the screening isolates. Combining the outbreak and screening
isolates, 18 plasmid rep genes were identified (Figure 4.5). rep2 1 orfl1(pRE25) was the
most widespread rep type being found in 52 of 60 isolates. The only strain in which a plasmid
replication gene could be co-located with a vand gene using the short-read assemblies was
isolate OI38. The vancomycin resistance genes in this isolate were located on a pRUM-like

plasmid (repl7 1 CDS29(pRUM)).
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Figure 4.5: Maximum likelihood core genome phylogenetic tree of E. faecium isolates in a Birmingham hospital. Metadata includes the patient number,
the source of the isolates (outbreak or routine screening) and the presence (green) or absence (gold) of plasmid replication genes in the isolates. E.

faecium strain E745 was used as the reference strain. The scale bar indicates the average number of nucleotide substitutions per site.
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4.4.7 Hybrid assembly statistics

Due to the fragmented nature of the short-read only assemblies, long- and short read data
were used to construct hybrid assemblies with the aim to determine the genetic context of
any vancomycin resistance genes. Fourteen phenotypically resistant and nine phenotypically
sensitive isolates were sequenced and assembled. The hybrid assemblies ranged in size from
2,994,061 bp to 3,373,229 bp with a mean length of 3,174,496.9 bp (Figure 4.6A). The
assemblies had a mean %GC of 37.7% and only varied by a maximum of 0.33% across the
assemblies (Figure 4.6B). The mean N50 of the assemblies was 2,703,049.3 bp with the
lowest N50 being 478,625 bp and the highest N50 being 2,958,528 bp (Figure 4.6C). An
average nucleotide identity (ANI) was also calculated against an E. faecium E745 reference
genome for each of the isolates (Figure 4.6D). The assemblies had a mean ANI of 99.1%
and all values were greater than 95% indicating that they were correctly assembled E.

faecium genomes.
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Figure 4.6: Long-read assembly statistics for 23 clinical Enterococcus faecium isolates. A. Total
length of each assembly (bp). B. GC% of each assembly. C. N50 of each assembly (bp). D.
Average Nucleotide Identity of each isolate to clinical E. faecium isolate E745 (%).

4.4.8 Hybrid assembly could not contextualise the majority of the vancomycin
resistance genes

Hybrid assembly of 23 E. faecium isolates yielded an average of 5 circular replicons per
isolate. The most replicons in a single isolate was 8 (isolate OI17) and the least was 2
(isolates OI19 and HHI13). Hybrid assembly of the long and short reads was only able to
link the vancomycin resistance genes to a plasmid replication gene in four of the sixteen
isolates that contained vancomycin resistance genes. The vancomycin resistance genes were
co-located with three different rep types. As with isolate OI38, the vancomycin resistance

genes in isolate OI5 were found on a plasmid containing repl/7 I _CDS29(pRUM), the
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vancomycin resistance genes in isolates HHI2 and HHI3 were associated with the
repl7 2 repA(AUS0004pl) gene and the vancomycin resistance genes in isolate HHI18
were associated with a plasmid containing the rep/8a_1 repA(p200B) gene. The completely

assembled vancomycin resistance plasmids are discussed further below.

Plasmid pOIS5 is a 25,483 bp plasmid that carries the repl/7 I CDS29(pRUM) replication
initiation gene (Figure 4.7). Consistent with the prototypical pPRUM plasmid (Genbank:
NC_005000) it contains the Axe-Txe toxin-antitoxin system. The vancomycin resistance
genes vanRSHAXYZ are the only antibiotic resistance genes carried by this plasmid. There

are no conjugation or mobilisation genes on plasmid pOIS.

pOI5

25,483 bp

Figure 4.7: Map of plasmid pOI5. Blue arrows represent genes. ORF = Open Reading Frame.
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Plasmid pHHI2 is a 71,762 bp plasmid that carries two replication initiation genes
repl7 2 repA(AUS0004pl) and repB (Figure 4.8). The vancomycin resistance genes are
the only antibiotic resistance genes found on plasmid pHHI2. However, the vancomycin
resistance genes in this plasmid are thought to be non-functional based on the phenotype of
the strain carrying this plasmid. Plasmid pHHI2 carries the traE and traG conjugation genes
as well as the mobL mobilisation gene which suggests that it has the potential to be
transferred horizontally to other E. faecium strains. The plasmid contains three toxin-
antitoxin systems, an AbiE system, an Axe-Txe system and a RelE/ParE family system,
making it highly likely that the plasmid is retained during cell division. Plasmid pHHI2 is

identical to plasmid pHHI3 except for a 1332 bp insertion containing a copy of the IS256

transposase.
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Figure 4.8: Map of plasmid pHHI2 and pHHI3. Red lines mark the section of DNA deleted in
pHHI3. Blue arrows represent genes. ORF = Open Reading Frame.
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4.4.9 Antibiotic resistance was ubiquitous in the hospital isolates

E. faecium strains isolated from the 2016 outbreak contained a total of 18 different antibiotic
resistance genes (Figure 4.9). Of the 18 genes, the macrolide resistance gene msrC [ and
the aminoglycoside resistance genes aac(6’)-li 1 and aac(6’)-aph(2”) I were found in
every isolate. The tetracycline resistance genes tetM(8) and tetM(13) were only found in
single isolates. The mean number of antibiotic resistance genes per outbreak isolate was 10.
The screening isolates contained 17 different antibiotic resistance genes (Figure 4.9).
However, in this case msrC 1, aac(6°)-li_I and dfrG [ were found in every genome and the
erythromycin resistance gene erm(7) 2 that was found in a single isolate. Combining both
datasets, a total of 19 antibiotic resistance genes were identified (Figure 4.9). Genes
conferring resistance to the aminoglycoside class of antibiotics were found in all of the
hospital isolates. Each isolate had between two and five aminoglycoside resistance genes in
their genome. Resistance to erythromycin was also widespread with every isolate in the
dataset having at least one erythromycin resistance gene. Five different alleles of the tet(M)
gene were identified. tet(M) 13 was found in one isolate, tet(M) 12 in two isolates and
tet(M) 8 in five isolates. tet(M) 6 and tet(M) 10 were the most widespread of the tet(M)
genes and were found in two thirds and one third of the isolates respectively. Genes which
conferred resistance to the glycopeptide antibiotic vancomycin were common with 45 of the
60 isolates carrying vanA-type resistance gene. None of the isolates carried any of the other

vancomycin resistance types.

No transferable linezolid resistance genes (optrA4, poxtA or cfr) were found in any of the
isolates. However, linezolid resistance can also be conferred by specific mutations in the
23S rRNA gene. Isolates OI36, HHI16 and HHI20 had a G2576T mutation in several copies

of their 23S rRNA gene which has been shown to confer clinically relevant levels of
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resistance to linezolid. The linezolid resistant isolates were all closely related and belonged

to ST780.
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Figure 4.9: Maximum likelihood core genome phylogenetic tree of E. faecium isolates in a Birmingham hospital. Metadata includes the patient
number, the source of the isolates (outbreak or routine screening) and the presence (green) or absence (gold) of antibiotic resistance genes in the
isolates. E. faecium strain E745 was used as the reference strain. The scale bar indicates the average number of nucleotide substitutions per site.
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4.4.10 Minimum inhibitory concentration assays confirmed susceptibility of
1solates

Isolates HHI2, HHI3 and OI25 were identified as phenotypically susceptible to vancomycin
by the VITEK 2 antibiogram system. However, when the isolates were short-read sequenced,
vanA-type vancomycin resistance genes were present in the isolates. Minimum inhibitory
concentration (MIC) assays against vancomycin were used to confirm the results of the
antibiogram. Isolates HHI2 and OI25 had a vancomycin MIC of 1 pg/ml and isolate HHI3
had an MIC of 2 pg/ml, both of which fall below the EUCAST breakpoint of >4 pg/ml for
E. faecium, confirming them as phenotypically susceptible.

4.4.11 Insertion of IS elements into the vancomycin resistance region led to a
loss of vancomycin resistance in clinical VRE isolates

The short-read assemblies of HHI2, HHI3 and OI25 were heavily fragmented which
obscured the structure of the vancomycin resistance operons. However, long-read
sequencing was able to fully resolve the vancomycin resistance plasmids of isolates HHI2
and HHI3. The vancomycin resistance plasmid of isolate OI25 was not fully resolved, but it
was possible to assemble the region surrounding the vancomycin resistance genes (Figure
4.10). Compared to the prototypical vanA transposon Tn/546 (GenBank: M97297.1), isolate
OI25 had a number of insertion sequences disrupting the vancomycin resistance region.
Upstream of the vanR gene, there was an insertion of an IS6 family transposase which
disrupted both the previously characterised promoter region and the first 50 bp of the vanR
gene. An ISL3 family transposase was also present which disrupted the region upstream of
the vanH gene. The vancomycin resistance region of isolates HHI2 and HHI3 were identical
and had undergone extensive rearrangement upstream of vanR compared to Tn/546. Isolates

HHI2 and HHI3 had an AAA-family ATPase gene which overlapped the vanR gene by 4 bp,
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this did not disrupt the gene itself, but instead interrupted the previously characterised

promoter region upstream of vanR (Holman et al., 1994).

Tn1546

IaST )—{ o Y vand_ e >

[vanrt p{van B

0OI125

HHI2

I S

HHI3

Figure 4.10: Alignment of the vancomycin resistance region of E. faecium isolates OI25, HHI2
and HHI3 against the vancomycin resistance region of the prototypical Tn/546 transposon. Grey
boxes represent regions which are identical between isolates. H = Hypothetical gene.
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4.4.12 Disruption of vanR impairs the ability of the VVE isolates to respond to
vancomycin

To understand the effect of the vanR gene disruptions on the vancomycin variable
enterococci’s ability to respond to vancomycin, RT-qPCR analysis was performed on the
VVE isolates pre and post exposure to 8 pg/ml vancomycin (Figure 4.11). Expression of the
vanHAX genes in E8202 (a clade A1, high-level vancomycin-resistant strain) increased 310-
fold and the vanRS gene expression increased by 52-fold in the presence of vancomycin. In
contrast, expression of the vanHAX genes in the VVE isolates only increased by a maximum

of 26-fold and the maximum increase in gene expression for the vanRS genes was 5-fold.
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Figure 4.11: RT-qPCR analysis of the vancomycin resistance gene operons vanHAX and vanRS
of the VVE isolates and E8202, before and after exposure to 8 pg/ml vancomycin. Expression data
was normalised to the internal control gene fuf4. Experiments were carried out with biological
triplicates and technical duplicates. Error bars represent standard deviation.
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4.4.13 Phenotypically susceptible isolates reverted to a vancomycin resistant
phenotype under vancomycin selection

To investigate the potential for susceptible isolates to revert to a resistant phenotype,
vancomycin variable isolates HHI2, HHI3 and OI25 were cultured in the presence of 8 pg/ml
vancomycin. Growth was observed after 24 hours for HHI2 and HHI3 and after 48 hours for
OI25. Two isolates (from this point forward referred to as revertants) were selected from
each parent strain and were analysed in MIC assays against vancomycin. All six of the
revertant isolates had regained high-level vancomycin resistance several fold higher than the

parent strains (Table 4.2).

Table 4.2: MIC of parental VVE Isolates and their revertants.

E. faecium strain MIC of parental strain (pg/ml)* MIC of revertant (ug/ml)”
HHI2rev1 1 128
HHI12rev2 1 256
HHI3revl 2 512
HHI3rev2 2 128
OlI25revl 1 512
OlI25rev2 1 512

*Mode of 3 biological replicates
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4.4.14 Like the wildtype VVE 1solates, the revertant isolates have an impaired
ability to sense vancomycin.

To test whether the response to vancomycin had been restored in the revertant isolates, RT-
qPCR analysis was performed on the VVE revertant isolates pre- and post-exposure to 8
pg/ml vancomycin (Figure 4.12). The greatest change in expression was the vanHAX genes
in HHI2rev1 which had an expression 8-fold higher when exposed to vancomycin. All of
the other revertant isolates had expression changes lower than HHI2rev1, which suggested

that vancomycin sensing was still impaired in the revertant isolates.
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Figure 4.12: RT-qPCR analysis of the vancomycin resistance gene operons vanHAX and vanRS,
of the revertant isolates and E8202 before and after exposure to 8 pg/ml vancomycin. Expression

data was normalised to the internal control gene fufA4. Experiments were carried out with biological
triplicates and technical duplicates. Error bars represent standard deviation.
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4.4.15 Expression of the vanHAX resistance genes in the OI25 revertant isolates
1s far greater than the wildtype

Although expression of the vancomycin resistance genes was still impaired in the presence
of vancomycin, it was hypothesised that the genes were being constitutively expressed thus
providing continuous, non-inducible resistance. RT-qPCR analysis was performed on the
vanRS and vanHAX genes in the revertant isolates versus the wildtype isolates (Figure 4.13).
Expression of the vanHAX genes was 2.4x10%-fold (OI25rev1) and 3.3x10*-fold (OI25rev2)
greater in the OI25 revertant isolates compared to the wildtype isolate. Expression of the
vanRS genes increased on average 27-fold in the revertant isolates with the exception of
HHI2rev2 and HHI3rev1, where the expression increased by 19-fold and 9-fold respectively.
The expression of the vanHAX genes in the HHI2 revertant isolates was 125-fold greater

than the wildtype and 50-fold greater than the wildtype in the HHI3 revertant isolates.
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Figure 4.13: RT-qPCR analysis of the vancomycin resistance gene operons vanHAX and vanRS
in the revertant isolates compared to the wildtype (WT) isolates. Expression data was normalised
to the internal control gene fuf4 and values were logo transformed. Experiments were carried out
in biological triplicate and technical duplicate. Error bars represent standard deviation.
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4.4.16 No variants were found in the revertant isolates that could explain the
reversion to resistance

The revertant isolates were compared to their parent strain to identify any variants that could
have caused the restoration of the vancomycin-resistant phenotype (Table 4.3). HHI2revl
and HHI2rev2 both had a non-synonymous H279D mutation in the gmuD 2 gene which
encodes a 6-phospho-beta-glucosidase. HHI2revl had an additional SNP in an intergenic
region. Both of the HHI3 revertant isolates had two synonymous mutations in a single copy
of the IS/216E gene (11961 and G192G). In addition, HHI3rev2 had a SNP in an intergenic
region. OI25rev] and OI25rev2 had a P69L non-synonymous mutation in a copy of IS7062,
they also had the insertion of an “AT” dinucleotide in the same intergenic position. Isolate
OI25revl had a further non-synonymous mutation (T416K) in a hypothetical gene and
insertion of a 23 bp fragment of DNA into an intergenic region. None of the variants are
within or in proximity to genes known to be involved in high-level vancomycin resistance

so are unlikely to explain the vancomycin-resistant phenotype of the revertants.

Table 4.3: Genomic variants in VVE isolates compared to the wildtype isolates.

Isolate Variant Contig Position Gene Base Effect
type change

HHI2rev1 SNP contig00006 8123 gmuD 2 C>G H279D
SNP contig00048 9420 Intergenic C>G NA
SNP contig00115 23 Intergenic T>C NA

HHI2rev2 SNP contig00006 8123 gmuD 2 C>G H279D
SNP contig00115 23 Intergenic T>C NA

HHI3revl SNP contig00094 4018 IS1216F A>G 11961
SNP contig00094 4030 ISI216E G>A G192G

HHI3rev2 SNP contig00094 4018 IS1216F A>G 11961
SNP contig00094 4030 ISI216E G>A G192G

SNP contig00117 3410 Intergenic T>G NA
OI25revl SNP contig00087 1888 1S1062 C>T P69L
Ins contig00102 121 Intergenic A>AT NA
OI25rev2 SNP contig00038 23874 HG C>A T416K
SNP contig00087 1888 1S1062 C>T P69L

145



Ins contig00097 80 Intergenic T> NA
TTTTATC
TACATCG
TTTTGTC
TG

Ins contig00102 121 Intergenic A>AT NA
HG = Hypothetical gene
SNP = Single nucleotide polymorphism
Ins = Insertion

4.4.17 Insertion of the vancomycin resistance genes into the chromosome as an
explanation for restoration of resistance

Long-read sequencing of the revertant isolates revealed a mechanism by which isolates could
have reverted to vancomycin resistance. The vancomycin resistance plasmid of isolate
OI25rev2 was inserted into the chromosome 27 bp downstream of a copy of the 5S rRNA
gene (372,841 bp:372,951 bp) (Figure 4.14A). At each end of the inserted plasmid sequence,
was an 8 bp target site duplication (ACTAGAAA). Similarly, isolate OI25revl had an
insertion in the same site on the chromosome (Figure 4.14B). However, in this case it was
not the complete plasmid but instead only a 15,299 bp fragment of DNA containing the
vancomycin resistance genes that had inserted. The other 21,107 bp region that had not
inserted into the chromosome, formed a complete plasmid sequence containing a plasmid
replication gene. It is unclear whether the whole plasmid was inserted and then this latter
fragment was excised, leaving behind the vancomycin resistance genes, or whether the
stretch of DNA was excised from the plasmid, formed an intermediate, and then was inserted

into the chromosome leaving behind the replicating plasmid.
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Figure 4.14: Mechanisms of VVE reversion to vancomycin resistance. A. Insertion of the
vancomycin resistance plasmid into the chromosome of OI25rev2. B. Insertion of the vancomycin
resistance genes into the chromosome of OI25revl and the possible intermediate stages in the
insertion.

Unlike OI25, the revertant isolates of HHI2 and HHI3 had no changes in their vancomycin
resistance regions. The vancomycin resistance regions of HHI2rev2 and HHI3revl were
found on the same plasmids as in the parent strains. However, plasmid 5 of HHI2rev1 had
inserted into the vancomycin resistance plasmid, but this did not affect the vancomycin
resistance region (Figure 4.15A). The vancomycin resistance region of HHI3rev2 had
transferred to plasmid 2, but again there were no changes to the region directly surrounding

the vancomycin resistance genes (Figure 4.15B).
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Figure 4.15: Genomic rearrangements in the revertant isolates. A. Insertion of plasmid 5 into the
vancomycin resistance plasmid in isolate HHI2rev1. B. Insertion of the vancomycin resistance
operons into plasmid 2 in isolate HHI3rev2.
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4 .4.18 Insertion of the vancomycin resistance genes into the chromosome
may disrupt the 5S rRNA gene terminator

As the insertion of the vancomycin resistance genes in strains OI25rev] and OI25rev2 was
27 bp from the predicted end of the 5S rRNA gene, I hypothesised that this insertion may
disrupt the gene terminator. In the OI25-wildtype isolate, an A-tail, stem-loop and T-tail
could be found within the first 50 bp of DNA downstream of the 5S rRNA gene, all of which
were characteristic of a Rho-independent terminator (Kingsford, Ayanbule and Salzberg,
2007)(Figure 4.16). However, in mutants OI25revl and OI25rev2, the vancomycin
resistance genes were inserted approximately halfway through the stem-loop structure. This
insertion completely disrupted the structure of the terminator downstream of the 5S rRNA

gene.
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Figure 4.16: The predicted Rho-independent terminator of the 5S rRNA gene. The terminator was
found within 50 bp of the predicted 5S rRNA gene end. The insertion site of the vancomycin
resistance plasmid is highlighted in red.

4.4.19 PCR across the rRNA-vanHAX junction suggests that the vancomycin
resistance genes are co-transcribed with the rRNA operon.

To test whether the vancomycin resistance genes were co-transcribed with the ribosomal
RNA genes, reverse transcriptase-polymerase chain reaction (RT-PCR) was performed on
cDNA extracted from the OI25 revertant isolates. Three PCR reactions were designed which
bridged from the upstream 23S rRNA gene into vanH, van4 and vanX genes (Figure 4.17A).
Amplicons were present for vanH (376 bp), vand (1348 bp) and vanX (2366 bp) which
suggested that the vancomycin resistance genes were transcribed with the rRNA genes

(Figure 4.17B).
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Figure 4.17: RT-PCR on the rRNA-vanHAX junction. A. Schematic showing the expected
amplicon sizes. B. Agarose gel showing the amplicons with the expected products sizes from panel
A indicated for the RT-PCR reactions between the 23S rRNA gene and vanH (376 bp), vanA (1348
bp) and vanX (2366 bp).

4.4.20 Vancomycin resistance could not be transferred to a susceptible host

To understand whether horizontal or vertical transmission would play a larger role in the
onward dissemination of the newly acquired vancomycin resistance phenotype in the
revertant isolates, conjugation assays were performed between isolate OI25rev1, OI25rev2,
HHI2revl, HHI2rev2, HHI3revl, HHI3rev2 and the recipient strain E. faecium 64/3. No
transconjugants were observed for any of the donor strains which suggested that either the
vancomycin resistance genes were in a context that did not allow them to be transferred or

that the rate of transfer was below the limit of detection for these assays.
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4.5 Discussion

Enterococcus faecium is an opportunistic human pathogen that is a major cause of bacterial
bloodstream and urinary tract infections (Zhou et al., 2020). E. faecium is particularly well-
suited to survive in the hospital environment due to its intrinsic and acquired resistance to
antibiotic drugs, alcohols and its ability to survive in nutrient-limited conditions (de Maat et
al., 2020). This chapter uncovered the diversity of E. faecium in a hospital population and
provided evidence for a novel mechanism by which a phenotypically susceptible E. faecium

strain becomes resistant to vancomycin.

It was hypothesised that an outbreak of vancomycin resistant E. faecium in a Birmingham
hospital was caused by the expansion of a single clone. However, eight different sequence
types of E. faecium were identified that belonged to the hospital-associated clonal complex
17 (CC-17) (Willems et al., 2005). The two most abundant sequence types identified in this
study were ST262 and ST80. ST262 has been identified in hospitals within the UK
(Lemonidis et al., 2019) and Europe (Falgenhauer et al., 2019; Egan et al., 2022) but has not
been linked to hospital outbreaks. In contrast, ST80 has been linked to VRE outbreaks in
Ireland and Sweden and is now the predominant lineage in Stockholm (Egan et al., 2020;
Fang et al., 2021). ST262 and ST80 remained the most prevalent sequence types in the
screening isolates collected in 2019 and 2020 suggesting that the same E. faecium strains
were being maintained within the hospital. A recent study which investigated E. faecium in
a number of UK hospitals found that ST18 was the major sequence type followed closely by
ST17 and ST203 (Gouliouris et al., 2018). The major sequence types in this study, ST262
and ST80, were found at much lower levels with only a single isolate of ST262 identified in
other UK hospitals. The lack of ST262 isolates in other UK hospitals suggests that ST262

may be more prevalent in Birmingham than elsewhere in the United Kingdom. The rise of
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ST80 in Sweden and its prevalence in this study may suggest that it is an emerging major

sequence type.

Several patients were colonised by more than one E. faecium sequence type over both long
and short periods of time. In Patient 7, the E. faecium strain isolated from blood cultures
switched from ST117 to ST80 over a period of two days and patient 13 had two different
sequence types (ST412 and ST1478) present in their blood at the same time. Both of these
cases suggest that E. faecium bacteraemia may in some cases be caused by multiple strains.
Mixed infections with two E. faecium strains have been noted previously in UK hospitals, it
has also been observed that mixed infections are often caused by a vancomycin-resistant
strain and a vancomycin-sensitive strain (Raven et al., 2018) which is also the case in the

current study.

It is well established that due to its persistence in the environment E. faecium can be
transmitted between patients in hospital wards (van Hal ez al., 2016; Gouliouris et al., 2021).
Patients 9, 11, 12 and 13 all carried ST1478 isolates that were identical at the core genome
level. All of these patients were present on the same hospital ward between April and May
2017 which raises the possibility that they acquired the same E. faecium strain during their
hospital stay. The possible acquisition of vancomycin resistant . faecium strains within the
hospital setting highlights the challenges of containing the spread of E. faeecium within
hospitals. To prevent the transmission of E. faecium strains between patients, it is essential
that the bed and surrounding area of a patient with a VRE infection is thoroughly and
regularly disinfected. Hand-hygiene is also extremely important in the prevention of cross-

contamination between patients. Re-training of staff in regard to hand-hygiene and the
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monitoring of hand-hygiene compliance could also help to prevent the spread of VRE

between patients in the clinical setting (Reyes, Bardossy and Zervos, 2016).

The high rate of horizontal gene transfer in Enterococcus faecium is mediated by a large
repertoire of plasmids (Palmer, Kos and Gilmore, 2010). These plasmids contain rep genes
that can be used to group the plasmids, allowing the number and diversity of the plasmids
present to be explored. However, plasmids can contain multiple rep genes meaning that the
number of rep genes is not necessarily the same as the number of plasmids. The clinical E.
faecium isolates in this study carried on average four plasmid replication genes. The most
common plasmid replication initiation gene (rep) type was rep2 1 orfl(pRE2S5). This
plasmid is a theta-replicating plasmid that belongs to the Incl8 incompatibility group
(Kohler, Vaishampayan and Grohmann, 2018). These plasmids typically have a broad host
range and have been linked with the transfer of vancomycin resistance genes from
enterococci to Staphylococcus aureus (Zhu et al., 2010). The second most abundant rep type
was replla 1 repA(pB82) which belongs to the Rep 3 family that are also theta-replicating
plasmids. The Rep 3 plasmids are typically small plasmids that have a narrow host range,
almost always being found in E. faecium rather than E. faecalis. Despite their narrow host
range, these plasmids are potential carriers of tetracycline and aminoglycoside resistance
genes between E. faecium strains (Clewell et al., 2002; Wardal et al., 2017). The final rep
type that was found in >75% of isolates was repUS15 2 repA(pNB2354pl). This rep type
belongs to the RepA N family, which also has a very narrow host range. However, these
plasmids have extremely high conjugation rates and carry antibiotic resistance genes such
as vanA making them important for the transfer of antibiotic resistance within E. faecium

(Weaver et al., 2009). A recent study which investigated plasmids in clade A E. faecium
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strains also found that the Rep 3 and RepA N plasmids were amongst the most prevalent

(Arredondo-Alonso et al., 2020).

Patients which had matched vancomycin-resistant and -susceptible isolates allowed the
identification of possible cases of horizontal gene transfer. Upon inspection of the plasmid
profile of patient 21°s isolates, it was found that their vancomycin resistant rectal swab
isolate contained a repl/7 1 CDS29(pRUM) plasmid that their bloodstream isolate did not.
The presence of the repl7 1 CDS29(pRUM) plasmid and the vancomycin resistance genes
in the same isolate suggests that either horizontal gene transfer had occurred within the
patient or the plasmid was lost. A similar situation occurred with patient 19, where the
antibiotic  resistance and plasmid profiles indicated the presence of a
repUS7 1 rep(pHTbeta) plasmid carrying the vancomycin resistance genes in the rectal
swab isolate but not the bloodstream isolate. The prototypical plasmid of this rep gene type,
plasmid pHTP, is a highly conjugative plasmid that carries the Tn/546 vancomycin
resistance transposon (Tomita et al., 2003). Two isolates cultured from patient 32 14 months
apart were near identical (3 core SNPs different) at the core genome level but had lost a
repUS7 1 rep(pHTbeta) plasmid, demonstrating either that the same strain was maintained
over a long period of time, and had a dynamic accessory genome or that the patient had been

recolonised with the same strain that had evolved outside of the body.

Vancomycin resistance genes are typically found on plasmids larger than 20 kbp and
generally cannot be resolved via short-read sequencing alone (Arredondo-Alonso et al.,
2017). To overcome this issue, a selection of the vancomycin resistant E. faecium isolates
were long-read sequenced. Of the 16 isolates that contained vancomycin resistance genes,

the genetic context could only be determined in four isolates. The vancomycin resistance
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plasmids belonged to three different rep types which included repl7 1 CDS29(pRUM),
repl7 2 repA(AUS0004pl) and repl8a I repA(p200B). Plasmids belonging to
repl7 1 CDS29(pRUM) and repl7 2 repA(AUS0004pl) belong to the wider RepA N
family of theta-replicating plasmids. The repi/8a I repA(p200B) plasmids are also theta-
replicating plasmids but belong to the Rep 3 family. As discussed earlier, both the RepA N
and Rep_3 plasmids have previously been linked to vancomycin gene carriage. Consistent
with other pPRUM-like plasmids, pOI5 did not contain conjugation machinery that would
allow it to horizontally transfer. However, unlike the prototypical pRUM plasmid (Genbank:
NC_005000.1), pOI5 lacks a mobilisation gene which further restricts it ability to transfer
between strains. It is likely that vancomycin resistance is transferred vertically to daughter
cells in this case rather than horizontally. Plasmids pHHI2 and pHHI3 have two plasmid
replication genes suggesting that they have the ability to replicate in a broad range of hosts.
These plasmids also possess conjugation and mobilisation genes which may confer the
ability to transfer horizontally to other E. faecium strains within the gut or within the hospital

environment.

The short-read sequencing data highlighted cases of potential in-patient horizontal gene
transfer and identified plasmid rep types that are highly conjugative and often associated
with vancomycin resistance genes. I was also able to fully resolve two vancomycin
resistance plasmids, pHHI2 and pHHI3, that contained putative conjugation machinery and
a mobilisation gene. The in-patient acquisition of vancomycin resistance plasmids is a cause
for concern as previously treatable E. faecium infections could become resistant to treatment.
Drugs are currently in development that can prevent plasmid conjugation or remove
plasmids altogether, these could be used in the future to prevent the acquisition of resistance

plasmids by susceptible strains (Buckner ef al., 2020; Palencia-Géandara et al., 2021).
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Two of the main factors that make E. faecium a successful nosocomial pathogen is its
intrinsic resistance to antibiotic drugs and its genome plasticity (Guzman Prieto et al., 2016).
Aminoglycoside resistance is widespread in Enterococcus faecium and this is particularly
true for determinants which confer resistance to gentamicin. The aminoglycoside resistance
gene aac(6')-le-aph(2")-1a is the most widespread of the aminoglycoside resistance genes in
E. faecium, conferring resistance to all clinically available aminoglycosides with the
exception of streptomycin (Sparo, Delpech and Garcia Allende, 2018; Chen ef al., 2021).
aac(6')-le-aph(2")-la was found in 58 of the 60 isolates in this study. 44C(6')-Ii was the
most widespread aminoglycoside resistance gene in my dataset being found in all 60 isolate.
This chromosomal gene is specific to E. faecium and confers resistance to amikacin and
certain forms of gentamicin (Costa et al., 1993). All of the isolates contained more than one
aminoglycoside resistance gene and several isolates contained five. The carriage of multiple
aminoglycoside resistance genes is a hallmark of clinical E. faecium strains (Chow, 2000).
As well as the aminoglycoside resistance genes, tetracycline resistance genes were also
highly prevalent in the isolates. Five different alleles of fet(M) which encodes a ribosomal
protection protein were found across the isolates with the most prevalent allele being
tet(M) 6 (Connell et al., 2003). A tetracycline efflux gene, fet(L) was also found in around
two thirds of isolates (McMurry ef al., 1987). Vancomycin resistance is conferred by at least
nine different resistance operons designated vanAd, vanB, vanC, vanD, vanE, vanG, vanL,
vanM and vanN (Ahmed and Baptiste, 2018). All 45 vancomycin resistance genes identified
in this study belonged to vanAd-type resistance which confers high-level resistance to
vancomycin with a MIC typically greater than 64 png/ml (Cetinkaya, Falk and Mayhall,
2000). Three linezolid resistant isolates were identified in this study that have the same

G2576T mutation identified in the first linezolid resistant UK isolates (Auckland et al.,
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2002). A study that took place in the Queen Elizabeth University Hospital (Birmingham,
United Kingdom) in 2015 also exclusively identified the G2576T mutation among linezolid-

resistant E. faecium collected from their Liver Unit (Niebel ef al., 2016).

The widespread resistance to gentamicin and vancomycin in this study highlights the
importance of performing antibiotic susceptibility testing on all clinical E. faecium isolates.
Good antibiotic stewardship, including the use of the correct antibiotics and frequent reviews
of treatment will help to reduce the development and spread of antibiotic resistance in the
clinical setting (Ha, Haste and Gluckstein, 2017). The use of last-line antibiotics such as
linezolid will also become increasingly important for the treatment of E. faecium infections
as clinical strains become increasingly resistant to vancomycin (Narayanan ef al., 2019). It
should be noted, however, that resistance to linezolid is also increasing in E. faecium strains
in UK and Irish hospitals (Inkster ef al., 2017; Egan et al., 2020). The development of new
antibiotics that can treat infections caused by E. faecium resistant to last-line antibiotics will

be critical for the management of E. faecium infections in the future.

There were three isolates that possessed vancomycin resistance genes but were
phenotypically susceptible to vancomycin (OI25, HHI2 and HHI3). The vancomycin
resistance regions of these isolates contained a number of insertions and deletions compared
to the prototypical Tn/546 transposon (Arthur et al., 1993). The wildtype OI25 isolate had
an insertion of an ISL3 family element between the vanS and vanH genes. However, the
vanH promoter, including the two VanR binding sites (TTTTAGGAAAAT and
TCTTAGGAAATT), was intact. E. faecium strain V1836 plasmid pHVH-V1836-2 has an
identical insertion to isolate OI25 but in the case of strain V1836 it is phenotypically resistant

to vancomycin (Rubin et al., 2020). This suggests that insertion of the ISL3 family element
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between vanS and vanH did not make the strain phenotypically susceptible to vancomycin.
In addition to the ISL3 insertion, the promoter region and the first 50 bp of the vanR gene
were disrupted by the insertion of an IS/2/6 family element. A similar truncation of the
vanR promoter/vanR gene is seen in the vancomycin variable E. faecium strain VVESwe,
where it is thought to inactivate the vancomycin resistance operon (Wagner ef al., 2021).
The disruption of the response regulator meant that the isolate could no longer respond to
vancomycin and in turn the vanHAX genes which confer resistance were not transcribed in

the presence of vancomycin, thus leading to a susceptible phenotype.

Upon exposure to vancomycin, the plasmid carrying the vancomycin resistance genes in
isolate OI25 was inserted into the chromosome and the strain reverted to a vancomycin
resistant phenotype. An 8-bp target site duplication was present at each end of the inserted
plasmid that is consistent with the action of IS/257 which is found at the 3’ end of the
inserted DNA (Handwerger et al., 1995). This would be the first evidence of 1S/257
inserting a plasmid into the chromosome through a currently uncharacterised mechanism.
Insertion of the plasmid into the chromosome of OI25 did not restore the sequence of the
vanR gene or its promoter and also removed the VanR-P binding regions from the vanH
promoter. This suggested that vancomycin sensing was not restored in the revertant isolates.
RT-qPCR confirmed this hypothesis and showed that the increase in expression of the vanRS
and vanHAX genes when exposed to vancomycin was actually less than the wildtype OI125
strain. In RT-qPCR experiments that compared the expression of the vanHAX genes in
wildtype OI25 isolate and the OI25 revertant isolates, I found that the expression was
3.3x10*fold greater in the revertant isolates. These data suggest that the vanHAX genes in
the revertant isolates were being expressed constitutively and at extremely high levels.

Insertion of the vancomycin resistance plasmid into the chromosome of the revertant isolates
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occurred 27 bp downstream of the predicted 5S rRNA gene stop codon and disrupted the
putative Rho-independent terminator. PCR reactions which bridged between the 23S gene
and vanHAX genes on cDNA from the OI25 revertant isolates revealed that the vancomycin
resistance genes are likely co-transcribed with the ribosomal RNA genes. However, it was
not possible to rule out that the insertion of the vancomycin resistance plasmid into the
chromosome had instead created a new constitutive promoter upstream of the vanHAX

genes. No precedent can be found for this mechanism of reversion in the literature.

HHI2 and HHI3 also possessed vancomycin resistance genes but were phenotypically
susceptible to vancomycin. In this case, an AAA-family ATPase gene overlapped the vanR
gene by 4 bp disrupting the promoter region. Comparison of this region against the NCBI
Genbank database revealed no other sequences with this configuration. As with isolate OI25,
it was hypothesised that disruption of the vanR promoter impaired the ability of the isolates
to sense vancomycin which was confirmed by RT-qPCR. Exposure of HHI2 and HHI3 to
vancomycin also caused a reversion to high-level vancomycin resistance and like isolate
OI25, RT-qPCR confirmed that the isolates did not regain their ability to sense vancomycin.
In this case, short-read and long-read sequencing were unable to identify a possible
mechanism behind the reversion to resistance. Revertant isolates were not cultured in the
presence of vancomycin prior to sequencing which raised the possibility that they reverted
back to the susceptible state prior to genome sequencing. This would be in line with previous
work on VVE isolates, which lost resistance when not cultured in the presence of

vancomycin (Wagner et al., 2021).

Vancomycin-variable Enterococcus faecium pose a new challenge for the treatment of

infections caused by E. faecium. Standard antibiotic susceptibility testing does not identify
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VVE isolates due to their phenotype-genotype disagreement. Treatment of VVE-infected
patients with vancomycin likely provides the selection pressure needed for the isolates to
revert to a high-level vancomycin-resistant phenotype within the patient. We have shown
that this reversion can occur rapidly, highlighting that treatment of VVE infections with
vancomycin is likely to fail in clinical practice. VVE isolates currently only make up a small
proportion of clinical E. faecium isolates but this may increase as these isolates escape
treatment with vancomycin (Viswanath et al., 2022). Should VVE isolates make up a
significant proportion of clinical E. faecium isolates in the future, it may be necessary to
implement sequencing approaches to screen for VVE isolates in order to provide the correct

treatment.

4.5.1 Future work

To gain a full understanding of the spread of E. faecium within Heartlands hospital a further
study could be performed which focuses on the carriage of E. faecium by staff and the
hospital environment. Rectal swabs of inpatients and staff and swabs from the hospital
environment could be taken over a defined time period to track the movement and horizontal
gene transfer of E. faecium isolates within the hospital. Sequencing of multiple isolates per
swab would also allow the investigation of the within-person and environmental diversity of
E. faecium. The data in this thesis suggested that the vanHAX genes in the OI25 VVE
revertant isolates were being co-transcribed with a set of ribosomal RNA genes. Primer
extension assays or 5° RACE could be used to identify the transcription start site of the
vanHAX genes and provide further evidence that they are co-transcribed with the rRNA
genes. Further work is needed to determine the mechanism behind the reversion of isolates
HHI2 and HHI3 to a highly vancomycin-resistant phenotype. These revertant isolates should

be cultured in the presence of vancomycin prior to long-read sequencing to ensure that the
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isolates do not revert back to a vancomycin-susceptible phenotype. Work is also needed to
understand why the majority of vancomycin resistance plasmids cannot be completely
assembled and associated with plasmid rep genes. The vancomycin resistance plasmids
could be transferred to an E. faecium strain such as E. faecium 64/3 that does not contain
plasmids. This would determine whether IS elements or other regions of homology on
plasmids in the parental strain prevent the vancomycin resistance plasmids from being fully

assembled.
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4.6 Kev Findings

Several sequence types were circulating in the hospital during the period of the

outbreak demonstrating that it was not clonal expansion that caused the outbreak.

Antibiotic resistance was highly prevalent in these clinical E. faecium isolates,
particularly aminoglycoside and erythromycin resistance which was found in all
isolates. Vancomycin resistance was also common with 45 of the 60 isolates carrying

vanA-type resistance genes.

Plasmid replication initiation genes were identified for all of the major rep gene
families of E. faecium. rep2 1 orfI(pRE25) was the most prevalent rep type and was
identified in 52 of the 60 isolates. Vancomycin resistance genes were linked to a
plasmid replication gene in five isolates. The genes were linked to the
repl7 1 _CDS29(pRUM) gene in two isolates, the repl7 2 repA(AUS0004pl) gene
in two isolates and the repl8a I repA(p200B) gene in a single isolate. Hybrid
assembly was not able to link vancomycin resistance genes and plasmid replication

genes in the majority of isolates.

Three of the isolates were phenotypically susceptible to vancomycin but
genotypically resistant. Upon exposure to vancomycin these isolates reverted to a

high-level vancomycin resistant phenotype within 48 hours.

The mechanism behind the phenotypic reversion could only be determined in the
OI25 revertant isolates. The vancomycin resistance genes were inserted into the
chromosome downstream of a ribosomal RNA operon. A high constitutive expression
level and mRNA transcripts across the ribosomal RNA — vanHAX gene junction
suggested that the vancomycin resistance genes were co-transcribed with the

ribosomal RNA genes.
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Chapter 5
Identification of genes linked to
vancomycin resistance in
Enterococcus faecium
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5.1 Introduction

Vancomycin is a glycopeptide drug that binds to the terminal D-alanyl D-alanine motif of
the stem peptide in the peptidoglycan precursor lipid II. Binding of vancomycin prevents the
crosslinking of peptidoglycan by transglycosylases leading to the disruption of cell wall
integrity (Stogios and Savchenko, 2020). As discussed in Chapter 1, the genes that confer
resistance to vancomycin in E. faecium are well-characterised. A two-component system
encoded by genes vanR and vansS senses the presence of vancomycin and then activates the
vanHAX operon (Guffey and Loll, 2021). These genes encode a D-specific alpha-keto acid
dehydrogenase, D-alanyl D-lactate ligase and D-alanyl D-alanine dipeptidase, that replace
the terminal D-Ala-D-Ala motif of the peptidoglycan precursor with a D-Ala-D-Lac motif
reducing the binding affinity of vancomycin 1000-fold (Stogios and Savchenko, 2020). An
additional gene, vanY, is a D-alanyl D-alanine carboxypeptidase that targets the D-Ala-D-
Ala motif on lipid II thus reducing the amount of native lipid II that can be incorporated into
the cell wall (Wright et al., 1992). It has been shown in E. faecium that the response to the
cell wall targeting antibiotic ampicillin involves a number of chromosomal genes not
typically associated with ampicillin resistance (Xinglin Zhang et al., 2012). This suggests
that the response to vancomycin may also involve hitherto unidentified chromosomal genes

that are associated with the cell wall and cell envelope in Enterococcus faecium.

In this chapter, I used functional genomics (Tn-seq) and transcriptomics (RNA-seq) to
uncover genes involved in the response to a sub-lethal concentration of vancomycin in
vancomycin resistant Enterococcus faecium. RNA-seq was used to identify genes that were
differentially expressed in the presence of vancomycin and Tn-seq was used to identify
genes which contributed to fitness in the presence of vancomycin. Both RNA-seq and Tn-

seq were performed on two clinical vanA-carrying strains (E745 and E8202) to identify
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similarities and differences in the transcriptional response and genes contributing to fitness
during vancomycin challenge between different vanA-carrying strains. A third E. faecium
strain (Aus0004) carrying the vanB vancomycin resistance genes was also included in the
Tn-seq experiment to investigate whether the same accessory genes conferred a fitness

advantage in the presence of vancomycin as in the vanA4-carrying strains.

5.2 Hypothesis

Although the genes that confer resistance to vancomycin are well known, there are likely
other chromosomal genes which are also involved in the response to vancomycin and may
contribute to high-level resistance. Genes associated with the bacterial cell wall are likely to

be involved in the resistance to vancomycin.

5.3 Aims and objectives

1. To use RNA-seq to identify genes that are differentially expressed in vancomycin
resistant E. faecium strains exposed to Y2 MIC vancomycin.

2. To use transposon insertion sequencing (Tn-seq) to identify genes that contribute to
fitness in E. faecium when exposed to /2 MIC vancomycin.

3. To describe the phylogenetic distribution of genes identified in the Tn-seq analysis.

4. To validate the Tn-seq data by deleting the identified genes in E. faecium E745.
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5.4 Results

RNA-seqg Analysis

RNA-seq was performed on two vanA-type vancomycin resistant E. faecium strains, E745

and E8202, to identify genes which were significantly differentially expressed when exposed

to vancomycin at /2 MIC in three independent experiments. Identification of genes whose

expression is highly upregulated or highly downregulated will give novel insights into the

response to vancomycin in E. faecium strains that carry the vanA4-type resistance genes.

5.4.1 RNA-seq reads were successfully mapped to the parent genome

The sequenced RNA-seq libraries were demultiplexed to give an average of 35,934,512

paired-end reads per sample after quality trimming (Table 5.1). To count the number of reads

mapping to a particular transcript, the reads were pseudo-aligned to the genomes of E745

and E8202 with an average of 88% of reads successfully aligned per sample (Table 5.1).

Table 5.1: Quality metrics of the RNA-seq data.

Sample? Total reads Pseudo-aligned reads  Reads aligned (%)
E745 1 33887101 29207902 86.2
E745 2 34039886 29733870 87.4
E7453 29815216 26092101 87.5
E745 12 MIC 1 38289274 33378981 87.2
E745 12 MIC 2 36901461 32243753 87.4
E745 '» MIC 3 36728793 33057319 90.0
Eg8202 1 41245763 36524184 88.6
Eg202 2 31415673 27627231 88.0
E8202 3 40755851 36898736 90.5
Eg8202 12 MIC 1 36252389 32085432 88.5
Eg8202 Y2 MIC 2 38324307 34015738 88.8
E8202 > MIC 3 33558428 29613155 88.2

@ Samples were collected from cultures at ODgoo = 1 in the presence and absence of /> MIC vancomycin (128 ug/ml for

E745 and 64 ug/ml for E8202).
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5.4.2 Replicate RNA-seq samples cluster together

Principal component analysis identified that the transcriptional profiles of the vancomycin
treated samples were very different to the control samples for both E745 and E8202 (Figure
5.1). All three of the E8202 vancomycin-treated replicates were tightly clustered together
and two of the control samples were tightly clustered with the third spaced further away
(Figure 5.1B). The E745 replicates were more loosely clustered suggesting more variance in

the transcriptome of E745 compared to E§202 (Figure 5.1A).

PC2 (14.80%)
PC2 (7.34%)

10 10 40 20

PC1 (68.94%) PC1 (90.22%)

Condition Control @  Vancom yein
Figure 5.1: Principal component analysis of RNA-seq samples. A. E745 samples. B. E8202
samples. Control samples are represented by red circles and vancomycin treated samples are
represented by blue circles.
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5.4.3 Exposure to vancomycin led to widespread transcriptional changes in
E. faecium E745 and E&202

Genes with a log, fold-change < -1 or > 1 compared to the control and an FDR (Benjamini-
Hochberg) < 0.05 were considered to be differentially expressed. Of the 3182 genes found
in E. faecium E745, 315 genes were differentially expressed when exposed to 2 MIC
vancomycin. 229 of these genes were upregulated and 86 were downregulated (Figure 5.2A).
E. faecium E8202 had 962 genes that were differentially expressed out of 3271 when
exposed to vancomycin (Figure 5.2B). 368 of the differentially expressed genes were

upregulated and 594 of the genes were downregulated.
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Figure 5.2: Volcano plots of RNA-seq expression data. A. E. faecium E745 samples. B. E. faecium
E8202 samples. Genes that are not significant (NS) (FDR (Benjamini-Hochberg) > 0.05) and have
a log, fold-change (FC) between -1 and 1 are represented by grey circles. Genes with a log, fold-
change (FC) < -1 or > 1 but are not significant (FDR > 0.05) are represented by green circles.
Genes that are significant (FDR < 0.05) but have a log, fold-change between -1 and 1 are
represented by blue circles. Significant genes (FDR < 0.05) with a log, fold-change (FC) < -1 or
> 1 are represented by red circles.
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5.4.4 Differentially expressed genes are shared between E. faecium E745 and
E&202

The differentially expressed genes were compared between E. faecium E745 and E8202 to
identify genes involved in the response to vancomycin across different E. faecium strains.
Of the genes that were upregulated in both E745 and E8202, 59 genes were shared (Figure
5.3A). An additional 20 upregulated genes were shared but these were all identical copies of
the IS7216 transposase. E745 shared 35% of its upregulated genes while E8202 shared 21%
of its upregulated genes. The number of downregulated genes shared between E745 and
E8202 was fewer with only 20 genes shared between the strains (Figure 5.3B). E745 shared
23% of its downregulated genes and E8202 shared far fewer downregulated genes with only

3% of its downregulated genes shared.

A B
Uprequlated Downrequlated

E745 E8202 E745 E8202

Figure 5.3: Differentially expressed genes shared between E. faecium E745 and E8202. A.
Number of upregulated genes which are shared between E745 and E8202. B. Number of
downregulated genes which are shared between E745 and E8202. *20 copies of IS/216 were
shared between E745 and E8202, these were not included as mapping was not accurate with
identical genes.
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5.4.5 Genes with upregulated expression that were shared between E745 and
E&202

The vancomycin resistance genes vanRSHAX were among the genes with the largest fold-
change relative to the control for both E745 and E8202 (Table 5.2). Expression of the
vanHAX genes, which are essential for vancomycin resistance (Arthur et al., 1998), was
increased on average 131.5-fold in E745 and 61.0-fold in E8202 when compared to the
relevant control. The vancomycin response regulator genes vanRS were not as highly
expressed as the other vancomycin resistance genes, with expression on average 3.9-fold
higher than the control in E745 and 28.2-fold higher in E8202. Both E745 and E8202 lack
the vanY and vanZ genes found in the prototypical Tn/546 transposon (Arthur et al., 1993).
However, E745 has a vanZ-like gene on its vancomycin resistance plasmid that had highly
upregulated expression (65.8-fold) and E8202 had a vanZ-like gene on the chromosome that

also had upregulated expression, but to a lesser extent (4.0-fold).

Table 5.2: Expression of the vancomycin resistance genes in E745 and E8202.

Gene Product Fold Change E745 Fold Change E8202

vanR Regulatory protein 4.2 31.0

vanS Sensor kinase 3.5 25.5

vanH D-specific alpha-keto acid 128.1 68.9
dehydrogenase

vanA D-alanyl-D-lactate ligase 123.4 61.9

vanX D-alanyl-D-alanine 142.9 52.1
dipeptidase

vanY D-alanyl-D-alanine NP’ NP'
carboxypeptidase

vanZ' Unknown 65.8 4.0

* a vanZ-like gene is found on the same plasmid as the other vancomycin resistance genes in E745. A vanZ-like gene is
found on the chromosome in E8202.
TNP: not present.

A cluster of 12 upregulated genes was shared between E745 and E8202 (Table 5.3). The
first gene in the gene cluster encoded tRNA-Met, this single gene did not belong to an operon.
The following two genes in the gene cluster formed an operon encoding two hydrolase genes.

The next 5 genes encoded a general stress protein and genes involved in ion transport and
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metabolism. The remaining genes all encoded stress response proteins suggesting that the

gene cluster is important in the response to exogenous stressors.

Table 5.3: Gene cluster 1 in E745 and E8202 that exhibited upregulated expression in the presence of vancomycin.

Gene* Product Fold Change E745  Fold Change E8202
EfmE745 01661 tRNA-Met 3.1 4.2
EfmE745 01662 Cysteine hydrolase 4.0 3.6
EfmE745 01662 HAD superfamily 4.2 3.9
hydrolase
EfmE745 01663 General stress protein A 5.1 8.1
EfmE745 01664 Glycosyl transferase 7.0 6.7
family protein
EfmE745 01665 Iron-sulfur cluster 53 6.8
biosynthesis family
protein
EfmE745 01666 Mg2+ cation transporter 52 7.5
CorA family protein
EfmE745 01667 Short chain 4.6 4.9
dehydrogenase/reductase
family oxidoreductase
EfmE745 01668 Alkaline shock response 23 3.6
(amaP) membrane anchor
protein
EfmE745 01669 Small integral 2.1 3.7
membrane protein
EfmE745 01670 Asp23/Gls24 family 29 3.6
envelope stress response
protein
EfmE745 01671 GlsB/YeaQ/YmgE 2.6 3.6

family stress response
membrane protein

*Gene/locus tag in E. faecium E745

The expression of a small three gene operon was upregulated in both E745 and E8202 (Table
5.4). It contained a gene which encoded a PadR family transcriptional regulator, a DUF1700
domain-containing protein and a hypothetical protein. In E745, the DUF1700 protein
encoding gene had the largest increase in expression in the operon (2.9-fold) but in E8202 it

was the transcriptional regulator (3.1-fold).
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Table 5.4: Gene cluster 2 in E745 and E8202 that exhibited upregulated expression in the presence of vancomycin.

Gene* Product Fold Change E745  Fold Change E8202

EfmE745 00371  PadR family 2.6 3.1
transcriptional regulator

EfmE745_00372  DUF1700 domain- 2.9 2.4
containing protein

EfmE745 00373 Hypothetical protein 24 2.8

*Gene/locus tag in E. faecium E745
Another small cluster of genes that were found in a degraded prophage region were
upregulated in both E745 and E8202 (Table 5.5). The first gene (/iaX) in the cluster, encoded
a daptomycin-sensing surface protein that was the most upregulated gene in both the E745
and E8202 operons at 3.2 and 7.9-fold respectively. The following two overlapping genes

encoded a PspC domain containing protein and a phage holin family protein.

Table 5.5: Gene cluster 3 in E745 and E8202 that exhibited upregulated expression in the presence of vancomycin.

Gene* Product Fold change E745  Fold change E8202
EfmE745 01138 Daptomycin-sensing 3.2 7.9
(liaX) surface protein
EfmE745 01139 PspC domain-containing 24 4.1
protein
EfmE745 01140 Phage holin family 2.1 4.7
protein

*Gene/locus tag in E. faecium E745

5.4.6 Genes with downregulated expression that were shared between E745
and E8202

E745 and E8202 shared only 20 genes with downregulated expression. An operon consisting
of four genes was highly downregulated in both E745 and E8202 (Table 5.6). The most
downregulated gene of the operon in both strains was a gene encoding the accessory
regulator AgrB, upon exposure to vancomycin the expression was downregulated 5.6-fold
in strain E745 and 43.5-fold in strain E§202. The other genes in the operon encoded a LytTR

family DNA-binding domain-containing protein and a sensor histidine kinase that were both
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downregulated 4.1-fold in E745 and 8.6 and 10.7-fold in E8202. The final gene in the operon

encoded a hypothetical protein that was downregulated 2.9-fold in E745 and 29-fold in

E8202.
Table 5.6: Genes linked to quorum sensing that exhibited downregulated expression in the presence of vancomycin.
Gene* Product Fold Change E745 Fold Change E8202
EfmE745 00391 LytTR family DNA- -4.1 -8.6

binding domain-
containing protein

EfmE745 00392  Sensor histidine -4.1 -10.7
kinase

EfmE745 00393 Hypothetical protein -2.9 -29.2

EfmE745 00394  Accessory regulator -5.6 -43.5
AgrB

*Gene/locus tag in E. faecium E745
The alpha-galactosidase and beta-galactosidase large subunit genes were downregulated in
both E745 and E8202 (Table 5.7). They were downregulated 2.4-fold and 2.5-fold in E745
but more so in E8202 at 99.0-fold and 90.5-fold respectively. The beta-galactosidase small

subunit gene was also downregulated 66.7-fold in E8202 but was not downregulated in

E745.
Table 5.7: Genes linked to lactose metabolism that exhibited downregulated expression in the presence of vancomycin.
Gene* Product Fold change E745 Fold change E8202
EfmE745 01560 Alpha-galactosidase -2.4 -99.0
EfmE745 01561 Beta-galactosidase -2.5 -90.5
large subunit
EfmE745 01562 Beta-galactosidase NS -66.7

small subunit
*Gene/locus tag in E. faecium E745
NS = Not significantly differentially expressed.
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5.4.7 Upregulated genes found in a single strain

As well as the highly upregulated genes that were shared between strains, there were highly
upregulated genes that were found in only one of the strains. Gene EfimE745 01745 was the
most upregulated chromosomal gene in strain E745, when exposed to vancomycin, with
expression increasing by 7.2-fold. This gene encoded a protein that was most closely related
to stress response protein ysnF. Another highly upregulated (7.0-fold) gene was

EfmE745 01664, which encoded a glycosyl transferase family protein.

The genes in strain E§202 were typically upregulated to higher levels than E745. The
expression of gene EQB38 RSI12340 that encoded a small rhodanese-like domain-
containing protein was upregulated 35-fold. A small operon of two overlapping genes
(EQB38 RS12885 and EQB38 RS12880) was upregulated 32-fold, these genes encoded a
glycine-betaine/L-proline ABC transporter ATP-binding protein. Another highly
upregulated gene in E8202, EQB38 RS06545, encoded a LysM domain-containing protein
that was upregulated 19-fold. Two other LysM domain-containing proteins were also

upregulated in E8202 suggesting that they are important in the response to vancomycin.

5.4.8 Downregulated genes found in a single strain

As with the upregulated genes, there were highly downregulated genes that were found in
only one of the strains. The most downregulated chromosomal gene in E745 was the c/pP
protease gene, the expression of this gene was downregulated 13-fold in the presence of
vancomycin. Many of the other genes that were highly downregulated in E745 were
prophage genes and these will be discussed in more detail in the next section. The most
downregulated gene in E8202 was EQB38 RS02405 which encoded a galactokinase, it was

downregulated 164-fold in the presence of vancomycin. The gene directly upstream
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EQB38 RS02410 encoded a galactose mutarotase that had similarly decreased expression
levels. Genes belonging to the glycerol metabolism pathway were also highly downregulated
in E8202, with genes glpO and glpF being downregulated 128-fold in the presence of
vancomycin. Another gene in the glycerol metabolism pathway g/pK was downregulated
58-fold. Many of the genes that were highly downregulated in strain E8202 belonged to

phosphotransferase systems and this will be discussed in the following sections.

5.4.9 Prophage genes were downregulated in both E745 and E8202

Analysis of the chromosomes of E. faecium E745 and E8202 using PHASTER (Arndt et al.,
2016) revealed that they contained 3 and 4 intact prophage respectively. In E745, a prophage
that spanned the region 1378331 bp — 1421682 bp had many genes that were differentially
expressed. Genes involved in lysogeny, replication and regulation of the prophage were
upregulated 2 to 4-fold while genes involved in head morphogenesis, tail morphogenesis
and lysis were downregulated 2 to 10-fold. E. faecium E8202 had a prophage which spanned
the region 2425435 bp — 2475952 bp. Unlike in E745, almost all of the genes in this prophage
were downregulated including genes involved in lysogeny, replication, regulation, head
morphogenesis, tail morphogenesis and lysis. The majority of the genes were downregulated

between 4 and 5-fold.

5.4.10 Nutrient and 1on transport were strongly downregulated in E&202

Nutrient and ion transport systems were drastically downregulated in E. faecium E8202
when exposed to vancomycin. Genes related to phosphotransferase systems (PTS) and ATP-
binding cassette (ABC) transporters made up 18% of all downregulated genes in E8202.
The expression of 71 PTS genes was downregulated on average 5-fold with the PTS genes

for mannose-fructose-sorbose transport downregulated the most at 64-fold. The expression
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of 33 ATP-binding cassette (ABC) transporter related proteins was also heavily
downregulated. The ABC transporter related genes were downregulated on average 4-fold,

however the maltodextrin ABC transporter permease gene mdxG was downregulated 45-

fold.

5.4.11 The functional response to vancomycin varied considerably between
strains

To gain a broader understanding into the effects of vancomycin exposure, the differentially
expressed genes were grouped into functional Cluster of Orthologous Group (COG)
categories. As was seen when comparing individual differentially expressed genes between
E745 and E8202, the broader transcriptional response to vancomycin differed between the
two strains (Figure 5.4). The COG group with genes involved in post-translational
modification/protein turnover/chaperones was the most upregulated in E745 with 21% of
the genes belonging to this category being upregulated. Genes belonging to the COG
categories amino acid transport and metabolism (8%), signal transduction mechanisms (8%),
cell cycle control/cell division/chromosome partioning (7%), inorganic ion transport &
metabolism (6%) and coenzyme transport & metabolism (6%) were also upregulated when
exposed to vancomycin. Intracellular trafficking/secretion and vesicular transport and
carbohydrate transport and metabolism were the only COG categories in E745 where more
genes in the category were downregulated than upregulated. E8202 differed considerably
compared to E745 in the respect that the majority of the COG categories had a higher
percentage of genes which were downregulated rather than upregulated. Carboydrate
transport and metabolism was the COG category with the largest percentage of
downregulated genes with 65% of genes in this category being downregulated. The COG

categories energy production & conversion (30%), signal transduction mechanisms (23%),
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amino acid transport & metabolism (22%) and transcription (21%) also had a large
percentage of their genes downregulated. Genes involved in cell cycle control/cell
division/chromosome partioning (15%) and transport and metabolism had a large percentage
of upregulated genes particularly the categories; lipid transport & metabolism (24%),
inorganic ion transport and metabolism (20%) and nucleotide transport and metabolism
(17%). Comparing E745 with E8202, both strains had a large percentage of upregulated
genes in the cell cycle control/cell division/chromosome partioning and inorganic ion
transport and metabolism categories. Carbohydrate transport and metabolism, and
intracellular trafficking/secretion and vesicular transport were the only two categories shared
between the strains where the percentage of genes which were downregulated exceeded the

percentage that were upregulated.
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Figure 5.4: Functional analysis of differentially expressed genes. Genes are grouped into Cluster
of Orthologous Group categories. Plots represent the percentage of genes in each category which
are differentially expressed in the vancomycin treated samples compared to the control samples.
Upregulated genes are shown in blue and downregulated genes are shown in red.
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Tn-seq Analysis

RNA-seq was used to investigate the transcriptional response of the vancomycin resistant £.
faecium strains E745 and E8202 to a sub-MIC concentration of vancomycin. However, this
did not assess the fitness contribution of the genes in these strains. In this section, transposon
sequencing (Tn-seq) was used to identify genes which contributed to fitness in the two vanA-
carrying E. faecium strains E745 and E8202 and a vanB-carrying strain Aus0004 when

exposed to 2 MIC vancomycin (E745: 128 pg/ml, E8202: 64 pg/ml and Aus0004: 8 pug/ml).

5.4.12 The vancomycin MIC was consistent in [so-Sensitest broth and BHI
broth for strains E745 and Aus0004 but not for strain E8202

The vancomycin minimum inhibitory concentration (MIC) was measured for E. faecium
strains E745, Aus0004 and E8202 to determine a suitable concentration to treat the
transposon libraries. The original transposon mutant libraries were constructed in BHI broth
(by Dr Vincent de Maat, University Medical Centre Utrecht, The Netherlands (de Maat,
2022)) and to avoid selecting for mutants that had a fitness advantage in other media, BHI
broth was used throughout the experiment. The MIC determinations were performed in Iso-
Sensitest broth which is the standard media designed for antibiotic susceptibility testing and
BHI broth which is widely used for the cultivation of E. faecium. The MIC of vancomycin
was measured in both media to ensure that the correct concentration of vancomycin was
used when performing the vancomycin selection in BHI broth (Table 5.8). The MIC values
for strains E745 and Aus0004 were 256 and 16 pg/ml respectively in both types of media
whereas strain E8202 had a lower MIC in BHI (128 pg/ml) compared to 256 pg/ml in Iso-

Sensitest broth.
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Table 5.8: MIC of vancomycin for E. faecium strains grown in BHI broth and Iso-Sensitest broth.

E. faecium strain MIC in Iso-Sensitest broth MIC in BHI broth (ng/ml)
(ug/ml)

E745 256 256

Aus0004 16 16

E8202 256 128

BHI = Brain Heart Infusion

5.4.13 The transposon sequencing libraries were successfully prepared

The transposon sequencing libraries were run on a 2.5% agarose gel to confirm that they had

been constructed successfully. All 24 of the libraries produced a band at the correct size of

130 bp (Figure 5.5AC). The libraries were pooled in equimolar concentrations to produce

two pooled libraries consisting of the first 12 libraries and the second 12 libraries. The pooled

libraries were also checked on a 1% agarose gel, both pooled libraries gave a single band at

the correct size of 130 bp (Figure 5.5BD). These pooled libraries were then taken forward

for single-end 50 bp nucleotide sequencing.
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Figure 5.5: Tn-seq library preparation agarose gels. A. Individual Tn-seq libraries for the E745
and E8202 control samples and the E745 vancomycin treated samples. B. Pooled library of
samples from A. C. Individual Tn-seq libraries for the Aus0004 control samples and the E8202
and Aus0004 vancomycin treated samples. D. Pooled library of samples from C.
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5.4.14 Raw read demultiplexing and mapping

Raw sequencing reads were demultiplexed to give an average of 30,402,068 reads per
sample (Table 5.9). The sequencing reads were then mapped to the genomic assemblies of
the respective parent strains (E745, E8202 and Aus0004). The majority of reads could be

mapped to their respective genomes with an average of 92% of reads mapped per sample.

Table 5.9: Mapping of Tn-seq reads to the E. faecium parent strain assemblies.

Sample Total reads Reads mapped Reads mapped (%)
E745 1 33383129 29572911 88.59
E7452 31939542 27989752 87.63
E7453 32747318 29403833 89.79
E745 4 27558016 23174257 84.09
E745 . MIC 1 33768324 29664610 87.85
E745 Y2 MIC 2 33546883 30162696 89.91
E745 2 MIC 3 30290827 26997566 89.13
E745 2 MIC 4 24934193 21598317 86.62
E8202 1 31336449 28595286 91.25
E8202 2 29236425 25608534 87.59
E8202 3 30832500 27968025 90.71
E8202 4 24559935 22133018 90.12
E8202 /2 MIC 1 32911318 30077647 91.39
E8202 2 MIC 2 29026007 26737539 92.12
E8202 2 MIC 3 32573394 30119175 92.47
E8202 2 MIC 4 28869175 26085774 90.36
Aus0004 1 30025772 28781430 95.86
Aus0004 2 30893350 29770618 96.37
Aus0004 3 32018405 31022543 96.89
Aus0004 4 25632194 24822607 96.84
Aus0004 > MIC 1 31577287 30166051 95.53
Aus0004 > MIC 2 35064182 33877744 96.62
Aus0004 2> MIC 3 28808525 27330263 94.87
Aus0004 > MIC 4 28116480 27138621 96.52

MIC = Minimum inhibitory concentration
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5.4.15 Transposon sequencing is reproducible

Principal component analysis was used to investigate whether the gene insertion profiles of
the replicate samples were similar and whether the control samples and vancomycin treated
samples were different. The insertion profiles of the vancomycin treated samples clustered
away from the control samples for E745, E§202 and Aus0004 (Figure 5.6ABC). The control
samples tended to cluster more closely together than the vancomycin treated samples,
especially for strains E8202 and Aus0004, which suggested that there was some variation in
the insertion profiles of the replicate samples. However, the majority of the variance was

explained by the X-axis meaning the variation between the samples was small.
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Figure 5.6: PCA plots showing the variation between Tn-seq samples. A. E745 samples. B. E§202
samples. C. Aus0004 samples. Insertion counts underwent variance stabilising transformation
prior to plotting. Red circles represent the control samples and blue circles represent samples
treated with %2 MIC vancomycin.
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5.4.16 Genes in the vanA operon had the greatest effect size in E745, but
chromosomal genes were also identified as contributing to fitness in the
presence of vancomycin.

There were 30 genes in E. faecium E745 identified as having a log, fold-change < -1 and a
Benjamini-Hochberg adjusted P value < 0.05, these genes were designated as potentially
contributing to increased fitness in the presence of 2 MIC vancomycin (Table 8.2, Figure
5.7). The top four genes with the largest effect size were vanX, vanA, vanR and vanS which
are part of the well characterised vanA-type vancomycin resistance operons. vanH, the first
gene in the vanHAX operon was also among the genes with the largest fold-change. In
addition to the vanAd operon, chromosomally encoded genes were also identified as
significantly contributing to fitness. The genes mgs, npr_1, avrA, rarA, gmuF, tig and ispE

all had a greater than 3-fold change between the control and vancomycin treated libraries.
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Figure 5.7: Tn-seq analysis to identify genes that contribute to survival of E. faecium E745 in the
presence of vancomycin. The X-axis represents each gene in the genome and the Y-axis represents
the log, fold-change in reads between the control and vancomycin treated condition. Circles with
a negative value represents genes contributing to increased fitness in the presence of vancomycin.
Circles with a positive value represent genes that contribute to increased fitness in the control
condition but not in the vancomycin treated condition. Genes that are red had a log, fold-change
< -1 and a Benjamini-Hochberg adjusted P value < 0.05. Red circles which have been labelled
have a greater than 3-fold change from the control condition. The orange arrow highlights genes
found in the chromosome while the blue arrow highlights genes found on plasmids.
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5.4.17 Genes in the vanA4 operon also had the greatest effect size in E8202. and
again chromosomal genes were identified as contributing to fithess in the
presence of vancomycin.

61 genes were identified in E8202 that had a log> fold-change < -1 and a Benjamini-
Hochberg adjusted P value < 0.05 (Table 8.3, Figure 5.8). As with E745 the gene with the
largest effect size was vanX and the other genes of the vanHAX operon were among the
genes with the largest effect size. E8202 also had a number of chromosomal genes with a

large effect size, these included asnB, gshAB and gipO.
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Figure 5.8: Tn-seq analysis to identify genes that contribute to survival of E. faecium E8202 in
the presence of vancomycin. The X-axis represents each gene in the genome and the Y-axis
represents the log, fold-change in reads between the control and vancomycin treated condition.
Circles with a negative value represents genes contributing to increased fitness in the presence of
vancomycin. Circles with a positive value represent genes that contribute to increased fitness in
the control condition but not in the vancomycin treated condition. Genes that are red had a log,
fold-change < -1 and a Benjamini-Hochberg P value < 0.05. Red circles which have been labelled
have a greater than 3-fold change from the control condition. The orange arrow highlights genes
found in the chromosome while the blue arrow highlights genes found on plasmids.
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5.4.18 Many chromosomal genes were identified as contributing to fitness in
the presence of vancomycin in Aus0004, but the vanB-type resistance genes
were not identified

29 genes were identified in Aus0004 that had a log, fold-change < -1 and a Benjamini-
Hochberg adjusted P value < 0.05 (Table 8.4, Figure 5.9). Unlike E745 and E8202, none of
the known vancomycin resistance genes were identified as significant. However, a number
of chromosomal genes had large effect sizes such as mdxG, argS and groL. Compared to
E745 and E8202, Aus0004 had more genes with a large fold-change compared to the
controls. Gene EFAU004_00372 had a fold-change of 650-fold in Aus0004 which was much
greater than the largest fold-change of 170-fold and 95-fold in E745 and E8202, respectively.
Aus0004 had two regions that no reads mapped to in either the control or vancomycin-treated
conditions. Both of the regions corresponded to intact prophages, raising the possibility that
the regions were lost during the construction of the library. The vanB-type vancomycin

resistance genes were not found in either of these regions.
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Figure 5.9: Tn-seq analysis to identify genes that contribute to survival of E. faecium Aus0004 in
the presence of vancomycin. The X-axis represents each gene in the genome and the Y-axis
represents the log, fold-change in reads between the control and vancomycin treated condition.
Circles with a negative value represents genes contributing to increased fitness in the presence of
vancomycin. Circles with a positive value represent genes that contribute to increased fitness in
the control condition but not in the vancomycin treated condition. Genes that are red had a log,
fold-change < -1 and a Benjamini-Hochberg adjusted P value < 0.05. Red circles which have been
labelled have a greater than 3-fold change from the control condition. The orange arrow highlights
genes found in the chromosome while the blue arrow highlights genes found on plasmids.
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5.4.19 Genes identified by transposon sequencing had varied functions

Genes identified as significant from the Tn-seq analysis were annotated with eggNOG-
mapper to identify groups of genes with similar functions (Figure 5.10). E745, E8202 and
Aus0004 had genes which belonged to the three major categories: cellular processes and
signalling, information storage and processing, and metabolism. The number of genes in
each category varied considerably between strains, but certain gene functions were enriched.
The replication, recombination and repair category had the most genes in strains E745 and
Aus0004 and the third most in strain E8202. Genes relating to transcription were also
prevalent across the strains. In the metabolism category, genes relating to carbohydrate
transport and metabolism were frequently identified in all strains. In the cellular processes
and signalling category cell wall/membrane/envelope biogenesis genes were common
among all three strains, particularly in E8202 where these genes made up 17% of all the

genes that were identified as contributing to fitness in the presence of vancomycin.
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Figure 5.10: Functional annotation of significant Tn-seq gene hits. Genes were grouped into
different functional categories and summed for each category. Bars were coloured to designate
higher level function; blue bars represent Cellular processes & signalling, red bars represent
Information storage & processing, green bars represent Metabolism, yellow bars represent poorly
characterised genes and orange bars represent uncharacterised genes.
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5.4.20 Identification of operons contributing to vancomycin resistance

Comparing strains E745 and E8202, seven potential operons were identified that contained
more than one significant gene in the Tn-seq analysis. The vanHAX operon, which is
essential for vancomycin resistance, was identified in both E745 and E8202 (Figure 5.11A).
Additionally, the vanRS genes that encode the two-component regulatory system that senses
the presence of vancomycin were also identified in E745. Another operon that was identified
in both E745 and E8202 was involved in the metabolism of glycerol (Figure 5.11B).
EfmE745 00313, glpK and glpO were identified as having a large effect size in both strains.
However, the first gene in the operon npr_ 1, was only identified in strain E745 and the last
gene in the operon glpF was only identified in strain E8202. An operon was also identified
that contained genes involved in peptidoglycan remodelling (Figure 5.11C). A D-alanyl-D-
alanine carboxypeptidase gene vanYB and a peptidoglycan hydrolase gene /ytG were
identified in E8202 and a gene encoding a hypothetical protein at the start of the operon was
identified in strain E745. A two-component system was also identified in E8202 that belongs
to the PhoP family (Figure 5.11D). A small operon of two genes was identified in E§202
that was involved in the sulphur modification of tRNAs (Figure 5.11E). The final operon
identified in E745 and E8202 consisted of two overlapping genes (avrAB). The function of

these genes is unknown (Figure 5.11F).

190



|

vanH vanA > vanX >

B

-Eme745_00313> glpK glpO >...
C
D

RS09560

W e745

E

[ —

{on ATw8)- ] e

Figure 5.11: Operons containing genes identified as significant in the Tn-seq analysis. Red genes
were found in E745, blue genes were found in E8202, orange genes were found in both E745 and
E8202 and yellow genes were found in neither strain.

5.4.21 There was overlap between the genes identified for the vanA carrying
strains but not the vanB carrying strain

To identify genes that provided a fitness advantage in presence of vancomycin across
different strains of E. faecium the significant genes were compared between strains E745,
E8202 and Aus0004. 90 significant genes were found in total between strains E745, E8202
and Aus0004. 8 of the significant genes were identified in both E745 and E8202, none of
the genes identified in E745 or E8202 were identified in Aus0004 (Figure 5.12). The shared
genes were composed of the vancomycin resistance genes vanH, vanA, vanX and genes avrA,

gshAB, glpO, gIpK and treR.
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Figure 5.12: The number of genes that had a greater than 2-fold change in insertion frequency
between the control group and the vancomycin treated group. The circles are proportional to the
number of genes and show the number of unique genes, the intersection of the circles is the number
of genes shared between E745 and E8202.

5.4.22 Comparison of RNA-seq and Tn-seq genes

Genes that were found to be significant in the Tn-seq analysis were compared with those
identified by RNA-seq to determine whether these genes were differentially expressed when
the strain was exposed to vancomycin. E. faecium E745 had seven genes that were
significant in the Tn-seq analysis and were upregulated in the presence of vancomycin
(Figure 5.13A). Five of the seven upregulated genes belonged to the vancomycin resistance
operons. Two further genes that were identified by Tn-seq, yvgN and dinB_2, were also
upregulated when exposed to vancomycin. E. faecium E8202 had 18 genes that were
identified by Tn-seq and were also upregulated when exposed to vancomycin (Figure
5.13B). Like E745, the vanHAX genes of the vancomycin resistance operon were the most
upregulated. Genes avr4, avrB, yfbR, EQB38 RS00105, tagU 2, , EOB38 RS00630 and ,
EQB38 RS13625 were also upregulated at least 3-fold (Figure 5.13B). Unlike E745, nine of
the genes that were found to be significant in the Tn-seq analysis were significantly

downregulated when exposed to vancomycin. Genes glpO, glpK and gipF of the glycerol
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metabolism pathway were strongly downregulated as well as the trehalose hydrolase gene
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Figure 5.13: Genes identified by both RNA-seq and Tn-seq. A. Significant genes identified in E.
faecium E745. B. Significant genes identified in E. faecium E8202. Values are the log, fold-change
between the vancomycin treated samples and the control samples. Only genes with an FDR < (.05
and log, fold-change < -1 or > 1 were included. Dotted lines at log, fold change -1 and 1 represent
the log, fold change cut-offs.
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5.4.23 The majority of genes were found in only the most closely related
species to E. faecium

The genomes of 24 species of Enterococcus, 3 strains of closely related genera
(Melissococcus plutonius, Tetragenococus halophilus and Vagococcus lutrae) and 2
outgroup species (Carnobacterium maltaromaticum and Lactococcus garvieae) were
queried for the genes identified in the previous analysis (Figure 5.14). The mgs gene was
found in all Enterococcus genomes but was absent in the two outgroup species and
Vagococcus lutrae. Genes asnB, avrB, glpO and gshAB were all present in E. faecium and
in the closely related species Enterococcus durans, Enterococcus villorum, Enterococcus
mundltii, Enterococcus hirae and the more remotely related species Enterococcus pallens
and Enterococcus gilvus. The vanX gene was only found in E. faecium and E. faecalis. The

avr4 gene was only found in the E. faecium genomes.
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Figure 5.14: Phylogenetic distribution of the identified genes in the genus Enterococcus. Genes
present in the genome are represented by turquoise squares and genes which are absent from the
genome are represented by gold squares. Tree was constructed using MEGA form the alignment
of the 16S genes. The scale bar indicates the average number of nucleotide substitutions per site.
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5.4.24 The 1dentified genes were conserved throughout the species E. faecium

To understand how well the identified genes were conserved within the species
Enterococcus faecium, the genes were queried against the genomes of 1644 clade A E.
faecium isolates (Figure 5.15). Gene asnB was found in all 1644 isolates, avrB and mgs were
found in all but one isolate and avr4 and gshAB were found in all but two isolates. Gene
glpO was found in 1631 of the isolates and vanX was found in around half of the isolates.
The distribution of vanX can be explained by its genetic context, with vanX being typically

found on extra-chromosomal elements whereas the other genes are chromosomally encoded.

asnB avrB glpO gshAB mgs avrA

Gene

. Present

Absent

L il

Figure 5.15: Phylogenetic distribution of the identified genes in the species Enterococcus faecium.
Genes present in the genome are represented by turquoise squares and genes which are absent
from the genome are represented by gold squares. Tree constructed from mash distances. The scale
bar represents the mash distance.
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5.4.25 AvrA and AvrB may be cell surface proteins

Genes asnB, glpO, gshAB and mgs all have predicted functions but the genes avr4 and avrB
encoded hypothetical proteins. The amino acid sequences of both genes were queried using
the HMMER web server (Potter et al., 2018), no functional domains were predicted for avr4
however it did predict an N-terminal signal sequence. SignalP 6.0 (Teufel et al., 2022)
detected that it was a Sec/SPI signal sequence which suggested that the protein is secreted
using the Sec pathway. The HMMER webserver identified that avrB had a DUF6681 domain
and the Phobius webserver (Kéll, Krogh and Sonnhammer, 2007) was able to identify two
transmembrane domains (amino acids 24 — 44 and 56 — 79) which suggested that it may be

a cell surface-associated protein.

5.4.26 Generation of deletions in genes identified by Tn-seq

To confirm the results of the Tn-seq experiment six genes (avr4, avrB, asnB, glpO, gshAB
and mgs) that were predicted to increase fitness in the presence of vancomycin in E. faecium
E745 and/or E8202 were selected for the generation of deletion mutants in E. faecium E745.
Five of the six genes were successfully deleted using a CRISPR-Cas9 based system (Figure
5.16). Despite several attempts, it was not possible to delete the mgs gene. While it was
possible to delete five of the six original genes, plasmid incompatibility issues during
generation of the mutants meant that the plasmid carrying the vancomycin resistance genes
was lost in strains with deletions in avr4, asnB and gshAB. In order to investigate the effect
of deleting genes avrd, asnB and gshAB, a strategy was devised to conjugate the vanAd

carrying plasmid back into these mutants.
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Figure 5.16: PCR analysis of successful gene deletions in E. faecium E745. KO = Deletion
mutant. WT = Wildtype E745.

To conjugate the vancomycin resistance plasmid back into the deletion strains, a strategy
had to be devised that did not use vancomycin for selection as this would have selected for
mutations that could have obscured the downstream analysis. To overcome this issue,
conjugation was performed between the E745 transposon library and the intermediate strain
E. faecium 64/3 using the gentamicin resistance gene of the transposon as a selection marker
(Figure 5.18). Ten transconjugants were picked and the position of the transposon insertion
site in the vancomycin resistance plasmid was mapped to ensure it did not disrupt any
essential genes. Inverse PCR with outward facing primers specific for the gentamicin
transposon were used to map the insertion site. Sanger sequencing of the inverse PCR
products determined that the transposon had inserted into plasmid 5 of E745 in all 10
transconjugants (Figure 5.17). Nine of the transconjugants had insertions in the Beta-L-

arabinobiosidase precursor gene hypBA2 and a single transconjugant had an insertion in gene
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EfmE745 03105 that encoded a hypothetical protein. Plasmid 5 was not the plasmid carrying
the vancomycin resistance genes suggesting that both the vancomycin resistance plasmid

and plasmid 5 were co-transferred in the conjugation.

EfmE745_03105
hypBA2

E745 p5

55,167 bp

Figure 5.17: Transposon insertion sites. Plasmid map of E745 p5 showing insertion sites of the
mariner transposon. Highlighted genes in blue and red contain insertions of the mariner
transposon.

A further conjugation was then performed from the 64/3 transconjugant to each of the
deletion strains and transconjugants were identified that carried the vancomycin resistance
plasmid (Figure 5.18). As the insertions occurred in a separate plasmid to the vancomycin
resistance genes, it was believed that the insertion should not affect the vancomycin

resistance genes or the replication of the vancomycin resistance plasmid.
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Figure 5.18: A schematic of the strategy used to restore the vancomycin resistance plasmid to the
E745 deletion mutants. The vancomycin resistance plasmid encoding a gentamicin resistance
transposon was conjugated from the E745 transposon library to E. faecium 64/3. The plasmid was
then further conjugated from E. faecium 64/3 to each of the deletion mutants.

5.4.27 Deletion of genes identified by Tn-seq had no effect on vancomycin
MIC

Minimum inhibitory concentration assays were carried out on the deletion mutants to
determine whether the deleted genes contributed to vancomycin resistance. The wildtype
isolate E745 and strains with deletions in avrB and glpO had a vancomycin MIC of 256
pg/ml. Strains with deletions in genes avr4, asnB and gshAB all had an MIC of 1 pg/ml.
However, an E745 control strain that had no deletions and in which the vancomycin plasmid
had been conjugated back in, also had an MIC of 1 pg/ml suggesting that conjugation of the
vancomycin resistance plasmid back into the E745 strains did not restore vancomycin
resistance. An attempt was also made to overexpress genes avrd, avrB, asnB, glpO and
gshAB however due to further plasmid incompatibility issues it was not possible to

overexpress the genes in the current project.
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5.4.28 Growth deficiencies were identified in the deletion mutants

Although the deletion of genes avrB and glpO did not have an effect on the vancomycin
MIC in E. faecium E745 it was hypothesised that they may have an effect on growth in the
presence of vancomycin. E. faecium E745, AavrB and AglpO were grown in the presence
and absence of 2 MIC (128 pg/ml) vancomycin for 15 hours and the absorbance (Abs) at
600 nm was measured (Figure 5.19). The lag phase of wildtype E. faecium E745 was
extended by 5 hours when exposed to 2 MIC vancomycin but the maximal growth increased
from Abs 0.5 to 0.9. The AavrB and AglpO strains had the same lag phase and initial growth
rate as wildtype E745 when grown in the absence of vancomycin but had higher total growth
of Abs 0.85 and Abs 0.7 respectively. When the wildtype E745 strain and mutants were
exposed to 2 MIC vancomycin, E745 and the AglpO mutant had an extremely similar lag
phase, growth rate and maximal growth however the AavrB mutant had a lag phase that was

4 hours longer, a decreased growth rate and the maximal growth was around half of the

wildtype.
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Figure 5.19: Growth kinetics of the avrB and glpO deletion mutants and wildtype E745 in the

presence and absence of /2 MIC (128 pg/ml) vancomycin. Absorbance was measured at 600 nm.
n=73.
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6.5 Discussion

RNA-seq and Tn-seq were used to investigate the response of vancomycin-resistant
E. faecium strains exposed to /2 MIC vancomycin. RNA-seq identified wide transcriptional
changes in the isolates when exposed to vancomycin and Tn-seq identified a number of

plasmid and chromosomal genes that increased fitness in the presence of vancomycin.

Despite E745 and E8202 both being vanA-carrying vancomycin-resistant E. faecium strains,
their transcriptional response to vancomycin was distinct. However, many of the most
upregulated genes in E745 and E8202 encoded stress response proteins or stress response-
like proteins. The most upregulated gene in E745 was EfmE745 01745 that encoded a
predicted stress response protein. This protein is most closely related to YsnF of Bacillus
subtilis which is a general stress response protein that is upregulated particularly under high
heat, high salt and exposure to ethanol (Petersohn et al., 2001). This protein’s mechanism of
action is unclear but, in line with other stress response proteins, it may protect the cell by
arresting the cells metabolism or altering the expression of the vancomycin resistance genes
(Poole, 2012). The second most upregulated chromosomal gene in strain E745 was
EfmE745 01664 that encoded a glycosyltransferase family 8 protein. The function of this
particular protein is unknown, but this family of proteins is involved in the biosynthesis of
carbohydrate molecules (Campbell et al., 1997). Like in E745, many of the most upregulated
chromosomal genes in E8202 were poorly characterised. The chromosomal gene
EQB38 RS12340 was the most upregulated chromosomal gene in E8202, encoding a
rhodanese-like domain containing protein. This family of proteins have also been linked to
the bacterial stress response (Hofmann, Bucher and Kajava, 1998). The second most
upregulated chromosomal genes in E8202 was EQB38 RS12885, together with gene

EQB38 RS12880, these genes encode a glycine betaine/L-proline ABC transporter. Bacteria
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use this system to import glycine betaine during periods of stress to protect against osmotic
stress (Bouvier et al., 2000). This protein is likely used to buffer any osmotic stress caused
by the effects of vancomycin on cell wall integrity. Three LysM domain containing proteins
were also highly upregulated in E8202. The LysM domain is involved in the binding of
proteins to the peptidoglycan of the bacterial cell wall (Buist et al., 2008). LysM domain
containing proteins have not been linked to vancomycin resistance in E. faecium. However,
the upregulation of genes encoding LysM domain containing proteins is important for the
infection of mammalian cells by vancomycin-resistant E. faecium strains (Cacaci et al.,

2018).

As well as many genes being upregulated, there were also many genes that were
downregulated in E745 and E8202 when exposed to vancomycin. The gene encoding the
ClpP protease was the most downregulated chromosomal gene in E745. ClpP is linked to
biofilm formation, stress tolerance and antibiotic tolerance in bacteria (Zheng et al., 2020).
A truncation in ClpP in vancomycin sensitive S. aureus has been shown to increase tolerance
to vancomycin through the thickening of the cell wall and decreased autolytic activity (Shoji
et al., 2011). Galactose metabolism was highly downregulated in E§202. A galactokinase
and a galactose mutarotase were downregulated 160-fold when exposed to vancomycin.
Downregulation of galactose metabolism has been linked with vancomycin resistance in
S. aureus and daptomycin resistance in E. faecium (Shoji et al., 2011; Sinel et al., 2017).
Galactose has also been shown to produce toxic cell wall intermediates in B. subtilis
especially in the presence of cell wall targeting antibiotics, suggesting that a reduction of
galactose import promotes E. faecium survival during a vancomycin challenge (Habib et al.,
2021). Another metabolism pathway in E. faecium that was heavily downregulated was the

glycerol metabolism pathway. Proteins in this pathway, particularly GlpO have been linked
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to biofilm formation but it is unclear how a reduction in biofilm formation would benefit the
cell (Lam et al, 2020). It was not only single genes and small operons that were
downregulated, whole systems such as carbohydrate transport and prophage induction were

also downregulated.

Exposure of strains E745 and E8202 to vancomycin led to the downregulation of the
majority of genes in two chromosomally encoded prophages. Prophages are typically
induced by external stressors and enter the lytic cycle to create free bacteriophage particles
(Nanda, Thormann and Frunzke, 2015). The fluoroquinolone antibiotics have been shown
to induce phage in Enterococcus faecalis through a DNA damage mechanism (Matos et al.,
2013). As the main action of vancomycin does not lead to DNA damage, it is unlikely to
cause phage induction. It is possible that expression of phage genes is downregulated to

conserve energy and prevent further damage to the cell during vancomycin exposure.

The expression of genes involved in sugar transport across the cell membrane was strongly
downregulated in strain E8202 when exposed to vancomycin. E. faecium possesses many
phosphotranferase system genes that are used to transport sugars into the cell (Deutscher,
Francke and Postma, 2006). 71 of the PTS genes for various sugars were downregulated in
response to vancomycin exposure in E8202. The ptsH gene was downregulated 2.4-fold, this
gene encodes the phosphocarrier protein HPr of PTS and has been linked to the repression
of cephalosporin resistance genes (Snyder et al., 2014). It is therefore possible that the
downregulation of ptsH increases the expression of the vancomycin resistance genes. The
ptsD gene which encodes a mannose PTS family subunit was downregulated 16.5-fold in
the presence of vancomycin. PtsD is a virulence factor that contributes to intestinal

colonisation of E. faecium (Zhang, Top, et al., 2013). This suggests that certain strains of
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vancomycin resistant E. faecium may exhibit lower gut colonisation efficiency upon
exposure to vancomycin. Another cell-surface targeting antibiotic daptomycin has been
shown to downregulate the ptsD gene 7.5-fold in the vanB carrying strain Aus0004 (Sinel et

al., 2017).

Despite the transcriptional response of E745 and E8202 being distinct, there was a set of
genes in both strains that were similarly differentially regulated when exposed to
vancomycin. The known vancomycin resistance genes vanRSHAX were all among the genes
with the highest upregulation in both E745 and E8202. This confirmed that RNA-seq
identified genes that were involved in the resistance to vancomycin. Neither, E745 nor
E8202 possessed the prototypical vanZ genes but they did possess vanZ-like genes on the
vancomycin resistance plasmid in E745 and on the chromosome in E8202. The vanZ-like
gene in E745 was highly upregulated to similar levels as the vanHAX genes. This was
surprising as vanZ is thought to confer resistance to teicoplanin and not vancomycin
(Vimberg et al., 2020). As well as the vancomycin resistance genes, E745 and E8202 both
had a cluster of 12 genes that were all upregulated. This gene cluster contained at least 4
stress-related proteins and contained others that are likely involved in counteracting
oxidative stress. The most upregulated stress response gene in the gene cluster was gspA.
This gene encodes the general stress protein A that is also upregulated in the presence of bile
salts (Zhang, Bierschenk, et al., 2013). Another gene encoding a Mg?* cation transporter was
also highly upregulated in this gene cluster. Import of high concentrations of Mg?* has been
reported to decrease susceptibility to vancomycin in S. aureus but it is unclear whether a
similar mechanism occurs in E. faecium (Trachsel et al., 2019). Two other small clusters of
upregulated genes were shared between E745 and E8202, with the most notable gene in the

first gene cluster encoded a PadR family transcriptional regulator. These genes encode
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proteins that sense environmental stressors, the most notable of which is phenolic acid (Park
et al., 2017). The other gene cluster contained the /iaX gene which encodes a daptomycin-
sensing surface protein. This protein senses daptomycin and remodels the cell envelope of
E. faecalis to confer resistance (Khan et al., 2019). Remodelling of the cell envelope may

decrease access to the cell wall for vancomycin to bind.

There were fewer downregulated genes that were shared between E745 and E8202 than
upregulated genes. However, a small gene cluster including the gene encoding AgrB which
is part of a quorum sensing system was strongly downregulated in both strains (Zhang and
Ji, 2004). This quorum sensing system has been shown to control the expression of genes
related to pathogenicity in S. aureus (Wang and Muir, 2016). A LytTR family DNA-binding
domain-containing protein and a sensor histidine kinase of unknown function were also
strongly downregulated. These genes may also be involved in quorum sensing and virulence.
The alpha-galactosidase and beta-galactosidase large subunit genes, particularly in E8202,
were strongly downregulated. As discussed earlier, galactose metabolism can lead to toxic
cell wall intermediates which may further exacerbate the effects of vancomycin exposure

(Habib et al., 2021).

Transposon sequencing identified a number of plasmid and chromosomal genes that
contributed to increased fitness in the presence of vancomycin. The vancomycin resistance
genes vanR, vanS, vanH, vanA and vanX were among the genes with the largest effect size.
The role of these genes in vancomycin resistance is well-established. However, there were
also many chromosomally encoded genes where the link to vancomycin resistance was not
immediately obvious. Gene gshAB encodes the bi-functional protein GshAB which is

involved in the production of the antioxidant glutathione (Janowiak and Griffith, 2005).

205



Glutathione’s primary role in the bacterial cell is to manage the oxidation state of protein
thiols however it may also play a role in bacterial virulence (Masip, Veeravalli and Georgiou,
2006). Bactericidal antibiotics of which vancomycin is one, have been shown to kill bacteria
by the generation of reactive oxygen species (Belenky et al., 2015). As glutathione is a
reductant it may be important for protecting the cell against these reactive oxygen species

(Ku and Gan, 2021).

It was notable that a number of the genes that increased fitness in the presence of vancomycin
were involved in biofilm formation. The glpO gene is part of the glycerol metabolism
pathway in Enterococcus faecium. Like E. faecalis, E. faecium has two glycerol metabolism
pathways, but can only use the GIpK pathway (Staerck ef al., 2021). GlpO has been linked
to biofilm formation in E. faecalis, which may provide a mechanism for vancomycin
tolerance (Lam et al., 2020). The mgs gene is homologous to the bgsB gene in E. faecalis,
which encodes a glycosyltransferase that is involved in glycolipid biosynthesis (Zhang et
al., 2017). Deletion of bgsB in E. faecalis was shown to reduce biofilm production by 50%
(Theilacker et al., 2011). The gene asnB encodes an asparagine synthetase which catalyses
the formation of the amino acid asparagine (Humbert and Simoni, 1980). However, it has
also been shown that its amidotransferase activity plays a role in virulence, oxidative stress
resistance and drug resistance. AsnA and AsnB, both of which are involved in the synthesis
of asparagine, were found to be important for virulence in a Salmonella enterica serovar
Typhimurium mouse infections model and disruption of asnB in Xanthomonas oryzae pv.
oryzicola (Xoc) reduced the expression of nine virulence-related genes (Qian ef al., 2013;
Jelsbak et al., 2014). Not only does AsnB regulate the expression of virulence genes in Xoc,
it also confers resistance to oxidative stress with deletion mutants being more susceptible to

hydrogen peroxide than the wildtype (Qian et al., 2013). Resistance to antibiotic drugs has
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been linked with AsnB in both Mycobacterium smegmatis and Clostridioides difficile (Ren
and Liu, 2006; Ammam et al., 2020). Disruption of asnB in M. smegmatis caused
hypersensitivity to rifampin, erythromycin and novobiocin through a currently unknown
mechanism (Ren and Liu, 2006). In C. difficile, the expression of asnB was shown to increase
in the presence of vancomycin and that this led to the amidation of peptidoglycan precursors.
In C. difficile, the vancomycin MIC of the asnB deletion strain was not different to the
wildtype but overexpression of asnB caused the strain to become more susceptible to
vancomycin (Ammam et al., 2020). The overlapping pair of small genes avr4 and avrB, are
currently uncharacterised. However, the presence of a Sec/SPI signal sequence in AvrA and
two possible transmembrane domains in AvrB suggests that these proteins are localised to
the cell surface so may interact with vancomycin, the peptidoglycan transglycosylases or

other cell wall constituents.

Despite several of the Tn-seq identified genes having orthologs in other species, the alleles
identified in E. faecium E745 and E8202 were somewhat restricted in the wider
Enterococcus genus. A search of 1644 clade A E. faecium isolate genomes demonstrated
that genes arvA, avrB, asnB and gshAB were broadly conserved within the species
E. faecium. However, gene glpO was missing from 13 of the isolates tested and the vanX
gene that is typically found on mobile genetic elements was found in only half of the isolates.
Across the Enterococcus genus, the a-monoglucosyldiacylglycerol synthase gene mgs was
found in all Enterococcus species and two closely related species suggesting that its function
is indispensable for all enterococci. The other genes (avrB, asnB, glpO and gshAB) were
mainly found in the species most closely related to E. faecium suggesting that their function
is constrained to this relatively limited number of species among the diversity of

Enterococcus. Vancomycin resistance is more prevalent in E. faecium than in any of the
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other enterococci (Public Health England, 2019); it is possible that gene avr4, which is found
solely in E. faecium, may provide a selective advantage for the acquisition or retention of

mobile genetic elements carrying vancomycin resistance genes.

To confirm the results of the Tn-seq analysis the genes identified were deleted. A novel
CRISPR-Cas9 based system was used to delete the genes in E. faecium strain E745 (de Maat
et al., 2019). The system was successful in knocking out five of the six genes collected, but
the vancomycin resistance plasmid was lost in three of the deletion strains. The vancomycin
resistance plasmid in strain E745 contained a pAMP1 replication initiation gene. The
CRISPR sequence containing plasmid pVDM1001 possessed a pSH71/pWVO0I replication
gene. This replication gene did not belong to the same Inc18 incompatibility group indicating
that it did not cause the vancomycin plasmid to be lost. However, plasmid pVPL3004, which
is used to deliver Cas9 and the tracrRNA, contained the same plasmid replication gene
(pAMpI) as the vancomycin resistance plasmid of E. faecium E745 making it the likely
cause of the plasmid loss (Oh and van Pijkeren, 2014). To overcome the incompatibility of
the pVLP3004 and vancomycin resistance plasmids, the cas9 gene should be cloned into the
pVDMI1001 plasmid, although this could create a large plasmid that may be unstable or

difficult to electroporate into E. faecium.

Although the vancomycin resistance plasmid was lost from three of the deletion isolates, it
was still present in E745 AavrB and E745 AglpO. Minimum inhibitory concentration assays
and growth kinetics in the presence of vancomycin were used to determine whether the
mutants had decreased fitness in the presence of vancomycin. The vancomycin MIC for both
the wildtype E745 strain and the mutants was 256 pg/ml. This suggested that the deletion of

genes avrB and glpO did not have a major effect on fitness in the presence of vancomycin.
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However, an MIC assay also only provides an endpoint results, it does not show whether a
mutation affects the growth dynamics of a strain (Wen ef al., 2016). To overcome this
limitation, the wildtype E745 strain and mutant isolates were grown for 15 hours in the
presence and absence of 128 pg/ml (1/2 MIC) vancomycin to investigate growth dynamics.
The AglpO mutant had a very similar growth dynamic to the parent strain suggesting that
the deletion of g/lpO does not affect fitness in the presence of vancomycin. However, the
AavrB mutant had a clear fitness defect in the presence of vancomycin compared to the
wildtype isolate. The lag phase in the mutant was 4 hours longer than the wildtype and the
maximum growth was approximately 50% lower. These data suggest that avrB does
contribute to increased fitness in the presence of vancomycin. Complementation of the

mutant with avrB is still required to confirm the role of this gene in vancomycin resistance.

The genes identified in the Tn-seq analysis as contributing to increased fitness were
compared to the genes that were differentially expressed when exposed to vancomycin. In
both E745 and E8202, the vancomycin resistance genes vanRSHAX were identified by Tn-
seq and found to be highly upregulated by RNA-seq in the presence of vancomycin. This is
consistent with the inducible nature of the vanHAX operon which is only expressed at high
levels when the two-component system VanRS senses vancomycin (Stogios and Savchenko,
2020). In strain E745 two genes yvgN and dinB_2 were also identified in both the Tn-seq
and RNA-seq analysis. These genes encode a general stress response protein and an error
prone DNA polymerase (Wagner et al., 1999; Lei et al., 2009). Upregulation of both genes
is likely to provide protection and confer the ability to adapt to vancomycin. In E8202, the
polyisoprenyl-teichoic acid--peptidoglycan teichoic acid transferase gene fagU increased
fitness and was upregulated upon exposure to vancomycin (Kawai ef al., 2011). An increase

in cell wall teichoic acids may reduce the activity of vancomycin by sequestering the
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vancomycin away from its binding site (Peschel et al., 2000). A number of the genes that
increased fitness in strain E8202 were downregulated when exposed to vancomycin. This
was particularly true of the glycerol metabolism genes glpO, glpK and gipF (Bizzini et al.,
2010). Deletion of the g/lpO gene in strain E745 had little effect on growth compared to the
wildtype when exposed to vancomycin suggesting that the glycerol metabolism genes do not

increase the fitness of E. faecium in the presence of vancomycin.

It is notable that exposure to vancomycin led to a strain-specific response with the
transcriptional response and vancomycin fitness genes varying greatly between the two
vanA-type E. faecium strains E745 and E8202. Strain-specific responses to external factors
have previously been noted for plasmid acquisition and antibiotic exposure (Opijnen,
Dedrick and Bento, 2016; Dunn et al., 2021). Exposure of two Streptococcus pneumoniae
strains to another cell envelope targeting antibiotic daptomycin demonstrated markedly
different stress responses with genes that were essential in one strain not being required in
the other (Opijnen, Dedrick and Bento, 2016). The strain-dependent response of E. faecium
to vancomycin demonstrates its adaptability to external stress. Having a strain-dependent
response to external stressors likely provides more opportunity for a species to adapt due to
the differential gene content of strains. As the stress response is not typically specific to an
antibiotic, it is possible that this adaptation could also confer increased fitness to other

antibiotics or stressors (Poole, 2012).

Although the genes conferring vancomycin resistance in E. faecium have been well
characterised, this study demonstrated that there is still much to understand about the
mechanisms that underpin vancomycin resistance in E. faecium. Identification of genes that

increase the fitness of E. faecium in the presence of vancomycin may provide novel drug
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targets. Drugs that target auxiliary vancomycin resistance proteins, when used in
combination with vancomycin may lead to a quicker resolution of disease and better clinical

outcomes than vancomycin alone.

5.5.1 Future work

The deletion mutants for genes avr4, asnB, gshAB and mgs should be remade without the
loss of the vancomycin resistance plasmid. Two approaches could be used to obtain these
mutants. Firstly, a larger number of potential deletion mutants should be screened to identify
mutants that still carry the vancomycin resistance plasmid. Another approach would be to
create a new plasmid that contains the CRISPR sequence, the tracrRNA, the Cas9 gene and
the deletion/insertion template and does not have incompatibility issues with the vancomycin
resistance plasmid. The genes identified by Tn-seq could be overexpressed to determine
whether these genes can change the vancomycin MIC in E. faecium E745. Deletion of gene
avrB appeared to affect the fitness of E745 in the presence of vancomycin but to confirm
this observation the deletion will have to be complemented with the wildtype avrB gene. As
AvrA and AvrB are currently uncharacterised proteins, techniques used to infer the structure
such as X-ray crystallography and cryo-EM would provide valuable insights into the
possible function of the proteins. Pull-down assays could also be used to identify binding
partners with known function, again providing insights into the function of AvrA and AvrB.
To confirm that AvrA and AvrB are cell surface proteins, they could be fluorescently tagged,
and fluorescence microscopy used to visualise the location of the proteins on the cell. High-
throughput knockdown techniques such as CRISPR interference could be used in
vancomycin-susceptible strains to target genes identified as being highly downregulated in

our RNA-seq data.
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5.6 Key findings

e RNA-seq identified the known vancomycin resistance genes, vanRSHAX, as being
among the most upregulated genes in both E. faecium E745 and E8202.

e Sugar transport is heavily downregulated in strain E8202, 71 phosphotransferase
genes were downregulated when exposed to vancomycin.

e Prophage genes were differentially expressed upon exposure to vancomycin. Genes
involved in lysogeny were upregulated in strain E745 and genes involved in head
and tail morphogenesis were downregulated, in strain E8202 both the lysogeny
related genes and the genes involved in head and tail morphogenesis were
downregulated.

e Tn-seq was able to identify the vanHAX vancomycin resistance genes among those
that gave the greatest fitness advantage in the presence of sub-MIC concentrations
of vancomycin.

e Tn-seq also identified a number of chromosomal genes that contribute to fitness in
the presence of vancomycin. Two currently uncharacterised genes avr4 and avrB,
were highly upregulated in the RNA-seq analysis and were identified as having a
large effect size in the Tn-seq analysis. Gene avrB was only found in species closely
related to E. faecium and gene avr4 was found solely in E. faecium. Signal peptide
analysis and protein topology analysis suggested that genes avr4 and avrB may
encode cell surface-associated proteins.

e Strain E745 with a deletion of the avrB gene had a growth defect in the presence of
72 MIC vancomycin. This suggested that gene avrB does increase fitness under

vancomycin exposure.

212



Chapter 6
Final Discussion
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6.1 Final discussion

Antibiotic resistance is a major threat to public health by endangering the treatment of
bacterial infections. To overcome antibiotic resistance, it must be tackled from many
different angles utilising a “One Health” approach. The role of the natural and clinical
environments in the selection and spread of antibiotic resistance genes and the mechanisms
that bacteria use to overcome antibiotics must be studied in order to design novel
interventions that not only treat antibiotic resistance infections but also stop them from

arising in the first place.

The overuse of antibiotics in healthcare and agri/aquaculture in low-and-middle income
countries is a cause for concern. Antibiotics are used widely in aquaculture farms in
Bangladesh despite being restricted by law. It was hypothesised that the widespread use of
antibiotics in aquaculture would drive antibiotic resistance in the environment. However, in
chapter 3 I showed that the use of antibiotics in aquaculture had little effect on the selection
of antibiotic resistant bacteria in the environment. It was found instead that urban water
bodies including rivers and lakes had much higher levels of antibiotic resistance genes than
the rural aquaculture ponds. These urban water bodies also had higher levels of human-
associated gut bacteria. Source-sink analysis was able to correlate the levels of antibiotic
resistance genes with the levels of human-associated gut bacteria suggesting that the release
of untreated human waste into these urban water bodies is driving antibiotic resistance in the
environment. As theses bodies of water are often used for personal hygiene and the cleaning
of clothes and cooking equipment it is imperative that interventions are put in place that stop
the release of human waste into these water bodies. This would likely reduce the incidence
of gut colonisation by multidrug-resistant bacteria of those living in Bangladesh and could

then reduce the prevalence antibiotic-resistant infections.
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As well as the heavy use of antibiotics in aquaculture, antibiotics are often used for the
treatment of disease in a clinical setting. In chapter 4, I investigated antibiotic resistance in
a hospital through the lens of vancomycin resistant Enterococcus faecium. 1 showed that a
local Birmingham hospital had a diverse population of vancomycin resistant E. faecium and
demonstrated that the sharing of strains between different patients was common during a
VRE outbreak in 2016-2017. The isolates contained a diverse population of plasmids, some
of which carried antibiotic resistance genes. Long-read sequencing was used in an attempt
to contextualise the vancomycin resistance genes. However, this was only possible for a
minority of strains. The vancomycin resistance genes were located on plasmids with three
different replication initiation gene types which have previously been shown to carry
vancomycin resistance genes. Both the vancomycin-resistant and -susceptible E. faecium
isolates were multidrug resistant with all isolates carrying six or more antibiotic resistance
genes. Resistance to vancomycin, erythromycin and aminoglycoside drugs was widespread
among the isolates. Three isolates were identified as vancomycin-variable, as they carried
vancomycin resistance genes but were phenotypically susceptible to vancomycin.
Disruption of the vanR gene and promoter region of the vancomycin resistance two-
component system was the likely cause of their susceptible phenotype. These isolates were
also able to rapidly revert to a vancomycin resistant phenotype when exposed to low
concentrations of vancomycin. A novel mechanism of reversion was uncovered that saw the
insertion of the vancomycin resistance plasmid into the chromosome and expression of the
vancomycin resistance genes driven by a ribosomal RNA operon. Identification of
vancomycin-variable isolates that can rapidly revert to a resistant phenotype has worrying
implications for the treatment of E. faecium infections in the clinic. E. faecium isolates

phenotyped as susceptible to vancomycin could revert to a resistant phenotype within the
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patient leading to a failure of treatment and poor clinical outcomes. Should VVE isolates
make up a larger proportion of clinical E. faecium isolates it may be necessary to implement
targeted PCR approaches or whole genome shotgun sequencing to identify these isolates and

prevent the incorrect use of vancomycin.

The mechanism of antibiotic resistance genes is often well characterised in bacterial
pathogens. However, the wider transcriptional response and accessory genes that contribute
to increased fitness in the presence of the antibiotic have not been well characterised.
Vancomycin resistance in E. faecium is most often conferred by the vanA-type vancomycin
resistance genes. These genes replace the terminal D-alanyl D-alanine of the peptidoglycan
precursors with D-alanyl D-lactate which vancomycin binds to 1000-fold less strongly
(Stogios and Savchenko, 2020). In chapter 5, I used RNA-seq and Tn-seq to identify
accessory genes that are involved in the response to vancomycin. RNA-seq identified that
genes involved in the response to stress were upregulated and the transport of sugars across
the membrane was highly downregulated. In addition, Tn-seq identified genes involved in
biofilm formation and detoxification of reactive oxygen as conferring increased fitness in
the presence of vancomycin. Although deletion of these genes did not affect the vancomycin
MIC, in the case of gene avrB it led to a growth defect in the presence of vancomycin.
Identification of accessory genes involved in the response to vancomycin could provide
novel targets for the development of drugs that work in combination with vancomycin to

increase the efficacy of the treatment.

In conclusion, this thesis has demonstrated that although the regulation of antibiotic use is
needed in LMIC countries, it is arguably more important that the global population has equal

access to sanitation to prevent the development and spread of antibiotic resistance. I have
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also demonstrated that more research is needed into the evolution and monitoring of
antibiotic resistance in E. faecium. Novel mechanisms such as those found in VVE present
a real threat to the treatment of infections, and only by studying these mechanisms in the
laboratory will we able to identify and treat them accordingly in clinical practice. A final
take-home message of this thesis is that in order to overcome antibiotic resistance novel
treatments must be developed. These new treatments can only be developed when we fully
understand how our current antibiotics work. Understanding this will allow us to identify
novel targets for antibiotic drugs but also to design drugs rationally to overcome the

evolutionary challenges that our current drugs face.
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Chapter 8 Appendices

Table 8.1: DNA sequences of the gBlocks used to delete genes that were identified in the Tn-seq analysis from E. faecium E745.
Deletion construct Sequence (5° > 3°)

asnB TGCAAAAGAAAAGCATGGGATGCGTTGGACCAAGTATCGAGGCTTGGAAAAAGTCGCGACGCATACGATGCTAGTGTTTGCTGCAATGAAT
TTAAAGAAATTAGCCACCTGGCTATGGAAAGGCAAGGAGCCTTTATTTTTTTGTTCAAAAATTCGAAACGAAGTAGATAAAAAGCTGTTCC
AAGCTCGAGTTACGAGTTTGGAACAGCTTTTGTCTACAGTCTGAGACACGATCTTTAGGTCGTGTCTTTTTTTGCTGGTTTTTTTGGAAAT
AGCATCCACTAATATTTTTTTAACACGAAGAGAATAAGGTAGCCTCAAAAAAGAAAACATGGTAAATTAGATATTGGGACTTTATTTTCTG
TAAAAACAGAAACTTTCATCTTTTGTTTTCACGTGACGAAATTGTAAGAGAGAAAATATTCGTCCGCTATTTATTCTATGATAAGATGCAT
ATGAATGAAATAAACAGTAATTTTATATTAGGATGTGAAAGTTAAAGATGAAAATCAAATATCAATAAAAAAGAGGTTTTCTCCTACCGTT
TAACACTGAGTGATAAGAAACAATTTCAAAAAACAGCTCTTCCCGTTTTATAGATATTATGACTTATGGTTCGGAGTTGGCAGAGGAACAC
CATTGTTTCGAACATAAGGGGGTTGTGACACGATTTTCGTCACAACCCCTTTACATATGTTCAATAATCGATTTCTTTTTCTTTTGTCCCA
TCTTTTTTATAAATGAACAAAGTTGATTCTTTGTTTTGTGCTACTTGCTTTCCTTTTTCGATTGCTTCTTTTTTTGTATCAAAATGGTTGC
TTGCCTTTTTTGCCCCTTTAGATTTCACGATCCATTGTTCTTCCTCATATTCTACGATCACATCTGAATCAAGCAGTTTTCCAGCACGAGG
ATTCGTATCGTGTTCATCCGTCTTGCTTGGATTTTTTTCTTTTTCGAAAGTTCGTTTTTCTGATTCACTAGCATCTTCATACCATTTTTTT

avrA GAAAAAGAAGGTGGTGCTCGCTGCAGTGCATGCTTCAATATGCGATTAGATCTTGTTGCGCAAAAAGCGCAAGAACTAGGATACGATTACT
TTGGAAGTGCCCTGACCATCTCGCCAAAGAAAAATGCAGCTTTGATCAATCAGATCGGAATGGATATCCAAAAGATTTACGGGACACAATA
CTTGCCAAGTGATTTCAAGAAAAACAAAGGCTATGAACGCTCTTTGCAAATGTGCAAAGAGTATGATATTTATCGCCAATGTTATTGTGGT
TGCGTGTTCGCTGCCAAGCAGCAAGGATGCGATCTGAAAGAAATCAATCGGGAAGCAAAAGCTTACTTAAAAACATCAACCGTAGTTTTTG
AGGAAAATTAAAGAAATCTTTCGGAAAAACGTAAGAAAAAAATAAAGAATTTATGGTAGAAATAAGGTAGACTGTATAATTTGTCCGTAGT
AAAGTAAGGAAACAAGAATAAATTTCAATGAAGGAAGAGATAAGAGACATTTTTACTAGACCTTATCAACGGGGTGCATAAATTCCTTGGC
TATTTAGACATCAGTCCTAAATATCTTAACCGTGGATATACGATTTTAAGTGTGATTCCCACGCTTTATTTATTGAGAATTGTTTATGGAC
TTTGGCAAAACCAAAACTATCTTCAATTTTTCTTATATGGACTTGCATTTCTAGTGCTTGTTTATTTTACTGTTTTAAATGTATTTTATTA
CTTTTTAGATAAAAACACGAAAGCCGATGTCACTCAGCTTTTTGTGAAGTATTTACCTGATGAAGCGTTCAACATCCAGACAGAAGAATCG
ATAGATAATGGAAATTCGATCGATAAAGTGAATACACAAGAGGTCATGGTTTCTTATGACGAAGATTATCAATTGAAATTAGCCGAGAATA
TGCGGTATTTGATTGGAAATGGTGAGATCAAAACAAATGAACTCGGTCGCATGGATGGATTTCTGGTCGATAGAAATACATTGTATCCTT

avrB ATTTCAATGAAGGAAGAGATAAGATGCGAAAAGTAGCACCTATTTTGAAGCCAATCGCTGTATTAACAATCTCGACGATTGTCGCGACTAC
TACAGGTATTGTGAATAGTTCCAGCTACCGTGCACCAAGTTCAAGTTCTAGTACTGTAGAAGAAACAACACCAACTACTTCAGTCTCGACA
TCTGAACCAACAACAACGGAAAGTTTGAATGAAACCACTACGACAAGTACATGGGACGATACAACAACTAGTTCGTCGTATGATGAGACAT
ATACAACTGACAGCTCAAGCGAAACAAGTAATACGGTACCAGATGGCACTCCATCGGATTCAACCAATCCAAGTACAAGTCCGGATACAAG
TGCTAGCTCCGAAACGATACCAAGCAGTACGACTGTAGATGATAACACGCAAAATGATGATGCAGCACGTACAGCACAGCAAAACCAAGAT
TCAGGAAATACCCAAACGTATAACCAGCAAGCAGGTGATTCTCAAAATGTGATGAAACGCCGTGTATCAGTGGTTGCGATAAAAACGTTTA
TTCGGAATAAGGGGGATGTGACACGTCTTTTGTCACGTTCCTTTTTTATATAACGAGAAAGATAAGACGAACACATCACTTATTCTTTCCT
TTCATTTATAAACATTGTAGAATAAAGAAAGTACAACGAAGTATTGTGAAAAAACGTAATAAATAACGAGGAAAATACAAGTAGGAGGTAA
GCTGTGAAAGAATTTTTGAAAAATTGGGGGATTTTGATCCTTGTATTAGCGGCTATTTTATTAGCTAGAGTGTACGTGTTTACACCAGTTA
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CTGTAAACGGGCATTCGATGGACCCTACATTAAGTGATGGACAACGATTGATTTCATCTAAGATCTCAAACTATGAACGAATGGATATTAT
TACTACAAAGGAACCGGGGGATGAAGAACGGATGATTGTTAAACGGATCATCGGTATGCCTGGAGATACAGTCAAGATGGAAAATGACCA

glpo ACAAGCGAAGATGAGGTCTATGTTGTTCCTGCATTTGTTGGACTGGGTGCTCCTTATTGGGATCAGGCAGCACGAGGGGCTATGTTTGGTT
TGACACGTGGAACGACAAAAGAAGATATCATTAAAGCTACTTTGCAGTCGATTGCCTATCAAGTGAGAGATATCATCGATACGATGCAAGA
TGACACTGGAATCAAGATTCCTGTATTGAAAGTAGATGGCGGTGCAGCAAACAATGAATATCTGATGCAATTCCAAACAGATATCTTGAAT
GTACCGATCCAACGAGCAGAAAACTTGGAAACAACGGCGCTAGGGGCAGCATTTTTAGCAGGATTAGCTGTCGGTTATTGGAAAGATACAG
ACGAGATCCGCGAATTTTATGAAGCTGGCAAGCTATTTGAAGTTCAAATGGAGGAAGAGCGCCGAGAAAAACTTTACAACGGTTGGAAAAA
AGCAGTAAAAGCTACCCAAGCATTTGAATAAGGAGGAAATCCATAAAATGAACAGTGATATGACTCAAATCATGGGGGAGTTTATTGGGAC
ACTGATCCTAGTTTTGCTTGGAGATGGTGTGTGTGCGGCTGTGAATTTAAACAAAAGTAAAGCACAGGCTTCTGGCTGGATTGTCATCGCA
TTTGGTTGGGGACTCGCTGTAACAATGGCTGTCTATATTTCTGGATTCATGGGCCCAGCTCATTTGAATCCTGCAGTCTCTCTAGCTATGG
CGATGACAGGGGCAATTAGTTGGAATCTTGTCGTTCCTTTCATCATTGCGCAAGTTTTAGGAGCTTTTGCAGGGGCCATTCTTGTTTGGCT
TTCTTATTTGCCACATTGGAATGCAACGAAAGATGAAAGTGCGATTTTAGGCACGTTTGCAACAGGTCCTGCTATACGGAATTATCCAGCA
AATGTGATCACAGAATTAATTGGTACATTTGTATTAGTTCTTGGGTTGCTAGCTTTTGGACAAAACGAATTTGCACCTGGAACGAACGTA

gshAB TAGAAAAAATAAAACGAGTAATCCAGCGGGAATTACCAGAAGCACCCCAAGAAACACTTCTTGTACTAGATGCAACAACTGGTCAAAACGC
GATGGTTCAAGCAAAACAATTCAAAGAAACAACAGATGTGACCGGTCTTGTTTTGACAAAATTAGATGGTACAGCAAAGGGCGGTATCGTA
CTTGCTATCCGTAATGAATTGCATTTACCAGTGAAATTGGTCGGTCTTGGTGAAGGAATCGATGACTTGGAGCCGTTTGATCCAAATGATT
TTGTCGTTGGATTGTTCAAAGGATTACTAAAAGAAGAATAACCCATGTCTAAAAAGCAGGAGCTGTGACAAAAGTTGCAGCTCCTTGTTTG
AATGATTGTTTTAACATAGCTGTGTTTTTGATGCCTTCATTTTTATACTTATTTGTAAGCGGTTCTCAAACAATTTCGTTCTTTTTCTTAG
ACTTTTTGATTATAATTAGATTCATATGAATTGGAGGTCACTTAAAAAAGAAAAAGCTTTTGACAGATTGTCCTATTTGATGTCAATCTGA
TCAAAAGCTTTTTTGCATGTAAAAATTTATGTGTTTTTTCGTTTTAAAATAAACGATCCCAGAAGCTTTTTTTCTTTTTTGGTTTTTCTTT
TTCAGCTGGCGAAGAGTTTTCTTCTGGGTATTTTTTTTCGATATCAATCACAGGTTCATTTACTGCTTCTTTTGCTGTTAAGAGCAATCCG
AATTCCTCAGGATTTGCAGTGACGTAATCGTTGACTACAGTAAATCGGCTATTGTTTTTCGTTGCTAGCTGGATATATTGGTTTTGGACAG
AAAGGGGTAGAGCCCCATTCAAGAGTATGGAAGCATCTGGATGTTTTTTGAGTTCTTTTAAAAAGTTTTCTTTGTTTTTTGGTTGGATCAT
TTCAGCAACAGTCATACTAAGATAGCAGCGTTCCCTGAATGTCCCTAAATATTTGTGCTGTTCTTCAGGGTTCACTAAAGGTGTGCCATA

The underlined sequence highlights the upstream homology arm and the sequence that is not underlined highlights the downstream homology arm.
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Table 8.2: Tn-seq significant genes — E745

Locus tag Gene name Fold change Adjusted P-value
EfmE745 03026 vanX -171.3 4.78E-202
EfmE745 03027 vanA -53.5 3.62E-09
EfmE745 03030 vanR -45.0 8.96E-19
EfmE745 03029 vanS -20.8 1.19E-22
EfmE745 02202 mgs -12.7 2.25E-51
EfmE745 02840 EfmE745 02840 -8.4 1.05E-19
EfmE745 02810 topB 3 -5.5 4.94E-17
EfmE745 00312 npr_1 -4.5 0.000263566
EfmE745 00852 avr4 -4.4 4.57E-07
EfmE745 02436 rarA -3.8 1.37E-15
EfmE745 00838 gmulF -3.7 2.32E-05
EfmE745 03028 vanH -3.4 5.07E-17
EfmE745 01540 tig -3.3 0.008147024
EfmE745 02606 ispE -3.2 2.65E-05
EfmE745 02815 ssb 3 -2.9 0.00173128
EfmE745 02071 yvgN -2.7 0.000416657
EfmE745 00116 gshAB -2.7 5.59E-05
EfmE745 00315 glpO -2.7 1.29E-10
EfmE745 01958 EfmE745 01958 -2.5 9.08E-05
EfmE745 00313 EfmE745 00313 -2.5 3.69E-10
EfmE745 00827 pgl 1 -2.4 0.004315705
EfmE745 00314 glpK -2.3 3.58E-06
EfmE745 02354 EfmE745 02354 -2.3 0.00017301
EfmE745 00337 artM 2 -2.2 0.017712923
EfmE745 00150 treR -2.2 3.39E-10
EfmE745 01049 zapA -2.1 0.007956696
EfmE745 00662 dinB 2 -2.1 1.49E-05
EfmE745 02634 yfmO 1 -2.1 3.52E-06
EfmE745 01129 clsA 1 -2 1.36E-06
EfmE745 00687 algB -2 3.25E-06
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Table 8.3: Tn-seq significant genes — E§202

Locus Tag Gene name Fold Change Adjusted P-value
EQB38 RS16800 vanX -95.2 <2.225074E-308
EQB38 RS09075 asnB -32.0 1.34E-05
EQB38 RS00600 gshAB -27.6 1.76E-22
EQB38 RS16795 vanA -24.0 4.64E-31
EQB38 RS01810 glpO -17.3 1.78E-51
EQB38 RS00075 vbiT 1 -13.6 3.97E-53
EQB38 RS02775 yfdH -12.9 3.20E-12
EQB38 RS16790 vanH -12.2 3.39E-35
EQB38 RS05815 EQB38 RS05815 -10.9 7.29E-52
EQB38 RS12230 avrB -8.9 6.48E-58
EQB38 RS12235 avrd -8.6 1.08E-48
EQB38 RS08910 pyrH -7.4 0.01530318
EQB38 RS00260 hin -5.9 0.00032117
EQB38 RS05735 ypfD -5.5 0.01508155
EQB38 RS12490 grolL -5.5 0.00108307
EQB38 RS06185 tG -5.2 2.91E-29
EQB38 RS10990 est -4.7 4.59E-19
EQB38 RS00775 treR -4.5 1.16E-64
EQB38 RS12360 pgl -4.4 0.0048834
EQB38 RS15510 gor -4.4 4.12E-18
EQB38 RS01805 glpK -4.4 2.10E-06
EQB38 RS02010 EQB38 RS02010 -4.2 4.01E-63
EQB38 RS06695 EQB38 RS06695 -4.1 3.56E-16
EQB38 RS07070 yfbR -4.0 7.59E-09
EQB38 RS09555 srrd 1 -3.6 7.62E-25
EQB38 RS11455 EQB38 RS11455 -3.4 3.17E-36
EQB38 RS05555 EQB38 RS05555 -3.3 2.24E-10
EQB38 RS00105 EQB38 RS00105 -3.3 1.07E-07
EQB38 RS11645 thil -3.2 8.51E-08
EQB38 RS06510 EQB38 RS06510 -3.1 2.60E-13
EQB38 RS07120 tagU 2 -3.0 7.97E-11
EQB38 RS02210 treA -3.0 0.01556366
EQB38 RS13140 mecA -2.9 2.23E-18
EQB38 RS06810 cysK -2.8 4.28E-07
EQB38 RS11060 rpoN1 -2.8 2.27E-53
EQB38 RS06525 EQB38 RS06525 -2.7 2.07E-16
EQB38 RS12040 EQB38 RS12040 -2.7 2.87E-07
EQB38 RS14580 yacL -2.7 4.75E-27
EQB38 RS15680 misCA -2.7 1.18E-07
EQB38 RS08940 argS -2.7 0.04615
EQB38 RS12370 EQB38 RS12370 -2.6 6.46E-52
EQB38 RS17515 hpf -2.5 0.00400829
EQB38 RS11650 iscS 2 -2.5 0.00185625
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EQB38 RS16070 xerS -2.5 2.01E-23
EQB38 RSO01815 glpF -2.5 0.00019337
EQB38 RS13175 yfiC -2.5 1.28E-09
EQB38 RS05865 rnhB -2.4 0.00031419
EQB38 RS09505 ltaS1 2 -2.3 0.01159265
EQB38 RS09550 resC 1 -2.3 7.20E-12
EQB38 RS06180 EQB38 RS06180 -2.3 7.50E-07
EQB38 RS10715 ponA 2 -2.3 0.00910194
EQB38 RS00630 EQB38 RS00630 -2.2 0.0008398
EQB38 RS06405 EQB38 RS06405 -2.2 0.01840874
EQB38 RS13625 EQB38 RS13625 -2.2 6.26E-10
EQB38 RS10580 pgpH -2.2 1.71E-07
EQB38 RS00780 msrB -2.1 3.51E-08
EQB38 RS06860 ponA 1 -2.1 3.82E-08
EQB38 RS08780 EQB38 RS08780 -2.1 0.00058457
EQB38 RS04045 xseA -2.1 0.00146188
EQB38 RS07520 napA -2.0 2.42E-11
EQB38 RS12110 spolllE -2.0 0.01306184
Table 8.4: Tn-seq significant genes — Aus0004

Locus Tag Gene name Fold Change Adjusted P-value
EFAU004 00372 EFAU004 00372 -647.1 5.45E-08
EFAU004 00889 mdxG -496.1 3.28E-06
EFAU004 02055 EFAU004 02055 -444 4 1.81E-06
EFAU004 00352 EFAU004 00352 -333.9 0.00011968
EFAU004 00549 EFAU004 00549 -240.4 1.51E-08
EFAU004 01064 EFAU004 01064 -208.0 0.00254203
EFAU004 01733 argS -147.7 0.00327615
EFAU004 00354 EFAU004 00354 -137.4 0.00283777
EFAU004 00593 EFAU004_00593 -101.9 0.00283015
EFAU004 00604 EFAU004_00604 -86.1 0.00904907
EFAU004 02417 groL -85.5 0.00555526
EFAU004 02309 EFAU004 02309 -81.7 1.68E-05
EFAU004 00650 EFAU004 00650 -79.8 0.00555526
EFAU004 00104 rpsQ -48.8 0.00013869
EFAU004 00293 EFAU004_00293 -42.2 0.01392982
EFAU004 01029 EFAU004 01029 -28.4 1.37E-37
EFAU004 00754 EFAU004 00754 -20.3 0.00904907
EFAU004 01792 EFAU004 01792 -13.1 0.00852446
EFAU004 02789 EFAU004 02789 -11.9 0.0327985
EFAU004 02645 EFAU004 02645 -11.8 0.02153222
EFAU004 01087 rec() -11.8 1.90E-14
EFAU004 01233 tuf 1 -11.7 0.02201044
EFAU004 00024 EFAU004 00024 -10.8 0.03231993
EFAU004 01883 EFAU004 01883 -8.4 0.04358289
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EFAU004 00533 EFAU004_00533 -7.2 0.02153222
EFAU004 02526 EFAU004_02526 -7.2 0.01066094
EFAU004 02523 ecsA -4.7 3.93E-14
EFAU004 00411 EFAU004_00411 -2.3 0.0209231
EFAU004 p1049 EFAU004_pl1049 -2.0 0.01379867

260



