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Abstract
RND efflux pumps are located in the inner membrane of Gram-negative bacteria and
form tripartite complexes that span the inner membrane, periplasm and outer
membrane. It is widely accepted that Escherichia coliisolates possess six RND pumps;
AcrB, AcrD, AcrF, MdtBC, MdtF and CusA. These pumps are involved in a wide range
of physiological functions but are best characterised for their role in antimicrobial efflux.
Furthermore, overexpression of RND pumps in clinical isolates confers an MDR
phenotype. Though once a clinical isolate, E. coli K-12 and derivatives such as K-12
MG1655 have lost virulence factors and contain significant mutations as a result of
years of laboratory passage. Despite this most work determining the structure and
function of E. coli RND pumps has been carried out using E. coli K-12 MG1655.
Work in this study found that RND efflux pumps were highly conserved across
E. coli although level of conservation varied between systems. In addition, when using
the K-12 protein sequences as a reference, amino acid substitutions were present and
highly conserved across 20 E. coli lineages. Moreover AcrA, AcrB and TolC which form
the main RND efflux pump in E. coli each possessed an amino acid substitution which
was present in almost 100% of assemblies belonging to phylogroups B2, D and F.
These phylogroups are most commonly associated with extraintestinal E. coli
infections and AMR carriage. Furthermore, ST11 which is commonly referred to as E.
coli O157:H7 was found to lack to a functional AcrF protein due to a highly conserved
45 nucleotide insertion half way through the gene which encodes two stop codons.
An additional seventh RND protein, EefB, was also identified in the work and
found to be highly prevalent across phylogroups B2, D, E, F and G but completely

absent from phylogroups A, B1 and C which are more commonly associated with



commensal living. This RND pump was found encoded on a five gene operon that
encoded a TetR regulator (EefR), PAP (EefA), RND pump (EefB), OMP (EefC), and
an MFS transporter (EefD). In E. coli which encode the operon, the genes were found
to be highly conserved suggesting strong positive selection for an important biological
function.

Taken together, this study demonstrates that RND pumps are highly conserved
across E. coli but the extent to which systems are conserved and also the number of
systems present varies across E. coli phylogroups. In addition it shows that the use of
a model strain not only removes strain specific diversity but prevents the identification
and subsequent characterisation of RND systems that are highly prevalent across a

species.
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Chapter 1 Introduction

1.1 Genome sequencing and the bacterial pangenome

The first complete bacterial genome published belonged to the human pathogen
Haemophilus influenzae. In 1995 the process of sequencing alone required the use of
14 sequencers over a period of three months (Fleischmann et al., 1995). Since then
technical innovations have resulted in the reduction of both cost per base and time
required to generate whole genome sequences. With the increased affordability and
speed of genome sequencing, open-access genome databases have grown
exponentially (Land et al., 2015).

As the availability and complexity of genome sequences has increased so have
the computational tools available to analyse sequence data. Using bioinformatics the
presence of both antimicrobial resistance genes and secondary antimicrobial
biosynthetic gene clusters can be determined without any laboratory experiments
(Alcock et al., 2019, Blin et al., 2019, Medema et al., 2011). Furthermore, phylogenetic
relationships and the conservation of genes across thousands of genomes can be
determined.

The term 'pangenome’ was coined in 2005 and initially referred to all genes in
a given study group, however it is now more commonly used to describe all genes
present across a species (Tettelin et al., 2005, Mclnerney et al., 2017). Genes within
a pangenome can be subdivided into core and accessory, meaning they are either
present in all isolates or only a selection of isolates, respectively (Figure 1.1) (Tettelin
et al., 2005, Brockhurst et al., 2019).

The size of a bacterial pangenome generally increases with bacterial genome

size as bacteria associated with multiple niches, such as Klebsiella pneumoniae, have



a larger repertoire of genes across the species than organisms such as Chlamydia
trachomatis that have evolved to be host-specific (Mclnerney et al., 2017). One of the
first pangenome analyses of Escherichia coli genomes found that while the mean
number of genes across 17 genomes was 5,020, only ~2200 formed the core genome
(Rasko et al., 2008). The additional >2000 genes per genome were non-essential and
varied between isolates, forming the accessory genome. A later study of 312
extraintestinal E. coli clinical isolates predicted a core genome size 3079 genes
comprised of genes involved in basic cellular functions such as DNA replication,

transcription and translation and amino acid synthesis (Salipante et al., 2015).



Accessory genome

Core Pangenome
genome

Accessory genome

Figure 1.1 Venn diagram representation of a bacterial pangenome

The core genome here represented by the grey centre circle is made up of gene
families found across all isolates within a species or population studied. Accessory
genomes are formed of gene families that are present in some isolates but not all of a

species or population. Figure adapted from (Mclnerney et al., 2017).



1.2 Bacterial genome plasticity

Bacterial genomes are highly plastic allowing the fluid uptake and loss of genetic
material across populations. Bacteria can acquire new fragments of DNA from the
environment and neighbouring cells via horizontal gene transfer (HGT). Most HGT
events are neutral or have a deleterious effect and these genes are quickly lost by the
bacterium (Berg and Kurland, 2002). Beneficial genes may allow antimicrobial
resistance (AMR) or survival in a novel niche and can therefore be selected for and
maintained by the cell (Hall et al., 2020). Modelling homologous recombination across
Campylobacter found that increasing levels of homologous recombination increased
the fixation efficiency of beneficial alleles (Woodcock et al., 2017). Furthermore, non-
human associated E. coli strains can utilise foreign DNA more easily than human-
associated strains, allowing them to adapt to their environment more readily (Yang et
al., 2019).

Genome rearrangements can also arise via insertions, deletions, translocations
and inversions. Unlike eukaryotic genomes, bacterial genomes have a deletion bias,
meaning that genome reduction not genome expansion is preferred (Bobay and
Ochman, 2017). Genetic drift, by which a small population size results in genome
changes becoming fixed in a population, is also associated with bacterial reduction;
genome reduction is also known to correlate with pathogenicity i.e. pathogenic specific
isolates of a species have smaller genomes non-pathogenic (Kuo et al., 2009, Conant
and Wolfe, 2008, Murray et al., 2021).

Insertion sequences (IS) are transposable elements present in low number
across most bacterial genomes except in recently evolved pathogens such as Shigella

species (spp.). These species contain hundreds of copies of IS elements (Touchon



and Rocha, 2007, Bobay and Ochman, 2017). Interestingly a high number of IS
elements and pseudogenes across the genome is believed to occur due to the
mutational hazard hypothesis whereby extreme population size reductions result in
less effective gene selection (Lynch and Conery, 2003, Moran and Plague, 2004). This
results in increased accumulation of non-functional sequences in early stages of
genome reduction, which are eventually purged from the genome (Moran and Plague,

2004).

1.3 Escherichia coli

Escherichia coli is a rod shaped Gram-negative facultative anaerobe within the
Enterobacteriaceae family. First identified as Bacterium coli commune, E. coli was
described by the German microbiologist Theodor Escherich in 1884 during a study of
gut bacteria from healthy infants (Escherich, 1988)[English translation]. E. coli is a
commensal found in humans, birds and cattle but it can also be isolated from soil,
sediment and water (Savageau, 1983). Escherichia spp. are one of the earliest
colonisers of the human gastrointestinal tract and is present continuously throughout
the first year of life (Wampach et al., 2017). Moreover, Escherichia spp. have been
detected in the meconium (Wampach et al., 2017). Yet despite generally being a
commensal organism, lineages of E. coli are also associated with human infection and

disease.

1.4 E. coli infection
While most E. coli strains do not cause infection, those that are known to cause human

disease are classified into distinct “pathovars” based on similarities in the disease



presentation due to their common virulence factors. There are six well defined
intestinal pathogenic E. coli (INPEC) pathovars responsible for diarrhoeal disease;
enteropathogenic (EPEC), enterohaemorrhagic (EHEC), enteroaggregative (EAEC),
enterotoxigenic (ETEC), enteroinvasive (EIEC), and diffuse-adhering E. coli (DAEC).
More recently an additional INPEC pathovar has been described. However adherent-
invasive E. coli (AIEC) are not classed as diarrheagenic INPEC as they do not cause
acute diarrhoea but are instead associated with inflammatory bowel conditions such
as Crohn’s disease (Lee et al., 2019). In addition to INPEC there are also two well
described extraintestinal pathogenic E. coli (EXPEC) pathovars; uropathogenic E. coli
(UPEC) responsible for the majority of urinary tract infections (UTI) and neonatal
meningitis/sepsis-associated E. coli (NMEC) which is associated with neonatal
bloodborne infections (Kaper et al., 2004).

UPEC strains cause infection after entering the urinary tract and attaching to
the uroepithelium via pili. Cells are then internalised where they form intracellular
bacterial communities, here cells replicate and produce biofilm-like structures
(Anderson et al., 2003). UPEC cells are able to leave these intracellular bacterial
communities and re-enter the urinary tract, enabling the migration of cells up the
bladder towards the kidney (Terlizzi et al., 2017). Infection causes cystitis and acute
pyelonephritis, resulting in tissue damage and apoptosis of bladder cells (Croxen and
Finlay, 2010).

NMEC is commonly isolated from the gastrointestinal tract, however it is also
the second most common cause of meningitis in newborns after group B
Streptococcus (Gaschignard et al., 2011, Weston et al., 2011). Mortality rates depend

on multiple factors including the age of the infant when NMEC is contracted and global



location (Nicholson et al., 2016). NMEC can colonise during gestation and delivery but
can also be transmitted by healthy carriers e.g. nurses (Ku et al., 2015). E. coli enters
the bloodstream and crosses the blood-brain barrier, entering the central nervous
system leading to inflammation of the meninges (Croxen and Finlay, 2010).

EPEC causes infection by attaching to cells within the small intestine via bundle
forming pili (Hyland et al., 2008). Cytoskeletal changes such as the polymerisation of
actin underneath attached cells is observed, this process is also known as attaching
and effacing (A/E) (Nataro and Kaper, 1998). The ability to cause A/E is encoded on a
35 kb pathogenicity island, the locus of enterocyte effacement (LEE), the majority of
which encodes a type lll secretion system which translocates effector proteins from
the bacterium into the host cell (Elliott et al., 1998). This results in the activation of
multiple kinase pathways, with downstream effects including the loosening of tight
junctions between cells which results in fluid and electrolyte secretion (Kaper et al.,
2004).

ETEC can cause disease in both humans and animals and is endemic in low to
middle income countries. ETEC can produce either heat-stable or heat-labile
enterotoxins, or both, which are found primarily on plasmids (Kaper et al., 2004,
Croxen and Finlay, 2010). Heat-stable enterotoxins are subclassified as STa and STb
with STa associated with human disease; its binding to guanylyl cyclase receptors in
the small intestine results in increased levels of cyclic guanosine monophosphate and
activates the cystic fibrosis transmembrane conductance regulator resulting in reduced
fluid absorption (Fleckenstein and Kuhimann, 2019, Chen et al., 2015).

EHEC are primarily associated with cattle (Cray and Moon, 1995). Cells can be

found throughout the digestive tract of ruminants but primarily colonise the recto-anal



junction, however infection in cattle is asymptomatic due to the lack of epithelial
globotriaosylceramide (Gb3) receptors (Pruimboom-Brees et al., 2000, Naylor et al.,
2003). Human infection requires a small infective dose of between 10-100 colony
forming units (CFU) to cause infection with characteristics of disease including
diarrhoea that may contain blood and haemolytic-uremic syndrome (HUS) (Kaper et
al., 2004, Nguyen and Sperandio, 2012). One of the key virulence factors of EHEC
strains is the Shiga toxin (Stx), also called verocytotoxin. The B subunit of this toxin
binds to Gb3 on the vascular epithelium, following cell entry the A subunit interacts
with the ribosome, inhibiting protein synthesis (Tarr et al., 2005, Melton-Celsa, 2014).

EAEC causes persistent diarrhoea in humans in both the developed and
developing world and is the most common cause of travellers’ diarrhoea (Kaper et al.,
2004). EAEC adhere to epithelial cells in the small intestine and/or colon, and
aggregate into a ‘stacked brick’ formation; the ability of EAEC strains to produce a
mucus biofilm aids persistence (Hebbelstrup Jensen et al., 2014, Servin, 2014). The
2011 German E. coli outbreak responsible for 53 deaths was caused by EAEC/EHEC
hybrid strain that had phenotypes of both pathotypes (Bielaszewska et al., 2011,
Mellmann et al., 2011).

EIEC is highly similar to Shigella spp., so much so that genetically they could
be one pathovar/genus; separation of the EIEC and Shigella is achieved through
biochemical, molecular and physiological tests (Pettengill et al., 2015, van den Beld
and Reubsaet, 2012). Cells enter the epithelium in the colon and induce lysis of the
endocytic vacuole and subsequently replicate intracellularly (Kaper et al., 2004).

Strains are generally non-motile, with dissemination occurring through cell-to-cell



migration, a process which is achieved through the manipulation of host cell machinery
(Pasqua et al., 2017).

DAEC is a heterogeneous group that generate a diffuse pattern of adherence
on both HeLa and HEp-2 cells (Nataro et al., 1985, Nataro et al., 1987, Scaletsky et
al., 1984). It is further characterised by the ability to induce the formation of cellular
extensions from host cells which surround bacterial cells (Kaper et al., 2004). Strains
of DAEC expressing Afa/Dr adhesins have been implemented in UTI infections,

pregnancy complications and diarrhoea in children (Servin, 2014).

1.5 E. coli typing and classification
E. coli interacts with a wide range of environments and therefore needs diverse genetic
capabilities, this is demonstrated by the genetic variation across populations. Prior to
the development of molecular techniques serotyping was the main way to distinguish
between E. coli isolates whereby isolates were categorised according to the
agglutination reactions of surface (O-), flagellar (H-), and capsular (K-) antigens
(Kauffmann, 1947). Over time, the K-antigen became less frequently used and
serotyping based upon only the O- and H-antigens became the gold standard
(Fratamico et al., 2016). Despite the advances in molecular typing, serological typing
is still widely used and some strains such as E. coli O157:H7 are still commonly
referred to by their serological profile.

Initial E. coli population typing based on single genes resulted in different
phylogenetic relationships depending on the genes selected (Tenaillon et al., 2010).
Subsequent electromorph mobility profiles using 11 enzyme loci across >1600 E. coli

isolates resulted the assignment of three E. coli clusters (Ochman et al., 1983). This



finding lead to the authors creating the E. coli reference (ECOR) collection (Ochman
and Selander, 1984). The ECOR collection is a series of 72 E. coli strains selected in
1984 to represent the genotypic diversity across the E. coli population. Strain selection
for the ECOR collection was based upon three criteria; strains had to have 1) been
included in previous studies published by Ochman and Selander, 2) represent the
three subgroups of E. coli which were previously determined by enzyme loci alleles
and 3) represent the range of host species and geographical distribution (Ochman and
Selander, 1984).

Expansion from 11 enzyme loci to 35 resulted in these three groups being
further divided into six phylogenetic groups (phylogroups) A, B1, B2, C, D and E
(Selander et al, 1987) which were later confirmed by multi-locus enzyme
electrophoresis (MLEE) a method based on enzyme polymorphisms including those
found in esterases (Goullet and Picard, 1989). Since the implementation of molecular
typing techniques the ECOR collection has been shown to includes strains from
phylogroups A, B1, B2, C, D, E and F (Clermont et al., 2015).

Developed in the late 1990’s multiple locus sequence typing (MLST) uses the
sequences of ‘housekeeping’ genes, genes responsible for the maintenance of the cell
and therefore present in all isolates of the species, to separate populations (Martin et
al. 1998). This method assigns a sequence type (ST) number to genomes depending
on the combination of housekeeping gene alleles present. Currently there are several
published MLST schemes in use, the most common are the Achtman Warwick and
Pasteur schemes (Clermont et al., 2015). Numbers assigned to sequences by these
schemes differ for example, the B2 reference strain for the determination of minimal

inhibition concentration (MIC) values for strains E. coli ATCC 25922 is ST73 under the
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Achtman Warwick scheme but ST52 under the Pasteur scheme and E. coli O157:H7
Sakai is ST11 under the Warwick scheme but ST296 on the Pasteur scheme.
Nevertheless, phylogenetic relationships between strains are highly correlated
regardless of MLST system used (Gordon et al., 2008). Furthermore, the phylogenetic
relationships identified in MLEE are seen in phylogenetic analyses using MSLT alleles.

If gene sequencing is unavailable PCR techniques have been developed that
enable the identification of phylogroups. Amplification of chuA, yjaA, arpA and a
fragment known as TspE4.C2 allows the differentiation of A, B1, B2, C, D, E and F
(Clermont et al., 2000, Gordon et al., 2008, Clermont et al., 2013).

Phylogenetic analysis shows a divide between phylogroups A, B1, C and E, and
B2, D, F (Figure 1.2), with the recently identified phylogroup G clustered with B2 strains
(Clermont et al., 2019). It is believed that phylogroups A and B1 have emerged more
recently than B2, D, E, F and G, with phylogroup D being related closest to ancestral
E. coli (Figure 1.3) (Touchon et al., 2009, Gonzalez-Alba et al., 2019). A more recent
study using a Mash-based approach suggested that E. coli phylogroups could be
further divided resulting in 14 separate phylogroups (Abram et al., 2021). Mash is a
programme that approximates genome similarity based upon their nucleotide content
(Ondov et al., 2016). Furthermore, differences in genome sizes are seen between the
phylogroups. In a study of over 10,000 E. coli assemblies, Horesh et al. has
demonstrated that B1, E and F isolates have the largest genomes while C, B2 and A
had the smallest (Horesh et al., 2021).

Though pathovars are highly useful for defining clinical presentation, molecular
typing has demonstrated that pathovars can span multiple phylogroups. For example,

though NMEC isolates can belong to phylogroups A or B1, the majority belong to B2
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or D (Wijetunge et al., 2015). However most clinical isolates responsible for causing
ExXPEC infections in humans belong to phylogroups B2 or D. These are phylogroups
in which isolates have the greatest number of virulence factors (Clermont et al., 2013,
Boyd and Hartl, 1998). In contrast, commensal strains are more likely to belong to

phylogroups A or B1 (Picard et al., 1999).
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Figure 1.2 Phylogenetic tree of Escherichia coli

E. coli is formed of six main phylogroups (A, B1, B2, D, E, F), these are sequences
grouped together due to their phylogenetic relationship. Phylogroups A and B1
associated with commensalism while B2, D and F are more associated with
extraintestinal infection. Phylogroup E strains can be intestinal pathogenic E. coli and
avian pathogenic E. coli. The tree shown was generated using the 72 ECOR collection
stains (represented by circles) and 15 reference genomes (shown with triangles).
Where the outer symbol is filled the stain is pathogenic. Figure reproduced from

(Tenaillon et al., 2010).
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Figure 1.3 Proposed diversification of Escherichia coli

Proposed evolution path of E. coli phylogroups based upon the minimal genome,
genus-specific genome, and species-specific genome. Genes involved in
carbohydrate utilisation are more prevalent in phylogroups A, B1 and E, while genes
involved in environment adaption were absent in phylogroups B2, F and G. It is
suggested that phylogroup D isolates have genomes most like those of ancestral E.
coli as it contains the fewest single nucleotide polymorphisms when compared to the

most recent common ancestor. Figure reproduced from (Gonzalez-Alba et al., 2019).
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1.6 Mechanisms of resistance

Antimicrobial resistance (AMR) genes have existed since microorganisms evolved the
ability to produce secondary metabolites (Benveniste and Davies, 1973, Perry et al.,
2016). However, today AMR is a global concern clinically. In 2014 a UK government
report predicted that by 2050 up to 10 million people a year could die due to AMR,
although the exact number has been contested (O’Neill, 2014, de Kraker et al., 2016).

AMR can either be intrinsic or acquired, meaning it can be due the innate cellular
physiology or due to the acquisition of mobile genetic elements, respectively.
Moreover, AMR occurs through four main mechanisms (Figure 1.4); 1) modification of
the drug target 2) enzymatic degradation or modification of the drug, 3) metabolic
bypass, 4) reduced uptake or increased efflux (Blair et al., 2015c).

Target modification is one of the many mechanisms by which bacteria evade
antimicrobials. Here the direct target of the antimicrobial is altered, preventing the
interaction with the drug. Target modification in Staphylococcus aureus reduces
susceptibility to vancomycin and can occur through increasing the thickness of the
peptidoglycan layer, making it more difficult for the drug to interfere with cell wall
biosynthesis, or the modification of the amino acid sequence in the peptidoglycan
peptide chain (Cui et al., 2003). For example, after changing D-ala-D-ala to D-ala-D-
lac or D-ala-D-ser, vancomycin is no longer able to prevent the formation of the “D-ala-
D-ala” link, thus crosslinking within peptidoglycan can occur (Courvalin, 2006).

In 2015 enzymes that modify the outer membrane and therefore interrupt the
mode of action for colistin were found mobilised on a plasmid for the first time (Liu et
al., 2016). Prior to this resistance to the last resort polymyxin was associated with

chromosomal mutations. This mobile colistin resistance (mcr-1) gene was first
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identified from E. coli isolated from a pig farm (Liu et al., 2016) and since 2015 a further
eight mcr variants have been detected globally (Ling et al., 2020). The mcr genes
encode phopshoethanolamine transferases, these enzymes result in a reduction of
negative charge for lipid A, subsequently reducing the negative charge of the outer
membrane preventing cell membrane disruption by colistin (Hinchliffe et al., 2017, Ling
et al., 2020, Li et al., 2019a).

The expression of a range of enzymes results in the degradation or modification
of antimicrobials, reducing their activity and/or their availability. Enzymatic modification
of the drug can occur through multiple reaction types including hydrolysis and group
transfer e.g. acyl, thiol, glycosyl (Wright, 2005). A classic example of enzymatic drug
modification is the inactivation of (B-lactams and cephalosporins by [B-lactamase
enzymes. These enzymes, frequently mobilised on plasmids, work by hydrolysing the
amide bonds of the B-lactam ring and were first reported in 1940 (Tooke et al., 2019,
Abraham and Chain, 1940).

There are numerous types of B-lactamases including narrow-range J3-
lactamases (also called penicillinases), extended spectrum B-lactamases (ESBL),
metallo-B-lactamases, carbapenemases (also called Klebsiella pneumoniae
carbapenemases - KPC), and cephalosporinases. The majority of ESBLs can be
divided into three main groups, TEM (Temoneira), CTX-M (a cefotaximase isolated
first in Munich) and SHV (sulfhydryl variable) (Pitout and Laupland, 2008). A recent
review of the literature suggested that carriage of ESBL-E. coli within the community
averaged at 16.5%, however continental carriage rates ranged considerably (Bezabih
et al., 2021). In Europe carriage was at 6.0%, Eastern Mediterranean 20.6%, Africa

21.4%, Western Pacific 24.5% and carriage in South-East Asia was at 27.0% (Bezabih

16



et al., 2021). Treatment of ESBL infections must be designed to minimise unnecessary
use of carbapenems due the risk of selecting for resistance (Bitsori and Galanakis,
2019). KPC-producing Enterobacteriaceae isolates are only susceptible to colistin and
tigecycline; some isolates are also susceptible to amikacin and gentamicin (Nordmann
et al., 2009). The same limited susceptibility is seen for metallo-B-lactamase producing
isolates as most are only sensitive to colistin and tigecycline (Kumarasamy et al.,
2010). However, tigecycline and colistin resistance is an increasing threat.

Tigecycline, like colistin, is a last resort drug. Resistance has been shown to
occur through both enzymatic inactivation and efflux. The tetA, tetM and tetX genes
encode a tetracycline efflux pump, a ribosomal protection protein, and
monooxygenase that results in the breakdown of all known tetracyclines (including
tigecycline), respectively (Yang et al., 2004). TetX was first identified on the
chromosome of the anaerobe Bacteroides fragilis but has since been detected in
clinical isolates of Acinetobacter baumannii and Enterobacteriaceae (Leski et al.,
2013). Moreover, the mobilised fetX allele tet(X4) has been detected in E. coli samples
in China (Sun et al., 2019a).

Metabolic bypass is when the original antimicrobial target is replaced. An
example of which is the acquisition of the penicillin binding protein 2a (PBP2a) by
methicillin resistant Staphylococcus aureus. PBP2a is a non-S. aureus transpeptidase
involved in the crosslinking of peptidoglycan. Encoded by mecA, PBP2a has a reduced
affinity to 3-lactams than the native PBP thus allowing cell wall biosynthesis to continue
despite exposure to B-lactams (Fishovitz et al., 2014).

The outer membrane of Gram-negative bacteria provides intrinsic protection

against antimicrobials due to reduced cell permeability and they are therefore less
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susceptible to antimicrobials than Gram-positive bacteria. Hydrophilic antibiotics can
enter the periplasm through porins located in the outer membrane and pass across the
inner membrane (Blair et al., 2015c). Through the downregulation of porin genes, E.
coli and other Gram-negative bacteria can further reduce their cell permeability and
the uptake of such molecules (Delcour, 2009). Porins have also been shown to
modulate membrane integrity, reducing permeability (Choi and Lee, 2019). Additionally
Gram-negative bacteria have the ability to upregulate expression of efflux pumps that
span the inner membrane. These proteins actively transport molecules from the
cytoplasm into the periplasm or from the periplasm into an associated outer membrane
protein (OMP). As many efflux pumps have the ability to form complexes with
additional proteins, molecules can be exported directly from the periplasm into the
surrounding environment. Upregulation of the efflux pumps can occur through
mutations in their regulators or transiently as a response to environmental stimuli.
Moreover, cells can possess a combination of resistance genes, providing them
with an armoury against even the last resort drugs. In E. coli resistance to both
tigecycline and colistin has been reported due to the presence of mcr-1 and mutations
in the efflux pump AcrB as well as the post-transcriptional regulator Lon (Wang et al.,

2018).
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Figure 1.4 Mechanisms of resistance

Escherichia coli can evade the bacteriostatic and bactericidal effects of antimicrobials
via multiple mechanisms i) modification of the drug target preventing drug interaction
i) enzymatic modification and degradation of the drug iii) metabolic bypass and iv)
reduced uptake and increased efflux though porin and efflux pump expression. Figure

was adapted from (Zohra et al., 2021).
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1.7 Multidrug resistance through efflux

Efflux pumps are present in all domains of life and are classified by their protein
sequence. In bacteria, there are six major classes of pump that can efflux
antimicrobials, the major facilitator superfamily (MFS), the small multidrug resistance
family (SMR), the ATP-binding cassette superfamily (ABC), the multidrug and toxic
compound extrusion family (MATE), the proteobacterial antimicrobial compound efflux
family (PACE) and the resistance-nodulation-division family (RND) (Figure 1.5)
(Hassan et al., 2019, Li et al., 2015). All use the proton motive force to pump
compounds from the periplasm and inner membrane across the inner membrane,
except for the ABC family which uses adenosine triphosphate (ATP).

MFS transporters are located in the inner membrane and transport molecules
from the cytosol to the periplasm (Li et al., 2015). While MFS pumps can function as
standalone proteins to transport substrates across the inner membrane, many form
tripartite complexes, such as EmrAB-TolC in E. coli, allowing transport of substrates
directly from the cytoplasm out of the cell (Tanabe et al., 2009). Overexpression of
MFS transporters has been associated with a multidrug resistant (MDR) phenotype.
For example, MdfA in E. coli, has been reported to increase tolerance to a broad range
of substrates including chloramphenicol, tetracycline, rifampicin and erythromycin
(Edgar and Bibi, 1997). In A. baumannii, the MFS pump CraA has been demonstrated
to decrease susceptibility to benzalkonium, norfloxacin, chloramphenicol, and
chloramphenicol derivatives (Roca et al., 2009, Foong et al., 2019).

ABC pumps are located in the inner membrane and are the only group of efflux
pumps that use ATP hydrolysis as the energy source for molecule transport across the

inner membrane. One of the best characterised ABC exporter pumps is MacB in E.
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coli, which has also been shown to form a multiprotein complex with MacA and TolC.
The expression of MacAB-TolC has been shown to decrease macrolide, colistin and
bacitracin susceptibility (Crow et al., 2017, Kobayashi et al., 2001). Furthermore, in E.
coli MacAB exports enterotoxin Il, a heat-stable toxin produced by ETEC (Yamanaka
et al., 2008). Increased expression of macAB has been reported in clinical isolates of
A. baumannii following tigecycline exposure (Lin et al., 2017).

SMR pumps are associated with resistance to quaternary ammonium
compounds (QAC) that are used in disinfectants, such as benzalkonium chloride
(Merchel Piovesan Pereira and Tagkopoulos, 2019, Bay et al., 2008). Some
Enterococcus faecalis isolates possess QacZ, an SMR pump that is involved in QAC
tolerance (Braga et al., 2011). SMR pumps have also been linked to antimicrobial
susceptibility in A. baumannii, deletion of SMR transporter abeS reduced the minimum
inhibitory concentrations of chloramphenicol, ciprofloxacin and erythromycin
(Srinivasan et al., 2009).

MATE pumps are present in both eukaryotes and prokaryotes and may utilise
both the proton and sodium motive forces to export molecules across the inner
membrane (Ogawa et al., 2015). All MATE pumps appear to have the ability to efflux
fluoroquinolones and many also export the DNA-chelating dye ethidium bromide
(Kuroda and Tsuchiya, 2009). The MATE pump EmmdR in Enterobacter cloacae has
been linked to increased fluoroquinolone resistance (He et al., 2011) and in a
laboratory strain of Staphylococcus aureus, MepA has been shown to be involved in
reduced tigecycline susceptibility (McAleese et al., 2005).

PACE pumps were the most recently identified family of efflux pumps and the

best characterised example is Acel from A. baumannii. Located in the inner membrane,
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Acel has been shown to efflux the biocide chlorhexidine and homologs have been
found in many other bacterial species though predominantly those that belong to the
phylum proteobacteria, including E. coli (Hassan et al., 2013, Hassan et al., 2018,
Hassan et al., 2019). However, no PACE system in E. coli has yet been characterised,
nor has the structure of PACE pumps been resolved.

RND pumps are exclusively found in Gram-negative bacteria, and form tripartite
complexes spanning the cytoplasmic membrane, periplasmic space and outer
membrane (Figure 1.6). As a result, molecules extruded by RND pumps are less likely
to re-enter the cytosol through free diffusion than those removed by other classes (Li
et al., 2015). RND pumps confer resistance to a wide range of compounds and while
removal of any component of an RND pump renders a system non-functional,
promiscuity has been demonstrated for PAPs in S. Typhimurium, meaning PAP
proteins can form complexes and function with multiple RND pumps (Smith and Blair,
2014, Lau and Zgurskaya, 2005).

Substrate specificity of efflux pumps can vary greatly. Pumps can have a narrow
substrate range like the MFS family pump TetA, which extrudes tetracycline, or very
broad ranges like AcrB which can transport structurally diverse substrates (Li et al.,
2015). Overexpression of efflux pumps, specifically RND pumps, is associated with
MDR in both the laboratory and clinical settings. Clinical isolates that overexpress acrB
have reduced fluoroquinolone and carbapenem susceptibility (Swick et al., 2011,
Chetri et al., 2019) and increased expression of the RND operon mdtEF was found to
correlate with AMR in clinical isolates of E. coli (Yasufuku et al., 2011). In A. baumannii
overexpression of AdeABC through mutations in the two-component system AdeRS

has been described in clinical MDR isolates, resulting in increased resistance to a

22



range of substances including aminoglycosides, fluoroquinolones, tetracycline,
tigecycline (Yoon et al., 2013). Notably, it has been shown in S. Typhimurium that drug
susceptibility can be restored through both the deletion of acrB and the loss of acrB
function (Wang-Kan et al., 2017).

Efflux pumps are generally encoded chromosomally, however their genes can
be mobilised on transmissible elements like plasmids (e.g. qnr genes on pMG252
(Martinez-Martinez et al., 1998) and transposons (e.g. Tet pumps on Tn70). AMR
through efflux is most commonly mediated through chromosomal mutations in
transcriptional regulators resulting in increased expression of the pump. However, the
chromosomally encoded Klebsiella pneumoniae pump OQgxAB, which exports
fluoroquinolones has been found on the plasmid pOLAS52 in E. coli, with ogxAB flanked
by 1S26-like sequences (Norman et al., 2008). Originally isolated from swine manure
and conferring resistance to chloramphenicol and ampicillin, in addition to olaquindox,
the OgxAB pump has been identified in human samples (Hansen et al., 2004, Hong et

al., 2009, Sgrensen et al., 2003).
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Figure 1.5 Classes of drug efflux pumps present in E. coli

There are six families of efflux pumps associated with the transport of antimicrobials
present in E. coli. The ATP-binding cassette superfamily (ABC), major facilitator
superfamily (MFS), multidrug and toxic compound extrusion family (MATE), small
multidrug resistance family (SMR), proteobacterial antimicrobial compound extrusion
(PACE) (not shown) and the resistance-nodulation-division (RND) division. Figure from

(Du et al., 2018).
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1.8 RND systems in E. coli

It is widely accepted that E. coli isolates have six RND efflux pumps, AcrB, AcrD, AcrF,
CusB, MdtBC, and MdtF, however much of the work done to characterise efflux pumps
and their functions has been done in the laboratory strain E. coli K-12 substrain
MG1655 which is known to have a genome considerably smaller than E. coli strains
isolated from infections (Hayashi ef al., 2001).

The best characterised RND pump in E. coli and across the Enterobacteriaceae
is AcrB (Figure 1.6). In E. coli, this pump is expressed under laboratory conditions and
has a broad substrate range that includes clinical antimicrobials such as
chloramphenicol, tetracyclines and fluoroquinolones, biocides including triclosan, dyes
such as ethidium bromide, and also the iron-chelator enterobactin, which binds
extracellular iron and transports it across the membrane into the cellular periplasm
(Horiyama and Nishino, 2014, Buchanan et al., 1999, Rutz et al., 1992, Nishino and
Yamaguchi, 2001, McMurry et al., 1998). In S. Typhimurium deletion of acrB has been
shown to attenuate virulence in both mice and cellular models of infection, and reduce
biofilm production (Nishino et al., 2006, Baugh et al., 2014).

There is a level of redundancy seen between efflux pumps i.e. the function of a
protein compensates for the loss of another. This is particularly true for AcrF which is
a close homolog to AcrB and has an overlapping, though narrower, substrate range
with AcrB. These substrates include the dye ethidium bromide, fluoroquinolones, [3-
lactams, tetracyclines and indole (Kawamura-Sato et al., 1999, Nishino and
Yamaguchi, 2001, Nishino et al., 2003, Alav et al., 2021). In E. coli the acrEF operon

is repressed by H-NS (Nishino and Yamaguchi, 2004).
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AcrA

Figure 1.6 The structure of AcrAB-TolC.

Drugs enter the AcrAB-TolC complex in the periplasm or through the outer leaflet of
the inner membrane through AcrB and are extruded through the AcrA hexamer. AcrA
is a periplasmic adapter, linking AcrB to the outer membrane channel, TolC (Wang et

al., 2017).
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Like acrB, interruption of the acrF gene results in impacted virulence in the BALB/c
mice model (Nishino et al., 2006). /In vitro models have also shown reduced adhesion
and invasion when acrF in Salmonella is disrupted (Blair et al., 2015b).

AcrD has a narrower and more distinct substrate range than AcrB and AcrF, as
it has been shown to export aminoglycosides and anionic 3-lactams (Nishino et al.,
2003). In the presence of chloramphenicol E. coli lacking acrB have been shown to
increase acrD transcription and induction has also been seen in the presence of indole
(Cudkowicz and Schuldiner, 2019, Hirakawa et al., 2004). AcrD, like AcrB, forms a
tripartite complex with the AcrA PAP and TolC OMP (Yamasaki et al., 2011).
Furthermore, like AcrB, AcrD has been shown to export enterobactin (Horiyama and
Nishino, 2014). In S. Typhimurium, AcrD has been linked to virulence with inactivation
of the acrD gene resulting in decreased pathogenicity in mice (Nishino et al., 2006).
However strains with inactivated acrD have also been shown to outcompete the
parental S. Typhimurium SL1344 strain (Buckner et al., 2016).

MdtBC is the only RND pump in E. coli that is formed of a heterotrimer and has
a B2C stoichiometry (Kim et al., 2010). This two-protein unit is believed to have arisen
through a gene duplication event (Gorecki and McEvoy, 2020). It is not fully understood
how the two subunits come together as it has been previously suggested that only
MdtB can function independently by one group, yet another group has shown that only
MdtC can function independently (Kim et al., 2010, Wang and Fierke, 2013). MdtABC
has been shown to export enterobactin in E. coli; sodium tungstate and flavonoids are
also believed to be substrates (Horiyama and Nishino, 2014, Leblanc et al., 2011). It
has been shown to be regulated by the two-component system BaeRS which is

involved in cellular responses to environmental stress (Baranova and Nikaido, 2002,
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Raffa and Raivio, 2002). Furthermore both BaeRS and MdtABC have been linked to
zinc tolerance (Wang and Fierke, 2013). A homologous system is present in Erwinia
amylovora where overexpression of MdAtABC reduced susceptibility to bile salts and
silver nitrate (Pletzer and Weingart, 2014).

Like MdtABC, researchers have only recently begun to elucidate the role of
MdtEF in E. coli. MdtEF is flanked by gadEF downstream and gadWYX upstream and
has been shown to be regulated by GadX, an AraC-family regulator involved in acid
tolerance (Nishino et al., 2008a, Giangrossi et al., 2005). The cyclic AMP receptor
protein (CRP) has also been shown to regulate mdtEF expression (Nishino et al.,
2008b) and increased expression is seen in both anaerobic and nitrosative
environments (Zhang et al., 2011, Deng et al., 2013). Furthermore, MdtE provides a
fitness benefit during periods of extreme acid exposure (Schaffner et al., 2021). These
findings imply MdtEF-TolC may provide a level of protection for E. coli when in hostile
environments such as the human host.

CusABC has the narrowest substrate range of the RND systems, exporting
copper and silver ions (Franke et al., 2001, Franke et al., 2003). The periplasmic
element of this pump, CusB, has been shown to be key in sensing metal ions (Santiago
et al., 2017). The efflux pump complex is associated with the non-essential cusF, this
encodes a periplasmic metallochaperone that is believed to deliver copper and silver
ions to the CusABC system (Xue et al., 2008, Kittleson et al., 2006). Deletion of cusF
was found to increase silver susceptibility in a silver resistant E. coli strain (Lok ef al.,
2008). The cus system is an anaerobic copper tolerance system (Outten et al., 2001).
A 2014 study found that UPEC grown in urine from UTI patients had increased

expression of cusC and the cus operon regulator cusR when compared to samples
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grown in urine from healthy women and lysogeny broth, moreover interruption of the
cus system (cusSRCFBA::aph) was found to result in enhanced susceptibility to
copper sulphate in anaerobic conditions (Subashchandrabose et al.,, 2014). It is
suggested that this system has a significant role in UPEC colonisation and survival as

a result.

1.9 AcrAB-TolC

AcrB is an RND efflux pump that forms a complex with AcrA and TolC resulting in an
efflux system that spans the inner membrane, periplasm and outer membrane with a
3:6:3 stoichiometry (AcrA:AcrB:TolC) (Figure 1.6) (Du et al., 2014). The AcrB protein
is a homotrimer, switching between an inactive symmetrical and active asymmetrical
configuration (Yamaguchi et al., 2015). While in the asymmetrical conformation, AcrB
is hypothesised to export substances through a three-step mechanism called
functional rotation (Figure 1.7) (Murakami et al., 2006). During this process, each
protomer cycles through three conformations; access, binding and extrusion, these are
also referred to as L, T and O respectively (Figure 1.7) (Wang et al., 2017). When in
the L conformation, the vestibule is open to the periplasm providing access to potential
substrates (Murakami et al., 2006). After moving to T the vestibule remains open but
the binding pocket also opens up and adjusts in response to entry of the substrate
(Murakami et al., 2006). In the third conformation, O, the vestibule is closed and exit
opened, the bound molecule is then pushed out due to the shrinking of the binding
pocket (Murakami et al., 2006, Wang et al., 2017) and removed from the periplasmic

space via the outer membrane channel, TolC. Recent studies have shown that there
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are four channels for drug entry into AcrB with differing substrate specificities (Tam et
al., 2021).

AcrZ is a small peptide which associates with AcrB at the inner membrane and
has been shown to modify AcrB activity in E. coli (Hobbs et al., 2012). Deletion of acrZ
increased sensitivity of E. coli to tigecycline, chloramphenicol and puromycin (Hobbs
et al., 2012). Furthermore, acrZ transcription appears to be affected by transcriptional
activators associated with an MDR phenotype, such as MarA (Hobbs et al., 2012).
However acrZ is not an essential gene in E. coli K-12 (Goodall et al., 2018).

AcrA is a hexamer formed of alternating monomers, protomer-1 and protomer-
Il (Wang et al., 2017). Within each protomer the membrane proximal domain interacts
with AcrB and a short helix-turn-helix (HTH) motif interacts in a tip-to-tip manner with
HTH motifs present in TolC (Wang et al., 2017). During the transport process TolC
remains in an open conformation, however in isolation it assumes a closed state (Du
et al., 2014).

A cross sectional reconstitution of the pump complex showed an open channel
from the periplasmic domain of AcrB through AcrA and TolC, to the external
environment (Du et al., 2014). As mentioned, in its apo-form, TolC is in a closed state,
however as a result of repackaging of AcrA domains, iris-like dilation occurs at the

periplasmic end of TolC (Wang et al., 2017, Du et al., 2018).

30



pccess amding extrusiop,

Figure 1.7. Functionally rotating mechanism of transport by AcrB

The drug enters AcrB while in the access conformation (L), next the binding pocket
opens up to account for the drug (T), finally the drug is extruded from the protein in the

extrusion conformation (O) (Murakami et al., 2006)
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1.10 AcrAB-TolC regulation

Regulation of AcrAB-TolC is complex and occurs at both the transcriptional and post-
transcriptional levels (Figure 1.8). The direct transcription of acrAB-tolC is controlled
both locally and globally by regulators. Local regulators are encoded adjacent to the
pump and are often operon specific while global regulators are encoded elsewhere on
the genome and control multiple promoters.

The acrAB operon is directly regulated by AcrR, a TetR family repressor which
is divergently transcribed from acrAB (Ramos et al., 2005). While AcrR does not
completely prevent the expression of acrAB, it provides a level of negative regulation
for both acrR and acrAB (Ma et al., 1996).

The major driver of acrAB expression in E. coli is MarA which is a member of
the AraC/XylS family of transcriptional activators. This family of regulators possess two
HTH motifs which are fundamental for DNA-protein interaction at the major groove
(Cohen et al., 1993). MarA is encoded by the multiple antibiotic resistance (mar) locus
which is comprised of marA, marB, marC and marR, though the locus is formed of two
transcriptional units, marC and marRAB (Barbosa and Levy, 2000, Li et al., 2015).

Over 10,000 marboxes are present across the E. coli genome and MarA has
been shown to activate over 60 genes by binding to one of these regions (Sharma et
al., 2017). A marbox is an asymmetrical 20 bp degenerate region upstream of target
operons. The transcriptional regulator marR, binds to marRAB and self-represses the
operon (Ariza et al., 1994). The induction of marA can be achieved through exposure
to phenolic compounds; here MarR binds the compound, releasing from the marbox
allowing transcription to proceed (Alekshun and Levy, 1999). This subsequently leads

to increased expression of marA and consequently acrAB, as it is located downstream
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of a marbox (Gillette et al., 2000, Cohen et al., 1993). Increased expression of
regulators can have a direct impact on MDR due to increased expression of efflux
pumps. For example, increased tigecycline resistance in K. pneuomoniae has been
described through increased MarA expression which subsequently increased acrB
transcription (Park et al., 2020).

In addition to MarA, regulation through binding at the marbox is possible by both
Rob and SoxS, both of which are also AraC/XylS transcriptional activators (Cohen et
al., 1993, Skarstad et al., 1993). SoxS is part of the soxRS operon with soxR and soxS
transcribed divergently, and each contain HTH motifs and can therefore bind DNA (Wu
and Weiss, 1991). SoxR is a globular homodimer that responds to environmental
signals enabling SoxS to activate transcription of target regulon, including acrAB (Wu
etal., 1995). The soxRS regulon is part of the oxidative stress response and is induced
by nitric oxide, superoxide anion radicals and superoxide generators such as paraquat
(Gaudu et al., 1997). Rob is believed to lead to increased efflux via AcrAB and unlike
MarA and SoxS, it is constitutively expressed (Rosenberg et al., 2003). However, Rob
molecules are usually sequestered and in a non-functional state within the cell (Griffith
et al., 2009). Activation of rob occurs in the presence of bile salts and fatty acids
(Rosenberg et al., 2003).

In E. coli, the binding of MarA, SoxS or Rob to the marbox leads to increased
expression of acrAB, leading to an increased level of efflux and an MDR phenotype
(Ricci et al., 2014). While there are unique regulatory systems for each transcriptional
activator, there is also some interplay between the three systems.

In S. Typhimurium both MarA and SoxS and are known to be regulated post-

transcriptionally by Lon, an ATP-dependent protease of the AAA+ superfamily (Ricci
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et al., 2014). The holoenzyme of Lon is a homo-oligomer which associates into a
hexameric ring-structure (Lee and Suzuki, 2008). Each Lon domain consists of an
amino-terminal domain involved in substrate binding, a proteolytic active site in the
carboxyl-terminal domain, a substrate sensor domain, and an ATPase domain (Lee
and Suzuki, 2008). The rapid degradation of transcriptional activators by Lon enables
the cell to quickly respond to environmental changes and reduce expression levels of
genes involved in a range of cellular functions, including efflux, providing a post-
transcriptional level of regulation.

SdsR is one of the most abundant sRNA molecules in Enterobacteria and is
present at high levels during stationary phase (Frohlich et al., 2012). Overexpression
of sdsR in E. coli increased susceptibility to quinolones and SdsR has been shown to
repress tolC expression and reduce biofilm production (Parker and Gottesman, 2016,
Kim et al., 2015). SdsR interacts Hfq, an RNA binding chaperone protein that effects
transcription indirectly (Le Derout et al., 2010).

Deletion of hfg results in increased rhodamine 6G accumulation, increased
susceptibility to antimicrobials including nalidixic acid, novobiocin, chloramphenicol
and oxacillin, and reduction in AcrB protein production (Yamada et al., 2010). However,
no direct link between Hfg and efflux has been shown. Another sRNA, DsrA has been
shown to induce the mdtEF operon and reduce susceptibility to a range of

antimicrobials in E. coli (Nishino et al., 2011).
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Figure 1.8 Regulation of AcrAB-TolC in Enterobacteriaceae

The regulation of the efflux pump, AcrAB-TolC is highly complex. Above shows the

transcriptional factors known to act on acrAB-tolC in E. coli. Blue indicates activation,

while red shows repression. S. Typhimurium and K. pneumoniae have a further

AraC/XylS activator, RamA, not present in E. coli (Du et al., 2018).
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1.11 The wider role of RND efflux pumps

Efflux pumps are not only involved in AMR but are evolutionarily ancient and have
fundamental physiological roles. Removing efflux associated genes or abolishing their
function has been shown to have an effect on virulence and tolerance of host derived
antimicrobials. For example, inactivation of acrB was found to increase both mouse
and Galleria mellonella survival rates after S. Typhimurium infection, while invasion of
intestinal epithelial cell lines in vitro was found to be significantly reduced (Wang-Kan
et al., 2017). RND efflux pumps have also been shown to export human antimicrobial
peptides. The Neisseria gonorrhoeae RND pump, MtrCDE, has been shown to
decrease susceptibility to multiple types of antimicrobial peptides including LL-37
(Shafer et al., 1998).

Bile acids and bile salts are produced in the liver and have detergent properties
that can cause bacterial membrane disruption. Bacteria found in the gastrointestinal
tract such as E. coli must tolerate these molecules; one method used is efflux. In E.
coli, AcrAB reduces bile accumulation (Thanassi et al, 1997) and acrAB gene
expression is induced in the presence of bile salts (Rosenberg et al., 2003). In A.
baumannii, AdelJK has been shown to directly efflux human host fatty acids as well as
modulate lipids in the bacterial membrane (Jiang et al., 2019).

Deletion of efflux pump components has also been shown to affect biofilm
production. Baugh et al. (2014) showed that inactivating acrB and tolC reduced biofilm
production in S. Typhimurium ATCC 14028s through reduced curli production (Baugh
et al., 2014). Curli is a proteinaceous fibre produced by various bacterial species
including E. coli and Salmonella spp. that is involved biofilm formation (Barnhart and

Chapman, 2006).
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Outside of the clinical setting, efflux pumps export antimicrobials produced by
plants and soil-dwelling environmental bacteria. The phytochemical berberine inhibits
the growth of E. coli (Sun et al., 2019b), and berberine chloride exposure leads to
upregulation of the RND pump acrF (Karaosmanoglu et al., 2014). Deletion of tolC also
leads to a significant increase in berberine susceptibility (Tegos et al., 2002).

Efflux pumps also play a vital role in maintaining metal ion homeostasis,
CusABC in E. coli is responsible for controlling both copper and silver ion levels (Grass
and Rensing, 2001, Franke et al., 2001). Furthermore, heavy metals have been shown
to increase transcription of efflux pump components in Pseudomonas aeruginosa
(Martinez et al., 2009).

Additionally, in some species efflux pumps are involved in cell-to-cell
communication. Quorum sensing (QS) is a density dependent response in which
signalling molecules called autoinducers are released into the microenvironment.
When the concentration of these autoinducing molecules reaches a certain level, they
bind to an associated autoinducer regulator, resulting in expression of a set of genes.
Functions of QS-regulated genes include antimicrobial peptide synthesis and motility
(Martinez et al., 2009). The RND pump BpeAB-OprB in Burkholderia pseudomallei was
shown to efflux five different homoserine lactone autoinducers involved in QS (Chan

et al., 2007).

1.12 Efflux inhibition
With the continuing increase in MDR infections, new therapeutic alternatives are
needed. The vast majority of clinically used antimicrobials were discovered and

developed during the so called ‘Golden Era’ between 1941 and 1968 (Li and Nikaido,
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2009). Since then few new and novel compounds have been developed. Efflux
inhibitors (El) are therefore an attractive solution that may enable the potentiation of
ineffective antimicrobials, while also potentially having anti-virulence and anti-biofilm
properties (Reza et al., 2019). Despite extensive research into El design and function,
no El has yet made it to clinic.

Els can be competitive by which the inhibitor is also a substrate of the efflux
system and therefore competes without other substrates. In the case of antimicrobials,
this would slow the rate by which compounds are removed from the cell, increasing
the time for potential interaction with the molecule target. An example of a competitive
inhibitor is phenylalanine-arginine B-naphthylamide (PABN). Non-competitive Els work
indirectly and do not compete with substrate binding but instead inhibit efflux via
alternative methods e.g. preventing complex assembly or dissipating the energy
source as is the case for carbonyl cyanide m-chlorophenyl hydrazone (CCCP), which
depolarises the cell membrane and disrupts the proton motive force, thereby rendering
efflux pumps (excluding ABC pumps) non-functional (Sharma et al., 2019).

While no El has made it to clinic to date, the best characterised RND El is PABN
which is a substrate of AcrB and was found to potentiate fluoroquinolones,
chloramphenicol, rifampicin and macrolides, reduce biofilm produce and the
expression virulence genes (Lomovskaya and Bostian, 2006, Matsumoto et al., 2011,
Kvist et al., 2008, Rampioni et al., 2017). However, essential moieties in PABN and
subsequent derivatives have cytotoxic activity (Lomovskaya and Bostian, 2006).
Furthermore, the compound has several off target effects including membrane

permeabilisation (Lamers et al., 2013). AcrB specific inhibitors, such as MBX 2319 and
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MBX 3135, that posess activity at significantly lower concentrations than PABN, have
since been described (Sjuts et al., 2016).

Another potential approach for inhibition is the use of natural products. The K.
pneumoniae bacteriocin, klebcin has been shown to enter the cell via the OMP TolC.
Removal of the TonB motif required for its translocation results in the toxin binding
within the TolC lumen effectively blocking the channel (Housden et al., 2021). Klebcin
was shown to both inhibit the efflux of the TolC substrate Nile red and growth in the

presence of rhodamine 6G (Housden et al., 2021).

1.13 Sequence variation and/or conservation across RND efflux pumps
Much of what we know about efflux pump structure and function, is based on the pump
sequences found in type strains of Gram-negative bacterial species such as E. coli
MG1655 or Pseudomonas aeruginosa PAO1. Furthermore, efforts to develop Els also
concentrate on these laboratory strains. Though useful for elucidating fundamental
processes, laboratory strains do not represent the true genetic diversity across a
species (Hobman et al., 2007).

E. coli has six RND pump systems, whereas Salmonella is reported to have five
(Anes et al., 2015, Blair et al., 2015b). Environmental bacteria like E. coli and P.
aeruginosa have significantly more RND pump systems than obligate human
pathogens such as Chlamydia trachomatis and Haemophilus influenzae, which have
adapted to a specific host and environment (Nikaido and Zgurskaya, 2001) suggesting
a correlation between lifestyle and RND number.

Phylogenetic analysis of RND pump sequences identified seven families within

the RND superfamily (Tseng et al., 1999). A similar phylogenetic analysis of 236 PAPs
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(one representative sequence per species) identified eight main sequence clusters and
also identified highly conserved residues across all species. The most conserved
region of the protein was found to be adjacent to the B-barrel domain (Zgurskaya et
al., 2009). While both studies identified key residues, neither looked at the extent of
conservation across a species, instead relying on representative protein sequences.
AcrAB-TolC is found in multiple species of the Enterobacteriaceae but gene
sequences and subsequent amino acid sequences vary e.g. the amino acid similarity
of AcrB in K. pneumoniae, E. cloacae, and S. Typhimurium to E. coli is 96%, 96%, and
97%, respectively. Furthermore, single nucleotide polymorphisms (SNPs) have been
described within the RND efflux pumps of clinical isolates. SNPs are likely to be silent
and therefore do not result in an amino acid change, however some will confer a
phenotypic advantage over competing cells. A Q733R substitution in AcrB modestly
contributed to the resistance profile of E. coli strains, while a G288D substitution was
found to confer resistance to clinically relevant drugs (Elkins et al., 2010, Blair et al.,
2015a). A similar substitution at residue 714 in the single RND pump of Neisseria
gonorrhoeae, MtrD, has been reported in clinical isolates resulting in reduced
macrolide susceptibility (Ma et al., 2020). Elkins et al. (2013) reported that isolates
containing non-silent SNPs were more associated

with environments previously exposed to antimicrobials.

1.14 Aims of work
Fundamental biology provides the foundation for rational design of novel antimicrobials
and Els. While our understanding of RND structures and their interactions with PAPs

and OMPs is expanding, it is not clear how representative laboratory strains, such as
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E. coli K-12 and S. Typhimurium SL1344, are of clinical isolates. This project set out
to determine the conservation of RND efflux pumps and their associated components

across the diversity of E. coli.
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Chapter 2 Materials and methods

2.1 Basic microbiology
The wild-type strain and background used for genetic manipulation in Chapters 1, 2
and 3 was Escherichia coli K-12 MG1655 (Blattner et al., 1997). In Chapter 4, both E.
coli K-12 MG1655 and Escherichia coli ATCC 25922 (PHE) were used (Table 2.1).
Bacterial strains were stored at -80°C using Protect cryopreservation beads (Technical
Service Consultants). When required for experiments, a bead of the desired strain was
spread onto Luria Bertani (LB) agar (Sigma-Aldrich; L2897) and incubated overnight
at 37°C unless stated otherwise. Subsequent liquid cultures were then prepared from
this plate with 5 mL of LB broth (Sigma-Aldrich; L3022) inoculated with a single colony
of bacteria. The broth was then incubated at 37°C with aeration.

Several plasmids were used throughout the course of this work for genetic
manipulation of strains and cloning (Table 2.2). Plasmids were maintained in strains
by supplementing LB with the antibiotic required. Both ampicillin and kanamycin were

used in this study at a final concentration of 50 ug/mL.
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Table 2.1 Strains used in the study

Iégzgratory Species Genotype ';l?sbti::i; Reference
ECO7 E. coli CGSC - DB Strain K-12 MG1655 g%'g;t)r‘er etal,
EC15 E. coli K-12 MG1655 AacrA Et'g[nig:‘epction
EC98 E. coli K-12 MG1655 AacrA + pET21a AmpR This study
EC65 E. coli K-12 MG1655 AacrA + pET21a::acrA AmpR This study
EC78 E. coli K-12 MG1655 AacrA + pET21a::acrA T104A AmpR This study
EC29 E. coli K-12 MG1655 AacrB gﬁazng{ 5)3” et
EC99 E. coli K-12 MG1655 AacrB + pET21a AmpR This study
EC66 E. coli K-12 MG1655 AacrB + pET21a::acrB AmpR This study
EC84 E. coli K-12 MG1655 AacrB + pET21a::acrB H596N AmpR This study
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Blair Group

EC62 . coli K-12 MG1655 AfolC strain collection
EC100 . coli K-12 MG1655 AfolC + pET21a AmpR This study
EC67 . coli K-12 MG1655 AfolC + pET21a::tolC AmpR This study
EC68 coli K-12 MG1655 AtolC + pET21a::t0/C A233T AmpR St'g[nig:‘epction
EC102 . coli NCTC 12900 O157:H7 (Shiga toxin negative) PHE

EC115 . coli K-12 MG1655 acrF::aph KanR This study
EC116 . coli K-12 MG1655 AacrF This study
EC117 . coli K-12 MG1655 AacrB acrF::aph KanR This study
EC118 . coli K-12 MG1655 AacrB AacrF This study
EC232 . coli K-12 MG1655 AacrF + pET21a AmpR This study
EC233 . coli K-12 MG1655 AacrB AacrF + pET21a AmpR This study
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EC327 . coli K-12 MG1655 AacrB AacrF + pET21a::acrF (K12 sequence) | AmpR This study
EC328 . coli K-12 MG1655 AacrB AacrF + pET21a::acrF (ST11 sequence) | AmpR This study
EC112 . coli ATCC 25922 PHE

EC177 . coli ATCC 25922 eefB::aph KanR This study
EC188 . coli ATCC 25922 AeefB This study
EC195 . coli ATCC 25922 eefABC::aph KanR This study
EC196 . coli ATCC 25922 NeefABC This study
EC210 . coli ATCC 25922 eefD::aph KanR This study
EC227 . coli ATCC 25922 AeefD This study
EC218 . coli K-12 MG1655 pACYC177 ﬁg’np; This study
EC201 . coli K-12 MG1655 + pACYC177 eefD KanR This study
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AmpR

EC219 . coli K-12 MG1655 AacrB pACYC177 KanR This study
EC220 . coli K-12 MG1655 AacrB pACYC177 eefD KanR This study
EC97 . coli K-12 MG1655 + pET21a AmpR This study
EC378 . coli K-12 MG1655 + pET24a KanR This study
EC221 . coli K-12 MG1655 AacrB pET24a KanR This study
EC369 . coli K-12 MG1655 + pET21a::eefABC AmpR This study
EC370 . coli K-12 MG1655 + pET24a::eefABC KanR This study
EC371 . coli K-12 MG1655 AacrB + pET21a::eefABC AmpR This study
EC372 . coli K-12 MG1655 AacrB + pET24a::eefABC KanR This study
EC10 . coli BW1125 + pKD4 Datsenko & Wanner AmpR %:;izr:‘g;gg)
EC23 . coli K-12 MG1655 + pSLTS AmpR This study
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. . AmpR (Chang and
EC164 E. coli E. coli 1200 + pACYC177 KanR Cohen. 1978)
EC113 E. coli K-12 BW25113 acrF::aph (Keio Collection strain; 63:6B) KanR (2%%%? etal,
SE44 S. 14028s ATCC
Typhimurium
(Cherepanov
SE160 S SL1344 + pCP20 AmpR and
Typhimurium Wackernagel,
1995)
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Table 2.2 Plasmids used in this study

Plasmid

Description

Antibiotic
resistance
marker

Source

pKD4

Encodes aph
resistance

gene flanked
by FRT sites.

KanR, AmpR

(Datsenko and Wanner,
2000)

pSLTS

Encodes an
inducible A-red
recombinase |-
Scel.

AmpR

(Kim et al., 2014)

pET21a

High copy
cloning vector
with bla
resistance
gene.
Possesses a
pBR322 origin
of replication.

AmpR

Novagen/Thermo Fisher

pET24a

High copy
cloning vector
with aph
resistance
gene.
Possesses a
pBR322 origin
of replication.

KanR

Novagen/Thermo Fisher

pACYC177

Low copy
cloning vector
with p15A
origin of
replication.

KanR, AmpR

(Chang and Cohen, 1978)

pCP20

Encodes the
inducible Flp
recombinase.

(Cherepanov and
Wackernagel, 1995)
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2.2 Isolation of plasmid DNA

A 10 mL culture of the plasmid carrying strain was grown overnight at 37°C (30°C if
temperature sensitive) with aeration. LB was supplemented with the required antibiotic
for plasmid maintenance. Cultures were pelleted at 1523 x g for 10 minutes, the pellet
was then used for plasmid isolation. The Qiagen QlAprep Spin Miniprep Kit (Qiagen;
Cat. No. 27106) was used as described in the manufacturer’s instructions. Plasmid
elutions were made using 30 pL UltraPure DNase/RNase-free distilled water and

stored at -20°C.

2.3 Production of electrocompetent cells

A single colony was inoculated in 5 mL LB broth (supplemented with antibiotics if
necessary) and grown overnight at 37°C with aeration. The following morning 2 mL of
this culture was used to inoculate 50 mL of LB in a 500 mL Duran bottle to ensure
oxygen availability. Cells were grown at 37°C with aeration until an optical density
wavelength at 600 nm (ODsoo) of 0.6 was achieved. This was measured using Jenway
6300 spectrometer (Cole-Parmer Ltd). Thereafter cells were maintained on ice.

Cells were transferred into a 50 mL Falcon tube and harvested by centrifugation
at 2986 x g for 10 minutes at 4°C. Supernatant was then removed, and cells
resuspended in 25 mL ice-cold glycerol (15% v/v). Cells were washed two more times
and the final pellet was resuspended in 500 yL of glycerol. This was then aliquoted
into reaction tubes, each containing 50 uL of cells ready for electroporation and stored

at -20°C.
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2.4 Bacterial transformation

Aliquots of prepared electrocompetent cells were transferred into a 2 mm
electroporation cuvette (Geneflow, UK; Cat. No. E6-006) and incubated on ice for 5
minutes. A range of 1 and 5 pL of prepared DNA was added to the cuvette which was
gently tapped to encourage mixing. Electroporation was performed at 2500 V (25 uF,
200 Q) using an Eppendorf Eporator (Eppendorf, UK). As a negative control cells not
mixed with any vector were also electroporated. Following the electrical impulse, cells
were immediately resuspended in 950 yL of warm LB broth and transferred into a
sterile universal. Cells were then recovered at the appropriate temperature for an hour
with aeration.

Following recovery, 50 uL of cells were then spread onto prewarmed LB agar
supplemented with the required antibiotic. Remaining cells were pelleted at 18407 x g
for 3 minutes, resuspended in LB broth and spread onto an additional LB agar plate
supplemented with the required antibiotic. LB broth used for cell recovery was also

spread on LB and supplemented LB as a further sterility control.

2.5 PCR amplification conditions

DNA of interest was amplified using an Eppendorf Nexus X2 thermal cycler
(Eppendorf, UK). DNA fragments for cloning and sequencing were generated using
Q5 Hot Start High Fidelity 2x Master Mix (New England BioLabs; M0494S). General
PCRs were performed using MyTaq 2x Red (Meridian; Cat. No. BIO21109). PCR
mixtures contained 12.5 pyL enzyme, 1 pL of 10 yM forward primer, 1 yL 10 yM reverse
primer, 1 pyL of template DNA and were then made up to 25 uL using nuclease free

water. Oligonucleotides used in this study are listed in Table 2.3 and were obtained
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from Sigma-Aldrich (Merck Life Science, UK) or Eurogentec (Kaneka Eurogentec S.A.,
Belgium).

Both MyTaqg and Q5 enzymes have an extension rate of 1 kilobase of DNA per
30 seconds. All extensions were therefore calculated with this rate in mind and the

general PCR programme set-up can be found in Table 2.4.
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Table 2.3 Primers used in this study

Iézzgratory Primer name Primer description Primer sequence 5'-3'

P119 EC acrA internal Fwd Escherichia coli MG1655 internal acrA | 5 A GGGTTTACGCCTCTGG
check Fwd

P120 EC acrA internal Rev fﬁggfrgf coliMG1655 internal acrA | +5 A cCGTTCTGTACCAATGC

P121 EC acrB internal Fwd Escherichia coli MG1655 internal acrB | A A T1GGCGCTGTCGGTACT
check Fwd

P122 EC acrB internal Rev fﬁggf;’f:f coli MG1655 internal acrB | - AGAGTGGTGTTAATGTCG

P123 EC tolC internal Fwd fﬁggfréma coli MG1655 internal (0IC | ) - A CAGGCACAAAAAGAAGC
pET21a primer Fwd (T7 promoter

P129 pET21a Fwd e 695483 TAATACGACTCACTATAGGG
pET21a primer Rev (T7 Terminator

P130 pET21a Rev Peimer  86357-5) GCTAGTTATTGCTCAGCGG

P131 EC tolC check F Escherichia coli MG1655 external 10IC |~ 1A ACGCCAACCTTTTGC
check Fwd

P132 EC tolC check R Escherichia coli MG1655 external 10IC | 11516 TTCCGGGACCAGTG
check Rev

P133 EC acrB check F Escherichia coli MG1655 external acrB | 1 A TcACCAGTGACGGCAT
check Fwd

P134 EC acrB check R fﬁggfrgf coliMG1655 external acrB | 1A TGAGATCCTGAGTTGG
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Forward primer for external check of

P262 acrF check F acrFin E. coli MG1655 attggcgataaatggttgat
Reverse primer for external check of
P263 acrf check R acrE in E. coli MG1655 tcttttcatggtgttacctc
Reverse primer for cloning acrF from
. ECO07 and EC102 into the pET21a ggtgctcgagTTATCCTTTAAAGCAACG
P275 EC acrF cloning Xhol R vector. Xhol restriction site downstream | GC
of internal stop codon.
Extended homologous region reverse
, primer for cloning eefABC from E. coli
pogo | EC eeMBC cloning Xnol R | ATCC 55625 anto pETatavector. | C1OGTGCTCGAGTTACTTGAGTGAT
Incorporates Xhol site. Product is on
complement strand.
Forward primer for amplifying a 1521
P301 EC acrF internal check F bp internal region of acrF in E. coli GAAGAATTCGGCAAAGTGAC
MG1655
Reverse primer for amplifying a 1521
P302 EC acrF internal check R bp internal region of acrF in E. coli TGAAATGGTCTGATTGATGT
MG1655
. Forward primer for amplifying a 1270
P303 g%affHF?'r;tema' check bp internal region of acrF in E. coli TTCACATAACTGTTGCGT
] 0O157:H7 - binds to insertion
. Reverse primer for amplifying a 1270
P304 g%";?ﬁ;‘gema' check bp internal region of acrF in E. coli ATCCTTTAAAGCAACGGC
] 0O157:H7 - binds to insertion
Reverse primer, used in combination
P311 EC acrF primer fragment 1 R | with P129, amplifies fragment 1 of acrF | GGGAAGAATGGCTGTAATTC

from pET vector for sequencing.
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Reverse primer, used in combination

P312 EC acrF primer fragment 4 F | with P313, amplifies fragment 4 of acrF | ATGATGCGATAGTGGTGGTG
from pET vector for sequencing.
Reverse primer, used in combination
P313 EC acrF primer fragment 4 R | with P312, amplifies fragment 4 of acrF | TTGGTGCTGCGGACATAAAG
from pET vector for sequencing.
Reverse primer, used in combination
P314 EC acrF primer fragment 5 F | with P130, amplifies fragment 5 of acrF | TGAAACCGTGGGAAGAGC
from pET vector for sequencing.
P394 EC eefB KO primer forward | Forward primer to introduce aph AGGOAACGLGTGATOT Toutagacto
P cassette in eefB in E. coli ATCC 25922 | | *0 40 glgtaggelgg
. , ACAACACCAGAAAAATAAGAGAACG
. Reverse primer to introduce aph
P395 EC eefB KO primer reverse cassette in eefB in E. coli ATCC 25922 @SﬁCAACATAACTTAgggaattagccatgg
P396 EC eefA-eefC KO primer Forward primer to introduce aph -g.rl.%'oéirg gAgGgGgAri%(-;g 'A,‘[T;TC;CAaCCét
forward cassette in eef operon in ATCC 25922 gettc glgtaggelggag
P397 EC eefA-eefC KO primer Reverse primer to introduce aph éé;?—ﬁ%c :JT%CTTGAAGA;GaﬁfL(‘;’;A Gt
reverse cassette in eef operon in ATCC 25922 ccat 999 9 99
Forward primer to clone eefD from
ATCC 25922 into pACYC177; has CCCCCCGTGCACATGGCTAGAGTCT
P409 eefD Apall clone F Apall site (uses plasmid's native Amp | CTCTTTCATGGGCATTGATTCTTGG
promoter)
Reverse primer to clone eefD from
P410 cefD Pstl clone R ATCC 25922 into pACYC177; has Pstl | CCCCCCCTGCAGTTACTTTTGATTGT

site (uses plasmid's native Amp
promoter)

CGATTCTGGTGAGAGCAAC

54



Forward primer to check the product

P411 pACYC177 Amp F chk size of the AmpR region in pACYC177 | GTTTATAAAATTCTTGAAGACG
(eefD = 1872 bp, ampR = 1128 bp)
Reverse primer to check the product

P412 pACYC177 Amp R chk size of the AmpR region in pACYC177 | GAAGTTTTAAATCAATCTAAAG
(eefD = 1872 bp, ampR = 1128 bp)
Forward primer to confirm the size of

P413 eefB KO chk F the eefB gene in ATCC 25922 GGTGAATAAAGACAATAAAG
Reverse primer to confirm the size of

P414 eefB KO chk R the eefB gene in ATCC 25922 CTGAGTCAATATCAGCAATC
Forward primer to confirm the size of

P415 eefABC KO chk F the eefABC operon in ATCC 25922 CATTCGTTGCTGCGTTGAAG
Reverse primer to confirm the size of

P416 eefABC KO chk R the eefABC operon in ATCC 25922 GGTTAATTGCGTTATGGTCG

pET24a aph chk F
P472 (Pharmacia) aph check for pET24a gagaaaactcaccgaggcag
pET24a aph chk R

P473 (Pharmacia) aph check for pET24a gtatttcgtctcgctcaggce
To be used with P130 for amplification

P476 EC eeffrag 1 R of eef operon for sequencing; fragment | TAACGC TGATTG CTG AAATC
1

P477 EC eeffrag 2 F Amplification of eef operon for TGT TGC TGG CGC TGG ATA AT
sequencing; fragment 2

P478 EC eeffrag 2 R Amplification of eef operon for TGT GGA ATT TGC TGA AGC GG
sequencing; fragment 2

P479 EC eeffrag 3 F Amplification of eef operon for GCC AGC GAG GTC ATG ATG AT

sequencing; fragment 3
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Amplification of eef operon for

P480 EC eeffrag 3R sequencing: fragment 3 CAA ATG CCG CAATTG CAG GT
P481 EC eeffrag 4 F Amplification of eef operon for CAC TGG ACA GGG TGT CGG TG
sequencing; fragment 4
P482 EC eeffrag 4 R Amplification of eef operon for GCA CAT TCG GCG TTC TTG CG
sequencing; fragment 4
Amplification of eef operon for
P483 EC eeffrag 5 F sequencing; fragment 5 CTA CCA CCA CAATGG CAT CG
Amplification of eef operon for
P484 EC eeffrag 5 R sequencing; fragment 5 TGA CAC CAC TGA CAAAGC CT
Amplification of eef operon for
P485 EC eeffrag 6 F sequencing: fragment 6 AGA CTC CCC ACACCTTCAAC
Amplification of eef operon for
P486 EC eeffrag 6 R sequencing: fragment 6 TGA CAT TAC GGG CAATTT TC
To be used with P129 for amplification
P487 EC eeffrag 7 F of eef operon for sequencing; fragment | ACT TTG GCA GAA CCT TC
7
CTGGGCGGCGGTATGTCATCACTCA
P488 EC eefD KO primer forward Primer to create eefD inactivation R AGTAAGGAATAATgtgtaggctggagctgcett
c
GCACCTCATCCTGACAGGCCCcCcCCT
P489 EC eefD KO primer reverse Primer to create eefD inactivation F CAGGATGAGGTGTgggaattagccatggtc
cat
Forward primer to confirm length of
P533 EC eefD KO check F eefD in ATCC 25922 (EC112) [doesn't | GTCGTCGTTGTTCAGCCACG
work on delta eefABC]
Reverse primer to confirm length of
P534 EC eefD KO check R eefD in ATCC 25922 (EC112) [doesn't | TATTGCCGATGAAGCCCTCG

work on delta eefABC]
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P540

EC eefD KO check F long

Forward primer to confirm length of
eefD in ATCC 25922 (EC112);
extended to try to correct for
nonspecific bands [doesn't work on
delta eefABC]

CGCATTGTCGTCGTTGTTCAGCCAC
GGAAT

P541

EC eefD KO check R long

Reverse primer to confirm length of
eefD in ATCC 25922 (EC112);
extended to try to correct for
nonspecific bands [doesn't work on
delta eefABC]

TGCGCCCAAAAGTCATTATTGCCGA
TGAAG

P650

pET MCS checker

Primer to confirm which MCS was used
in pET21/24a. Use with P130

gaaacaagcgctcatgag

P653

pET21/24 acrF Ndel F

Works with P275 to clone acrF into
pET21a or pET24a. Can be used on
normal acrF and O157 sequence.
Incorporates the Ndel site upstream of
start site.

ttgaccatatgGCAAACTTTTTTATTCGAC

P656

pET21/24 eefABC Ndel F

Works with P290 to clone eefABC into
either pET21 and pET24. Incorporates
the Ndel site upstream of start site.

ttgaccatATGAAGTATATAGCAACATCT
GTAGTG
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Table 2.4 Generic PCR conditions

Stage Time Temperature Number of cycles
Initial denaturation | 5 minutes 95°C 1
Denaturation 15 seconds 95°C
Annealing 15 seconds *C 30
30 seconds per kb of
Extension amplimer 72°C
Final extension 10 minutes 72°C 1
Hold Indefinite 4°C 1

**C — annealing temperature was dependent on the predicted Tm values for each
primer set.

2.6 DNA purification

PCR products were separated by gel electrophoresis at 80 V on a 1% (w/v) agarose
gel. The gel was prepared by dissolving agarose (Sigma; A9539) in 100 mL 1x tris-
acetate-EDTA buffer (Sigma; Cat. No. T9650) supplemented with 5 yL Midori Green
(Nippon Genetics Europe; MG 03). Along with PCR products, 5 uL 1 kb Hyperladder
(Bioline; Cat. No. BIO33025) and a negative control were electrophoresed. Gels were
imaged using an Amersham Imager 680 (General Electronics, USA) under UV-light
(312 nm).

If multiple bands were present on the image, the remaining PCR products were
electrophoresed and amplimers of interest excised under blue light (llluminator; Nippon
Genetics Europe). Gel products were then purified using the QlAquick Gel Extraction
Kit (Qiagen; Cat. No. 28706) following manufacturer’s instructions. DNA was eluted in
30 uL UltraPure DNase/RNase-free distilled water and DNA stored at -20°C.

If samples contained only the DNA amplimer, the remaining PCR product was

purified using the QIAquick PCR Purification Kit (Qiagen; Cat. No. 28106) following
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manufacturer’s instructions. DNA was eluted in 30 yL UltraPure DNase/RNase-free
distilled water and DNA was stored at -20°C.
DNA concentration was determined using a Nanodrop spectrophotometer 2000

(Thermo Scientific).

2.7 DNA sequencing of PCR products

Sanger sequencing performed by Eurofins Genomics (Germany) was used to confirm
PCR amplimers. Purified PCR products were diluted to a final concentration of 10 ng
in 15 pL UltraPure DNase/RNase-free distilled water and mixed with 2 yL of 10 uM
forward or reverse primer. Sequencing results were then confirmed using alignment

using EBI Clustal Omega (Madeira et al., 2019).

2.8 Gene cloning

2.8.1 Cloning of acrF from K-12 and ST11 into pET21a
The acrF genes from E. coli K-12 MG1655 (EC07) and E. coli NCTC 12900 (ST11)
(EC102) were amplified using primers that introduced the Ndel and Xhol restriction
sites (Table 2.3). Reactions contained 12.5 yL Q5 Hot Start High Fidelity 2x Master
Mix (New England BioLabs), 1 yL P275 (10 uM), 1 yL P653 (10 uM ), 1 yL dimethyl
sulfoxide (DMSO), 1.5 yL DNA (cell lysate) and made up to 25 pL using UltraPure
DNase/RNase-free distilled water. The resulting PCR products were purified following
gel electrophoresis and elutions stored at -20°C.

The pET21a plasmid (Thermo Fisher) was purified from EC97 (E. coli K-12 +
pET21a). The plasmid and acrF fragments from K-12 and ST11 were then digested
using the restriction enzymes Ndel (New England BioLabs; Cat. No. R0111S) and Xhol

(New England BioLabs; Cat. No. R0146S). The reaction set-up consisted of 1 ug DNA,
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1puL of each restriction enzyme, 5puL of 10x reaction buffer, and UltraPure
DNase/RNase-free distilled water up to 50 pyL. Undigested and single enzyme controls
were also performed to confirm restriction enzyme activity. Reactions were incubated
at 37°C for 1 hour. After 1 hour, 1 yL calf intestinal phosphatase (New England
BioLabs; Cat. No. M0290S) was added to the double-cut plasmid reaction, and this
reaction was incubated for a further 1 hour at 37°C.

Following digestion, the double cut acrF gene fragments were purified using the
QIAquick PCR Purification Kit (Qiagen; Cat. No. 28106). Uncut, single- and double-cut
pET21a reactions were electrophoresed on a 1% (w/v) agarose gel. Following
separation, the single cut and double cut plasmids were excised from the gel with a
scalpel under blue light. The single cut bands were stored at -20°C and double cut
band purified using the QIAquick Gel Extraction Kit (Qiagen; Cat. No. 28706). DNA
samples were eluted in 30 uL UltraPure DNase/RNase-free distilled water.

Digested acrF inserts and the double cut pET21a vector were ligated at a 3:1
molar ratio using T4 ligase (New England BioLabs; M0202S). Ligation reactions
consisted of 1 yL T4 ligase, 2 uL 10x T4 ligase buffer, 3:1 ratio of insert to vector, and
UltraPure DNase/RNase-free distiled water up to a final volume of 20 uyL. A
background control of double cut pET21a without insert was also prepared. Reactions
were incubated at 16°C overnight. The following morning, the T4 ligase was heat
inactivated by incubation at 65°C for 10 minutes. If ligation reactions were not
transformed into a background strain that day, they were stored at -20°C. Successful
ligations were confirmed via PCR and sequencing as described in 2.7 (Figure 2.1 and

Figure 2.2).
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Figure 2.1 Plasmid map for pET21 acrF K-12
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Figure 2.2 Plasmid map for pET21a acrF ST11



2.8.2 Cloning of eefABC into pET21a and pET24a

eefABC was amplified from E. coli ATCC 25922 (EC112) with primers P290 and P656
which incorporate the Ndel and Xhol restrictions sites. The amplification reaction
contained 12.5 yL Q5 Hot Start High Fidelity 2x Master Mix, 1 yL P290 (10 uM), 1 pL
P656 (10 uM), 1.5 yL DNA (colony lysate), 1 yL DMSO, made up to 25 uL with
UltraPure DNase/RNase-free distilled water. PCR products were separated via gel
electrophoresis and purified using the QIAquick Gel Extraction Kit. Purified DNA was
eluted in 30 pL UltraPure DNase/RNase-free distilled water. To aid elution, water was
heated to 60°C prior to eluting.

The pET21a plasmid was isolated from EC97 and pET24a from EC189. The
eefABC DNA fragment and both pET21a and pET24a were digested using the Ndel
and Xhol restriction enzymes; pET21a and pET24a have the same multiple cloning
site and only differ by the antibiotic resistance marker (Table 2.2). The restriction
digestion and ligation were performed as described in 2.8.1. Successful ligations were

confirmed via PCR and sequencing as described in 2.7 (Figure 2.3 and Figure 2.4).
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Figure 2.3 Plasmid map for pET21a eefABC
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Figure 2.4 Plasmid map for pET24a eefABC
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2.8.3 Cloning of eefD into pACYC177

The eefD gene, encoding an MFS pump in E. coli ATCC 25922 EC112, was amplified
by PCR using primers P409 and P410 which incorporated the Apall and Pstl
restriction sites. The PCR reaction was as follows; 12.5 yL Q5 Hot Start High Fidelity
2x Master Mix, 1 yL P409 (10 uM), 1 yL P410 (10 uM), 1 yL DMSO, 1.5 uyL DNA
(colony lysate), made up to 25 pL with UltraPure DNase/RNase-free distilled water.
PCR products were electrophoresed, purified and eluted in 30 uyL UltraPure
DNase/RNase-free distilled water.

The pAYCC177 plasmid was isolated from EC164 using the QIlAprep Spin
Miniprep Kit following manufacturer’s instructions and eluted in 30 yL UltraPure
DNase/RNase-free distilled water. Both the plasmid and the eefD amplimer were
digested using Apall and Pstl in the same way as described in 2.8.1. Briefly the
reaction consisted of 1 ug DNA, 1 uL of each restriction enzyme, 5 pL of 10x reaction
buffer, and UltraPure DNase/RNase-free distilled water up to 50 pL. Uncut and single
cut reactions were also included. All reactions were incubated at 37°C for 1 hour.
Double cut plasmid was also treated with calf intestinal phosphatase for 1 hour at 37°C.
The digested eefD amplimer was purified using the QIAquick PCR purification kit, while
uncut, single- and double-cut plasmids were separated via gel electrophoresis and
then purified using the QIAquick Gel Purification Kit. All purified DNA was eluted in
30 pL UltraPure DNase/Rnase-free distilled water.

Ligation of pACYC177 and eefD fragments was achieved using T4 ligase as
described in 2.8.1. Successful ligations were confirmed via PCR and sequencing as

described in 2.7 (Figure 2.5).
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Figure 2.5 Plasmid map for pACYC177 eefD
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2.9 Gene disruption in E. coli

2.9.1 Homologous recombination

Genes of interest were disrupted using an adapted version of the protocol described
by Datsenko and Wanner (Kim et al., 2014, Datsenko and Wanner, 2000). Briefly, this
method uses homologous recombination to introduce an aminoglycoside-3’-

phosphotransferase gene (aph) in place of the gene of interest.

2.9.1.1 Generation of aph cassette

This aph gene confers kanamycin resistance and was amplified from the pKD4 plasmid
(Table 2.2) with primers that have homology to aph and the gene of interest in the
bacterial strain (Table 2.3). For the inactivation of eefD, the aph gene was amplified
from pKD4 with primers P488 and P489. Deletion of the eefABC operon was achieved
in a two-step process. Due to the size of the operon, eefB was deleted first, followed
by the remaining eefAC region. The eefB::aph cassette was amplified using P394 and
P395, eefAC::aph was amplified using P396 and P397. Amplimers were

electrophoresed, purified and quantified as described in 2.6.

2.9.1.2 Introduction of the aph to the bacterial chromosome

The resistance cassette was incorporated into the bacterial chromosome using A-red
recombination. First pSLTS was isolated from EC23. Background strains were then
transformed using pSLTS, a temperature inducible plasmid that encodes the A-red
recombinase, and recovered for 1 hour at 30°C. Cells were then plated onto LB

supplemented with 50 ug/mL ampicillin and recovered for 48 hours at 30°C.
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When constructing both AeefB and AeefABC, a single colony of E. coli ATCC
25922 (EC112) transformed with pSLTS was selected and used to inoculate 5 mL of
LB broth supplemented with 50 pg/mL ampicillin and grown overnight 30°C with
aeration. The following morning, the strain was sub-cultured into LB broth
supplemented with 50 ug/mL ampicillin and 2 mM arabinose and grown to ODsgo 0.6.
Cells were then washed in ice-cold 15% (v/v) glycerol and made electrocompetent as
described in 2.3 before being transformed with the aph encoding amplimer. Following
transformation, cells were recovered at 30°C for three hours before being plated onto
LB agar supplemented with kanamycin at a final concentration of 50 pg/mL. Candidate
colonies were inoculated in 5 mL LB broth and grown overnight at 37°C with aeration
resulting in pSLTS curing. The following morning, a loopful of culture was spread over
a prewarmed LB agar without antibiotics to isolate single colonies. Single colonies
were then screened on LB, LB supplemented with 50 ug/mL ampicillin and LB
supplemented with 50 ug/mL kanamycin. Colonies that could grow on LB and
kanamycin but not ampicillin were taken forward for PCR and sequencing as described
in 2.7 to confirm gene interruption.

Once gene interruption had been confirmed, the removal of the aph cassette
was achieved using pCP20 which encodes an inducible recombinase. Cells containing
the aph cassette were made electrocompetent as in 2.3 and transformed with pCP20.
Cells were then recovered at 30°C with aeration for 1 hour before being spread onto
prewarmed LB agar supplemented with 50 ug/mL ampicillin and incubated at 30°C for
24-48 hours. Candidate colonies were then cured of the pCP20 plasmid via growth at
43°C in LB broth overnight with aeration. Following overnight growth, a loop of cultured

was streaked onto LB agar and incubated at 37°C overnight. Single colonies were
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screened on LB, LB supplemented with ampicillin, and LB supplemented with
kanamycin. Colonies that grew only on LB were then confirmed by PCR for both the

loss of the aph cassette and pCP20 plasmid.

2.9.2 Bacteriophage transduction

2.9.2.1 Inactivation of acrF via P1 transduction
The inactivation of acrF in E. coli K-12 (ECO07) and E. coli K-12 AacrB (EC29) was
achieved through P1 phage transduction. A 5 mL overnight culture of E. coli K-12
BW25113 acrF::aph (EC113) (Baba et al., 2006) was grown overnight in LB broth at
37°C with aeration. The following day, 50 pL of overnight growth was used to inoculate
5 mL of LB broth supplemented with 50 pL 20% (w/v) glucose and 25 pyL 1 M calcium
chloride and incubated in a glass flask for 45 minutes at 37°C with shaking. After 45
minutes of growth, 100 L of E. coli K-12 MG1655 P1 vir stock (from Prof. Pete Lund)
at a concentration of 10°-10'° plaque forming units per mL was added to the culture
which was then incubated for a further 3 hours at 37°C until the bacterial cells had
lysed. Following this, 2 drops of chloroform were added and the culture was incubated
for a further 5 minutes. Supernatant was then transferred into a 50 mL Falcon and
pelleted for 10 minutes at 2986 x g. Following centrifugation the chloroform layer was
visible and the supernatant was carefully transferred into a 5 mL glass screw top vial,
labelled as “P1 vir acrF::aph” and stored at 4°C.

Following preparation of the EC113 acrfF::aph P1 vir stock, 5 mL aliquots of LB
broth were inoculated with E. coli K-12 MG1655 (ECO07) and E. coli K-12 MG1655
AacrB (EC29) and grown overnight at 37°C with aeration. The following day, 1.5 mL of

each culture was pelleted for 2 minutes at 18,407 x g and resuspended in 0.75 mL of
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P1 lysate salts solution (10 mM calcium chloride, 5 mM magnesium sulphate). For both
E. coli K-12 MG1655 (EC07) and E. coli K-12 MG1655 AacrB (EC29), 100 uL of the
bacteria/P1 salts mixture was mixed with 1 pL, 10 yL or 100 pyL of EC113 P1 vir stock
and incubated at room temperature for 30 minutes. A control of P1 vir stock without
bacterial cells was also incubated for 30 minutes. Following the incubation step, 1 mL
of LB broth supplemented with 200 yL of 1 M sodium citrate was added and these
phage/bacteria mixtures were incubated at 37°C for 1 hour with aeration. Cultures were
then pelleted at 18,407 x g for 2 minutes. Pellets were resuspended in 50 pyL of
prewarmed LB broth and spread onto LB agar plates supplemented with 50 yg/mL
kanamycin and 5 mM sodium citrate, the latter to help prevent P1 phage reabsorption.
Bacteria and phage only controls were also spread onto LB agar supplemented with
kanamycin and sodium citrate. Plates were incubated overnight at 37°C. The number
of colonies for each transduction was recorded and where colonies were present for
more than one P1 vir stock concentration, colonies were isolated from those from the
lowest P1 volume i.e. if there was growth for both for E. coli K-12 (EC07) mixed with
1 uL EC113 acrF::aph P1 vir stock and 10 yL EC113 acrF::aph P1 vir stock, colonies
were taken from the 1 pL plate to minimise the presence of any P1 phage particles.
Colonies were subsequently streaked to purity twice. The transduction of acrF::aph
into the E. coli K-12 and E. coli K-12 AacrB backgrounds was confirmed by PCR and

sequencing as described in 2.7.
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2.10 Phenotypic characterisation assays

2.10.1 Ciprofloxacin accumulation

A single colony was inoculated into 5 mL of LB broth (supplemented with 50 pg/mL
kanamycin or ampicillin if needed) and grown overnight at 37°C with aeration. Using a
500 mL glass Duran bottle, 100 mL of LB broth was inoculated using 4% (v/v) overnight
growth. Again, if the strain was carrying a plasmid 50 pug/mL kanamycin or ampicillin
was added. The bacterial cultures were grown at 37°C with aeration until an ODsoo 0.6
was reached. The strain was then split into two 50 mL Falcon tubes and pelleted at
3900 x g for 10 minutes at 4°C. The supernatant was removed and the pellet was
washed twice with 10 mL pre-chilled 0.1 M potassium phosphate buffer (PPB)
(3.08 mL 1M dibasic potassium phosphate KoHPO4, 1.93mL 1M potassium
phosphate monobasic KH2PO4, 45 mL sterile distilled water, pH adjust to 7). The pellet
was then resuspended in 10 mL PPB and the ODgoo was measured. The culture was
then adjusted to ODeoo 0.6. When using multiple strains, if one had an ODego lower
than 0.6, all cultures were diluted to the lowest ODeggo in 10 mL.

Prior to the addition of ciprofloxacin, 100 pL of culture was removed for
determining the CFU/mL. The remaining 9.9 mL of bacterial culture was incubated at
37°C in a shaking water bath for 10 minutes. Following this incubation, 500 yL was
removed and 94 yL of 1,000 ug/mL ciprofloxacin stock was added to the culture.
Further 500 uL samples were removed 5, 10 and 20 minutes post the addition of
ciprofloxacin. All samples taken were immediately incubated on ice.

Samples were then pelleted at 12470 x g for 1 minute at 4°C. The supernatant
was removed and pellets resuspended in 1 mL PPB. This process was done twice.

Pellets were then resuspended in 1 mL 0.1 M glycine pH 3 and incubated at room
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temperature for 2 hours in the dark. Following this incubation period, cells were
pelleted at 12470 x g for 1 minute. Supernatant was then transferred to a new reaction
tube and pelleted again at 12470 x g for 1 minute. In triplicate, 200 yL of each sample
(0, 5, 10 and 20 minutes post-ciprofloxacin addition) were loaded to a black 96 well
microtiter plate, as was 200 yL of 0.1 M glycine pH 3 buffer. The fluorescence of
intracellular ciprofloxacin was measured using a FLUOstar Omega (BMG, UK) plate
reader at excitation 280 nm and emission 440 nm. To quantify fluorescence,
ciprofloxacin at known concentrations (0.0001 pg/mL to 1 pg/mL) was also added to

the 96 well plate.

2.10.2 Quantification of biofilm production

LB broth was made without salt (10g tryptone (Oxoid; Cat. No. LP0042), 5g yeast
extract (Oxoid; Cat. No. Cat. No. LP0021) and 1000 mL H20) and used to culture
strains for this experiment. Overnights were prepared from single colonies and grown
overnight at 37°C with aeration. The following morning cultures were adjusted to ODsoo
0.1 in LB without salt and 200 uL of each strain was aliquoted into a round bottom 96-
well microtiter plate in triplicate (technical repeats). Plates were incubated at 30°C for
48 hours with gentle agitation.

After 48 hours, microtiter wells were washed with water to removed unattached
cells before 200 pL of 0.1% (w/v) crystal violet was added. The plate was incubated at
room temperature for 15 minutes, crystal violet was then removed and wells were
washed again with water to remove excess crystal violet. Crystal violet bound to the
biofilm was solubilised using 200 pL 70% (v/v) ethanol, the optical density was

measured at a wavelength of 600 nm and quantified. Salmonella enterica subsp.
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enterica serovar Typhimurium 14028s was used as a positive control for biofilm

production.

2.10.3 Measurement of antimicrobial susceptibility by agar dilution method

The antimicrobial susceptibility of dyes and antimicrobials was determined using the
agar dilution method as described by the Clinical and Laboratory Standards Institute
(CLSI, 2020). Antimicrobial and dye stocks were prepared on the day and used to
supplement Iso-sensitest agar (Oxoid, UK; Cat. No. CM0471) (Table 2.5). The required
volume of compound for each concentration tested was mixed with 20 mL agar which
was dispensed by a peristaltic pump (Jencons Scientific Ltd., UK). Supplemented agar
was then poured into a 100 mm square petri dish (Thermo Fisher) and allowed to set,
plates were then dried at 60°C for 15 minutes. The optical density of overnight cultures
was measured and strains were adjusted to density of the culture giving the lowest
ODesoo. All strains were then diluted 1:100 and 180 uL per strain was aliquoted into a
96 well round bottom microtiter plate. E. coli ATCC 25922 (EC112) was used as a
control strain, as this strain has known MIC values and confirms compound efficacy
(EUCAST, 2021). Once dry, agar plates were inoculated with 1 yL of each strain using
a multipoint inoculator (Mast Uridot, Mast Group Ltd.). Inoculated plates were left to
dry before being incubated at 37°C overnight. The minimum inhibitory concentration
(MIC) of compounds was defined as the first concentration in which the bacterial strain

did not grow.
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Table 2.5 Compounds used in MIC

. Catalogue Concentration
Compound Supplier number Solvent range (ug/mL)
Aztreonam Fisher 455410010 | DMSO 0.008 4
Benzalkonium | 100 pccar | 11384048 | SDW 11 128
Chloride
Carbenicillin Fisher 15414429 | SDW 11 1024
disodium salt
Cefotaxime Fisher 10084487 | SDW 0015| 256
sodium salt
. . 70%
Chloramphenicol | Sigma C0378 Methanol 0.008 128
. . SDW +
Ciprofloxacin Acros 13531640 acetic acid 0.008 128
Clindamycin Generon | A10227 DMSO 0125| 256
hydrochloride
Crystal violet Fisher 10646972 | SDW 0.25 128
Erythromycin Fisher 10338080 | 70% 05| 1024
y y Ethanol ’
Ethidium bromide | Fisher 10042120 | SDW 1| 1024
Fusidic acid Sigma F0881 SDW 1| 1024
sodium salt
Gentamicin Fisher 10224873 | SDW 0.008 32
sulfate
Meropenem TCI
trihnydrate Chemicals M2279 Shw 0.008 32
Methylene Blue | Fisher 10307033 | SDW 1| 1024
Moxifloxacin . 60%
hydrochloride Sigma PHR1542 DMSO 0.008 32
Nalidixic acid Fisher 1037362 | SDW 11 1024
sodium salt
Novobiocin Fisher 15403619 | SDW 1 512
sodium salt
Rhodamine 6G | Sigma 252433 SDW 1| 1024
Rifampicin Fisher 10533325 SDW 0.25 32
Spectinomycin Sigma S9007 SDW 0.5 16
Tetracycline Fisher 10460264 | SDW 0015, 1024
hydrochloride
Ticarcillin Sigma T5639 SDW 0.125| 1024
disodium salt
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2.10.4 Measurement of curli and cellulose production using Congo red
Overnights were grown at 37°C with aeration in LB broth. LB agar without salt (5 g
tryptone (Oxoid; Cat. No. LP0042), 2.5g yeast extract (Oxoid; Cat. No. LP0021), 7.5g
agarose (Oxoid; Cat. No. LP0011) in 500 mL of distilled water) and a Congo red (Alfa
Aesar; Cat. No. B24310) stock at a concentration of 10,000ug/mL (0.1g in 10mL SDW,
and then filter sterilised) were both prepared. After autoclaving the agar and allowing
it to cool to ~50°C, Congo red was added at a final concentration of 40 ug/mL. Plates
were then dried at 60°C before inoculation.

The ODsgo of overnight cultures was measured and strains were then adjusted
a final ODeoo of 0.1. If strains were carrying a plasmid, antibiotics were added in the
final dilution to aide selection. For each strain 5 yL was spotted onto the plate in
triplicate, allowed to dry and plates then incubated for 48 hours at 30°C. Rough red
colonies indicated the production of both curli and cellulose, pink indicated strains
produce cellulose not curli, and smooth white indicated production of neither. Colonies

were imaged with a SMZ1000 zoom stereomicroscope (Nikon, Japan).

2.10.5 Ethidium bromide efflux

Overnight cultures were grown at 37°C with aeration in LB broth (supplemented with
ampicillin or kanamycin if carrying plasmids). 10 mL LB broth was then inoculated with
4% (v/v) of overnight culture and incubated at 37°C with aeration until to an ODeoo of
0.4 was reached. Cells were then pelleted at 2986 x g at 23°C for 10 minutes and
resuspended in 10 mL 20 mM potassium phosphate buffer (PPB) supplemented with
1 mM MgClz. To make this buffer, first a 0.1 M PPB (pH 7) stock was made from 3.08

mL 1 M KoHPOg4, 1.93 mL 1 mL KH2PO4, and 45 mL sterile distilled water. To produce
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20 mM PPB + 1 mM MgClz, 50 mL 0.1 M PPB stock was mixed with 200 mL sterile
distilled water and 250 pL of 1 M MgCl2

Strains were adjusted to an ODeggo of 0.2 in 10 mL 20 mM PPB with 1 mM MgCl..
Next 100 yL of a 10 mM carbonyl cyanide m-chlorophenyl hydrazone (CCCP) stock
(0.01 g in 4 mL SDW;1 mL DMSO) and 500 yL of a 1000 pg/mL ethidium bromide
stock (0.01 g in 10 mL SDW) were added to each culture and strains were incubated
at 23°C with aeration for 1 hour. Following the hour incubation, cultures were once
again pelleted for 10 minutes at 23°C and 2986 x g. Pellets were then resuspended in
9 mL of 20 mM PPB + 1 mM MgCl.. In triplicate 190 uL of each strain was aliquoted
into a black 96-well microtiter plate. The plate was then loaded into the Fluostar Omega
(BMG, UK) reader and fluorescence intensity was measured for 100 minutes at
excitation 544 nm and emission 590 nm, gain was set to 1460. After the first plate
measurement, cells were reenergised with 10 yL of 20% glucose (w/v) (final
concentration 1%) using the FLUOstar injector. The number of samples and technical
replicates loaded to the plate was kept to a minimum to ensure cycle time was as quick
as possible. For each experiment, three technical replicates were measured and the
mean time taken for fluorescence to decrease by 10%, 25% and 50% was calculated

for each strain.

2.10.6 1,2’-dinaphthylamine efflux

During this study a method to measure the rate of 1,2’-dinaphthylamine (1,2’-DNA)
efflux was established. This method was adapted from (Philippe et al., 2015). Unlike
ethidium bromide, 1,2’-DNA does not associate with DNA and instead accumulates

within the periplasm.

77



Single colonies were used to inoculate 5 mL LB broth (supplemented with
50 yg/mL ampicillin or kanamycin if needed), and cultures were grown overnight at
37°C with aeration. Overnights were sub-cultured into fresh LB broth (with kanamycin
or ampicillin if strains were carrying a plasmid) and incubated at 37°C until an ODeoo of
0.4 was reached. Cultures were then harvested by centrifugation at 2986 x g for 10
minutes and resuspended in 10 mL 20 mM PPB with 1 mM MgCl. and adjusted so all
cultures were of ODeoo 0.25 in a final volume of 10 mL and stored on ice. A 100,000 pM
stock of 1,2’-DNA (TCI Chemicals, Japan; Cat. No. D2988) was prepared by dissolving
0.269 g in 10 mL DMSO. This was then diluted to 1000 uM in 80% DMSO. A 5 mM
CCCP stock was prepared by dissolving 0.01 g in 8 mL DMSO and 2 mL sterile
distilled water. Following ODsgo adjustment to 0.25, 320 yL of 1000 uM 1,2’-DNA and
10 yL were added and cultures were incubated in the dark at 37°C overnight with
aeration.

The following morning, cells were pelleted by centrifugation at 2986 x g for 10
minutes and then washed in 10 mL 20 mM PPB with 1 mM MgCl: twice. After washing,
pellets were resuspended in 10 mL 20 mM PPB with 1 mM MgCl> and 190 pL of each
culture was aliquoted into a black microtiter plate and fluorescence intensity was read
at 37°C using a FLUOstar Omega (BMG). Gain was 1830, and excitation and emission
were set at 370-10 nm and 420-10 nm, respectively. Fluorescence was read using “top
reading — plate mode”, with cycles measured using orbital averaging and a scanning
diameter of 2 mm (10 flashes per well). Settling time was set to 0.1 s and cycle time
was minimised by having only one technical replicate per culture on the plate during
the assay. Efflux of 1,2’-DNA was reinitialised by 10 yL injection of 1 M glucose during

read cycle 2. The injection step was performed using the built-in FLUOSstar injector.
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Fluorescence intensity was measured over 10 minutes. A further 2 plates were loaded
with ODeoo adjusted cultures that had been on ice and the fluorescence intensity was
measured over a 10 minute period following cell re-energisation to provide a second
and third technical replicate.

As starting fluorescence values varied between biological replicates,
measurements were normalised to start at 1. Mean fluorescence values were
determined for the three technical and biological replicates, and the time taken for

fluorescence intensity to drop by 10% and 20%

2.11 Statistics

All experiments were performed a minimum of three times. The number of
technical/biological replicates is displayed in the figure legend along with the statistical
test used. Statistical tests were performed using GraphPad Prism (v 9). A p value of <

0.05 was considered to be significant in all tests.

2.12 Bioinformatics

2.12.1 Chapters 1,2 and 3

2.12.1.1 Pangenome analysis

Prior to this project, genome assemblies of 20 E. coli sequence types were
downloaded from Enterobase (Zhou et al., 2020) and pangenomes were generated
using Roary (Page et al., 2015) by Christopher Connor (CC). The genes of 15 RND
genes from E. coli K-12 MG1655 (NC_000913.3) (Appendix 8.1) were then aligned

using BLASTN to the pan_genome_reference.fa file generated by Roary. Pangenome
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alleles were defined as hits with 290% sequence coverage, 290% sequence identity

and +£0.5% K-12 sequence length.

2.12.1.2 Identifying SNPs across RND proteins

The genome assemblies used to generate 20 E. coli pangenomes were aligned to the
peptide sequences of 15 RND genes (Appendix 8.1) using TBLASTN. TBLASTN
searches a translated nucleotide sequence in all six frames using a known protein
query. The genetic code was specified as bacteria and archaea (11) and the “seg” flag
was set to “no”. This resulted in 15 BLAST results files for each of the 20 STs, results
were then filtered by length and by a string. The string contained amino acids 2 to 6 of
the protein sequence. Filtering by amino acid sequence allowed the separation of
proteins that matched in length e.g. MdtF and AcrD. The first amino acid was not
included in the string to allow for non-methionine start codons.

Once filtered, K-12 protein sequences were concatenated to each of the 300
files and these were aligned using Muscle (v 3.8.1551) (Edgar, 2004). Due to the
number and length of AcrB sequences present the ST11 genomes, the server was
unable to perform more than two iterations of Muscle, therefore a maximum number of
2 iterations was used for all alignments. Asparagine residues in alignment files were
replaced with a “Z” prior to running SNP-sites as “N” was ignored by the software. SNP-
sites (v 2.5.1) (Page et al., 2016) was then run and the resulting VCF converted to an
Excel file to allow analysis. The total number of “SNPs” (here amino acid
polymorphisms) at each residue was determined for all 300 proteins. Heatmaps to
visualise the final data were generated using heatmaps.2 of the gplots package (v

3.1.1) on R (v 4.0.4).
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2.12.1.3 Conservation of AcrF insertion across ST11
As no acrF gene alleles were identified across the ST11 pangenome, the region
downstream of acrE was downloaded from 13 annotated E. coli ST11 genomes
available on NCBI (NC_000913.3, NC_011353.1, NC_013008.1, NZ_CP008805.1,
NZ_CP010304.1, NC_002655.2, NZ_CP008957.1, NZ_CP012802.1,
NZ_CP015846.1, NZ_CP015842.1, NZ_CP015843.2, NZ_CP016625.1,
NC_002695.2). These regions were then aligned using Muscle and alignments were
visualised using Unipro UGENE (v 37.0) (Okonechnikov et al., 2012).

To determine the prevalence of the 45 nucleotide across ST11, 2000
assemblies were downloaded from Enterobase, duplicates were removed as in 2.12.2
and the acrF gene sequence containing the insertion from E. coli TW14359

(NC_013008.1) was aligned to ST11 assemblies using BLASTN.

2.12.2 Chapter 4

2.12.2.1 Abricate analysis

The presence of eefB across E. coli (Taxid 562) genomes available on NCBI was
determined using the eefB nucleotide sequence from E. coli SMS-3-5 (CP000970.1;
gene EcSMS35_183). Once it was apparent eefB was prevalent across E. coli,
Abricate was used. Abricate (Seemann, 2017) is programme that enables the
screening of contigs for antimicrobial resistance and virulence genes as it utilises
databases such CARD (Alcock et al., 2019). Abricate also supports the use of custom

databases, allowing contigs and assemblies to be quickly screened for any genes.
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Non-legacy genome assemblies of 38 E. coli STs were downloaded from
Enterobase (Zhou et al., 2020) using a script written by CC (available at

https://github.com/C-Connor/Enterobase GenomeAssemblyDownload). Duplicates

were then removed using a custom script also written by CC (available at

https://github.com/C-Connor/MashDistDeReplication). A custom database was built

using the eefRABCD genes from E. coli ATCC 25922 (accession CP009072.1)
(Appendix 8.2) and makeblastdb from the BLAST package (v 2.10.0) (Camacho et al.,
2009). Abricate (v 0.9.8) (Seemann, 2017) was then run to determine gene presence
and conservation across the genome assemblies using the eefRABCD database.
Those found to have an eef gene or genes split over multiple contigs were removed

from the analysis.

2.12.2.2 Phylogenetic tree construction

For each ST, five genome assemblies were randomly selected for generating the
phylogenetic tree. To do this the “shuf” command was used. Assemblies were then
annotated using Prokka (v 1.14.6) (Seemann, 2014). To speed up this process the
autoprokka.py script written by Steven Dunn was used with the following flags “genus
--Escherichia”, “species --coli” and “--compliant” (available at
https://github.com/stevenjdunn/autoprokka).

All available Escherichia fergusonii assemblies were downloaded from
Enterobase (n = 27) and duplicates were removed (final n = 24). As with E. coli, five
random assemblies were selected using the “shuf’ command. E. fergusonii assemblies
were annotated using autoprokka.py this time using the “genus --Escherichia”,

“species --fergusonii” and “--compliant” flags.
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A simple phylogenetic tree was generated using ParSNP (v 1.2) (Treangen et
al., 2014). As this suggested one of the E. fergusonii assemblies was in fact E. coli,
the species of assemblies used in the analysis were confirmed using Kraken2 (v 2.0.8-
beta) (Wood et al., 2019). ST group and phylogroup were also checked using MLST
(v 2.18.0) (available at https://github.com/tseemann/mist) and ClermonTyping.sh (v
1.4.1) (Beghain et al., 2018) respectively.

Following confirmation of species, ST and phylogroup, the GFF files generated
by Prokka were used to run Roary (v 3.13.0) (Page et al., 2015) with the following
command “-e -i 80 --verbose --mafft -p 4”. RAXML (v 8.2.12) (Stamatakis, 2014) was
used to generate the final phylogenetic tree using the following flags “raxmIHPC-
PTHREADS-AVX -T 4 -f a -p 12345 -s core_gene_alignment.aln -x 12345 -# 100 -m
GTRGAMMA -n raxml.out”, the core_gene_alignment.aln file having been generated
by Roary. The generated tree was then visualised and edited using iTOL (Letunic and

Bork, 2019).

2.12.2.3 Determining the genomic context of eefRABCD

The genomes of seven reference sequences were downloaded from the NCBI RefSeq
database. These belonged to four sequence types that were identified to have the eef
operon and three that did not. NC_004431.1 (ST73), NC_007946.1 (ST95),
NZ_HG941718.1 (ST131), NC_002695.2 (ST11) all possessed the eef operon, while
NC_000913.3 (ST10), NC_011751.1 (ST69), and NZ_CP035350.1 (ST617) did not.
The location of the eef operon was identified in ST73, ST95, ST131 and ST11
genomes using BLASTN alignment. The region was then downloaded plus 10,000

bases down- and upstream of the region in GenBank format. Once apparent that fabl/
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and sapF flanked the operon, these genes were located in the genomes that lacked
the eef operon and 10,000 bases down- and upstream of fabl and sapF were
downloaded from each of the ST10, ST69 and ST617 genomes. Easyfig (v 2.2.2) was
used to visualise the homology between eef-encoding and eef-lacking strains. Gene

annotation in figures was sourced from feature labels within GenBank files.

2.12.2.4 Identifying genes that co-occur with eefRABCD

To identify genes that statistically co-occurred with the eef operon, Coinfinder (v 1.1)
(Whelan et al., 2020) was used. The random sample of genome assemblies used to
produce the phylogenetic tree were once again used in this analysis. The
gene_presence_absence.csv generated by Roary prior to running RAXML was also
used to run Coinfinder. The required Newick phylogenetic tree was generated with
Mashtree (v 1.0.4) (Katz et al., 2019) using the fasta files of the genomes used to
generate to the RAXML phylogenetic tree. The resulting GEXF files were visualised
using Gephi (v 0.9.1) (Mathieu et al., 2009) and each of the eef genes and their
neighbouring nodes (linked genes) were isolated. Node colours and shapes were
ranked by the D-value i.e as the D-value decreased as did the node diameter,
furthermore node colour was also linked to the D-value. Nodes with a D-value closer
to 0 were green while those closer to -1 were pink. Map layout was defined using the

Fructerman Reignhold model settled around the eef gene of interest.

2.12.2.5 Determining the presence of eef across further species
As in 2.12.2.1, Shigella assemblies were downloaded from the Enterobase database.

A total of 500 assemblies were downloaded per Shigella species; Shigella boydii,
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Shigella dysenteriae, Shigella flexneri, and Shigella sonnei. Duplicates were identified
and removed from the analysis as in 2.12.2.1. Due to the genetic similarity between E.
coli and Shigella, the same eefRABCD custom database was used to run Abricate.
Again assemblies with single eef genes split over multiple contigs were removed from
the analysis.

To determine the genomic context of eefRABCD in S. dysenteriae, 15 genome
assemblies were selected randomly. These files were annotated using Prokka “--genus
Shigella --species dysenteriae --compliant”. The reference sequence Shigella
dysenteriae ATCC 12039 (CP026774.1) was also annotated using Prokka. The
presence of insertion sequences across the eef operon was suggested by Prokka
annotation. As a result ISEscan (v 1.7.2) (Xie and Tang, 2017) was used to further
identify any insertion sequences.

The presence of eefRABCD across further species was initially determined
using NCBI BLAST. Photorhabdus (Taxid 29487), Salmonella (Taxid 590), Yersinia
(Taxid 629), Serratia (Taxid 613), Pseudomonas aeruginosa (Taxid 287) and
Acinetobacter baumannii (Taxid 470) were searched using the Taxid filter with eefR,
eefA, eefB, eefC and eefD as the query from E. coli ATCC 25922.

To determine the genomic context of the eef operon in Escherichia marmotae
(CP056165.1), Escherichia albertii  (CP070290.2), Klebsiella pneumoniae
(NC_016845.1), and Klebsiella aerogenes (NZ_CP041925.1) in relation to E. coli
(CP009072.1), a single RefSeq genome was downloaded per species from NCBI in

the GenBank format. Comparisons were visualised using EasyFig.
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Chapter 3 Conservation of RND genes and proteins across

20 Escherichia coli sequence types

3.1 Background

Bacterial efflux pumps are known to perform a wide range physiological functions,
including oxidative and nitrosative stress protection, mammalian bile salts export, cell
to cell signalling, and the export of antimicrobial compounds such as antibiotics
(Henderson et al., 2021).

The ever increasing availability of whole genome sequences for a wide range
of bacterial organisms means it is now possible to determine the conservation of
specific genes across thousands of genomes. With the development of bioinformatic
tools and pipelines, one can also determine whether particular genes are present in
the core or accessory genome, indicating their cellular importance.

While amino acid substitutions in RND efflux pumps have been reported, they
are frequently discovered in single isolates following exposure to antimicrobials which
results in a selection pressure (Blair et al., 2015a, Elkins et al., 2010). Moreover, much
of the work on RND structure is done using well-characterised laboratory strains. To
our knowledge the conservation of RND protein sequences has only be studied
between species, using single representatives of a species and therefore the true
conservation of RND structures is not known (Tseng et al., 1999, Zgurskaya et al.,

2009).
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3.2 Aims
e Determine the conservation of RND efflux pump genes across E. coli
pangenomes
e Assess the level of protein conservation at the individual assembly level for the
20 E. coli ST
3.3 Hypotheses
e The gene sequences of RND pumps in E. coli K-12 will be conserved across E.
coli
e Pumps with the most important biological functions, such as AcrAB-TolC, will

have the highest level of conservation

3.4 Identification of RND genes across E. coli pangenomes

The initial aim of this thesis was to understand how conserved RND genes are across
E. coli. To do this the number of alleles per each RND-associated gene was
determined across 20 E. coli ST pangenomes.

Prior to this project, 19,601 genome assemblies were downloaded and
pangenomes for 20 E. coli STs belonging to 7 phylogroups were created by CC using
Roary, a prokaryote pangenome construction tool. The STs selected spanned ExXPEC,
EPEC and EHEC, and lineages associated with commensal and more variable niches.

One of the outputs of Roary is a fasta file that contains a single representative
nucleotide sequence for each cluster. Here a cluster refers to a group of nucleotide
sequences that share greater than 95% identity at the protein level. Clusters are
determined by an all-against-all BLASTP (all sequences within the analysis compared

to one another) alignment set with a minimum sequence identity percentage; this can
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either be specified or set at 95% if the programme is run with default conditions. A
single nucleotide sequence is then selected by the programme to represent this protein
cluster. This information is then stored in a pangenome reference file
(pan_genome_reference.fa).

Using the nucleotide sequences of genes encoding RND pumps and their
associated PAP and OMP from E. coli K-12 (accession NC_000913.3), RND-
associated gene alleles were identified within each pangenome reference file
(pan_genome_reference.fa) using BLASTN. An allele was defined as such if it had a
nucleotide identity percentage 290% and a sequence length within £0.5% of the E. coli
K-12 sequence. In the first instance a percentage identity value of 295% was used but
this resulted in mdtC alleles across several lineages being excluded from the analysis
as nucleotide identity can be as low as 93%. Therefore, a percentage identity cut off
of greater than 90% was used throughout. A sequence length of £0.5% of the known
length of E. coli K-12 sequences was chosen to allow for subtle variations in nucleotide

sequences i.e. insertions and deletions.

3.5 The number of RND gene alleles varies between E. coli pangenomes

Across the 20 STs, RND genes were generally highly conserved as a low number of
gene alleles were present across the 20 pangenomes, regardless of phylogroup the
lineage belonged to. The most conserved RND systems were the AcrAB and MdtEF
and their associated OMP, TolC (Table 3.1). Due to its clinically important role in drug
resistance and proven role in biofilm formation and virulence, genes encoding AcrAB-
TolC were expected to be well conserved. Both the PAP, acrA, and RND pump, acrB,

had an average 1.2 alleles per ST showing high levels of conservation. Across the 20
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STs only two lineages had more than one allele for tolC. TolC is the OMP of five of the
six RND systems in E. coli, as a result any significant variations in the nucleotide
sequence e.g. insertions and deletions would impact on the efflux capabilities of all
RND efflux systems except for CusABC. It is therefore unsurprising the mean number
of alleles was 1.1. It has been shown that the AcrAB-TolC complex has a fourth
component, AcrZ, which is an inner membrane protein that modulates the substrate
range of the pump (Hobbs et al., 2012). Though this 150 nucleotide gene was found
to be non-essential in K-12 (Goodall et al., 2018), across the 20 ST only a single allele
was found per pangenome suggesting it is under very strong positive selective
pressure.

MdtEF is not related to antibiotic resistance but it's importance in other facets
of E. coli biology have been recently elucidated. MdtEF has been shown to increase
pH tolerance and provide bacterial cells with protection against nitrosative stress
caused during anaerobic respiration (Schaffner et al., 2021, Zhang et al., 2011). Across
the 20 E. coli STs, both the PAP and RND pump were found to be highly conserved,
with mean number of alleles being 1.1 and 1.3 for mdtE and mdtF, respectively.

The highest mean number of alleles for a single gene was 1.6 (acrF and mdtC),
however, the most variable tripartite efflux systems across the 20 STs were cusABC
and mdtABC which both had a mean of 1.45 alleles. CusABC is the only heavy metal
RND efflux pump in E. coli and increases bacterial tolerance to copper, a metal that is
a component of the human immune system (Ladomersky and Petris, 2015). MdtABC
is the only RND pump in E. coli that is a heterotrimer, and has been shown to export
fosfomycin and quinolones, as well as bile salts that are a component of the human

digestive system (Nagakubo et al., 2002, Nishino and Yamaguchi, 2001).
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No alleles were identified for five genes in specific STs, these were acrD (ST3),
acrE (ST167), acrF (ST11, ST38) and mdtF (ST372). In each case alignment of the E.
coli K-12 nucleotide sequences to the pangenome reference file in question identified
hits with >90% nucleotide identity. However, none were within the +0.5% cut-off
specified for gene length. In several cases, two hits were present which when
combined were extremely close to the expected length of the gene in question
suggesting that either a) the position of the gene on the assembly fragment had led to
it being split over multiple contigs or b) the presence of an insertion or deletion which
has affected the coding sequence (CDS) and subsequent annotation by PROKKA. To
confirm the presence or absence of the genes from ST3, ST167, ST11, ST38 and
ST372, the assemblies used to create the pangenome were aligned with the K-12
reference nucleotide sequences. The absence of identified alleles for both AcrF in
ST38 and MdtF in ST372 were found to be artefacts as TBLASTN analysis done
following analysis with Roary (explained in next section) identified the AcrF protein in
88.5% of the in 617 inputted ST38 assemblies. While 98.1% of the 54 ST372
assemblies have the MdtF protein. AcrD and AcrE were both found to be present in
the assemblies of ST3 and ST167 respectively, but to a lesser extent. Only 32.5% and
18.3% of the 40 and 115 assemblies belonging to ST3 and ST167 had the protein of
interest present. However, when looking at the prevalence of AcrF across ST11,
TBLASTN identified the protein in only 0.54% of the 5137 assemblies used to generate
the ST11 pangenome suggesting the gene was truly absent. Due to the virulence of
ST11 and the described impact S. Typhimurium AcrF homolog on virulence, the

absence of acrF from its pangenome was further studied in Chapter 4.
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The data in Table 3.1 also shows that the variation of efflux systems differs
across the STs. ST10 and ST131 had the greatest number of alleles or the most
variable efflux genes, while ST3 and ST372 had the least variability. Both ST10 and
ST131 were shown to have the largest pangenomes, therefore as ST10 and ST131
have the largest pangenomes in the data it is unsurprising that they have the most

RND alleles (Connor, 2021).
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Table 3.1 Pangenome alleles of RND-associated genes across 20 E. coli sequence types

Resistance-Nodulation-Division gene

Phylogroup  n Lineage acrA acrB acrD acrE acrF acrZ cusA cusB cusC mdtA mtdtB mdtC mdtE mdtF tolC
A 2370 ST10 1 1 2 2 5 1 3 &) 4 1 2 5 3 2 2
A 115 ST167 1 1 1 0 1 1 1 1 1 1 2 2 1 1 1
B1 40 ST3 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1
B1 1884 ST17 1 1 1 1 2 1 2 3 2 2 2 2 1 2 1
B1 2441 ST21 1 1 2 2 1 1 1 1 2 1 2 1 1 1 1
B2 283 ST12 1 2 1 2 4 1 1 1 2 1 1 1 1 1 1
B2 62 ST14 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1
B2 46 ST28 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
B2 873 ST73 2 2 2 1 1 1 1 1 2 1 3 2 1 1 1
B2 758 ST95 2 1 1 1 1 1 1 2 1 1 1 1 1 2 1
B2 232 ST127 2 1 2 1 1 1 2 2 1 2 1 1 1 1 1
B2 3186 ST131 1 2 2 2 2 1 4 3 2 5 8 4 1 2 1
B2 91 ST141 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
B2 65 ST144 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1
B2 54 ST372 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1
D 617 ST38 1 1 2 1 0 1 1 1 1 1 1 1 1 2 1
D 696 ST69 1 1 2 2 2 1 1 1 1 1 1 1 1 2 1
E 5137 ST11 2 2 1 1 0 1 2 2 & 2 1 2 1 2 1
F 269 ST117 1 1 1 1 2 1 1 1 1 1 1 2 1 1 2
F 382 ST648 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1

Total  1ge0q Meannumber ., 12 13 12 16 1.0 14 15 15 14 14 16 1.1 13 1.1
of alleles

An allele is defined here as a sequence with 2 90% sequence identity and within + 0.5% of the expected nucleotide length in
comparison to the E. coli K-12 reference sequence. Cells are highlighted red to indicate the number of gene alleles present.
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3.6 Diversity in protein sequences at the individual ST and phylogroup level

To further understand how conserved RND systems are across E. coli, 15 E. coli K-12
RND and RND associated sequences were aligned with the assemblies used to
construct the 20 pangenomes, this time using TBLASTN. Here the protein sequences
were aligned with the translated nucleotide assemblies to assess protein conservation.
Protein sequences were used instead of nucleotides as this removed any non-
synonymous polymorphisms and only amino acid sequences changed by SNPs would
be identified. Furthermore, as Roary had incorrectly suggested the absence of genes
from multiple STs, it was decided that using the assemblies would give a higher
accuracy when looking at the variation of RND pumps across in E. coli.

As mentioned, E. coli K-12 was used as the reference. While this strain has a
considerably smaller genome compared to pathogenic E. coli lineages, it is a well
characterised laboratory strain and was therefore used as the reference due to its
frequent use in phenotypic and structural characterisation studies of efflux proteins
(Wang et al., 2017, Du et al., 2014, Hayashi et al., 2001). Furthermore, recently solved
structures belong to either E. coli K-12 or derivatives of K-12 (Du et al., 2014, Chen et
al., 2021). It is therefore useful to know whether the solved structures truly represent

those of RND pumps found across E. coli.

3.6.1 AcrAB-TolC
Data showing the extent of conservation at each amino acid position in each of the
RND and RND-associated proteins are presented as heatmaps.

AcrA, AcrB and TolC form the main RND system in E. coli and each protein was

found to be highly similar to the sequence seen in E. coli K-12 as there was very little
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variation across all 20 STs studied suggesting strong positive selection. However, each
protein had a dominant polymorphism present at a single position. In AcrA this position
was 104, here a polymorphism was present and highly conserved in phylogroups B2
(ST12, ST14, ST28, ST73, ST95, ST127, ST131, ST141, ST144, ST372), D (ST38,
ST69) and F (ST648 and ST117) (Figure 3.1). In these ST groups the T104A
substitution was present in >99% of assemblies.

In AcrB a dominant polymorphism was seen at amino acid 596 where histidine
was changed to asparagine (Figure 3.2). However, in AcrB there isn’'t such a clear
divide between the phylogroups. The K-12 amino acid of histidine was conserved at
position 596 in phylogroup A (ST10, ST167), phylogroup B1 (ST3, ST17, ST21),
phylogroup B2 (ST12, ST95), the only phylogroup E in the study (ST11), and
phylogroup F (ST648 and ST117). While in the 8 of the 10 B2 lineages (ST14, ST28,
ST73, ST127, ST131, ST141, ST144, ST372) and both phylogroup D STs (ST38 and
ST69) the alternate amino acid of asparagine was present and conserved in 100% of
assemblies.

In TolC, a polymorphism was seen at position 233 where instead of alanine
found in the K-12 protein, strains possess a threonine (Figure 3.3). Variation from the
K-12 sequence was seen in 9 of the 10 B2 STs (ST12, ST14, ST28, ST73, ST95,
ST127, ST131, ST141, ST372), one phylogroup D (ST69) and one F (ST117).

Interestingly AcrA T104A, AcrB H596N and TolC A233T were found to be
present in phylogroups B2, D and F but not A, B1 and E. The AcrAB-TolC amino acid

variations will be discussed further in Chapter 5 including their position in the protein.
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Figure 3.1 Conservation of the AcrA protein across 20 E. coli STs



The conservation of AcrA proteins across the 20 STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was
aligned to AcrA (NP_414996.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the
assemblies belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue,
the greater the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number

of protein sequences assemblies identified and analysed.
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Figure 3.2 Conservation of the AcrB protein across 20 E. coli STs
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The conservation of AcrB proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to AcrB (NP_414995.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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Figure 3.3 Conservation of the TolC protein across 20 E. coli STs
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The conservation of TolC proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to TolC (NP_417507.2) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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3.6.2 AcrZ

Across the pangenome acrZ was the only gene in which a single allele was found per
ST. Comparison of the protein sequences from the 20 STs to that of K-12 identified no
amino acid changes across the individual 19,562 protein sequences identified using

TBLASTN (Figure 3.4).

3.6.3 AcrD

AcrD is not encoded with its own PAP and instead forms a tripartite complex with AcrA
and TolC in the same manner as AcrB. As seen for AcrB the K-12 protein sequence of
AcrD was highly conserved across the E. coli STs however a single substitution was
highly conserved at position 656 of AcrD where a glutamine had been substituted for
a lysine in 100% of the B2, D, and F assemblies but also 100% ST3 and ST17

assemblies which are both B1 (Figure 3.5).
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Figure 3.4 Conservation of the AcrZ protein across 20 E. coli STs
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The conservation of AcrZ proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to AcrZ (NP_415283.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies

belonging to an ST, the cell is white. N value shows the number of protein sequences assemblies identified and analysed.
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Figure 3.5 Conservation of the AcrD protein across 20 E. coli STs
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The conservation of AcrD proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to AcrD (NP_416965.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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3.6.4 AcrEF
AcrE is the PAP associated with AcrF and TolC, an efflux system that has been shown
to affect virulence in Salmonella (Nishino et al., 2006). Across the STs, the K-12 AcrE
peptide sequence was found to be more varied than AcrA as lineage specific amino
acid substitutions were conserved across multiple regions of the protein (Figure 3.6).
Across phylogroups B2, D and F, an N103S substitution was seen in 100% of the
assemblies. A second highly conserved variation was seen at position 327 where
instead of the K-12 aspartic acid phylogroups B2 lineages (except ST144) and ST117
(F) had an asparagine.

Across the 20 E. coli ST in the analysis, the AcrF proteins were found to have
much greater variation from the K-12 sequence than the homolog AcrB (Figure 3.7).
An F240L substitution was highly conserved and found in 100% of the B1, E, B2, D
and F assemblies. Also at position 770 the K-12 reference sequence was found to
possess a leucine, however across 100% of the phylogroups B1, B2, D and F
assemblies this had been substituted for valine. Assemblies belonging to B2 were also
found to have highly conserved substitutions at positions 338 (H338Q), 428 (K428R)
and 637 (N637S). While S806A and K849Q were exclusively found in phylogroups D
and F, notably these two substitutions were present in 99.6% of the assemblies (mean)
belonging to those phylogroups (D and F). ST specific substitutions were seen across
ST11, however only 29 peptide sequences were included in the analysis due to the
strict cut-off value used for filtering BLAST results (protein length). Briefly ST11
possessed a gene insertion resulting in a truncation midway through the protein
resulting in the low number of sequences identified. This will be further expanded upon

in Chapter 4.
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Figure 3.6 Conservation of the AcrE protein across 20 E. coli STs
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The conservation of AcrE proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to AcrE (NP_417731.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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Figure 3.7 Conservation of the AcrF protein across 20 E. coli STs
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The conservation of AcrF proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to AcrF (NP_417732.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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3.6.5 CusABC

CusA is the only RND pump in E. coli that does not use the OMP TolC. Furthermore
CusABC has the narrowest substrate range of the RND pumps. The CusA peptide
sequence present across E. coli was found to be broadly conserved but with five
substitution hot spots (Figure 3.8). These 1267V, E634D, A695T, 1804V and VO55E
substitutions were found to be highly conserved across the B2 phylogroup, however at
each position ST372 (phylogroup B2) had maintained the K-12 1267, E634, A695, 1804
and V955.The V955E substitution was also absent in ST12 (B2).

CusB also had substitutions present across the phylogroup B2 assembilies,
however at amino acid 25 the K-12 valine was only present in phylogroup A. In every
other phylogroup the valine had been replaced by a phenylalanine (Figure 3.9). B2
specific substitutions were present at positions 42 and 107. An 142V substitution was
identified in 100% of B2 assemblies included in the analysis, while at 107 STs 28 and
95 had maintained the K-12 alanine but in STs 12, 14, 73, 127, 131, 141, 144 and 372
a serine was found in over 98.6% assemblies (mean). Additional changes in relation
to K-12 were seen at amino acids 148 and 337. A T148A substitution was found across
phylogroups B2 and E, and S337N was present across B2, D and ST648 (F).

Across the sequence of CusC, B2 assemblies once again had positions in which
the K-12 amino acid was absent and alternative amino acids were highly conserved.
T81A, D117N and T118S were present in 100% of the B2 assembilies, the D117N and
T118S substitutions were also present in phylogroups E, D and ST117 of phylogroup
F (Figure 3.10). A fourth variant was seen at position 273, here ST14 and ST131, both
of which are phylogroups B2, had the K-12 amino acid of serine but every other B2

lineages had a proline at this position. As seen in AcrF, lineage specific substitutions
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could be seen across ST14, across the 62 assemblies L124F, F152L, V342I], V370I,

T386S and A389D were present in 100% of the genomes.
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Figure 3.8 Conservation of the CusA protein across 20 E. coli STs
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The conservation of CusA proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to CusA (NP_415107.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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Figure 3.9 Conservation of the CusB protein across 20 E. coli STs

ST648 (F) n=380
ST117 (F) n=268
ST69 (D) n=692
ST38 (D) n=616

ST372 (B2) n=54
ST144 (B2) n=65
ST141 (B2) n=91
ST131 (B2) n=3174

ST127 (B2) n=229
ST95 (B2) n=754
ST73 (B2) n=872
ST28 (B2) n=46
ST14 (B2) n=62
ST12 (B2) n=283
ST11 (E) n=5117
ST21 (B1) n=2411
ST17 (B1) n=1883
ST3 (B1) n=40
ST167 (A) n=113
ST10 (A) n=2345

ST groups

115



The conservation of CusB proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to CusB (NP_415106.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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Figure 3.10 Conservation of the CusC protein across 20 E. coli STs
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The conservation of CusC proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to CusC (NP_415104.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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3.6.6 MdtABC

The MdtABC complex highlighted that the amino acid sequences of K-12 that not only
differed from those belonging to other phylogroups, but also to assemblies within
phylogroup A in which E. coli K-12 belongs. Across MdtA R33Q was present in all B2
and E assemblies and also highly conserved in ST3 and ST17 which belong to
phylogroup B1 (Figure 3.11). A B2-specific substitution was identified at position 56,
where the K-12 serine had been substituted to alanine. However, at position 99, an
isoleucine to methionine substitution was present across all phylogroups, though less
prevalent in phylogroup D. While the 1I99M change is conservative, it highlights that the
K-12 sequence is not representative of the wider population.

MdtB is a 1040 amino acid protein that together with MdtC forms the only
heterotrimer RND pump in E. coli. There is conflicting evidence as to whether either of
the units can form a functional RND protein without the other (Kim et al., 2010, Wang
and Fierke, 2013). The K-12 MdtB sequence was highly conserved across E. coli, a
T212S substitution was seen in STs 14, 127, 131, 141 and 144, all of which belong to
phylogroup B2 (Figure 3.12). A L910M change was also prevalent across phylogroups
B2, F, ST38 (E) and although at low levels, present in in phylogroups A and B1

sequences.
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Figure 3.11 Conservation of the MdtA protein across 20 E. coli STs
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The conservation of MdtA proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to MdtA (NP_416578.2) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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Figure 3.12 Conservation of the MdtB protein across 20 E. coli STs
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The conservation of MdtB proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to MdtB (NP_416579.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.

123



MdtC was far less conserved than MdtB. Across the 20 STs, the alternative
translational start codon valine was present in MdtC with only the K-12 sequence found
to encode the methionine start codon, furthermore at 46 and 208, 146M and V208l
substitutions were seen across all phylogroups (Figure 3.13). The conservation of 146M
and V208| was above 93.4% across B1, B2, D, E and F genome assemblies, and in
phylogroup A in which K-12 belongs, 146M was in 62.1% of ST10 and 100% of ST167,
while V208I in 43.9% and 61.7% of ST10 and ST167 respectively. Additional
substitutions were seen across the protein, predominantly present across the B2
phylogroup. These were K303R, E309S, S365A, D617G, V632K, S657A, Q698E,

V7071 and T1022A.

3.6.7 MdtEF
Less sequence diversity was seen across MdtEF than MdtABC and CusABC. The PAP
MdtE was found to have minimal variation across the protein when compared with K-
12. However, again there were specific positions where variation occurred and is
conserved across a lineage and sometimes a phylogroup (Figure 3.14). Though the
MdtE protein sequences present across the 20 ST where highly conserved, a S251G
change was present in 100% of phylogroup B2 genome assemblies and a S107T
change was found exclusively in D and F assemblies.

Like in MdtE, there are amino acid substitutions that were highly conserved in
MdtF across phylogroup B2 assemblies. Both D602N and 1959V were found only in B2
assemblies, however these substitutions were present in 100% of assemblies (Figure
3.15). In addition to these changes, A295T was presentin 100% of B1, E, B2 and ST69

assemblies. E334K was found across B1, E and B2, F and ST69 assemblies. A fifth
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substitution was present across a range of STs at 712, here the K-12 threonine was
an isoleucine. This substitution was present in 100% of phylogroup B2 and 98.6% of

F.
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Figure 3.13 Conservation of the MdtC protein across 20 E. coli STs
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The conservation of MdtC proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to MdtC (NP_416580.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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Figure 3.14 Conservation of the MdtE protein across 20 E. coli STs
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The conservation of MdtE proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to MdtE (NP_417970.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belonging to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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Figure 3.15 Conservation of the MdtF protein across 20 E. coli STs
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The conservation of MdtF proteins across the STs is shown above as a heatmap. Each assembly from all 20 E. coli STs was aligned
to MdtF (NP_417971.1) from E. coli K-12 MG1655 (NC_000913.3). Where the K-12 amino acid is present in 100% of the assemblies
belong to an ST, the cell is white. Where an amino acid differs in an ST, the cell is blue. The deeper the shade of blue, the greater

the percentage of assemblies possess an alternative amino acid to K-12 at the given position. N value shows the number of protein

sequences assemblies identified and analysed.
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3.7 Discussion

RND efflux pumps are highly important for the survival of Gram-negative bacteria,
allowing colonisation and replication in harsh conditions such as extreme pH, in the
presence of human host molecules such as bile salts and indole, metals such as
copper and silver, and antimicrobial drugs and disinfectants (Nishino et al., 2003,
Nishino and Yamaguchi, 2001, Lopez et al., 2017, Ma et al., 1995, Schuster et al.,
2021, Novoa and Conroy-Ben, 2019). The data presented in this chapter demonstrates
that RND efflux pumps are highly conserved, however the level of conservation differs
between RND systems.

The best studied RND pump in E. coli is AcrB. This has the broadest substrate
range which includes clinically relevant antimicrobials. While its full natural role is not
completely understood, the structure of AcrB and its role in MDR is well studied and
studies of highly homologous systems suggest it may also be involved in virulence and
biofilm production. Given the clear biological importance of AcrB it was not surprising
to find that acrB is highly conserved across the 20 ST pangenomes investigated.
Furthermore, AcrA, the native PAP of AcrB was found to be equally highly conserved
with a mean of 1.2 alleles across the pangenomes. This is probably predominantly
because it supports efflux through the major pump AcrB. However, AcrA is additionally
important because it is also the PAP required for function of the AcrD efflux pump and
can also form promiscuous interactions with AcrF (McNeil et al., 2019).

Across the six E. coli RND systems, five form a tripartite complex with the OMP
TolC, therefore high conservation across the 20 STs was expected. Only two STs were
found to have more than one tolC allele, these were ST10 and ST117, both of which

had two alleles 1482 nucleotides long. Inactivation of to/C has been shown to not only
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effect the MDR phenotype of E. coli but also the export of bacterial toxins, cell
metabolism and pH tolerance (Deininger et al., 2011, Dhamdhere and Zgurskaya,
2010, Delgado et al., 1999). The high conservation of to/C at the pangenome level is
therefore likely to have occurred as changes in nucleotide length would result in
significant alterations in protein sequence and potentially structure. This in turn would
have considerable effects on all E. coli RND systems except CusABC.

At the protein level, both AcrA and AcrB were highly conserved with little
variation from the E. coli K-12 sequence seen across the 20 STs. However in both
proteins a single amino acid substitution was present and highly conserved across
each protein. In AcrA, the K-12 threonine had been replaced by an alanine in >99.9%
of assemblies belonging to B2, D and F. The H596N AcrB substitution was present
across phylogroups B2 and D, however the K-12 histidine was maintained in
phylogroups F and selected B2 STs (ST12 and ST95). In TolC an A233T substitution
was highly conserved again across phylogroup B2, though only present in one of the
phylogroup D and F lineages. These three amino acid substitutions will be further
characterised in the Chapter 5.

The most conserved gene across the pangenome was acrZ, an accessory
peptide shown to modulate AcrB substrates (Du et al., 2020). The acrZ gene encodes
a 49 amino acid protein shown to modulate the substrate specificity of AcrB with an
interaction that results in a conformational change of the binding pocket (Hobbs et al.,
2012, Du et al., 2020). Though its function is not fully understood, mutations that impact
the helix of the peptide have been shown to impact cell growth in the presence of
chloramphenicol (Du et al., 2020). The acrZ gene was the only nucleotide sequence

to have no more than one allele per ST, suggesting a biological importance for the 150
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nucleotide sequence. Furthermore, no significant substitutions were seen across the
protein sequences at the genome assembly level suggesting the sequence present in
K-12 is under high selection.

Similar to AcrB, AcrD forms a tripartite complex with AcrA and TolC however its
substrate range differs. Across the pangenomes of 20 ST, the mean number of alleles
for acrD was 1.3 however none were identified for ST3, suggesting the gene was not
present in this ST. This was not found to be the case when determining the protein
conservation, however only 14 of the 40 assemblies in the analysis possessed a
protein of the expected length (1034 nucleotides). Despite the limited number of AcrD
sequences identified across the ST3 assemblies, an amino acid change was identified
at 656. This Q656K was found in 100% of ST3 and ST17 assemblies, both of which
belong to phylogroup B1, and 100% of B2, D and F assemblies. Glutamine was only
present at position 656 in the reference sequence of K-12, phylogroups A and E. Amino
acid 656 is located in loop 2 of AcrD, a region of the protein involved in substrate
recognition (Elkins and Nikaido, 2002). A glutamine to lysine change may therefore
have an effect on substrate recognition.

The most varied genes across the pangenomes were acrF and mdtC, both of
these genes were found to have an average of 1.6 alleles. Despite being one of the
most variable genes across the pangenomes, across both the ST38 (D) and ST11 (E)
pangenomes no acrF allele was identified. In ST38, analysis using the protein
sequence identified an AcrF protein sequence in 546 of the 617 assemblies used for
the pangenome construction. However, when identifying AcrF using TBLASTN only 29
of the 5137 ST11 assemblies possessed a match, suggesting this RND pump was

absent from ST11. This finding is further explored in Chapter 4. However, protein
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sequences across ST11 which had the expected length of 1,034 amino acids were
found to have significantly more variable amino acids in relation to K-12 than seen in
AcrB. Suggesting that although being a homolog of AcrB and having significant
substrate overlap with this RND pump, the protein sequence of AcrF is of less
importance. As the acrEF operon has been shown to be H-NS silenced in both E. coli
and S. Typhimurium this suggests that its expression is not of critical importance in
most circumstances (Nishino et al., 2009, Nishino and Yamaguchi, 2004).

MdtBC is the only heterotrimer RND pump in E. coli and has a stoichiometry of
B2C (Kim et al., 2010). It is believed the two-protein RND pump arose through a gene
duplication and the two proteins have subsequently adapted to function together
(Gorecki and McEvoy, 2020), though is unclear whether either subunit can function as
a homotrimer (Wang and Fierke, 2013, Fricke et al., 2008). At the pangenome level,
the nucleotide sequence of mdtB was more conserved than that of mdfC suggesting
MdtB biologically more important than MdtC. This was again seen in the protein
analysis as throughout the MdtC protein, amino acid substitutions with respect to the
K-12 sequence had occurred throughout the different phylogroups but more
specifically B2. It is worth noting that while K-12 possessed a methionine start codon,
100% of genome assemblies in ST10 of which K-12 belongs possessed an alternative
start codon, valine. However this would not alter the first amino acid in the peptide
sequence. This variation of start codon was seen across all STs, suggesting K-12 is
the anomaly. It has been proposed that MdtB and MdtC perform different functions
during the functional rotating mechanism, with MdtB enabling the conformational
change required for proton transport and MdtC involved in substrate binding and

transport (Kim and Nikaido, 2012). Due to their differing functions it is possible that one
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of the protein monomers can vary more so than the other without having a deleterious
impact on function.

Recent work has begun to elucidate the role of MdtEF, a PAP and RND pump
co-located with the gadE operon. GadE is a key regulatory component of acid
resistance in E. coli and crucial for ST11 survival in the simulated gastric environment
(Kailasan Vanaja et al., 2009, Deng et al., 2013). Upregulation of this operon has been
reported at the transition from exponential to stationary phase and during anaerobic
growth (Kobayashi et al., 2006). Furthermore deletion of mdtEF increases E. coli
susceptibility to indole nitrosative derivatives (Zhang et al., 2011, Deng et al., 2013).
More recently, deletion of mdtE has been shown to increase strain fitness, however
following a 2 hour exposure to extreme pH conditions that are below what supports
growth, MdtEF-TolC confers a fitness advantage (Schaffner et al., 2021). High
conservation of this system was seen at both the pangenome and protein level,
suggesting high selection pressure. In MdtE the S251G variant was present and
extremely highly conserved, the same was seen for both MdtF D602N and N709D.
These substitutions were conserved across the STs in phylogroup B2. Taken together
with recent functional characterisation, it is highly like that MdtEF-TolC is important in
oxygen scarce and high pH environments, such as those encountered when causing
infection.

The greatest variation of RND genes was seen across both ST10 and ST131
which were also the two largest pangenomes in previous work by CC (Connor, 2021).
E. coli isolates belonging to ST10 are part of phylogroup A and are isolated from both
humans and animal intestinal samples as both commensals and pathogens (Manges

and Johnson, 2012). While this lineage is most commonly associated with drug
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susceptibility, ST10 is also a reservoir of mer-1 (Matamoros et al., 2017). Carriage of
AMR genes also occurs across ST131 which is a clonal complex associated with
ExXPEC infections (Oteo et al., 2009, Garcia-Menino et al., 2018). ST131 has a small
core genome, despite this variation across the accessory genome in seen due to the
presence of plasmid and virulence factors that vary across the lineage (Petty et al.,
2014). High AMR carriage across these two lineages is likely due to antimicrobial
exposure, while mechanisms reported across ST10 and ST131 are mainly enzymatic,
variation in RND pump sequences may be selected for due to subsequent effects these
sequence changes have on efflux function or efflux pump complex stability.

In all RND-associated proteins except AcrZ amino acid substitutions were highly
conserved across the phylogroup B2. B2 is associated with AMR and pathogenesis,
furthermore human isolates of phylogroup B2 possess a higher number of virulence
factors than non-human isolates (Touchon et al., 2020). As both the lifestyle and RND
peptide sequences differ between E. coli K-12 and phylogroup B2, data suggests K-
12 is a poor model for determining RND structures across E. coli generally but more

specifically for phylogroup B2 isolates.

3.8 Key findings
e RND genes in E. coli are generally highly conserved.
e The most highly conserved RND genes were acrA, acrB, tolC, acrZ, mdtE and
mdtF.
e The most variable RND genes were acrF and mdtC.
e STs ST10 and ST131 had the greatest variation in the sequence of the RND

genes across the 20 ST pangenomes.
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In AcrA, AcrB and TolC single amino acid substitutions were conserved across

phylogroups B2, D and F. These will be explored further in Chapter 5.

3.9 Future work

Introduce amino acid substitutions to the sequence of AcrZ and phenotypically
characterise the implications on AcrAB-TolC function with MIC, biofilm
production and virulence assays using the Galleria mellonella model for
preliminary experiments

Characterise MdtE S251G, MdtF D602N and MdtF T712] due to their high
conservation across phylogroup B2

Determine the significance of MdtB conservation.

Expand this experimental approach to further E. coli STs to determine if amino
acid polymorphisms at identified amino acid positions are present across the
wider population of E. coli.

Similarly this approach could be applied to other organisms in which efflux is a

contributing factor to MDR
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Chapter 4 The E. coli lineage ST11 does not possess a

functional AcrF protein

4.1 Background

E. coli ST11 (O157:H7) is a frequent foodborne human pathogen that causes
symptoms including stomach cramps and bloody diarrhoea. The primary ST11 niche
is the recto-anal junction in cattle where the organism reproduces asymptomatically
(Naylor et al., 2003, Pruimboom-Brees et al., 2000). In 2017, 2,363 cases were
reported in the United States, while in 2018, 607 cases occurred in England and Wales
(CDC, 2021, PHE, 2020). In severe cases, E. coli ST11 infection can result in HUS, an
ST11-assoicated form of kidney failure due to its carriage and expression of Stx
(Sauder and Kendall, 2018). Hospitalisation is associated with ST11 infection. A 2019
US outbreak of O157:H7 caused by contaminated lettuce resulted in 167 infections
across multiple states, 15 of these individuals went onto develop HUS (CDC, 2020).
The following year, a UK outbreak resulted in 36 infections with over a third of people
requiring hospital treatment (Mulchandani et al., 2021).

AcrF is a close homolog of AcrB in E. coli and both share 77% of their amino
acid identities (Nishino and Yamaguchi, 2001). There is also wide overlap in the
substrate ranges of AcrF and AcrB (Nishino and Yamaguchi, 2001). In addition to
AMR, RND efflux pumps have been shown to be involved in virulence across Gram-
negative bacteria, including Salmonella, Klebsiella pneumonia, Enterobacter cloacae
and Erwinia amylovora (Burse et al., 2004, Padilla et al., 2010, Wang-Kan et al., 2017,
Pérez et al., 2012). While AcrB is expressed constitutively, under laboratory conditions

the acrEF operon is expressed at very low levels due to HNS silencing but like AcrB,
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absence of AcrF has been shown to attenuate virulence (Nishino and Yamaguchi,
2004, Ma et al., 1995, Nishino et al., 2006, Blair et al., 2015b). Due to the virulence of
ST11 and the suggested role of AcrF in virulence, pangenome data indicating the
absence of acrF in ST11 was confirmed at the individual assembly level and with

findings subsequently confirmed in the laboratory.

4.2 Aims
e To determine whether the AcrF variant is conserved throughout ST11

e To confirm that the variant of AcrF is non-functional
4.3 Hypothesis

e ST11 encodes a non-functional AcrF protein

4.4 acrF is absent from the ST11 pangenome

In Chapter 3 it was shown that the level of conservation of RND and related genes
between STs of E. coli differs. The genes encoding AcrA and AcrB, which together
with TolC form the major RND efflux pump in E. coli, were highly conserved across all
20 lineages analysed with each having a mean of 1.2 alleles per ST. Unlike acrA and
acrB which had similar levels of conservation, acrE and acrF were conserved to
different extents across the 20 STs. The greatest number of acrE alleles across a
lineage was two, this was seen for ST10, ST12, ST69 and ST131. In contrast, acrF
was more varied with five alleles identified across the ST10 pangenome and four in
ST12. The mean number of alleles for acrF across the 20 lineages was 1.6 compared

to 1.2 for its partner acrE. However, zero alleles were identified for acrF in ST11 and
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when acrF was aligned to the assemblies used for the pangenome construction, no

genes of 3105 nucleotides, the length of acrF in K-12, were identified.

4.5 acrF contains a highly conserved insertion which encodes two internal stop
codons

To confirm whether acrF was indeed absent from ST11 the region downstream of acrE,
which encodes acrF was initially downloaded from 12 randomly selected ST11
genomes available on NCBI. Aligning these sequences against acrF from MG1655
revealed an insertion of 45 nucleotides between nucleotides 1860 and 1906 which
lengthened the acrF gene from 3105 to 3150 nucleotides (Figure 4.1). When
translated, this insertion corresponded to 13 additional amino acids plus two internal
stop codons (Figure 4.1) suggesting the product would be truncated.

To validate this finding across a larger number of genomes, 2000 assemblies
were downloaded from the Enterobase E. coli/Shigella database, with 212 removed
from the analysis due to the presence of duplicate genomes. The remaining 1788
assemblies were then used to confirm whether the insertion found in 12 ST11 genomes
was conserved throughout a wider population. Using the acrF sequence from E. coli
0O157:H7 strain TW14359 in the NCBI alignment, it was confirmed that 1745 out of the
1788 assemblies (97.59%) had a gene that matched the length expected for ST11
(3150 nucleotides). Sequence identity of those matches ranged from 99.556% to
100%, with the average percentage identity at 99.94%, showing the high conservation

of this insertion within ST11 genomes.
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LPSMEIQGEAAPGTSSGDAMALMENLASKLPAGIGYDWTGMSYQERLSGNQAPALVAISFVVV
FLCLAALYESWSIPVSVMLVVPLGIVGVLLAATLFNQKNDVYFMVGLLTTIGLSAKNAILIVEFAK
DLMEKEGKGVVEATLMAVRMRLRPILMTSLAFILGVLPLAISNGAGSGAQNAVGIGVMGGMVS
ATLLAIFFVPVFFVVIRRCFKG*

Figure 4.1 acrF in E. coli ST11 has a 45 nucleotide insertion

142



a) Alignment of 12 acrF sequences downloaded from NCBI database confirms an insertion relative to E. coli K-12 substr. MG1655.
The acrF sequences are homologous up- and downstream of the inserted region b) Translation of these genes (example O157:H7 1)

confirms the insertion contains two internal stops codons. Residues in red belong to the insertion.
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4.6 AcrF is non-functional in ST11

The acrF sequences from E coli. K-12 MG1655 and ST11 NCTC 12900 were each
cloned into the high-copy vector pET21a following digestion with Ndel and Xhol. NCTC
12900 is an E. coli O157:H7 strain that is Shiga-toxin negative. Sequences were
confirmed using Sanger sequencing by Eurofins. An E. coli K-12 strain lacking both
acrB and acrF was constructed using homologous recombination (Datsenko and
Wanner, 2000) and P1 bacteriophage transduction, with both deletions confirmed
again via Sanger sequencing. The acrF constructs were then transformed into the
E. coliK-12 MG1655 AacrB AacrF background and the function of each acrF construct
was determined by measuring susceptibility to a range of dyes and antimicrobials. This
assay was done in the absence of acrB as the two pumps have very similar substrate
profiles and expression of acrB can mask the subtle phenotypic changes associated
with acrF expression (Nishino and Yamaguchi, 2001).

Substrates of AcrF include acriflavine, chloramphenicol, erythromycin,
rhodamine 6G and tetracycline (Nishino et al., 2003, Nishino and Yamaguchi, 2001).
Deletion of the acrB gene increased the susceptibility of the strain to almost all
compounds tested (Table 4.1) and further deletion of acrF had no additional effect on
any of the susceptibilities measured. Due to the selection marker on the pET21a
plasmid introduction of the empty vector resulted in a significant increase in the
resistance to all B-lactams tested (data not shown). Complementation of the double
AacrB AacrF knockout with the acrF gene from E. coli K-12 (EC327) decreased
susceptibility to clindamycin hydrochloride from <1 to 8 ug/mL, ethidium bromide from
16 to 128 pg/mL and rhodamine 6G from 16 to 64 pg/mL showing that AcrF from E.

coli K-12 is expressed and functional. Subtle decreases in susceptibility to several
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other compounds including erythromycin and novobiocin were also seen. However, no
recovery was seen when the AacrB AacrF knockout strain was complemented with the
ST11 acrF sequence (EC328) that contains the internal stop codons. This confirms the

insertion present across ST11 renders AcrF non-functional.
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Figure 4.2 Cloning strategy to confirm AcrF in ST11 is non-functional

a) AcrF from E. coli K-12 and E. coli NCTC 12900 (ST11) were both amplified from the chromosome using primers that incorporated
the Ndel and Xhol restriction sites (top K-12, bottom ST11). The resulting amplimers and pET21a vector were digested with Ndel and

Xhol and ligated together to generate pET21a AcrF K-12 (b) and pET21 AcrF ST11 (c).
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Figure 4.3 Confirmation of acrF cloning

The acrF gene from E. coli K-12 (K-12) and two acrF fragments from E. coli NCTC 12900 (ST11) were amplified using primers that
introduced the Ndel and Xhol restrictions sites. Following digestion of the acrF amplimers, these 3109 and 3154 nucleotide fragments

were introduced into the pET21a vector to generate (a) pET21a K-12 and (b) pET21a ST11 constructs. (c) Successful ligation
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reactions of pET21a and acrF was confirmed using primers that flanked the multiple cloning site, sequences of PCR amplimers were

then confirmed with NGS sequencing.
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Figure 4.4 Interruption of the acrF gene in K-12 and K-12 AacrB

To confirm the insertion in acrF found across ST11 genome assemblies resulted in a non-functional protein, pET21a acrF constructs

shown in Figure 4.3 were transformed into E. coli K-12 AacrF and E. coli K-12 AacrB AacrF backgrounds. Construction of AacrF
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strains was achieved using P1 transduction. A phage stock was constructed from the Keio collection acrF::aph. The introduction of

the aph cassette was confirmed via PCR and NGS sequencing. The aph resistance cassette was removed using pCP20.
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Table 4.1 Susceptibility of K-12 AacrB AacrF following complementation with acrF from K-12 and ST11

MIC (pg/mL)
Identifier Strain BAC CHL CIP CLI ERY EB MER MB MOX NAL NOV R6G TET
EC112  ATCC 25922 32 4 0.015 128 64 256 <1 >1024 0.06 4 32 1024 1
ECO7 K-12 64 8 0.015 128 64 1024 <1 >1024 0.06 8 128 512 1
EC29 K-12 AacrB 4 1 <0.008 <1 4 16 <1 4 0.015 2 4 16 0.5
EC118  K-12 AacrB AacrF 4 1 <0.008 <1 4 16 <1 32 0.015 2 4 16 0.5
EC233  K-12 AacrB AacrF + pET21a 4 1 <0.008 <1 4 16 <1 32 0.015 2 4 16 0.5
EC327 K-12 AacrB AacrF + pET21a acrF (K-12) 8 1 <0.008 8 8 128 <1 64 0.015 2 8 64 0.5
EC328 K-12 AacrB AacrF + pET21a acrF (O157:H7) 4 1 <0.008 <1 4 16 <1 32 0.015 2 4 16 0.5

A fold change greater than two is highlighted grey.

BAC benzalkonium chloride, CHL chloramphenicol, CIP ciprofloxacin, CLI clindamycin, ERY erythromycin, EB ethidium bromide,

MER meropenem, MB methylene blue, MOX moxifloxacin, NAL nalidixic acid, NOV novobiocin, R6G rhodamine 6G, TET tetracycline.
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4.7 Discussion
The aim of this chapter was to confirm whether a functional AcrF is absent from ST11
as suggested in the pangenome analysis.

ST11 is a highly virulent lineage of E. coli with an infectious dose as low as 10
cells needed to cause disease due to the secretion of Stx which binds the glycolipid
receptor Gb3 (Melton-Celsa, 2014, Nguyen and Sperandio, 2012). Once internalised,
Stx induces a ribotoxic stress response leading to apoptosis (Melton-Celsa, 2014).
Most infections self-resolve but in severe ST11 cases, patients develop bloody
diarrhoea which may progress to HUS and kidney failure (Lim ef al., 2010). The main
reservoir for ST11 is cattle, where cells replicate asymptomatically at the recto-anal
junction due to the absence of the Stx receptor.

Though the exact mechanism by which AcrF contributes to virulence is
unknown, inactivation of acrF has been shown to reduce cell adherence to human
intestinal cells and decrease virulence in a mouse model (Nishino et al., 2006, Blair et
al., 2015b). While virulence data is from Salmonella species, due to the high amino
acid similarity between AcrB in E. coli and Salmonella, the overlap of substrate profiles
and similarities in regulation, it can be hypothesised that they possess similar functions
(Wang-Kan et al., 2017, Nishino et al., 2003, Nishino and Yamaguchi, 2001). Moreover
virulence has been associated with RND pumps in additional Gram-negative bacteria
including Neisseria gonorrhoeae, Erwinia amylovora, Pseudomonas syringae and
Vibrio cholerae (Burse et al., 2004, Jerse et al., 2003, Ichinose et al., 2020, Bina et al.,
2018).

While acrF in ST11 was not the only gene suggested to be absent across the

20 pangenomes. The only gene that seemed to be a genuinely absent across the STs
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was acrF in ST11 as in addition to the 0 alleles across the ST11 pangenome, >99% of
the 5137 assemblies lacked an AcrF protein sequence. Closer analysis of ST11
assemblies identified an insertion of 45 nucleotides that resulted in a premature
termination of translation, therefore truncating the RND protein. The other four genes
absent across the pangenomes appeared to be artefacts of the Roary analysis.

A recent review of the evolutionary conservation of efflux pumps across E. coli
noted that acrF was absent from the ST11 core genome and the core genomes of
phylogroup C and Shig1 although no investigation of the cause of this was undertaken
(Teelucksingh et al., 2020, Abram et al., 2020, Abram et al., 2021). The only RND
genes found within the core genome of all phylogroups were acrB, acrD and mdtABC
(Teelucksingh et al., 2020). The findings of Teelucksingh et al. (2020) support the data
presented in Table 3.1. However, work in this study extends this observation as it
shows that the lack of acrF in the ST11 pangenome is in fact caused by an insertion.

Due to the well described virulence of ST11 and the known impact of the AcrF
homolog in Salmonella on infection, it was surprising that ST11 was shown to lack a
functional AcrF due to a highly conserved insertion. One explanation for this is due to
functional redundancy of RND pumps in Gram-negative bacteria and that the loss of
AcrF may not have any significant effect on the bacterial lifecycle. Other RND systems
such as AcrAB-TolC or MdtEF-TolC may be upregulated in this lineage to compensate
for the lack of AcrEF-TolC function. Indeed several groups have shown AcrF
expression increases through mutation in the absence of acrB and presence of
antimicrobials (Langevin et al., 2020, Zhang et al., 2018, Alon Cudkowicz and
Schuldiner, 2019, McNeil et al., 2019). The overlapping of substrate specificity

provides a contingency plan should the first line of defence fail (Ghosh and O'Connor,
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2017). Furthermore, the main reservoir for this organism is cattle and not humans, so

it is plausible that systems linked to extreme acid tolerance or nitrosative conditions

such as MdtEF could be more important for a strain that must survive the harsh

conditions of the gastrointestinal tract to cause disease.

4.8 Key findings

The acrF gene in the important pathogenic E. coli lineage ST11 contains a 45
nucleotide insertion.

This insertion is conserved across >97% of E. coli ST11 assemblies checked.
Upon translation, the insertion encodes two stop codons that result in protein

truncation, rendering the efflux pump non-functional.

4.9 Future work

Measure the transcription of alternative RND efflux pumps in E. coli ST11 using
RT-PCR to determine if compensatory overexpression occurs due to the
interruption in acrF.

Recreate the 45 nucleotide insertion in an E. coli background that possesses a
functional AcrF and measure the effect of acrF interruption on virulence using
the Galleria mellonella infection model in the first instance. Using a strain such
as E. coli ATCC 25922 could help elucidate the role of AcrF in E. coli virulence.
Removal of the 45 nucleotide insertion section and revert the acrF gene
sequence of ST11 back to that of E. coli K-12 and subsequently determine the
effect on efflux and antimicrobial susceptibility. Determine whether the insertion

sequence results in a fitness cost or has any epistatic effects.
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Chapter 5 Characterisation of highly conserved amino acid

substitutions present in AcrA, AcrB and TolC

5.1 Background

In Chapter 3 it was shown that across E. coli, each component of the AcrAB-TolC efflux
pump had a highly conserved polymorphism compared to E. coli K-12 MG1655 protein
(Figure 3.1 - Figure 3.3). The presence of the alternate amino acids in AcrA, AcrB and
TolC were found throughout phylogroups B2, D and F which are traditionally
associated with ExPEC infection, while absent from A, B1 and E.

Nonsynonymous single nucleotide changes in RND efflux pumps have
previously been shown to confer clinically relevant phenotypic changes e.g. in S.
Typhimurium, a single substitution of glycine to aspartic acid at position 288 in AcrB
results in a clinically relevant phenotype, with increased ciprofloxacin efflux (Blair et
al., 2015a). Similarly, a G288S substitution associated with meropenem resistance has
been described in a clinical isolate of A. baumannii (Hawkey et al., 2018). In the case
of E. coli, it is possible to predict the AIEC phenotype based upon the presence of
SNPs in AIEC and non-AIEC strains (Camprubi-Font et al., 2018).

To investigate the phenotypic impact of AcrA T104A, AcrB H596N, and TolC
A233T polymorphisms, these were recreated on pET21a plasmids encoding K-12
AcrA, AcrB and TolC. Complementation with both the K-12 and variant sequences and
subsequent phenotypic characterisation allowed direct comparison and investigation

of any functional benefit of the polymorphisms.

155



5.2 Aims
e To investigate the phenotypic impact of the three conserved amino acid
substitutions; AcrA T104A, AcrB H596N, TolC A233T.
5.3 Hypotheses
e The AcrA T104A, AcrB H596N and TolC A233T substitutions will confer a
phenotypic advantage to E. coli causing them to have been selected for across
phylogroups B2, D and F
e The introduction of AcrA T104A, AcrB H596N and TolC A233T will alter the drug

susceptibility profile of E. coli K-12

5.4 The prevalence of specific amino acid substitutions across AcrA, AcrB and
TolC in E. coli phylogroups

When comparing E. coli AcrA, AcrB and TolC protein sequences from 20 ST to the
reference sequences from E. coli K-12 MG1655, heatmaps (Figure 3.1 - Figure 3.3)
demonstrated that substitutions at AcrA 104, AcrB 596 and TolC 233 were highly
conserved across proteins that have little overall variation (Table 5.1). The amino acid
present at AcrA 104, AcrB 596 and TolC 233 appears to be dependent on the
phylogenetic background of the strain. Over the 19601 assemblies included, none of
the phylogroup A, B1 or E assemblies contained AcrA T104A, AcrB H596N or TolC
A233T substitutions. Yet AcrA T104A was present in 99.997% of phylogroup B2
assemblies and 100% of phylogroup D and F assemblies (Table 5.2). Though present
in 80% of phylogroup B2 and 100% of phylogroup D assemblies, the H596N
substitution in AcrB was also absent from phylogroup F in addition to A, B1 and E

assemblies. The TolC A233T change was present in 99.2% of B2, 41.2% and 48.8%
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of phylogroup D and F assemblies respectively (Table 5.2). Interestingly, AcrA T104A,
AcrB H596N and TolC A233T co-occur in B2, D and F STs (Figure 5.1). The most
prevalent substitution of the three was AcrA T104A as this change was present across
all lineages of phylogroup B2, D and F and co-occurred with both AcrB H596N and
TolC A233T. However AcrB H596N and TolC A233T did not always co-occur with each

other and were only found in the presence of AcrA T104A.
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Table 5.1 Prevalence of AcrA T104A, AcrB H596N and TolC A233T across 20 E.

coli ST

Prevalence (%)
Phylogroup Sequence Type AcrA T104A AcrB H596N TolC A233T
A ST10 0.00 0.00 2.16
A ST167 0.00 0.00 1.74
B1 ST3 0.00 0.00 0.00
B1 ST17 0.00 0.00 0.00
B1 ST21 0.00 0.00 0.00
E ST11 0.00 0.00 0.00
B2 ST12 100.00 0.00 98.59
B2 ST14 100.00 100.00 95.16
B2 ST28 100.00 100.00 100.00
B2 ST73 100.00 100.00 99.66
B2 ST95 100.00 0.00 100.00
B2 ST127 100.00 100.00 100.00
B2 ST131 99.97 100.00 99.09
B2 ST141 100.00 100.00 100.00
B2 ST144 100.00 100.00 100.00
B2 ST372 100.00 100.00 100.00
D ST38 100.00 100.00 6.48
D ST69 100.00 100.00 75.94
F ST117 100.00 0.00 97.41
F ST648 100.00 0.00 0.26

Table 5.2 Prevalence of AcrA T104A, AcrB H596N and TolC A233T across the E.
coli phylogroups

Prevalence (%)

Phylogroup AcrA T104A AcrB H596N TolC A233T

A 0.000 0.000 1.952

B1 0.000 0.000 0.000

E 0.000 0.000 0.000

B2 99.997 80.000 99.249
100.000 100.000 41.210

F 100.000 0.000 48.835
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Figure 5.1 Distribution of AcrA T104A, AcrB H596N and TolC A233T across the

E. coli assemblies used in the pangenome and RND protein conservation
analyses

Sequence types in which >70% of assemblies have the substitution are marked with

the following symbols; AcrA T104A m AcrB H596N A TolC A233T @.The blue dashed

line represents the divide between phylogroups that have the same amino acids as the
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reference E. coli K-12 MG1655 at residues AcrA 104, AcrB 596 and TolC 233 and

those that have the AcrA T104A, AcrB H596N, and TolC A233T substitutions.
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5.5 The polymorphisms were not found to alter susceptibility to dyes or
antimicrobials.

AcrAB-TolC exports several classes of antimicrobials and in some cases single amino
acid substitutions have been shown to have clinically relevant implications (Blair et al.,
2015a, Sajib et al., 2021, Yang et al., 2021). The effect of AcrA T104A, AcrB H596N
and TolC A233T on susceptibility to a range of AcrAB-TolC substrates was determined
in E. coli K-12 MG1655.

To do this, pET21a plasmids encoding the E. coli K-12 MG1655 acrA, acrB and
tolC sequences and the mutated variants (acrA A310G, acrB C1785A, tolC G697A)
were transformed into K-12 lacking either acrA, acrB, or tolC, respectively. Herein the
K-12 versions of proteins will be called K-12 AcrA, K-12 AcrB, and K-12 TolC while
those containing highly conserved single amino acid variant will be referred to as AcrA
T104A, AcrB H596N, and TolC A233T.

AcrAB-TolC is able to confer decreased susceptibility to a wide range of
antimicrobials and dyes. The first hypothesis to explain the distribution of the described
polymorphisms was that the variants may confer altered susceptibility to clinically
useful antimicrobials. To test this the MIC values for E. coli K-12 MG1655, strains
lacking acrA, acrB and tolC, and the complemented strains with both K-12 and variant
sequences were determined. As previously published, inactivation of either acrA, acrB
or tolC increased susceptibility to a range of substrates including novobiocin,
erythromycin and chloramphenicol. Complementation of each mutant with either the
K-12 versions of AcrA, AcrB, TolC or AcrA T104A, AcrB H596N and TolC A233T was
able to restore decreased susceptibility, however no significant differences could be

seen between any of the K-12 peptide sequences and the variants (Table 5.3). It is
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possible that the MIC methodology is simply not sensitive to detect subtle changes in
export of these compounds due to the long incubation period and the doubling dilutions

of compounds used.
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Table 5.3 Antimicrobial susceptibility of strains complemented with K-12 or variant versions of for acrA, acrB and tolC

MIC (ug/mL)
Strain AZT BAC CAR CEF CHL CLI CV ERY EB FA GEN MER MB MOX NA NOV R6G RIF SPE TET TIC
ATCC 25922 012 32 16 0.06 4 128 32 64 512 1024 05 003 >1024 0.03 2 32 1024 >32 8 1 8
MG1655 006 64 8 0.06 8 128 32 32 1024 1024 025 003 >1024 006 8 128 512 >32 8 1 4
MG1655 AacrA 0.06 4 2 <0016 1 2 4 2 16 8 012 003 8 <0008 2 4 32 4 0.25 1
MG1655 AacrA +pET21a 0.12 4 >1024 <0016 1 2 4 2 16 8 012 003 8 <0008 2 2 32 4 025 >1024
MG1655 AacrA +pET21azacrA 0.12 4 >1024 <0016 2 4 4 4 64 32 012 003 16 <0008 2 4 32 32 4 025 >1024
MG1655 AacrA +pET21azacrA T104A 0.12 8  >1024 <0016 2 4 4 4 32 32 025 003 16 <0008 2 4 32 32 4 025 >1024
MG1655 AacrB 0.06 4 8 <0016 1 2 4 16 8 012 003 8 <0008 2 2 8 32 4 0.25 4
MG1655 AacrB +pET21a 0.12 4 >1024 <0016 1 2 4 8 8 012 003 8 <0008 2 2 8 32 4 025 >1024
MG1655 AacrB + pET21a:acrB 012 16  >1024 003 4 32 8 16 128 128 012 003 256 0016 2 16 128 32 4 05  >1024
MG1655 AacrB + pET21a:acrB H596N 012 16  >1024 0.03 4 32 8 16 128 128 025 003 256 0016 2 16 128 32 4 05 >1024
MG1655 AtolC 0.25 2 2 0.03 1 1 4 2 4 4 012 003 8 <0008 <1 <1 8 32 4 0.25 2
MG1655 AtolC + pET21a 0.25 2 >1024 003 1 1 4 4 4 012 003 8 <0008 <1 <1 8 32 4 025 >1024
MG1655 AtolC + pET21a::tolC 0.25 8  >1024 003 2 2 8 16 128 128 012 003 64 <0008 <1 16 64 32 4 025 >1024
MG1655 AtolC + pET21a:tolC A233T 0.12 8  >1024 003 2 2 8 8 128 128 012 003 64 <0008 <1 16 64 32 4 025 >1024

AZT — aztreonam, BAC — benzalkonium chloride, CAR — carbenicillin, CEF — cefotaxime, CHL — chloramphenicol, CLI — clindamycin,
CV- crystal violet, ERY — erythromycin, EB — ethidium bromide, FA — fusidic acid, GEN — gentamicin, MER — meropenem, MB —
methylene blue, MOX — moxifloxacin, NA — nalidixic acid, NOV — novobiocin, R6G — rhodamine 6G, RIF — rifampicin, SPE —

spectinomycin, TET — tetracycline, TIC — ticarcillin.
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5.6 Intracellular accumulation of ciprofloxacin is not affected by the introduction
of the conserved residues
Due to the potential insensitivity of the MIC experiments it was hypothesised that a
more sensitive approach was needed to measure the effect AcrA T104A, AcrB H596N
and TolC A233T on efflux function. Accumulation and subsequent measurement of
intracellular levels of fluorescent compounds can be used as indirect method of
measuring efflux. Accumulation is indirect because the level at which a compound
accumulates within a cell is dependent on a range of factors, such as efflux rate and
the rate of dye influx (Blair and Piddock, 2016). Ciprofloxacin was used to measure
accumulation instead of ethidium bromide as it is a clinically relevant fluoroquinolone
substrate of AcrAB-TolC and its fluorescence can be measured (excitation 280 nm
emission 440 nm). With the use of standards of known concentrations, the
concentration of ciprofloxacin per cell can be determined from fluorescence levels.
Stains were incubated in the presence of ciprofloxacin for 5, 10 or 20 minutes,
cells were then washed and lysed. The supernatant was loaded into a black 96-well
microtiter plate and fluorescence measured in a plate reader allowing quantification.
In this study deletion of either acrA, acrB or tolC had no significant measurable
effect on the accumulation of the fluoroquinolone (Figure 5.3). It was therefore not
possible to see an effect of complementation with K-12 acrA, K-12 acrB, K-12 tolC or
the plasmids encoding AcrA T104A, AcrB H596N and TolC A233T, due to a lack assay
sensitivity. As mentioned measurement of accumulation is an indirect method of
evaluating efflux function and is less sensitive that measuring active efflux with a

fluorescent substrate as accumulation rate depends on many factors such as rate of
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efflux. Thus ciprofloxacin accumulation may not be sensitive enough to measure a

change.
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Figure 5.2 Ciprofloxacin accumulation of E. coli K-12, AacrA, AacrB and AtolC and strains complemented with both K-12

and amino acid variants
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E. coli cultures were incubated in the presence of 10 ug/mL ciprofloxacin for 5, 10 and 20 minutes, the intracellular concentration of
ciprofloxacin per CFU was then measured. Scatter plot shows individual biological repeats (n = 3), bars show the mean and standard

error. No significant differences were measured between strains or conditions (two-way ANOVA, Tukey’s multiple comparisons).
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5.7 AcrA T104A, AcrB H596N and TolC A233T did not alter the efflux rates of
ethidium bromide and 1,2’-dinaphthylamine

In order to measure active efflux directly cells are pre-loaded with a fluorescent dye in
the presence of an inhibitor, here CCCP; following re-energisation the rate of efflux is
measured by the decrease in fluorescence values as the fluorescent substrate is
pumped out, therefore measuring efflux directly. To determine if a subtle phenotypic
change was being missed in the accumulation assay, ethidium bromide efflux rate was
determined.

In E. coli, deletion of acrA or acrB does not significantly affect the rate of
ethidium bromide efflux as both AcrEF and MdtEF can export this dye (Nishino and
Yamaguchi, 2001, Wang-Kan, 2018). However, inactivation of to/C has a significant
phenotypic impact because it is the OMP for five of the six RND pumps in E. coli.
Therefore, only the rates of efflux for strains lacking to/C and those complemented with
K-12 TolC and TolC A233T were measured using ethidium bromide. Deletion of to/C
significantly reduced the rate of efflux of ethidium bromide. Complementation with the
pET21a vector encoding K-12 TolC restored function as did the TolC A233T vector
(Figure 5.3), as decrease in fluorescence was measured implying ethidium bromide
was leaving the cell. However, no significant difference could be seen between the two

TolC sequences, K-12 TolC and TolC A233T (Table 5.4).
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Figure 5.3 Efflux of ethidium bromide in E. coli K-12, Atol/C and complemented

strains

Efflux kinetics of ethidium bromide for E. coli K-12 e, K-12 Afo/lC = and strains
complemented with the K-12 tolC A sequence or A233T variant to/lC ¥V sequence.
Deletion of tolC significantly impacted ethidium bromide efflux, however no difference
was seen between the efflux of strains complemented with the K-12 or variant to/C
sequences. Data shown in the mean of three biological replicates. Time taken for
fluorescence to decrease by 10%, 25% and 50% were calculated, however no
significant difference was detected when comparing both complemented strains (two-

way ANOVA, Tukey’s multiple comparisons).
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Table 5.4 Rate of ethidium bromide efflux in K-12, K-12 AtolC, K-12 AtolC pET21a

K-12 to/C and K-12 Ato/C pET21a tolC A233T

Time (minutes)

Fluorescence drop K-12 K-12 AtolC pK|;1'|'221AatOItg IZ‘ pET};:I1a2::ﬁ)t7(',{(ft\; 33T
10% 2.61 £0.41 1.78 £0.20 2.76 +£0.52 1.93 +0.01
25% 11.36 +3.87 37.73 +17.05 17.98 +4.57 18.79 +6.41
50% 13.71 £3.57 90.28 +20.55 2544 +512 25.65 +6.86

Quantification of efflux data presented in Figure 5.3. Data is the mean of three

biological replicates + the standard error of mean. No significant difference was

detected when comparing both complemented strains (two-way ANOVA, Tukey’s

multiple comparisons).
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An alternative dye to ethidium bromide that has been used to measure efflux in
Gram-negative organisms is the highly sensitive membrane probe 1,2-
dinaphthylamine (1,2’-DNA) (Philippe et al., 2015, Bohnert et al., 2011). Unlike
ethidium bromide, 1,2’-DNA is lipophilic and accumulates in the periplasm, because of
this it has been suggested that 1,2’-DNA is more relevant for measuring RND efflux as
substrates enter RND pumps via the periplasm (Bohnert et al., 2011). Published
methods varied greatly meaning a robust method had to be established for use in this
project (as described in Methods 2.10.6). Following the establishment of the method,
efflux of AcrA, AcrB and TolC complemented strains was measured. Deletion of acrA,
acrB and tolC all prevented compound export. Complementation with either of the acrA
constructs failed to rescue function and thus no difference could be determined. Both
acrB sequences had a subtle effect on restoring efflux but like AcrA, neither K-12 AcrB
nor AcrB H596N were distinguishable from each other. However, a slight difference in
efflux capability was observed between K-12 TolC and TolC A233T suggesting A233T
exported the dye 1,2’-DNA at a slightly faster rate (Figure 5.4), however this was not

statistically significant (Table 5.5).

171



01.5— 01'5_ o 157

(3] o o

c c c

[/] [ [}

: : :

EEEmmnm

5107 iy 5101 T, BroqriRiRRILAILIIIIII,
2 * EEE: = * "TiEiggg S Ty
= . iiiiiii = R 11y & . TTrY¥vyyy
g [ g . !EEIEIEIIII g °
& 0.5- 35 £ 0.5- ‘e £ 0.5- *e
© $8s3s5005000e © ®ecccccccosse © ...00000000000
E £ £
2 2 2

0.0 1T 0.0 —rrrrrrrrrrrrrrrrT T 0.0 T T

o

100 200 300
Time (seconds)

e E. coli K-12 MG1655

= AacrA

»  AacrA + pET21a::acrA

v AacrA + pET21a:acrAT104A

o

100 200 300
Time (seconds)

E. coli K-12 MG1655

= AacrB

»+  AacrB + pET21a::acrB

v AacrB + pET21a::acrB H596N

o

100 200 300
Time (seconds)

E. coli K-12 MG1655

= AtolC

4+ AtolC + pET21a:tolC

v AtolC + pET21a::tolC A233T

Figure 5.4 Efflux of 1,2’-dinaphthylamine by E. coli K-12, AacrA, AacrB and AtolC and complemented strains
Efflux kinetics of 1,2’-DNA for E. coli K-12 and acrA derivatives (a), acrB derivatives (b) and tolC (c)

Inactivation of acrA, acrB and to/C reduced the ability of K-12 to efflux 1,2’-DNA however no significant differences were seen between
strains complemented with the K-12 and variants (two-way ANOVA, Tukey’s multiple comparisons). Data are the mean of three

biological repeats and bars represent the standard error of mean.
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Table 5.5 Rate of 1,2’-diphnaphthylamine efflux in E. coli K-12 AacrA, AacrB and

AtolC, and complemented strains

Time (seconds)

Strain 10% fluorescence drop 20% fluorescence drop
K-12 21.07 £5.69 32.86 +6.72
K-12 AacrA 58.61 +7.85 121.06 £ 19.92
K-12 AacrA + pET21a:acrA 7547 £10.11 149.41 £ 26.35
K-12 AacrA + pET21a::acrA TO14A 111.14 £ 17.08 229.26 +£70.2
K-12 16.26 + 5.32 31.34 £7.59
K-12 AacrB 113.71 £ 36.21 257.74 £81.35
K-12 AacrB + pET21a::acrB 4424 +3.967 79.19 £ 3.6
K-12 AacrB + pET21a::acrB H596N 35.28 £2.03 69.00 £6.28
K-12 12.09 +0.38 -

K-12 AtolC 365.37 +12.81 -

K-12 AtolC + pET21a::tolC

190.19 * 36.67

K-12 AtolC + pET21a:tolC A233T

76.26 £6.77

Data are means of three biological repeats * standard error of mean.
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5.8 Curli and cellulose production are not affected by the introduction of AcrA
T104A, AcrB H596N or TolC A233T.

The effect of the polymorphisms on other phenotypes that have been previously linked
to efflux pumps were also measured. Interruption of RND genes results in the down-
regulation of the csg operon involved in curli biosynthesis in S. Typhimurium (Baugh
et al., 2014). Curli are amyloid fibres produced by E. coli and Salmonella that are
involved in attachment and the formation of mature biofilms (Nenninger et al., 2008,
Kikuchi et al., 2005). Cellulose is also a biofilm component, with the bcs operon highly
conserved across the proteobacteria, though “domesticated” E. coli K-12 strains have
been shown not produce it (Romling and Galperin, 2015, Serra et al., 2013). Congo
Red can be used as an indicator of both cellulose and curli production and therefore
determine the effects of AcrA T104A, AcrB H596N and TolC A233T on the production
of biofilm components.

The cellulose and curli production was assessed for E. coli K-12 MG1655,
AacrA, AacrB, AtolC and strains complemented with K-12 and variants AcrA T104A,
AcrB H596N and TolC A233T. For each strain, 5 yL was plated in triplicate on to LB
agar plates supplemented with Congo Red. Following a 48 hour incubation at 30°C
colonies were imaged.

The control strain used, S. Typhimurium 14028s produces both curli and
cellulose, resulting in a rough dry and red (rdar) phenotype (Romling and Galperin,
2015). The laboratory K-12 strain did not have a wrinkled surface and therefore does
not produce cellulose as previously reported (Figure 5.5). Neither the interruption of
acrA, acrB, and tolC, nor complementation with either K-12 or AcrA T104A, AcrB

H596N and TolC A233T sequences, had an effect on curli production as all colonies
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were smooth and pink. Furthermore, the presence of the pET21a selective agent,
ampicillin, had no effect on curli or cellulose production. Therefore, it is unlikely that

introduction of the polymorphism would have an effect on biofilm production.

175



S. Typhimurium 14028s

E. coliK-12
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Figure 5.5 Curli and cellulose biogenesis of E. coli K-12 MG1655, AacrA, AacrB,

AtolC and complemented strains

Cultures were grown for 48 hours at 30°C on LB agar plates supplemented with
40 pg/mL Congo red. S. Typhimurium 14082s was used as a positive control for both

curli and cellulose biogenesis (a). E. coli K-12 does not produce cellulose and therefore
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colonies appear smooth. Interruption of acrA, acrB and tolC, and complementation with
the K-12 and variants sequences (C, D, and E) had no visible effect on curli biogenesis.

Images are a representative of three biological repeats.
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5.9 Biofilm production is unaffected by the introduction of the conserved mutant
residues

Deletion of acrA, acrB and tolC and complementation with either the K-12 or the AcrA
T104A, AcrB H596N and TolC A233T sequences were found to have any effect on
colony morphology when grown in the presence of Congo red. However as this is a
qualitative assessment of biofilm-associated factors/proteins, the production of biofilm
was measured using crystal violet.

Briefly, strains were grown at 30 “C with gentle agitation for 48 hours. Bacterial
culture was then removed and the biofilms were stained with crystal violet solution.
Excess crystal violet was removed and dye staining the biofilm was solubilised using
70% ethanol. The optical density of each well was then measured at 600 nm.

Like in the Congo red assay, inactivation of acrA, acrB and to/C had no effect
on biofilm formation. This could be as biofilm production was low in the K-12 parent
strain, subtle changes were not detectable. There was also no change in biofilm
production following complementation with pET21a encoding K-12 AcrA, AcrB and

TolC or AcrA T104A, AcrB H596N, TolC A233T (Figure 5.6).

178



AcrA

1.5
a)
1.0 4
g
a 059 T °
o T —‘7 ® o L o _}
LI K + 11 i
0.0 » ®.
-0.5 —Tr—TTTTT—TT
P N F A S S S S
$° AN &Y AN L D
ST F L FE SELE
q}“xQ PO S\ \ g\ \4
N & Eala® S
INESS e LT
B
Q/.o&@‘ 908' Qé’\o,"x o éry év-
N Voo T
N F @ WP ox N
¢ "’oq,“ & &
& VJ;\ W R
» &
0 &
<& v
Strains
AcrB
b) 151
1.0 4
§ [ ]
a 054 .~E
o T - = >
T o ho® . P S F
0.0 o ®
-0.5 ~=—r——r—r—ax-—-r—vr""T""T"T7T
é,;: 2 R L g@ S S S
euévoé/ox, @Q&Q& &
NI R\ \g
NN V& NN Q
& F R & B &P
S0 ALSEES
X
Q,'o\'bé ’bé@é‘/\‘g,x oxéq, 0(}0
+ W x0T
& L& For ¥
< N & §
+ v x
& L
<" ¥
Strains
TolC
C) 1.5 7
1.0 4 .
8
8‘”05- o . o
fei.28s.aF
00. 08 .07 . &...8 {0 r AR
-0.5 —Tr—TTTTT—TT
& A2 A © AR IENIENENY
FEFPL O P LL LS
SR PSS R\ \ P\ \s
‘\‘;, \(‘Q’.O‘i\'b’t@&oﬂ;‘,\
F W (Tt A LY S
& \‘0 Y Q’}q‘ x® xQ&"’b\CJ
<& v R O
& O NSO R\
» & Vo <V
I P &
< U o R
4.'
N &
& o
@.
Strains

Figure 5.6 Biofilm production in in E. coli K-12 MG1655, AacrA, AacrB, AtolC and

E. coli K-12 MG1655

E. coli K-12 MG1655 + pET21a
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Cultures were grown for 48 hours at 30°C with gentle agitation, biofilms were stained
with crystal violet and the optical density at 600 nm was measured. Interruption of acrA
(a), acrB (b) and tolC (c) had no significant impact of biofilm production, nor did
complementation (one-way ANOVA with Tukey’s multiple comparisons). Data
presented are a minimum of three biological replicates. Error bars show means and

standard error of mean.
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5.10 Discussion
The aim of the work in this chapter was to identify the phenotypic impact of the AcrA
T104A, AcrB H596N and TolC A233T variants to help explain the selection for these

substitutions in specific lineages.

5.10.1 Structural location of the variants

As shown in both this Chapter and Chapter 3, E. coli K-12 MG1655 has a threonine at
position 104 of AcrA which is highly conserved in phylogroups A, B1 and E, yet strains
from phylogroups B2, D and F have an alanine. The AcrA T104A substitution has been
previously described twice, although its distribution has not been defined and the
phenotypic impact of the mutation has not been studied. In the first study the mutation
was identified in two isolates obtained from the faecal samples of healthy dairy cows
that had been previously treated with 8 ug/mL ceftiofur (Elkins et al., 2010). Though
T104A was not characterised the two isolates were serologically typed as O2:H30 and
0O33:H17 (Elkins et al., 2010). The O2 serotype is commonly associated with ExXPEC
infections and O2:H30 is an isolate belonging to ST38 and phylogroup D (Dagher et
al., 2018, Delannoy et al., 2017). No MLST or phylogroup information could be found
for O33:H17. The T104A change was identified also in E. coli 1AI39, (phylogroup D
ST62 serogroup O7:K1) in a study predicting phenotypic trait (however the change
was predicted to be neutral) (Galardin et al., 2017). Residue 104 is located at the base
of the alpha-helical hairpin of AcrA (Figure 5.7) and has previously been suggested by
Marshall (2018) to make direct contact with TolC, however recent experimental data
does not support this as AcrA L132, S139 and K140 have been shown to interact with

TolC in the tip-to-tip model (Jeong et al., 2016, Xu et al., 2011, Marshall, 2018).
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In AcrB, the H596N substitution is present in 8 of the 10 phylogroup B2 STs and
both phylogroup D STs in the analysis, while the histidine found in E. coli K-12 is
maintained in all other STs. These lineages spanned phylogroups A, B1, E and F. This
non-synonymous variant has been previously reported in E. coli IAI30 which is also
phylogroup D though no phenotypic consequence was associated with the H596N
substitution (Galardini et al., 2017). Residue 596 is in the PC1 subdomain of AcrB
(Figure 5.8), which is involved with substrate uptake (Murakami et al., 2006, Seeger et
al., 2006). A histidine to asparagine substitution results in a slight loss of charge at that
residue and could therefore affect substrate recognition. However no significant
changes were seen between the MIC values for the K-12 AcrB and AcrB H596N
although this could be due to a lack of sensitivity of the assay.

The variant present in TolC (A233T) was found in all phylogroup B2 STs. Unlike
AcrA T104A and AcrB H596N, this mutation has not been previously reported in the
literature and conservation across phylogroups was not as defined. Though it was
present in all B2 STs, across the phylogroup F STs 97.41% of ST117 assemblies had
the A233T substitution but >99% of ST648 assemblies maintained the K-12 alanine.
Only 6.48% of the phylogroup D lineage ST38 had the A233T change and yet 75.94%
of ST69 assemblies did. Residue 233 is located in helix 6 of the TolC monomer (Figure
5.9), a region of the protein sits in the periplasm (Koronakis et al., 2000). This residue
is not important for channel opening, therefore it is unclear what the structural impact

of this change might be (Zgurskaya et al., 2015).
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Figure 5.7 Position of T104 within the AcrA monomer

Lipoyl domain

The location of amino acid 104 mapped on an AcrA monomer (PBD: 2F1M).
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Figure 5.8 Position of H596 within in the AcrB monomer and homotrimer

a) The location of amino acid H596 mapped on an AcrB monomer and homotrimer from the side (b) and above (c) (PBD: 3A0A).
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Figure 5.9 Position of A233 within the TolC monomer and trimer

The location of amino acid 233 mapped on an TolC monomer (a) and trimer (b) (PBD: 1EK9)
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5.10.2 Phylogeny

Across the E. coli population, sequences are clustered into phylogroups based upon
genomic similarities. Between phylogroups, genome size has been shown to vary with
B1, E and F having the largest genomes and A, B2 and C having the smallest (Horesh
et al., 2021). Traditionally, phylogroups A, B1 and C have been associated with more
commensal and environmental lifestyles, with B2, D, E and F associated more with
pathogenesis (Picard et al., 1999). Due to the high prevalence of the described amino
acid polymorphisms in phylogroups B2, D and F, it is possible that these residue
changes in AcrA, AcrB and TolC provide a biological advantage that is only required
in the environments in which these organisms are found.

As AcrA T104A is the most wide spread variant, perhaps AcrA in combination
with another one of the substitutions is needed to see a detectable phenotypic change.
Moreover, the background strain for this work could be a problem. This work was done
in E. coli K-12 MG1655 which belongs to ST10 in phylogroup A, a lineage where none
of the variants are found. The genome differences between phylogroups A and those
in B2, D, E and F may mean that these substitutions are neutral in this background.
Therefore, the amino acid found in K-12 could be introduced to STs that possess the
AcrA T104A, AcrB H596N and TolC A233T. Furthermore, in the case of STs that have
the AcrA T104A but lack either AcrB H596N or TolC A233T, the missing substitution
could be introduced to see what effect, if any, the new polymorphisms have on

phenotypes such as efflux.
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5.10.3 Phenotype

Considering the location of the AcrB H596N substitution, it was hypothesised that a
subtle phenotypic impact may be detected in efflux or MIC experiments due to an
impact on substrate recognition. While K-12 and AcrA T104A, AcrB H596N and TolC
A233T variants slightly rescued a resistant phenotype, no differences were observed
between K-12 and mutant constructs. One potential reason for this is a lack of
sensitivity in the assays. MIC experiments in particular lack sensitivity due to the long
overnight incubation and due to the doubling dilution, and therefore only large
differences in efflux capabilities are be identified with this method. Furthermore,
substrates that would have resulted in a phenotypic difference between the K-12 amino
acids and the AcrA T104A, AcrB H596N and TolC A233T sequences may have simply
been missed hence no changes were detected in this work. A lack of sensitivity could
also explain why no phenotypic differences were identified during efflux assay
experiments, the phenotypic difference caused by the single amino acid changes may
be too subtle for the method. Additionally, only two substrates were used for efflux
assays, a more appropriate substrate may be available.

Another possibility is that these mutations may have no phenotypic effect on the
function of the pump but instead impact protein complex stability. If this is the case,
then measuring the rate of active efflux or a strain’s ability to produce curli and biofilms
will not demonstrate the advantageous nature of the amino acid.

In summary, an interesting phylogenetic distribution of these mutations has
been described but at present, it has not been possible to determine why these have
been selected for. Further work, with more sensitive assays may be needed to

elucidate the impact of these mutations.
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5.11 Key findings

The sequences of AcrA, AcrB and TolC from E. coli K-12 is not representative
of all E. coli

AcrA T104A, AcrB H596N and TolC A233T are common amino acid
substitutions across E. coli when using K-12 as a reference.

These substitutions are found throughout phylogroups B2, D and F.

No phenotypic impact of the polymorphisms has been detected.

5.12 Future work

The amount of laboratory work in this chapter was curtailed by restrictions due to the

COVID pandemic. With more time the following experiments would have been done.

Introduce combinations of the variants into an E. coli K-12 MG1655 background.
As AcrA T104A is the most dominant of variants it would be interesting to see
what affect if any AcrA T104A/AcrB H596N, AcrA T104A/TolC A233T, and AcrA
T104A/AcrB H596N/TolC A233T have on K-12.

In addition to gain of function experiments such as those above, reversion
mutations could be made in a strain which has all three variants. Here the
opposite changes would be made, AcrA A104T, AcrB N596H and TolC T233A,
in a background such as the MIC reference strain E. coli ATCC 25922 which
belongs ST73 and phylogroup B2 which already possesses AcrA T104A, AcrB
H596N and TolC A233T.

Phylogroups B2, D and F are typically more associated with EXPEC infection

therefore this could be linked to the prevalence of AcrA T104A, AcrB H596N
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and TolC A233T. The effects of K-12 gaining the AcrA T104A, AcrB H596N and
TolC A233T substitutions on virulence could be studied using the Galleria
mellonella model. Alternatively, AcrA T104A, AcrB H596N and TolC A233T
could be reverted to the K-12 sequences in a strain such as ATCC 25922 that
is highly virulent in G. mellonella and assess if the K-12 amino acids reduced

the virulence of strains.
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Chapter 6 Identification, conservation and characterisation

of the novel eefRABCD operon across E. coli

6.1 Background

The current dogma is that E. coli have 6 RND efflux systems regardless of phylogroup
or ST. However, this is largely based upon work done to characterise RND pumps in
E. coli K-12 or K-12 derivatives (Nishino and Yamaguchi, 2001, Du et al., 2014, Wang
et al., 2017). In Chapter 4 the notion that all E. coli have six RND pumps was
demonstrated to be incorrect as the important human pathogenic lineage ST11 was
shown to have a conserved insertion in acrF resulting in a truncated and non-functional
protein.

Previous work by the group identified an additional TetR regulator, EefR,
present in 4 of the 10 E. coli proteomes included in the analysis (Colclough et al.,
2019). The eefR gene was found upstream of eefABC which encodes an RND system
first described in Enterobacter aerogenes, now Klebsiella aecrogenes. The eef operon
has only been described once in E. coli. This strain, E. coli SMS-3-5, was isolated from
heavily polluted water in North America and was found to have a five gene eef operon
encoding the eefR regulator followed by eefABCD encoding a PAP, RND pump, OMP
and MFS pump (Fricke et al., 2008). However Fricke et al. (2008) did not characterise

the eef operon.

6.2 Aims

e To determine the prevalence and conservation of eefRABCD across E. coli.
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e To investigate the function of EefABC.
6.3 Hypotheses

e The eefRABCD operon will be present across selected E. coli lineages.

6.4 The EefABC RND efflux pump in E. coli is not limited to E. coli SMS-3-5

Previous work that identified the eefRABCD operon in several E. coli strains had a very
limited sample size of 10 E. coli proteomes (Colclough et al., 2019). Therefore, the
initial aim of this study was to determine the prevalence of the eef operon across the
diversity of E. coli. In the first instance, the sequence of eefB (the RND pump
component of the system) from E. coli SMS-3-5 was used to search across E. coli
genomes (Taxid 562) available on NCBI. SMS-3-5 was selected as this was one of the
strains originally identified by Colclough et al. (2019). Furthermore, this is the only
strain in which eefABC has been reported elsewhere (Fricke et al., 2008). This quick
search suggested that the eefB was present across a range of well characterised E.
coli strains including CFT073, O157:H7 and ATCC 25922. As a result, it was
hypothesised that the eef operon would also be found in a diverse range of E. coli
strains. However, eefB was not present in E. coli K-12 MG1655 which is commonly
used in RND studies and may explain why EefABC has not been previously

characterised.

6.5 The eefRABCD operon is highly prevalent across E. coli
The sequences of eefR, eefA, eefB, eefC and eefD were downloaded from E. coli
ATCC 25922 (CP009072.1), these were annotated in the genome as locus tags

DR76_3503 through to DR76_3499 respectively (Table 6.1). A custom BLAST
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database was created using these five gene sequences allowing the presence and
conservation of the eef genes across the downloaded E. coli assemblies to be
determined using Abricate (v. 0.9.8). E. coli assemblies from 38 ST and eight
phylogroups were downloaded from Enterobase (Alikhan et al., 2018). Of the 20,013
downloaded assemblies, 766 were removed from the analysis due to being duplicates
(Table 6.2). The presence and coverage of the eef genes across E. coli was
determined using Abricate. As assemblies were used instead of fully constructed
genomes, genes were occasionally split over contigs which are sequences generated
from multiple overlapping sequence fragments. In cases where genes were split across
assembly contigs, the assembly was removed from the analysis as it could not be
confirmed whether the genes were split over neighbouring contigs and an artefact of
sequencing or gene duplications. This resulted in 111 assemblies being removed from
the Abricate dataset, resulting in a final 19,136 assemblies (Table 6.2).

Presence of the eef operon was found to be confined to specific phylogroups. It
was present in all phylogroups B2, F and G assemblies, and in the majority of
phylogroup D and E assemblies. In all lineages of E. coli that encode the eef operon
the gene coverage — which relates to how much of a query is covered by the target
sequence and gives a relative length — was found to be extremely high (Table 6.3).
This suggested an all or nothing conservation because in assemblies that contained
the operon, genes were found to have >98% gene coverage to the reference operon
from ATCC 25922. Gene identity refers to how many characters are identical between
two sequences. Average percentage identity across all genes was above 97% with the

only exception being eefC in ST354, which had a 96.26% identity to the eefC reference
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used (Table 6.4). However, the eefRABCD operon was completely absent from
phylogroups A, B1 and C1.

To determine the evolutionary relationship between those E. coli ST that encode
the operon and those that do not, five assemblies from each ST were selected at
random to construct a phylogenetic tree. To root the tree 27 Escherichia fergusonii
assemblies were downloaded from Enterobase and duplicate sequences were
removed. From the resulting 22 E. fergusonii assemblies, five were selected randomly.
These E. coli and E. fergusonii genomes were annotated using autoprokka.py before
pangenome construction using Roary. The subsequent core_gene_alignment.aln file
for the E. coli and E. fergusonii assemblies was used to generate a phylogenetic tree
using RAxML.

The resulting tree (Figure 6.1) demonstrated a clear phylogenetic split between
phylogroups that encode the eef operon and those that do not. E. coli phylogroups A,
B1 and C are conventionally thought of as commensal and here the eef operon was
completely absent. The operon was present across phylogroups B2, D, E, F and G.
Phylogroups B2 and D possess a greatest number of virulence determinants, have
been shown to have more defined pathovars and are most commonly isolated from

ExPEC infections (Escobar-Paramo et al., 2004, Picard et al., 1999).
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Table 6.1 The eefRABCD operon and its proposed products

Hypothesised Location in CP009072.1

Product in CP009072.1 (NCBI exact

Locus tag in

Gene length

gene (complement strand) annotation) CP009072.1 (nucleotides)
eefR 3742500..3743066 bacterial regulatory, tetR family protein DR76_3503 567
eefA 3741230.3742351  CMux transporter, RND family, MFP DR76_350 1122
subunit —
eefB 3738123.3741230 WD transporter, hydrophobe/amphiphile - pp7q 3504 3108
efflux-1 family protein
cefC 3736746. 3738119 efflux transporter, outer membrane factor DR76 3500 1374
h (OMF) lipo, NodT family protein -
eefD 3735574.3736737  Urug resistance transporter, Ber/CflA DR76_3499 1164

subfamily protein
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Table 6.2 E. coli assemblies used in this analysis

Downloaded Duplicates Split operons Final
Phylogroup ST assemblies rer?noved preth)’ved assemblies

ST10 1758 0 1 1757

ST119 110 0 0 110

A ST167 115 0 0 115
ST540 136 14 0 122

ST617 181 0 0 181
ST17 1884 0 0 1884

ST21 2411 0 0 2411

ST53 5 0 0 5

ST84 2 0 0 2

B1 ST156 210 10 0 200
ST328 54 0 0 54

ST453 142 6 0 136

ST655 856 238 1 617

ST678 116 9 0 107

ST12 479 41 3 435

ST14 46 0 0 46

ST73 916 0 7 909

B2 ST95 751 0 0 751
ST127 231 0 1 230
ST131 3186 0 30 3156

ST144 85 0 0 85

ST23 384 19 0 365

c ST88 454 33 0 421
ST90 124 8 0 116

ST410 596 23 2 571

ST38 815 29 10 776

b ST69 696 0 0 696
ST405 525 35 9 481

ST963 55 2 0 53
ST11 1490 132 30 1328

e ST182 76 1 3 72
ST350 34 4 1 29
ST1266 15 0 2 13

ST59 175 18 1 156

E ST62 217 122 2 93
ST354 266 22 7 237

ST648 379 0 1 378

G ST738 38 0 0 38
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Table 6.3 Presence and subsequent gene coverage of eefRABCD across the

E. coli assemblies with reference to the E. coli ATCC 25922 operon

Assemblies Mean sequence coverage to ATCC 25922 eef operon (%)
Phylogroup| ST group
(n) eefR eefA eefB eefC eefD
10 1757 0.06 0.06 0.06 0.06 0.00
119 110 0.00 0.00 0.00 0.00 0.00
A 167 115 0.00 0.00 0.00 0.00 0.00
540 122 0.00 0.00 0.00 0.00 0.00
617 181 0.55 0.55 0.55 0.55 0.55
17 1884 0.00 0.00 0.00 0.00 0.00
21 2411 0.00 0.00 0.00 0.00 0.00
53 5 0.00 0.00 0.00 0.00 0.00
84 2 0.00 0.00 0.00 0.00 0.00
B1 156 200 0.50 0.00 0.00 0.00 0.00
328 54 0.00 0.00 0.00 0.00 0.00
453 136 0.00 0.00 0.00 0.00 0.00
655 617 0.00 0.00 0.00 0.00 0.00
678 107 0.00 0.00 0.00 0.00 0.00
12
14
73
B2 95
127
131
144
23 365 0.27 0.27 0.08 0.00 0.00
c 88 421 0.00 0.00 0.02 0.00 0.00
90 116 0.00 0.00 0.00 0.00 0.00
410 571 0.00 0.00 0.00 0.00 0.00
38
D 69
405
963
11
E 182
350
1266
59
E 62
354
648
G 738 38

Cells highlighted red indicate the presence of the eef gene across that E. coli ST.




Table 6.4 Conservation as percentage nucleotide identity of eefRABCD with
reference to E. coli ATCC 25922 across phylogroups of E. coli found to possess

the operon

Assemblies Mean nucleotide identity to eefRABCD in ATCC 25922 (%)
(n) eefR eefA eefB eefC eefD

Phylogroup (ST group

12 435
14 46
73 909
B2 95 751
127 230 97.39 97.90 97.88 97.69 97.75
131 3156
144 85
38 776
69 e’e| - | - [ - | - ] - ]
D
405 481
963 53
11 1328
182 72
E
350 29
1266 13
59 156
62 93
F
354 237
648 378
G 738 38

The extent of eef gene conservation as percentage nucleotide identity across the

phylogroups B2, D, E, F and G are highlighted as follows; = 99% ®m, 298% = , 2 97%

“on

,296% . Where eef was not present, cells contain “-”.
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Figure 6.1 Phylogenetic structure of the assemblies used in this analysis and the distribution of eefRABCD
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Tree created with five assemblies per ST (except ST84), using RAXML. E. coli assemblies were rooted with Escherichia fergusonii,
the full tree including this root is shown in the insert at the top left-hand side, the main image contains the same tree with the root
cropped. Leaves are annotated with the ST to which the assembly belongs and coloured based on phylogroup. Colours used to
highlight phylogroups A, B1, B2, C, D, E, F and G are shown in the legend to the left of the tree. STs found to possess the eef operon

possess ¢ at the end of the leaf.
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6.6 Despite belonging to phylogroups D and E, ST69 and ST182 do not possess
the eef operon

In both phylogroups D and E a single ST was found to not encode the eefRABCD
operon; these were ST69 and ST182, respectively. ST69 is a clonal complex UPEC
lineage that causes persistent UTI infections (Woodford et al., 2011, Yamaji et al.,
2018). Furthermore, this lineage of E. coli often accounts for a large proportion of
community acquired drug resistant infections (Yamaji et al., 2018, de Souza da-Silva
etal., 2020, Nuesch-Inderbinen et al., 2017). Despite this and the fact that ST69 clearly
clusters with phylogroup D, across the 696 assemblies ST69 was not found to possess
any of the eef genes.

ST182 is an ETEC lineage commonly associated with foodborne outbreaks
(Nishikawa et al., 1998, Nishikawa et al., 1995, Cho et al., 2014). ST182 isolated from
airline waste has been demonstrated to be a reservoir for AMR-related genes, carrying
ESBLs and mutations in gyrA resulting in B-lactam and fluoroquinolone resistance
respectively (Jarocki et al., 2021). Yet despite belonging to phylogroup E, none of the

72 ST182 assemblies possess the eef operon.

6.7 eefRABCD is conserved across phylogroups B2, D, E, F and G but has been
lostin A,B1and C

Abricate and phylogenetic data implied that the presence or absence of eefRABCD
was an evolutionary trait, one that could have potentially occurred at the diversification
of E. coli, i.e. when different lineages specialised. The genomic context of the operon
was therefore determined to try and ascertain if the operon had been gained

independently by lineages and STs, or whether the operon had been lost.
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Reference sequences from NCBI RefSeq database were downloaded from 7 of
the 38 STs due to the limitations in available reference sequences for the lineages
included in this analysis. The seven assemblies comprised of four assemblies which
possessed the operon and three which did not. Genomes were aligned and visualised
using EasyFig. In each ST the eef operon was found between the essential gene fabl
and the non-essential gene sapF (Figure 6.2) (Goodall et al., 2018). Fabl is an enoyl-
[acyl-carrier-protein] reductase that is involved in fatty acid production, while SapF is
a putrescine export protein belonging to the sapBCDF system (Sugiyama et al., 2016,
Heath and Rock, 1995).

In strains lacking the eef operon, the upstream and downstream gene
sequences remained highly similar to those that possessed the efflux pump. However,
in place of the 7493 nucleotide eefRABCD operon, a single open reading frame (ORF)
was annotated as yc¢jD (Figure 6.2). The ycjD ORF was 354 nucleotides long and
predicted to run in the opposite direction to the eef operon. The fabl through to sapF
genome region from assemblies lacking the eef operon was aligned to those found to
possess the operon, this indicated the intergenic region in strains lacking eef contained
conserved remnants highly homologous to the eef operon (Figure 6.3). This suggests
that ancestral strains encoded the eef operon but it has been degraded or lost from
strains that now do not have it. Interestingly, the same remnants of eef genes were
conserved across phylogroups A, B1 and C which lack the operon suggesting that loss
has occurred through gene degradation as opposed to eef being gained in phylogroups
B2, D, E, F and G. The remnants of eef sequences conserved in the ST69 and ST182
assemblies (from phylogroups D and E respectively) were also highly similar to those

in phylogroups A, B1 and C, though in both ST69 and ST182 additional fragments of
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the eef operon have also been lost. This is interesting as all other phylogroup D and E
assemblies included in the analysis possessed the pump. Based upon their position in
the phylogenetic tree and the different fragments of retained remnants of the eef
operon it is likely that these two lineages have lost the operon in an additional events
separate from A, B1 and C lineages.

Due to the presence of specific and highly conserved remnants of eef genes in
strains that lack the operon, it was hypothesised that the region was under a strong
selection pressure. One hypothesis for this high conservation is the proximity of eef to
the location of the fabl promoter which is an essential gene in K-12 and catalyses a
crucial regulatory step in the biosynthesis of fatty acids (Goodall et al., 2018, Bergler
et al., 1996). The eef remnants are predicted to form an ORF as annotated in K-12
(NC_000913.3) which may serendipitously form a useful product or this could be an
erroneous prediction. Alternatively, the presence of any regulatory RNAs may also
contribute to the high conservation of eefRABCD gene fragments. Work by Adams et
al. has suggested activity at a transcriptional start site in this location (Adams et al.,

2021).
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The genomes of seven annotated E. coli Reference Sequences were downloaded from

Figure 6.2 The genomic region of strains with and without eefRABCD

NCBI and aligned. Maximum BLAST identity is show in navy blue, with minimum
BLAST identity in light blue. Any genome inversions are shown in red in the alignments,
here red indicates maximum identity and orange minimum. Four sequences belonged
to STs found to possess the eef operon (ST73, ST131, ST95, ST11) while three did
not have the operon (ST69, ST617, ST10). Where eef was present it was found
consistently between fabl, which encodes an enoyl carrier critical for fatty acid
biosynthesis, and sapF which is an putrescine transporter shown to also reduce

antimicrobial peptide susceptibility. Where the eef operon was absent, a hypothetical
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protein ycjD was present in place of the eef operon. Regardless of eef presence or

absence, the genome region was highly conserved between STs.
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Figure 6.3 Representative homology to eef operon in E. coli STs that do not

possess the operon

The eefRABCD operon was located between fabl and sapF in E. coli STs that
possessed the operon, therefore the fabl-sapF region from E. coli ATCC 25922 was
aligned to the fabl-sapF region of all non-eefRABCD encoding E. coli genomes used
to construct the phylogenetic tree (Figure 6.1). This was done to determine whether
fragments of eef remained. (a) Despite the genomic diversity of STs that lacked the
eef operon, each ST maintained specific regions of eefRABCD. Grey indicates
homology between the ATCC 25922 reference and the sequences that lack the eef
operon. Both fabl and sapF were highly conserved in all sequences however regions
of homology were seen between the ATCC 25922 sequence and the fabl-sapF
intergenic region. (b) Across phylogroups A, B1 and C the same remnants remained
of the eef operon. ST69 and ST182 had lost more of the operon but in independent
patterns, suggesting eef had been lost from phylogroups AB1C, ST69 and ST182 in

three independent events.
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6.8 Genes that co-occur with the eefRABCD operon in E. coli
The eefRABCD operon was present in phylogroups B2, D, E, F and G but completely
absent from phylogroup A. B1 and C. Due to this clear divide between phylogroups
that have the eef operon and those that do not, it was hypothesised that eef may co-
occur with genes important with the lifestyle associated with EXPEC. Using the same
E. coli assemblies used to generate the phylogenetic tree, a pangenome was
generated using Roary without E. fergusonii that was previously used as a root. Genes
that were found coincident with eef operon across E. coli were determined using
Coinfinder (Whelan et al., 2020) (Figure 6.4 - Figure 6.8). Coinfinder first removes high
and low abundance genes, genes present in < 5% of genomes as well as core genes.
Once significant coincident gene pairs have been identified, the D-value of each gene
is evaluated. D is a phylogenetic measure of binary traits (Fritz and Purvis, 2010,
Whelan et al., 2020). If a gene has a D-value of 1, it suggests the conservation of the
gene is random, a D value of 0 indicates distribution of the gene is as expected under
Brownian motion. However a value <0 implies a phylogenetic signal and that a gene is
phylogenetically conserved (Fritz and Purvis, 2010). Roary assigns sequences to
clusters based upon their translated protein sequences and assigns names either from
the inputted Prokka files or incrementally, a reference proteome was therefore used to
identify gene names for the co-occurring genes. This reference proteome belonged to
E. coli O157:H7 str. Sakai (UP0O00000558) which is an ST11 and phylogroup E, and
should therefore encode EefRABCD.

Each eef gene was found to co-occur with every other gene on eefRABCD
operon supporting the hypothesis that across E. coli strains either possesses the whole

operon or nothing at all. Furthermore, the eef genes were also found to co-occur with
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flanking genes, fabl and sapF. Many genes found to co-occur with the eef operon were
linked to heme catabolism (LaMattina et al., 2017). The anaerobilin reductase chu,
ferric citrate ABC transporter permease fecD (two alleles across pangenome), hemin
important ATO-binding protein hmuV and heme utilisation carrier protein hutX were all
identified. As was the flagellar biosynthetic protein flhB implicated in protein export
regulations (Meshcheryakov et al., 2013). Moreover, a NADH-dependent flavin

oxidoreductase E3749 00275 and cytotoxic protein ccdB were identified (Table 6.5).
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Table 6.5 Genes found to co-occur with the eef operon

function

and their respective

eef operon
Roary cluster Gene name E. coli ST11 gene name E. coli ST11 gene description eefR eefA eefB eefC eefD
LLGKEHJH_01406 group_11399 chuY Anaerobilin reductase
LLGKEHJH_03406 group_12889 E3149_00275 NADH-dependent flavin oxidoreductase
LLGKEHJH_04529 cirA_1 E3149 07315 TonB dependent outer membrane receptor

LLGKEHJH_04527

group_14735

E3149_07330

Methyltransferase

LLGKEHJH_04526

group_19516

E3149_07335

ABC transporter ATP-binding protein

LLGKEHJH_04524

btuF_1

E3149_07345

ABC transporter ATP-binding protein

LLGKEHJH_01409

hmuT

E3149_21545

ABC transporter substrate-binding protein

LLGKEHJH_01408

group_10284

E3149_21550

Coproporphyrinogen oxidase

LLGKEHJH_00897

salL

E3149_23480

Acetolactate synthase

LLGKEHJH_03148 scrY E3149_23950 Glycoprotein

LLGKEHJH_01292 ccdA_1 E3149_26740 Antitoxin

LLGKEHJH_01291 ccdB_1 E3149 26745 Cytotoxic protein CcdB

LLGKEHJH_03411 yvgN_1 ECs_0335 Oxidoreductase

LLGKEHJH_00724 mexA eefA Efflux RND transporter periplasmic adaptor subunit
LLGKEHJH_00723 mexB eefB (acrB_2) Efflux pump membrane transporter
LLGKEHJH_00722 mepC eefC Outer membrane channel protein
LLGKEHJH_00721 ber_2 eefD Bcr/CflIA family efflux transporter
LLGKEHJH_00725 yiiR eefR TetR/AcrR family transcriptional regulator
LLGKEHJH_00726 group_13789 fabl Enoyl-[acyl-carrier-protein] reductase [NADH] Fabl
LLGKEHJH_04525 group_16762 fecD Ferric citrate ABC transporter permease
LLGKEHJH_01405 hmuU fecD Ferric citrate ABC transporter permease
LLGKEHJH_03256 group_6783 flhB Flagellar biosynthetic protein FIhB
LLGKEHJH_00729 group_12247 gmr Cyclic di-GMP phosphodiesterase
LLGKEHJH_01404 hmuV hmuVv Hemin import ATP-binding protein HmuV
LLGKEHJH_01407 group_14662 hutX Heme utilization carrier protein
LLGKEHJH_04528 nadC_1 modD Putative pyrophosphorylase ModD
LLGKEHJH_00718 group_13786 sapC Antimicrobial peptide transport ABC transporter permease
LLGKEHJH_00720 sapF sapF Antimicrobial peptide ABC transporter ATPase
LLGKEHJH_01296 group_9982 yaal MFS sugar transporter

LLGKEHJH_02278 group_12183 yicd Glycoside-pentoside-hexuronide family transporter

Green indicates co-occurrence with the eef gene.
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Figure 6.4 Gene network of clusters that co-occur with eefR

Gene clusters found to be significantly coincident with eefR were determined using
Coinfinder and are show above as a network (Whelan et al., 2020). Connections
between each gene (node) and its associated genes (edges) are shown; eefR is shown
in the centre and is connected each of the genes in the eef operon as well as the
flanking genes, fabl (group_13789) and sapF. The size of the node circle directly
correlates with D-value which is a phylogenetic measure of a binary trait. The smaller
the node size, the smaller the D-value and therefore the more phylogenetically
conserved the gene is. As D-value increases, node colour progresses from pink to

green.
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Figure 6.5 Gene network of clusters that co-occur with eefA

Gene clusters found to be significantly coincident with eefA were determined using
Coinfinder and are show above as a network (Whelan et al., 2020). Connections
between each gene (node) and its associated genes (edges) are shown; eefA is shown
in the centre and is connected each of the genes in the eef operon as well as the
flanking genes, fabl (group_13789) and sapF. The size of the node circle directly
correlates with D-value which is a phylogenetic measure of a binary trait. The smaller
the node size, the smaller the D-value and therefore the more phylogenetically
conserved the gene is. As D-value increases, node colour progresses from pink to

green. Of the eef genes, eefA was found to have the highest D-value.
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Figure 6.6 Gene network of clusters that co-occur with eefB

Gene clusters found to be significantly coincident with eefB were determined using
Coinfinder and are show above as a network (Whelan et al., 2020). Connections
between each gene (node) and its associated genes (edges) are shown; eefB is shown
in the centre and is connected each of the genes in the eef operon as well as the
flanking genes, fabl (group_13789) and sapF. The size of the node circle directly
correlates with D-value which is a phylogenetic measure of a binary trait. The smaller
the node size, the smaller the D-value and therefore the more phylogenetically
conserved the gene is. As D-value increases, node colour progresses from pink to

green.
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Figure 6.7 Gene network of clusters that co-occur with eefC

Gene clusters found to be significantly coincident with eefC were determined using
Coinfinder and are show above as a network (Whelan et al., 2020). Connections
between each gene (node) and its associated genes (edges) are shown; eefC is shown
in the centre and is connected each of the genes in the eef operon as well as the
flanking genes, fabl (group_13789) and sapF. The size of the node circle directly
correlates with D-value which is a phylogenetic measure of a binary trait. The smaller
the node size, the smaller the D-value and therefore the more phylogenetically
conserved the gene is. As D-value increases, node colour progresses from pink to

green.
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Figure 6.8 Gene network of clusters that co-occur with eefD

Gene clusters found to be significantly coincident with eefD were determined using
Coinfinder and are show above as a network (Whelan et al., 2020). Connections
between each gene (node) and its associated genes (edges) are shown; eefD is shown
in the centre and is connected each of the genes in the eef operon as well as the
flanking genes, fabl (group_13789) and sapF. The size of the node circle directly
correlates with D-value which is a phylogenetic measure of a binary trait. The smaller
the node size, the smaller the D-value and therefore the more phylogenetically
conserved the gene is. As D-value increases, node colour progresses from pink to

green. The eefD was found to have the smallest D-value.
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6.9 Modelling suggests EefABC is most similar to RND systems from other
organisms

To try to understand the structure of EefABC and determine how similar the system is
to the other known RND pumps within E. coli, protein homology modelling was done
by Dr. Vassiliy Bavro (Essex University). This confirmed that EefA, EefB and EefC do
indeed form a ftripartite RND efflux complex (Figure 6.9). However, the pump is
predicted to have unusual features compared to other E. coli RND systems. Compared
with other E. coli efflux proteins EefC, the OMP component of EefABC, was found to
be most similar to CusC of the copper and silver efflux pump. However, comparing the
protein to a wider range of OMPs it became apparent that the structure of EefC is most
similar to OprM/Oprd from Pseudomonas spp. The RND pump EefB was most
structurally similar to AcrB and MexB of E. coli and P. aeruginosa, respectively, while
the PAP protein EefA was most similar to MexA (P. aeruginosa) and AcrA (E. coll).
Analysis of the overall EefABC system showed close similarities between MexAB-
OprM and MexCD-Oprd. One explanation for this would be that the pump had been
acquired via horizontal gene transfer. However, in E. coli ATCC 25922, which belongs
to ST73 (phylogroup B2), the GC percentage across the eef operon is 51%, which is
exactly the same as the average GC percentage across the genome in this strain
suggesting that the eefRABCD operon has long been a part of the E. coli genome.
Thus, due to the high level of conservation across phylogroups and minimal GC
content differences between the eef operon and wider genome of E. coli it was
hypothesised that EefABC was a pump either originating in E. coli or acquired prior to

the divergence of E. coli phylogroups and has evolved over time.

214



EefABC AcrABZ-TolC

Outer membrane

Periplasmic
space

Inner membrane 3%

Figure 6.9 Predicted structure of EefABC compared to AcrAB-TolC

The predicted structure of EefABC shown on the left in comparison with the
experimentally derived cryo-EM structure of AcrABZ-TolC (PBD: 5066) (Wang et al.,

2017). Modelled by Dr. Vassiliy Bavro.
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6.10 Functional characterisation of EefABC

6.10.1 Selection of a laboratory strain for eef work

The only E. coli strain in which the eefRABCD operon has been previously described
is E. coli SMS-3-5 (Colclough et al., 2019, Fricke et al., 2008). E. coli SMS-3-5 was
isolated from a heavily polluted coastal region in North America and has a high
tolerance to five classes of antimicrobials, therefore an alternative strain was desired
for any future laboratory characterisation experiments to aid genetic manipulation as
the presence of multiple resistances would prevent the use of common genetic
markers. As mentioned, one of the strains identified in the eefB BLASTN across E. coli
was ATCC 25922. This strain is an MIC reference strain with known antimicrobial
susceptibilities and available from Public Health England. This made the strain more
appealing for any future laboratory work and therefore the nucleotide and protein
similarity with SMS-3-5 were determined. SMS-3-5 and ATCC 25922 have 99%
sequence identity to one another with 52 nucleotides differing out of 7493. This
translated into only 5 amino acid substitutions at the protein level (Appendix 8.3). Two
in EefA, two in EefC and one in EefD. Notably the regulator EefR and the EefB RND

pump were identical at the amino acid level.
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6.10.2 EefABC is not a drug transport pump

To identify any substrates of the RND pump EefABC, eefABC from E. coli ATCC 25922
was cloned into the pET21a and pET24a vectors. These vectors only differ by the
selective marker, pET21a carries an ampicillin resistance marker and pET24a a
kanamycin resistance marker. This allowed the susceptibility profiles of all classes of
antibiotics to be determined. Briefly the eefABC operon was amplified from ATCC
25922. Both plasmids and the PCR product were digested using Ndel and Xhol.
Following ligation the final plasmid sizes were 10,973 and 10,907 for pET21a (Figure

6.10) and pET24a (Figure 6.11) respectively. Inserts were confirmed by sequencing.
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As the eefABC insertion was a similar size to the pET21a backbone, pET21a eefABC candidates were confirmed by PCR and NGS
sequencing using a primer that annealed internally within eefC (P476) and another that bound to the plasmid backbone (P130). A
previously cloned and sequenced pET21a eefABC construct that encoded a T7 signal sequence was used as a positive control, while
the negative control was a PCR reaction that contained no DNA template. Successful candidates with an amplimer size of ~1000 bp

were purified and sequenced.
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Figure 6.11 Confirmation of pET24a eefABC cloning
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As the eefABC insertion was a similar size to the pET24a backbone, pET21a eefABC candidates were confirmed by PCR and NGS
sequencing using a primer that annealed internally within eefC (P476) and another that bound to the plasmid backbone (P130). A
previously cloned and sequenced pET24a eefABC construct that encoded a T7 signal sequence was used as a positive control, while
the negative control was a PCR reaction that contained no DNA template. Successful candidates with an amplimer size of ~1000 bp

were purified and sequenced.
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Strains with eefB and eefABC gene inactivations were constructed using
homologous recombination. Initial attempts to inactivate the eefABC operon using one-
step homologous recombination were unsuccessful. It was hypothesised this was due
to differences in DNA fragment lengths between eefABC::aph and eefABC on the
chromosome. As a result eefABC inactivation was done in a two-step process (Figure
6.12). Initially the RND gene eefB was interrupted through the introduction of the aph
gene which was subsequently removed using pCP20. Following confirmation of this
first gene deletion by sequencing the remaining components of the eefABC operon,
eefA and eefC, were inactivated in a second step using homologous recombination

(Figure 6.13).
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Figure 6.12 Approach used to inactivate eefABC

The eefABC operon (1) was first interrupted through the introduction of an aph cassette
into the eefB which encodes an RND efflux pump (2a). This aph cassette was then
removed using pCP20 treatment (2b). Next an aph cassette was used to interrupt eefA
and eefC in one step (3a), this aph cassette was once again removed using pCP20
treatment (3b). This approach resulted in the construction of both AeefB and AeefABC

strains.
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Introduction and removal of the aph cassette were confirmed via PCR and NGS. a) Confirmation of eefB interruption via the aph

cassette was confirmed via PCR amplification using P413 and P414 which annealed outside the gene. Introduction of the aph cassette
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reduced the amplimer size from 3535 bp (E. coli ATCC 25922) to 1903 bp (E. coli ATCC 25922 eefB::aph). Removal of the aph
cassette further reduced the amplimer to 537 bp. b) Interruption of the remaining eefABC operon was confirmed by the amplification
of the eefABC region using P415 and P416 that annealed flanking DNA. Introduction of the aph cassette into the eef operon for a
second time reduced the amplimer size from 3041 bp (E. coli ATCC 25922 AeefB) to 1933 bp (E. coli ATCC 25922 eefABC::aph).

Further removal of the aph cassette reduced the amplimer size to 540 bp.
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RND efflux pumps have been demonstrated to confer MDR in both laboratory
and clinical settings, thus it was hypothesised that EefABC would also export
antimicrobials. To test this the antimicrobial susceptibility of strains with eefABC
inactivated was measured along with strains expressing eefABC that do not normally
encode it.

Inactivation of the RND pump, eefB did not result in any increases to drug
susceptibility (Table 6.6), nor did further inactivation of the remaining eefABC genes,
eefA and eefC. Furthermore introduction of eefABC into K-12 did not reduce
susceptibility to any of the antimicrobials tested (Table 6.6). AcrB has a wide substrate
range and is expressed under laboratory conditions and can therefore mask subtle
susceptibility changes conferred by additional RND efflux pumps. As a result, eefABC
was expressed in K-12 AacrB.

Deletion of acrB significantly increased susceptibility to almost all antimicrobials
tested. However expression of eefABC did not result in any significant reduction of
susceptibility to antimicrobials (Table 6.6). A single fold increase from 8 ug/mL to
16 pg/mL was observed for the MIC of fusidic acid when eefABC was expressed on
both the pET21a and pET24a plasmid. Single fold increases were also observed for
benzalkonium chloride and novobiocin when eefABC was expressed in the K-12 AacrB
background.

In addition to antimicrobials, the MICs of four dyes (crystal violet, ethidium
bromide, methylene blue, rhodamine 6G) were also measured. Inactivation of eefB
and eefABC had no effect on dye susceptibility (Table 6.7). Furthermore expression of
eefABC in the K-12 background did not further reduce dye susceptibility. Inactivation

of the RND transporter of acrB significantly increased susceptibility all four dyes,
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however expression of eefABC in the K-12 AacrB background reduced susceptibility
to ethidium bromide and rhodamine 6G from 8 pg/mL to 32 pg/mL.

The eefABC operon was expressed using both the pET21a and pET24a
vectors, the former encodes an ampicillin resistance marker and the latter kanamycin.
This allowed the susceptibility of all antimicrobial classes for strains expressing the
eefABC operon to be determined. Using both vectors the same patterns were seen
suggesting eefABC does indeed reduce susceptibility to ethidium bromide and

rhodamine 6G.
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Table 6.6 Susceptibility of E. coli to antimicrobials following loss and gain of eefABC and eefD

MIC (ug/mL)

Strain AZT BAC CAR CEF CHL cL ERY FA GEN MER MOX NA NOV RIF SPE TET TIC
ATCC 25922 0.12 32 16 0.06 4 128 64 512 05 0.016 0.03 2 32 >32 8 1 8
ATCC 25922 AeefB 0.12 32 16 0.06 4 128 64 512 0.5 0.016 0.03 2 32 >32 8 1 8
ATCC 25922 AeefABC 0.25 32 16 0.06 2 128 64 512 05 0.016 0.03 2 32 >32 8 1 8
MG1655 + pET21a 0.12 64 >1024  0.06 8 128 32 512 0.12 0.03 0.06 8 128 >32 4 1 >1024
MG1655 + pET21a eefABC 0.12 64 >1024  0.06 8 128 32 1024 0.25 0.03 0.06 8 128 >32 4 1 >1024
MG1655 + pET24a 0.06 64 8 0.06 8 128 32 512 0.25 0.03 0.03 8 128 >32 8 1 4
MG1655 + pET24a eefABC 0.06 64 8 0.06 8 128 32 512 0.25 0.016 0.06 8 128 >32 4 1 4
MG1655 AacrB + pET21a 0.12 4 >1024  <0.016 1 2 2 8 0.12 0.03  <0.008 2 2 32 4 025  >1024
MG1655 AacrB +pET21a eefABC  0.06 8 >1024  0.03 1 2 2 16 0.12 003  <0.008 2 4 32 4 025  >1024
MG1655 AacrB + pET24a 0.12 4 8 <0.016 1 2 2 8 0.25 003  <0.008 2 2 32 4 0.25 4
MG1655 AacrB + pET24a eefABC  0.06 8 8 <0.016 2 2 4 16 0.25 0.03  <0.008 2 4 32 4 0.25 4
ATCC 25922 0.12 32 16 0.06 4 128 64 512 05 0.016 0.03 2 32 >32 8 1 8
ATCC 25922 AeefD 0.12 32 16 0.06 8 256 64 1024 0.5 0.016 0.06 8 64 >32 8 1 8
MG1655 + pACYC177 0.06 64 >1024  0.06 8 128 32 1024 0.5 0.03 0.06 8 128 >32 4 1 >1024
MG1655 + pACYC177 eefD 0.06 64 8 0.06 8 128 32 1024 0.5 0.03 0.06 8 128 >32 4 1 4
MG1655 AacrB + pACYC177 0.12 4 >1024  <0.016 1 2 2 8 0.5 003  <0.008 2 2 32 4 025  >1024
MG1655 AacrB + pACYC177 eefD  0.12 4 8 <0.016 1 2 2 8 0.5 003  <0.008 2 2 32 4 0.25 4

AZT — aztreonam, BAC — benzalkonium chloride, CAR — carbenicillin, CHL — chloramphenicol, CLI — clindamycin, ERY — erythromycin,

FA —fusidic acid, GEN — gentamicin, MER — meropenem, MOX — moxifloxacin, NA — nalidixic acid, NOV — novobiocin, RIF — rifampicin,

SPE — spectinomycin, TET — tetracycline, TIC — ticarcillin.
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Table 6.7 Susceptibility of E. coli to dyes following loss and gain of eefABC and eefD

MIC (pg/mL)
Strain cv EB MB R6G
ATCC 25922 32 512 >1024 1024
ATCC 25922 AeefB 32 512 >1024 512
ATCC 25922 AeefABC 32 512 >1024 512
MG1655 + pET21a 16 1024 >1024 512
MG1655 + pET21a eefABC 32 1024 >1024 512
MG1655 + pET24a 16 1024 >1024 512
MG1655 + pET24a eefABC 16 1024 >1024 512
MG1655 AacrB + pET21a 4 8 8 8
MG1655 AacrB + pET21a eefABC 4 32 16 32
MG1655 AacrB + pET24a 4 8 8 8
MG1655 AacrB + pET24a eefABC 4 32 16 32
ATCC 25922 32 512 >1024 1024
ATCC 25922 AeefD 32 512 >1024 1024
MG1655 + pACYC177 32 1024 >1024 512
MG1655 + pACYC177 eefD 32 1024 >1024 512
MG1655 AacrB + pACYC177 4 8 8 8
MG1655 AacrB + pACYC177 eefD 4 8 8 8

CV — crystal violet, EB — ethidium bromide, MB — methylene blue, R6G — rhodamine 6G.
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6.11 Characterisation of the associated MFS pump, eefD

Due to the proximity and high conservation of eefD, this MFS pump was also deleted
although this was independent to the inactivation of eefABC. As the promoter of eefD
was unknown, the gene was cloned into the pACYC177 plasmid, interrupting the
ampicillin resistance gene to make use of this promoter. Both the deletion of eefD from
ATCC 25922 and the introduction of eefD to K-12 AacrB were found to have no effect

on the MICs of any antimicrobials (Table 6.6) or dyes tested (Table 6.7).

6.12 Presence or absence of eefRABCD in other Gram negative bacterial species
The EefABC efflux pump was first described in K. aerogenes but has also been
identified in K. pneumoniae, though the operons present differ between the two
Klebsiella species (Coudeyras et al., 2008, Masi et al., 2005). In K. aerogenes the
operon consists of only eefABC yet in K. pneumoniae there is an MFS pump
downstream of eefC as seen in E. coli (Figure 6.14). Neither K. pneumoniae nor K.
aerogenes were found to possess eefR.

The presence of eefRABCD across the Escherichia genus was determined
using BLASTN. The eef operon from ATCC 25922 was used to search Escherichia
(Taxid 561) nucleotide collection, with E. coli (Taxid 562) sequences excluded. Only
Escherichia marmotae and Escherichia albertii were found to possess the eefRABCD
operon and as seen in E. coli the five gene operon eefRABCD was located between
fabl and sapF (Figure 6.15). Escherichia alba, E. fergusonii, Escherichia ruysiae, and
Escherichia whittamii were not found to have operon. Due to the occurrence of eef
genes across both Escherichia and Klebsiella, its presence in closely related

Gammaproteobacteria was determined.
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Figure 6.14 Alignment of the E. coli and Klebsiella spp. eef operons

The presence of eefABC has been previously described in both K. pnuemoniae
(NC_016845.1) and K. aerogenes (NZ_CP041925.1). A representative genome of
each Klebsiella species was therefore selected and the eef operons of both speices
were aligned to that of E. coli ATCC 25922 (CP_009072.1). Alignment confimed that
eefABC are found in both K. pnuemoniae and K. aerogenes, however eefD is only

present in K. pneumoniae. Moreover both Klebsiella spp. lack the eefR.
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Figure 6.15 Alignment of the eef operon of multiple Escherichia spp.

As eefRABCD was found to be highly prevalent across phylogroups B2, D, E, F and G
of E. coli, the presence of the eef operon across the Escherichia genus was determined
(excluding E. coli). Nucelotide sequences belonging to E. albertii and E. marmotae
were found to also possess the operon. E. coli ATCC 25922 (CP_009072.1) was
subsequently aligned to E. albertii (CP070290.2) and E. marmotae (CP056165.1)
confirming the presence of eefRABCD. Furthermore, the eef operon in these two

Escherichia spp. is found between fabl and sapF as in E. coli.
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Due to the genetic similarity of Shigella and E. coli (van den Beld and Reubsaet,
2012, Brenner et al., 1972), the presence of eef across Shigella spp. was determined
using the E. coli ABRicate custom database. For each of the Shigella spp., 500
assemblies were downloaded from Enterobase, following the removal of duplicate
assemblies and ABRicate results split over multiple contigs, over 350 assemblies were
used in the analysis for each species (Table 6.8). Wide spread presence of the operon
was only seen in S. dysenteriae (Table 6.9). In total 363 S. dysenteriae were found to
have the at least partial coverage of four eef genes. Gene fragments were detected
also in a small number of S. boydii and S. flexneri assemblies. However, none of the

S. sonnei assemblies were found to have any of the eef genes.
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Table 6.8 Shigella assemblies used in this analysis

. Assemblies Duplicates Removed due to Assemblies in
Species . .
downloaded removed splitgenes analysis
Shigella boydii 495 31 0 469
Shigella dysenteriae 497 11 4 486
Shigella flexneri 499 148 0 352
Shigella sonnei 500 140 0 360

Table 6.9 Presence and subsequent gene coverage of eefRABCD across the

Shigella species with reference to the E. coli ATCC 25922 operon

Percentage coverage

Genomes (n) eefR eefA eefB eefC eefD
Shigella boydii 469 29851 29851 1.9944 1919 2.4806
Shigella dysenteriae 486 0.3956 20.084 75516 75514 74.74
Shigella flexneri 352 0.0028 0.0028 0.0028 0.0028 0.0028
Shigella sonnei 360 0 0 0 0 0
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Over 75% of S. dysenteriae assemblies were found to have eef genes present
in their genome, yet only one assembly had all five genes (assembly
ESC_CA5622AA_AS). All other assemblies positive for the eef operon completely
lacked the regulator, eefR and lacked the majority of the second operon gene, eefA.
Though gene coverage was not always 100%, the sequence identity between the
reference from E. coli ATCC 25922 and the Shigella spp. was found to be greater than
98% (Table 6.10). As eefA follows eefR in the operon and both were found to have
reduced coverage, this suggested that the first section of the operon may have been

interrupted in S. dysenteriae.
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Table 6.10 Conservation as percentage nucleotide identity of eefRABCD with

reference to E. coli ATCC 25922 across Shigella species

Percentage identity

Genomes containing eef (n) eefR eefA eefB eefC eefD

Shigella boydii 15 99.222 9795 96.633 97.318 97.888
Shigella dysenteriae 370 99.09 97.622 98.288 97.382 97.251
Shigella flexneri 1 99.12 9795 9817 9753 98.37
Shigella sonnei 0 0 0 0 0 0
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For this reason, 15 S. dysenteriae assemblies positive for the operon were
selected at random to determine operon conservation in relation to a reference
sequence from the NCBI RefSeq database, S. dysenteriae ATCC 12039 (CP026674).
Genomes were annotated using PROKKA and aligned. Annotation predicted the
presence of IS both at the start and the end of the operon. Noticeably, IS were
predicted in the location of eefR and the start of eefA. Thus the 15 assemblies and
reference were put through ISEscan, an IS element predictor for prokaryotic genomes
(Xie and Tang, 2017). As in E. coli, the eef genes in Shigella spp. were found to be
consistently placed between fabl and sapF, which encode an enoyl carrier and
putrescine transporter, respectively however IS1 family elements were present at the
start of the operon, while an 1S110 element was located between eefD and sapF
(Figure 6.16). The presence of IS elements in place of eefR and eefA may indicate
eefRABCD is being lost.

The eefRABCD operon was found to be completely absent from Salmonella
(Taxid 590) and Photorhabdus (Taxid 29487) species, though remnants were present
in both Yersinia (Taxid 629) and Serratia (Taxid 613). Closer inspection found that both
Yersinia pestis and Serratia marcescens, possessed an RND pump with 99% amino
acid coverage to the peptide sequence of EefB in E. coli ATCC 25922. The sequence
identities of these eefB homologs was found to be 71.95% and 68.70% for Y. pestis
and S. marcescens, respectively. Despite the high number of RND efflux pumps in A.

baumannii and P. aeruginosa, these two species do not possess any of the eef genes.
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Figure 6.16 Operon comparison between E. coli and S. dysenteriae

Of the four Shigella spp, the eef operon was most prevalent across S. dysenteriae
however the coverage seen for eefR and eefA was < 0.4% and 20.1%, respectively.
Further analysis identified fragments of homology to IS elements where eefR and eefA

are usually located in the operon.
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6.13 Discussion

The prevalence of RND efflux pumps across clinically relevant strains of bacteria has
been shown to vary. In A. baumannii over-expression of AdeABC and AdelJK is
associated with MDR yet the detection of ade genes in clinical isolates, in particular
adeB, has been found to vary between studies (Leus ef al., 2020, Nemec et al., 2007,
Wieczorek et al., 2013, Hou et al., 2012, Nowak et al., 2015). Despite this known
variation between A. baumannii isolates, E. coli is still assumed to have six RND
systems. However, in Chapter 4 it was shown that E. coli ST11 (O157) lacks a
functional AcrF despite the virulence of this lineage and the connection between
bacterial virulence and AcrF so therefore, this assumption is unjustified. In this chapter
it was shown that many E. coli actually have seven RND pumps; AcrB, AcrD, AcrF,
MdtBC, MdtF, CusA, and EefB.

RND pumps are most frequently encoded chromosomally, yet several examples
of RND efflux pumps mobilised on plasmids have been published. The OgxAB pump
was first identified in E. coli isolated from a swine farm but has since been found
distributed across human clinical isolates of Enterobacteriaceae via the pOLAS52
plasmid and is believed to have been mobilised from the Klebsiella chromosome
(Hansen et al., 2004) (Hong et al., 2009, Li et al., 2019b). Furthermore, carriage of an
RND pump originating from Pseudomonas has been identified in K. pneumoniae
demonstrating that the transfer of RND efflux pumps is not limited within an order but
once mobilised, RND pumps can be disseminated across taxonomical orders (Lv et
al., 2020). Novel and previously uncharacterised systems have also been recently
reported. A putative RND system, H239 3064, was discovered on the chromosome of

K. pneumoniae and has been linked to colistin resistance (Cheng et al., 2018),
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demonstrating that unknown and uncharacterised RND pumps are present in Gram-
negative pathogens of AMR-related significance.

EefABC was initially identified in the opportunistic human pathogen K.
aerogenes (formerly Enterobacter) where it was shown to be repressed by H-NS and
expressed cryptically (Masi et al., 2006, Masi et al., 2005). However, H-NS silencing
of the eef operon in E. coli is highly unlikely due to proximity of the eefR promoter to
that of fabl (Figure 6.3) as this gene has been demonstrated to be essential for E. coli
K-12 growth via TraDIS (Goodall et al., 2018). Differences between operons in K.
pneumoniae and K. aerogenes have also been reported as K. pneumoniae possess
more of the eef operon than K. aerogenes. As in E. coli, an MFS pump was found
downstream of eefABC in K. pneumoniae but this was absent in K. aerogenes, yet
both Klebsiella spp. lack the upstream TetR regulator.

The OMP of the EefABC system, EefC, has been suggested to have weak
cationic selectivity when compared to TolC in K. aerogenes, and it has therefore been
suggested that the substrates of EefC would differ to those of TolC, yet in this work
gain of eefABC only resulted in reduced susceptibility to ethidium bromide and
rhodamine 6G (Masi et al., 2007). However as discussed in Chapter 5 a lack of
measurable phenotype does not mean that there is no effect. The lack of detection
could be because the relevant substrates were not yet tested. Furthermore, further
inactivation of acrF may increase assay resolution as AcrF has a similar substrate
range to AcrB and may therefore be masking subtle phenotypic changes. For example
acrF inactivation may result in expression of eefABC having a more significant impact

on benzalkonium chloride, fusidic acid and novobiocin susceptibility.
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Presence of the eefRABCD operon was not found sporadically across the E.
coli phylogroups and lineages but was instead highly conserved in phylogroups B2, D,
E, F and G, whilst completely absent from A, B1 and C. E. coliisolated as the causative
agent of EXPEC infections are most commonly belonging to phylogroups B2 and D,
while phylogroups F and G are both associated with high virulence and AMR carriage
(Clermont et al., 2019, Vangchhia et al., 2016). Furthermore, recent modelling of the
evolution of E. coli suggested A, B1 and E had gained carbohydrate metabolism genes
whilst phylogroups B2, F and G lost genes associated with environmental-adaptive
functions and become associated with virulent lifestyles (Gonzalez-Alba et al., 2019).
It is therefore possible that the eef operon is highly important in colonisation and
survival within the given niches of these lineages as RND efflux pumps are not only
involved in MDR but in processes including biofilm production, quorum sensing,
siderophore efflux, protection against pH, bile salts, nitrosative stress and plant derived
toxins (Henderson et al., 2021). Although not shown in E. coli, increased expression
at the eef promoter was seen following acid shock and the deletion of eefA reduced
the gastrointestinal colonisation of K. pneumoniae in vivo, supporting the hypothesis
that eef may be most important during host colonisation and extreme conditions
(Coudeyras et al., 2008).

Despite the absence of eefRABCD in phylogroups A, B1 and C, specific
fragments of eef coding sequences had been retained suggesting the loss of eef has
occurred at a common point for the three phylogroups, that being the diversification of
phylogroups A, B1 and C from phylogroups B2, D E, F and G. As mentioned different
genetic profiles and metabolic capabilities are seen between the phylogroups of E. coli

species. Thus, it is possible that in phylogroups A, B1 and C, this loss of eef occurred
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at this time point in which E. coli was splitting between lineages with wide metabolic
capabilities and those with colonisation/virulence associated lifestyles. Those
associated with more commensal roles may not require the efflux of whatever the
natural substrate of eef is and therefore a reduction in selection pressure has resulted
in the loss of the operon. Alternatively a genome event such a deletion may have
occurred at the diversification of A, B1 and C from B2, D, E, F and G and the loss of
the operon had no significant growth defect, hence the expansion of the A, B1 and C
phylogroups despite the lack of this operon. Another alternative is that possession and
expression of the eef operon imposes some fitness cost if it is not needed.

However, this phylogenetic divide does not explain the lack of operon in ST69
and ST182. The loss of eef in these STs suggests the operon has been lost multiple
times as eefRABCD was generally highly conserved across phylogroups D and E yet
ST69 and ST182 had lost additional regions of the CDS when compared to
phylogroups A, B1 and C. Both of these STs are known to cause human infections as
ST69 is a well-known UPEC lineage and ST182 is associated with foodborne ETEC
infections. The loss of this system is potentially due to the specific habit and lifestyle
of these E. coli phylogroups. Perhaps the main role of eefis in fact not host colonisation
but instead cell signalling or biofilm production, and that the loss of the operon is not
significantly detrimental to the strain survival in their respective niches.

Finally, in addition to E. coli and Klebsiella spp. the eef operon was present in
E. marmoteae, E. albertii, and Shigella spp., though predominantly S. dysenteriae. E.
coli and Shigella are highly similar genera and could be regrouped as a single genus,
however reclassification of Shigella has not occurred due to its clinical significance

(van den Beld and Reubsaet, 2012, Brenner et al., 1972, Pettengill et al., 2015, Sahl
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et al., 2015). In S. dysenteriae the first two genes of the eef operon, eefR and eefA,
which encode the TetR regulator and PAP were either partial sequences or completely
absent (Table 6.9). Both Prokka and ISEscan identified markers of ISs in the region of
eefR and eefA. IS elements are small transposable elements that require integration
into plasmids or bacteriophages for their transferal between cells. The integration of IS
elements into the genome is associated with early stage genome degradation, and
high numbers are seen in the genomes of bacteria that have recently become host-
specific (Moran and Plague, 2004). Genomes of Shigella spp. are known to have a
higher number of IS elements than other members of the Gammaproteobacteria due
to their recent host-specific adaptations (Hawkey et al., 2020, Yang et al., 2005). The
median number of IS elements in gammaproteobacteria is 24, yet Shigella spp. have
been found to have over 300 copies (Touchon and Rocha, 2007). Therefore, it is
possible that degradation and loss of the eef operon is occurring in S. dysenteriae as

it is adapting and becoming host-specific.

6.14 Key findings

e E. coli possess a seventh and previously uncharacterised RND pump, EefABC.

e EefABC is part of a five gene operon that encodes its own TetR regulator and
an MFS pump.

e eefABC is highly conserved across phylogroups B2, D, E and F but has been
lost from A, B1, and C.

e Those that have lost the operon have retained highly conserved fragments of
the eef CDS.

e The EefABC pump does not transport common classes of antibiotics.
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The operon co-occurs with genes involved in iron metabolism.
The eef operon is present in additional Escherichia spp. and a partial operon is
present in S. dysenteriae however it appears to be in the early stages of

degradation.

6.15 Future work

In the first instance, create additional strains with further gene inactivations and
repeat MIC experiments. Creation of E. coli ATCC 25922 AacrB AacrF AeefB
and E. coli ATCC 25922 AacrB AacrF AeefABC backgrounds. Furthermore
transform K-12 AacrB AacrF with the pET21a eefABC and pET24a constructs.
Further inactivation of acrB and acrF may enable subtle changes in MICs to be
detected.

To determine any possible substrates of EefABC, the Biolog phenotype
microarray screening platform would allow the testing of hundreds of
compounds. This could aid the detection of a substrate and possible function
for the RND pump.

Determine the effects of eefABC on the virulence of E. coli using the Galleria
mellonella model in the first instance. Gain of function experiments could
determine if the presence of eefABC could increase the virulence of non-virulent
strains such as K-12, while the effect of eefABC inactivation on virulence could
also be studied using the same virulence model.

Measure expression of the eefRABCD operon under laboratory conditions and
confirm eef is expressed in E. coli unlike in K. aerogenes. Once it has been

confirmed eef is expressed, it would be possible to determine whether
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eefRABCD is involved in the tolerance of extreme pH, low nutrient or anaerobic
conditions using growth kinetics experiments and reporter assays.
Construction of reporter constructs such as a promoter-gfp fusion. This would
allow the quantification of activity at the promoter of eefRABCD in each
condition.

Co-express eefABC and eefD in the same cell. Determine whether all four
genes are needed to have a detectable phenotype changes.

Study the effect of eefABC inactivation and gain of function on additional
phenotypes such as biofilm production and motility.

Determine whether there is a fitness cost to possessing the eef operon.
Generate strains that lack the regulator eefR, eefABCD, and eefRABCD.
Investigate the high conservation of eef remnants in strains that have lost the
operon. Measure transcriptional activity of the ORF present in strains that lack
eefRABCD, ycjD, using RT-PCR to determine whether this is in fact a functional
gene.

Due to the high conservation of the eef remnants present in strains lack the
operon, deletion of the y¢jD region and subsequent measurement of phenotypic
impact would help elucidate whether this region is of importance.

Assess open access TSS and RNA data to determine whether there are any
small RNAs near fabl and sapF which might explain the high conservation of
ycjD.

Elucidate the role of EefR and assess whether it can directly regulate any
additional RND operons.

Determine the protein structure of EefABC.
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Chapter 7 Final Discussion

RND efflux pumps are highly important to the lifestyle of Gram-negative bacteria
though they are best characterised due to their role in AMR and drug efflux. The
findings of this study confirmed high levels of conservation are seen across RND efflux
pumps, especially AcrABZ-TolC which is known to export a wide range of antimicrobial
and biocide compounds. High levels of conservation across RND systems that are not
predominantly associated with antimicrobial efflux such as AcrD and MdtEF was also
detected, supporting the notion that the main role of efflux pumps is not for the
expulsion of antimicrobials but instead these systems have more fundamental roles in
bacteria which are currently poorly understood. Furthermore, the lack of protein
diversity demonstrated in Chapter 3 implies these systems are broadly under a high
selection pressure supporting a critical biological role.

Much of our understanding of RND structure and function has arisen from
studies using E. coli K-12 and K-12 derivatives yet highly conserved differences were
seen between the sequences of K-12 and in particular, phylogroups B2, D and F.
Though K-12 was originally isolated from a patient sample, the substrain MG1655 used
in this study and frequently used by others, has been through rounds of mutagenesis
and is well known to have a frame shift resulting in impaired pyrimidine biosynthesis
(Jensen, 1993, Hobman et al., 2007). As a result, growth of K-12 in nutrient limited
conditions is significantly impaired without uracil supplementation. Furthermore, the K-
12 genome is known to be smaller than those of pathogenic E. coli and therefore
cannot be used a fair representative of infection causing E. coli (Horesh et al., 2021,
Hayashi et al., 2001). Moreover, sequence variation was seen between the E. coli K-

12 MG1655 protein sequences and other sequences of ST10 to which K-12 belongs
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suggesting it is not even a good representative of the ST to which it belongs. The use
of single model organisms for a highly diverse species is therefore impractical and
limiting.

While no clear phenotype could be linked to the AcrA T104A, AcrB H596N and
TolC A233T substitutions, the high conservation of these across ExPEC associated
lineages of E. coli suggests slight structural differences between AcrABZ-TolC in K-12
and that of MDR and virulent strains of E. coli. As current structural work and El studies
are performed in laboratory strains of Gram-negative bacteria such as E. coli K-12 and
S. Typhimurium SL1344, it raises questions about the efficacy of using these model
strains to design compounds for use in the wider clinical setting because while these
strains may have once been pathogens, in many cases they have mutated
considerably over decades of passage and storage, in some cases losing their ability
to cause disease. Furthermore, these strains represent a tiny fraction of the true
sequence diversity present in the environment.

The link between efflux conservation and phylogenetic relationship was seen in
both Chapter 5 and Chapter 6, suggesting efflux has been highly significant in the
evolution of E. coli. The absence of eefRABCD from K-12 is likely why it has gone
unreported for so long. This operon was found to be highly conserved across
phylogroups B2, D, E and F, yet lost from A, B1 and C. Due to the proximity of the eef
operon to the promoter site of fabl, it is highly likely that this efflux pump is transcribed
at some basal level under laboratory conditions, though deletion of the efflux pump
system had no effect on drug susceptibility, nor did deletion of the associated MFS
pump. Once again this supports the hypothesis that the main role of RND pumps is

not the transport of antimicrobials. The only potential substrates of eefABC identified

247



where the dyes ethidium bromide and rhodamine 6G. While the high conservation of
the operon implies an important role in bacterial survival, the operon has been lost in
A, B1, and C phylogroups, and lost in separate events in ST69 (D) and ST182 (E),
though CDS regions of eef have been retained in all lineages that lack the operon and
are highly conserved. The remnants of eef have been annotated as ycjD, and ORF
that runs in the opposite direction the eefRABCD. This is likely a coincidence, though
could also be due to the location of the fabl promoter or an unknown regulatory feature.

Fundamentally our understanding of RND efflux pumps is limited and the use
of a handful of strains to characterise their functions is detrimental to enhancing our
understanding of the wider role of these systems. Through the analysis of thousands
of E. coli assemblies it is clear that not all E. coli strains have six RND pumps; some
have six while others have seven. Furthermore, individual STs have independent
evolutionary patterns as ST11 lacks a functional AcrF pump and both ST69 and ST182
lack the eefRABCD operon. Therefore, future approaches to design new therapeutics
and Els that specifically target RND efflux pumps and their associated PAPs and
OMPs must access sequence conservation across a wider selection of lineages and
pathovars to determine; 1) whether the target is always present 2) the residue or

residues required for compound interaction are widely conserved.
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Chapter 8 Appendices

8.1 Sequences of RND genes used in Chapters 3, 4 and 5

Gene

Length

Gene sequence

acrA

1194

>NC 000913.3:484426-485619 Escherichia coli str. K-12
substr. MG1655, complete genome
TTAAGACTTGGACTGTTCAGGCTGAGCACCGCTTGCGGCTTGCTGGTTATTAT
CAGCGGTAACTTCTTGTGCTTTTACCTGGACACCAGGACGCACTTTCTGCAGC
CCACTTATTACTACGCGATCGCCTGCTTTCAGACCTTCTGTCACCAGCCACTT
ATCGCCAATAGCCTGGCTTGCAACGATCGGACGGGTTTCCACTTTGTCATCCG
CGCCAACTACCAGTACGGTGGCATCGCCACGCGGCGTACGGGTTACGCCCTGT
TGCGGGACTAAAATAGCGTTTGGATTAAGCCCTTCTTCCAGACGTGCGCGCAC
GAACATACCCGGCAGCAGAGTGTGATCCGGGTTCGGGAAGATAGCGCGTAGGG
TGATAGACCCAGTGGTCTGATCAACGGTAACGTCAGAGAATTCCAGCGTACCG
TCCTGCGGGAACTTAATGCCGTCACTGGTGATCAGTGACACTTTGGCTTTGCC
GTTCTCTTGTTTCAGCGTGCCATTCGCCAGTTCCTGTTTCAGGCGCAGGAAGT
CGTTGCTGGACTGGGTCACATCAACGTAGATCGGATCAAGTTGCTGCACGGTT
GCCAGCGCAGTCGCCTGACCGTTCTGTACCAATGCGCCTTCCGTCACGTTCGA
CTTACCAATGCGACCGCTAATCGGAGAGGTGACTTTGGTGTAAGCCAGATTGA
TCCGCGCAGTTTCAACGGCAGCTTTCGCCGCAGTTACCGCAGCATTCGCCTGT
TGCGCATCAGCCAGAGCCTGATCGTACTCTTGCTTACTGATGTACTGAGTACC
GAGCAGTTTCTGATAACGATTCACCGTCAATTGCGCGATATTGGCTGCAGCCT
GGGCTTTCGCCAGATCACCTTTCGCACTGTCGTATGTCGCCTGATAGGTCGCA
GGATCAATCTGATAGAGAGAGACACCTGCTTCGATGTCGCTACCTTCTTTGAA
ATTACGCTTCAGGATAATCCCGCTAACTTGAGGACGAACTTCTGCGATCCGGT
AGGCACTGGTGCGACCCGGAAGCTCGGTTGTGATCTGCAGAGGTTCAGTTTTG
ACTGTTACTACGCCAACGGCGGGCATCTGCTGGCCACCTTGTTGGGCCTGTTT
GTCGTCACATCCTGTTAGGGCTAAGCTGCCTGAGAGCATCAGAACGACCGCCA
GAGGCGTAAACCCTCTGTTTTTGTTCAT

acrB

3150

>NC 000913.3:481254-484403 Escherichia coli str. K-12
substr. MG1655, complete genome

TCAATGATGATCGACAGTATGGCTGTGCTCGATATCTTCATTCTTGCGGCTAA
AGCGGCGGCGAACCACCACAAAGAATACCGGAACGAAGAAGATTGCCAGTACC
GTTGCGGTCACCATCCCGCCCATTACACCGGTACCTACTGCGTTCTGCGCGCC
GGAACCAGCACCAGTACTGATAACCAGCGGCATAACGCCGAGGATAAACGCCA
GCGAGGTCATCAGGATCGGACGTAAACGCATCCGCACCGCATCAAGCGTCGCT
TCAATCAGACCTTTACCTTCTTTATCCATCAAGTCTTTGGCGAATTCGACGAT
AAGGATCGCGTTCTTCGCCGACAACCCAATGGTTGTGAGCAGGCCTACCTGGA
AGTAAACGTCATTGGTCAGGCCACGGAAGGTGGCAGCCAGCAACGCACCGATA
ACCCCCAGCGGAACGACCAGCATAACGGAGAACGGAATCGACCAGCTCTCGTA
CAGCGCCGCCAGACACAGGAACACGACAATCAACGAAATCGCGTACAGTGAAG
GTGCCTGGTTGCCGGAGAGACGTTCCTGATAGGACATCCCCGTCCAGTCATAG
CCAACACCGGTAGGCAGTTTGCTCGCCAGTTGTTCCATCAGCTCCATTGCTTC
ACCGGTACTTTTACCCGGTGCCGCCTGGCCTAAGATTTCCATGGATGGCAGGC
CGTTGTAACGTTCCAGACGCGGCGAACCGTACTCCCAACGAGAAGAGGAGAAC
GCCGAGAATGGCACCATCTGACCATCAGCAGCACGAACATACCAGTCGCCGAT
ATCATCCGGCAGCATACGGTATTTCGCTTCTGACATGACATAAACTTTCTTCA
CACGACCGCGGTCGATAAAGTCGTTCACATAGCTGCCGCCCCATGCAGCGCCC
AGAGTGGTGTTAATGTCGTTGATAGAAACACCCAGCGCCTGCGCTTTTTCCTG
GTCGATATCAATCTTAAACTGCGGGGTATCTTCCAGACCGTTTGGACGTACGC
TGGTCAACATATCAGGGTGCTTCGCTGCTTCTGCAAGCAACTGGTTACGCGCC
TGAGTCAGTTTTTCGTGACCAAGGCCAGCCTGGTCAATCAGCTCAAAGTCAAA
GCCGGTTGCAGTACCCAGTTCCACGATTGCGGGCAGGTTAAAGGCGAAAACCA
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TCGCATCTTTGATTTGCGAGAAAGCGCGTGTTGCACGCATGGTAATCGCTTCA
ACTTTGTTTTCTTCGCCCGGACGATCGGCCCAGTCCTTCAAGGAAACGAACGC
AATACCGGTATTCTGACCACGTCCCGCAAAGCCGAAGCCGTTAACGGCGAACA
CCGACTCAACGTTGTTCTTTTCTTTGGTCAGATAGTAATGCGTTACCTCATTG
AGCACTTTCTGTGTACGTTCCTGCGTTGCACCTGCTGGCAGCTGAACCATGGT
CATAAACACGCCCTGGTCCTCATCTGGCAAGAAGGAGCTTGGCAGACGCACGA
ACAGATAGGCCATGCCGACCACGATGATCAGATACAGCACCAGGTAACGCCCC
GTACTGCGCAGAATACCGCCTACGCTGTCGGTGTAGTGGTGCGTGCTCTTCTC
GAACATGCGGTTAAACCAGCCGAAGAAGCCTTTTTTACCTTCCCCGTGATCGC
CTTTGGCAATCGGTTTCAGCATGGTGGCACAAAGAGCTGGAGTCAGGATCAAC
GCCACCAGTACCGACAGCGCCATTGCTGAAACAATGGTAATAGAGAACTGACG
ATAGATAGCACCAGTAGAACCGCCAAAGAAGGCCATCGGTACGAATACCGCCG
ACAGTACCATCGCGATACCGACCAGAGCGCCCTGAATCTGCCCCATCGACTTA
CGGGTAGCTTCTTTTGGCGGCAAACCTTCTTCCGCCATAACACGCTCAACGTT
TTCTACCACAACGATGGCGTCATCCACCAACAGGCCGATGGCGAGCACCATCC
CGAACATTGTTAGCGTGTTTATCGAGAAGCCAAAGGCGGCAAGGACGGCAAAG
GTCCCGAGCAATACCACCGGTACGGCAATGGTCGGAATCAACGTCGCGCGGAA
GTTCTGCAGGAACAGATACATAACCAGGAACACGAGGATGATCGCTTCGACCA
GCGTTTTAACCACTTCGTGAATAGAGATTTTCACGAACGGCGTGGTGTCGTAT
GGGTAAACAATTTTCAGACCCGACGGGAAGAACGGTTCCATCTTCGCCAGTTC
AGCACGGATTGCCGCAGCGGTATCCAGCGCGTTTGCACCGGTCGCCAGCTTGA
TCCCCAGACCGGAAGCCGGTTGGCCGTTAAACTCTGCGATGATGTCGTAGTTC
TCACCACCCAGCTCAATCTTCGCGACGTCACGCAGCAGCACGCGGGAACCATC
CTGATTCACTTTCAGCAGGATTTTGCCGAACTCTTCAGTAGAGGTCAGACGCG
TCTGAGCAATAATAGAGGCGTTAAGCTGTTGGCCTTTCACCGGCGGCGTACCA
CCGAGCTGACCCGCCGCAACCTGGGCGTTCTGCGCTTTGATGGCGGTAATGAC
ATCAACCGGCGTTAGCTGGAATTTGTTCAGCTCATTCGGGTTCATCCAGATAC
GCATCGCGTACTGTGAACCGAACAACTGAACATCACCCACGCCCGACGTACGG
CTGATGGCATCTTTCATATTCGCCGCCACGTAGTCGGAGATATCCTCCTGCGT
CATGGTGCCATCGGTGTTGATAACGCCGACAACCATCAGGAAGCTGCTGGATG
ATTTCTCAACGCTCACCCCTTGCTGCTGAACTTCTTGCGGCAGCAACGGCATC
GCCAGCTGCAGTTTGTTCTGCACCTGAACCTGCGCGATATCCGCATCAGTACC
AGACTCAAAGGTCAGGGTGATCTGCACGGTACCCGTGGAGTCACTGTTAGAGG
ACATGTACATCAGGTTATCGATACCGTTCATATTCTGTTCGATAACCTGTGTC
ACCGTGTCCTGCACTGTTTTCGCATCAGCGCCGGGGTAGGAGGCGGAGATCGT
TACTGCCGGCGGTGCAATCGTAGGATATTGCGCCACCGGCAGTTTGAGGATCG
CCAGCCCCCCTGCCAACATGATGATAATGGCGATCACCCACGCAAAAATCGGG
CGATCGATAAAGAAATTAGGCAT

acrD

3114

>NC 000913.3:2587595-2590708 Escherichia coli str. K-
12 substr. MG1655, complete genome

ATGGCGAATTTCTTTATTGATCGCCCCATTTTTGCCTGGGTGCTGGCAATCCT
GTTGTGTCTGACAGGTACCCTGGCGATTTTTTCATTGCCCGTTGAACAATACC
CCGATCTCGCGCCACCGAATGTGCGAGTGACCGCTAACTATCCCGGCGCATCG
GCCCAGACGCTGGAAAACACCGTGACCCAGGTTATCGAGCARARAATATGACCGG
CCTCGATAATCTCATGTATATGTCATCTCAGAGCAGTGGCACCGGTCAGGCAT
CTGTCACTTTAAGTTTTAAAGCAGGCACCGATCCGGACGAAGCCGTGCAGCAA
GTACAAAACCAGCTGCAATCAGCCATGCGAAAGTTACCGCAGGCGGTGCAAAA
TCAGGGCGTGACGGTGCGTAAAACCGGCGATACCAACATTCTGACCATTGCCT
TCGTCTCTACCGATGGTTCGATGGATAAACAGGATATTGCTGATTATGTTGCC
AGTAATATTCAGGACCCGTTAAGCCGCGTGAATGGCGTCGGGGATATCGATGC
CTATGGTTCGCAATATTCCATGCGTATCTGGCTGGACCCGGCGAAACTCAACA
GTTTCCAGATGACGGCTAAAGATGTCACTGATGCCATTGAGTCACAGAACGCG
CAGATTGCGGTTGGGCAACTTGGTGGTACACCTTCCGTCGATAAGCAGGCGCT
CAACGCCACCATTAACGCCCAGTCACTGCTGCAAACACCAGAACAGTTCCGCG
ATATCACCTTGCGGGTCAATCAGGACGGCTCAGAGGTAAGGCTGGGCGATGTC
GCCACCGTCGAAATGGGGGCGGAGAAATACGATTATCTTAGCCGCTTCAATGG
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TAAGCCAGCCTCCGGGCTGGGGGTAAAACTGGCCTCCGGCGCTAACGAAATGG
CGACAGCGGAGCTGGTGCTCAATCGTCTCGACGAGCTGGCGCAGTATTTCCCG
CATGGACTGGAATACAAGGTGGCGTATGAAACCACCTCGTTTGTTAAAGCCTC
CATTGAAGACGTGGTGAAAACGCTGCTGGAAGCTATCGCTCTGGTTTTCCTCG
TTATGTATCTGTTCCTGCAAAACTTCCGCGCCACGCTGATACCCACTATCGCC
GTGCCGGTGGTGTTGATGGGAACCTTCTCCGTACTTTACGCCTTCGGTTACAG
CGTCAACACCTTAACCATGTTCGCGATGGTGCTGGCGATCGGTCTGCTGGTGG
ATGACGCCATCGTGGTGGTGGAAAACGTCGAACGTATTATGAGTGAGGAAGGA
CTCACTCCTCGCGAAGCCACACGTAAATCGATGGGGCAGATCCAGGGGGCACT
GGTCGGGATTGCGATGGTTCTTTCGGCGGTATTTGTACCAATGGCCTTCTTCG
GCGGCACCACCGGTGCCATCTATCGCCAGTTCTCTATTACCATTGTTGCGGCG
ATGGTGCTGTCAGTACTGGTAGCGATGATCCTCACTCCGGCTCTGTGTGCCAC
ACTACTTAAGCCACTGAAAAAAGGTGAGCATCATGGGCAAAAAGGCTTTTTTG
CCTGGTTTAACCAGATGTTTAACCGCAACGCCGAACGCTACGAAAAAGGGGTG
GCGAAAATTCTCCACCGTAGCCTGCGCTGGATTGTGATTTATGTCCTGCTGCT
TGGCGGCATGGTGTTCCTGTTCCTGCGTTTGCCGACGTCGTTCTTACCGCTGG
AAGACCGTGGCATGTTTACTACCTCGGTACAGTTGCCCAGCGGTTCAACGCAA
CAACAGACCCTGAAAGTCGTTGAGCAAATCGAGAAATACTACTTCACCCATGA
AAAAGACAACATCATGTCGGTGTTTGCCACCGTTGGTTCTGGCCCTGGGGGTA
ACGGGCAAAACGTGGCGCGAATGTTTATCCGCCTGAAAGACTGGAGCGAACGC
GACAGTAAGACCGGCACCTCGTTTGCCATTATCGAGCGTGCAACGAAGGCGTT
TAACCAAATTAAAGAAGCTCGCGTTATCGCCAGCAGCCCGCCAGCAATTAGCG
GTCTTGGTAGTTCTGCAGGTTTTGATATGGAGTTGCAGGACCACGCTGGAGCG
GGTCACGATGCGCTGATGGCAGCACGTAATCAGTTGCTGGCGCTGGCGGCGGA
AAACCCGGAGCTAACCCGTGTGCGCCATAACGGCCTCGACGACAGTCCGCAGT
TGCAGATTGATATCGACCAGCGTAAAGCTCAGGCGCTGGGCGTTGCTATCGAC
GATATTAACGACACACTGCAAACCGCCTGGGGTTCGAGCTATGTGAATGACTT
TATGGATCGCGGTCGCGTGAAGAAAGTCTATGTGCAGGCAGCTGCGCCGTATC
GCATGCTGCCAGATGACATCAATCTCTGGTATGTCCGAAATAAAGATGGCGGC
ATGGTGCCCTTCTCTGCTTTCGCGACCTCACGCTGGGAAACAGGCTCGCCGCG
TCTGGAACGCTATAACGGTTATTCTGCGGTTGAGATTGTTGGGGAAGCCGCAC
CGGGGGTCAGTACCGGTACGGCGATGGATATTATGGAATCGTTAGTGAAGCAG
CTGCCAAACGGCTTTGGTCTGGAGTGGACGGCGATGTCGTATCAGGAGCGGCT
TTCCGGCGCGCAGGCTCCGGCGCTGTACGCCATTTCCTTGCTGGTGGTATTCC
TGTGTCTGGCTGCGTTGTATGAAAGCTGGTCGGTGCCGTTCTCGGTAATGCTG
GTCGTGCCGCTGGGGGTAATCGGCGCGCTGCTGGCAACCTGGATGCGCGGGCT
GGAAAACGACGTTTACTTCCAGGTGGGCCTGTTAACGGTCATTGGTTTATCGG
CGAAAAACGCCATCCTGATCGTCGAGTTTGCTAACGAGATGAACCAAAAAGGC
CACGACCTGTTTGAAGCGACGCTCCACGCCTGCCGTCAGCGTTTACGCCCGAT
TCTGATGACCTCGCTGGCATTTATCTTCGGCGTATTGCCAATGGCAACCAGCA
CGGGTGCCGGTTCCGGTGGTCAGCATGCGGTGGGTACTGGCGTAATGGGCGGEG
ATGATTTCGGCCACTATTCTGGCTATTTACTTCGTGCCGCTGTTCTTTGTGCT
GGTGCGCCGCCGCTTCCCGCTGAAGCCGCGCCCGGAATAA

acrkE

1158

>NC 000913.3:3413864-3415021 Escherichia coli str. K-
12 substr. MG1655, complete genome

ATGACGAAACATGCCAGGTTTTTCCTCCTGCCCTCCTTTATTCTGATCTCCGC
GGCTTTAATCGCCGGTTGTAACGATAAGGGAGAAGAGAAAGCTCACGTCGGTG
AACCGCAGGTTACCGTTCATATTGTAAAAACGGCCCCGTTAGAAGTTAAGACT
GAATTACCAGGCCGCACCAATGCTTATCGTATAGCCGAAGTTCGCCCACAGGT
TAGCGGGATCGTACTGAATCGCAATTTCACTGAAGGCAGCGATGTGCAAGCAG
GCCAGTCCCTGTACCAGATCGATCCCGCGACCTATCAGGCAAATTATGACAGC
GCGAAAGGCGAACTGGCGAAAAGTGAAGCCGCCGCCGCCATCGCGCATTTGAC
GGTAAAACGTTACGTTCCGCTCGTGGGTACGAAATACATCAGCCAGCAGGAGT
ACGACCAGGCCATTGCTGATGCTCGTCAGGCCGATGCCGCCGTGATTGCCGCA
AAAGCCACAGTCGAAAGCGCTCGCATCAATCTTGCTTATACCAAAGTCACTGC
GCCAATTAGCGGACGTATCGGCAAATCGACTGTGACCGAAGGCGCTCTTGTCA
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CTAATGGGCAAACGACTGAACTGGCGACTGTCCAGCAGCTCGATCCTATCTAC
GTTGATGTGACCCAATCCAGCAACGATTTTATGAGGCTGAAGCAATCCGTAGA
GCAAGGAAATTTGCATAAGGAAAACGCCACCAGCAACGTAGAGTTGGTCATGG
AAAACGGTCAAACCTATCCCCTGAAAGGTACGCTGCAATTCTCCGATGTGACC
GTTGATGAAAGCACCGGCTCCATAACCCTACGTGCTGTCTTCCCTAACCCGCA
ACATACGCTTTTGCCGGGTATGTTTGTGCGTGCACGGATTGATGAAGGCGTCC
AACCTGACGCCATTCTTATCCCGCAACAAGGCGTTAGCCGCACACCGCGTGGT
GATGCAACCGTGCTGATTGTTAACGATAAAAGTCAGGTTGAAGCGCGCCCTGT
CGTTGCCAGTCAGGCGATTGGCGATAAATGGTTGATTAGTGAAGGACTGAAAT
CTGGCGATCAAGTCATTGTCAGCGGCCTGCAAAAAGCGCGTCCGGGAGAGCAG
GTTAAAGCCACTACCGATACCCCCGCAGATACTGCATCGAAGTAA

acrF

3105

>NC 000913.3:3415033-3418137 Escherichia coli str. K-
12 substr. MG1655, complete genome

ATGGCAAACTTTTTTATTCGACGACCGATATTTGCATGGGTGCTGGCCATTAT
TCTGATGATGGCGGGCGCACTGGCGATCCTACAATTGCCCGTCGCTCAGTATC
CAACAATTGCACCGCCTGCGGTTTCTGTTTCAGCARAACTATCCGGGCGCTGAT
GCGCAGACCGTGCAGGATACGGTGACGCAGGTTATCGAACAGAATATGAACGG
TATCGATAACCTGATGTATATGTCCTCCACCAGCGATTCCGCCGGTAGCGTGA
CAATTACCCTTACCTTCCAGTCCGGGACCGATCCTGATATCGCGCAAGTGCAG
GTGCAGAACAAACTCCAGCTCGCCACGCCGTTGCTGCCGCAGGAGGTTCAGCA
GCAGGGGATCAGTGTTGAAAAGTCCAGTAGCAGCTATTTGATGGTGGCGGGCT
TTGTCTCTGATAACCCAGGCACCACACAGGACGATATCTCGGACTATGTGGCC
TCTAACGTTAAAGATACGCTTAGCCGTCTGAATGGCGTCGGTGACGTACAGCT
TTTCGGCGCACAGTATGCGATGCGTATCTGGCTGGATGCCGATCTGCTAAACA
AATATAAACTGACACCGGTTGATGTGATTAACCAGTTGAAGGTACAGAACGAT
CAGATCGCTGCCGGACAGTTGGGCGGAACGCCAGCGTTACCAGGGCAACAATT
GAACGCCTCGATTATTGCTCAGACGCGGTTTAAAAATCCGGAAGAATTCGGCA
AAGTGACCCTGCGCGTAAACAGTGACGGCTCGGTGGTACGCCTGAAAGATGTC
GCACGGGTTGAACTTGGCGGTGAAAACTATAACGTTATCGCTCGTATCAACGG
AAAACCGGCGGCGGGCCTGGGGATTAAGCTGGCAACCGGCGCGAATGCTCTCG
ATACCGCGAAAGCCATTAAGGCAAAACTGGCGGAATTACAGCCATTCTTCCCG
CAGGGAATGAAGGTTCTCTACCCTTATGACACCACGCCATTCGTCCAGCTTTC
TATTCACGAAGTGGTAAAAACGCTGTTCGAAGCCATTATGCTGGTGTTCCTGG
TGATGTATCTGTTCTTGCAGAATATGCGAGCAACGCTGATCCCCACCATTGCG
GTACCCGTGGTGTTGTTAGGGACGTTTGCCATCCTCGCCGCTTTTGGTTACTC
CATCAACACACTAACGATGTTCGGGATGGTGCTTGCCATCGGGCTGCTCGTCG
ATGATGCGATAGTGGTGGTGGAGAACGTCGAGCGCGTGATGATGGAGGATAAG
CTCCCGCCAAAAGAAGCGACGGAAAAATCGATGTCGCAAATTCAGGGCGCACT
GGTGGGTATCGCGATGGTGCTGTCAGCGGTATTTATTCCGATGGCATTCTTCG
GCGGTTCTACTGGGGCAATTTATCGCCAGTTCTCTATCACCATCGTTTCGGCA
ATGGCGCTTTCTGTTCTGGTGGCATTGATTCTTACCCCTGCGTTATGTGCAAC
GCTGCTTAAACCCGTCTCTGCTGAGCATCACGAAAATAAGGGCGGTTTCTTCG
GTTGGTTTAATACCACCTTCGATCATAGCGTTAACCACTACACCAACAGCGTC
GGCAAAATCCTCGGATCCACAGGACGATATTTACTGATCTATGCGCTGATTGT
TGCAGGAATGGTGGTGTTGTTTTTACGTCTTCCGTCTTCCTTCTTACCTGAAG
AGGATCAGGGTGTCTTTCTGACCATGATTCAGTTACCCGCTGGCGCGACGCAA
GAGCGGACGCAAAAAGTGTTGGATCAAGTTACGGATTACTATCTGAAGAACGA
GAAAGCGAACGTTGAAAGTGTCTTTACGGTTAACGGCTTTAGCTTCAGCGGCC
AGGCACAAAACGCCGGTATGGCCTTCGTCAGTCTGAAACCGTGGGAAGAGCGT
AATGGTGACGAAAACAGTGCGGAAGCGGTAATCCATCGTGCCAAAATGGAATT
GGGCAAGATCCGCGACGGTTTTGTCATTCCATTCAATATGCCAGCCATTGTTG
AACTGGGCACGGCAACGGGTTTCGACTTTGAGTTAATTGATCAGGCTGGGCTG
GGTCACGATGCCCTAACCCAGGCCCGTAACCAGTTGCTTGGTATGGCGGCGCA
ACATCCTGCCAGCTTAGTCAGCGTGCGCCCTAATGGCCTGGAAGACACCGCGC
AGTTTAAACTGGAAGTTGACCAGGAAAAGGCGCAGGCATTAGGTGTTTCACTT
TCTGACATCAATCAGACCATTTCAACGGCGCTGGGTGGGACTTACGTTAACGA
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CTTCATCGACCGTGGCCGCGTGAAAAAGTTGTATGTTCAGGCGGATGCCAAAT
TCCGTATGCTGCCAGAAGATGTCGATAAACTTTATGTCCGCAGCGCCAACGGC
GAAATGGTGCCATTCTCGGCCTTTACCACTTCACATTGGGTGTATGGCTCTCC
GCGACTGGAACGCTACAACGGTCTGCCGTCAATGGAGATTCAGGGGGAAGCCG
CGCCAGGAACCAGTTCCGGCGATGCCATGGCGTTGATGGAAAACCTTGCGTCA
AAATTACCTGCGGGCATTGGTTATGACTGGACGGGTATGTCGTATCAGGAACG
CTTATCGGGAAACCAGGCTCCCGCTCTGGTAGCAATTTCCTTTGTGGTTGTTT
TCCTGTGCCTTGCTGCACTCTATGAAAGCTGGTCAATTCCTGTCTCGGTTATG
TTGGTAGTGCCGTTAGGGATTGTCGGCGTGCTGCTGGCGGCGACACTCTTTAA
TCAAAAAAATGACGTCTACTTTATGGTGGGCTTGCTAACGACAATTGGCTTGT
CGGCCAAAAACGCTATTTTGATCGTTGAGTTCGCTAAAGATCTCATGGAGAAA
GAGGGTAAAGGTGTTGTTGAAGCGACACTGATGGCAGTACGTATGCGTCTGCG
TCCTATCCTGATGACCTCTCTCGCCTTTATTCTCGGCGTATTACCGCTAGCTA
TCAGTAACGGTGCCGGCAGTGGCGCGCAGAACGCTGTGGGTATCGGGGTAATG
GGAGGAATGGTCTCTGCAACGTTGCTGGCAATCTTCTTCGTACCGGTGTTCTT
TGTGGTGATCCGCCGTTGCTTTAAAGGATAA

acrZ

150

>NC 000913.3:794773-794922 Escherichia coli str. K-12
substr. MG1655, complete genome
ATGTTAGAGTTATTAAAAAGTCTGGTATTCGCCGTAATCATGGTACCTGTCGT
GATGGCCATCATCCTGGGTCTGATTTACGGTCTTGGTGAAGTATTCAACATCT
TTTCTGGTGTTGGTAAAAAAGACCAGCCCGGACAAAATCATTGA

CUSA

3144

>NC 000913.3:598714-601857 Escherichia coli str. K-12
substr. MG1655, complete genome

ATGATTGAATGGATTATTCGTCGCTCGGTGGCGAACCGTTTTTTGGTGCTGAT
GGGCGCGTTGTTTCTGAGCATCTGGGGCACCTGGACCATCATTAATACGCCAG
TGGATGCGCTGCCGGATCTCTCCGATGTGCAGGTTATTATTAAAACCAGCTAT
CCCGGTCAGGCACCACAAATCGTTGAAAATCAGGTGACTTATCCGCTAACCAC
CACCATGTTGTCGGTGCCTGGCGCGAAGACTGTGCGCGGTTTCTCACAGTTTG
GCGACTCTTATGTGTATGTCATTTTCGAAGATGGCACCGATCCGTACTGGGCG
CGTTCGCGGGTGCTGGAGTACCTCAACCAGGTACAGGGTAAGCTGCCTGCGGG
AGTCAGCGCCGAGCTGGGGCCAGATGCCACGGGTGTTGGCTGGATCTATGAAT
ATGCACTGGTGGATCGCAGCGGTAAGCACGATCTGGCCGATTTACGCTCATTA
CAGGACTGGTTTCTCAAATATGAGCTGAAAACCATCCCTGACGTTGCGGAAGT
GGCGTCGGTGGGCGGTGTGGTGAAAGAGTATCAGGTGGTTATCGATCCCCAGC
GCCTGGCGCAGTATGGCATCAGTCTCGCCGAAGTAAAAAGCGCGCTGGATGCT
TCAAACCAGGAAGCGGGCGGTTCGTCGATCGAACTGGCGGAAGCGGAATATAT
GGTGCGCGCCAGCGGCTATCTGCAAACGCTCGACGACTTTAATCACATCGTTT
TAAAAGCCAGTGAAAATGGCGTGCCCGTTTATCTGCGCGATGTTGCGAAGGTC
CAGATTGGCCCGGAGATGCGCCGGGGCATTGCCGAACTAAACGGCGAAGGCGA
AGTGGCGGGCGGGGTGGTGATCCTGCGATCCGGCAAAAACGCCCGAGAAGTGA
TCGCCGCCGTGAAGGACAAACTGGAAACGCTGAAAAGTAGTCTGCCGGAAGGC
GTGGAGATAGTTACAACATACGATCGCAGCCAGCTCATTGACCGCGCCATCGA
CAACCTCAGCGGCAAGTTGCTGGAAGAGTTTATTGTGGTGGCGGTAGTCTGTG
CGCTGTTTCTCTGGCATGTGCGCTCGGCGCTGGTGGCGATTATTTCGTTGCCG
CTGGGGTTGTGTATTGCTTTTATTGTCATGCACTTCCAGGGACTGAATGCCAA
TATTATGTCGTTGGGTGGCATTGCGATTGCCGTCGGGGCGATGGTCGATGCTG
CTATCGTCATGATCGAGAATGCGCATAAACGGCTGGAAGAGTGGCAGCACCAG
CATCCTGACGCCACGCTGGATAATAAAACGCGCTGGCAGGTGATCACCGATGC
GTCTGTTGAAGTGGGGCCGGCGCTATTTATCAGTCTGCTGATTATCACGTTGT
CGTTTATCCCGATCTTCACCCTGGAAGGGCAGGAAGGGCGTCTGTTTGGCCCG
TTGGCGTTCACCAAAACGTATGCGATGGCGGGTGCGGCGCTGCTGGCGATCGT
AGTGATCCCGATCCTGATGGGCTACTGGATCCGTGGCAAAATTCCGCCGGAAA
GCAGTAACCCGCTCAATCGCTTTTTGATTCGTGTTTATCATCCGCTGTTGCTG
AAAGTACTGCACTGGCCGAAAACCACGCTGCTGGTGGCGGCGCTTTCGGTGCT
GACGGTTCTCTGGCCGCTCAATAAAGTTGGCGGGGAATTTTTACCGCAGATCA
ATGAAGGCGACTTGTTGTATATGCCATCGACGCTGCCGGGGATTTCCGCAGCA
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GAGGCGGCGAGTATGCTGCAAAAAACCGACAAGCTAATTATGAGCGTACCTGA
AGTGGCGCGGGTATTTGGCAAAACCGGGAAAGCGGAAACCGCCACCGATTCTG
CTCCGCTGGAGATGGTAGAAACGACCATCCAGCTTAAGCCGCAGGAGCAGTGG
CGGCCAGGCATGACGATGGACAAAATCATTGAGGAACTGGATAACACCGTGCG
GCTGCCGGGGCTGGCGAATCTGTGGGTGCCGCCAATTCGTAACCGTATCGATA
TGCTCTCAACCGGCATTAAAAGCCCCATCGGCATTAAAGTTTCCGGCACTGTG
CTGGCGGATATCGACGCGATGGCTGAGCAAATTGAAGAAGTAGCGCGAACGGT
GCCAGGCGTAGCTTCTGCGCTTGCCGAGCGGCTGGAAGGTGGGCGCTATATCA
ACGTTGAGATTAACCGTGAAAAAGCCGCACGTTACGGTATGACGGTGGCGGAT
GTGCAGTTGTTTGTGACTTCTGCGGTGGGCGGGGCGATGGTTGGCGAAACGGT
GGAAGGGATTGCCCGTTATCCAATTAATCTGCGTTATCCGCAAAGCTGGCGCG
ATAGTCCGCAGGCACTGCGCCAGCTGCCGATCCTGACGCCGATGAAGCAGCAA
ATCACCCTGGCAGACGTGGCCGACATTAAAGTCTCTACCGGACCGTCGATGCT
GAAAACCGAGAATGCGCGCCCGACGAGCTGGATTTATATCGATGCCCGCGATC
GTGACATGGTGTCGGTGGTTCACGATTTGCAAAAAGCGATAGCTGAAAAAGTG
CAGTTAAAACCGGGCACCAGCGTGGCATTCTCCGGGCAGTTCGAGCTACTGGA
GCGCGCCAACCATAAGCTTAAACTCATGGTGCCGATGACGTTGATGATTATCT
TCGTGCTGTTGTATCTGGCGTTCCGTCGGGTGGGCGAAGCGTTGCTGATTATC
AGCAGCGTACCGTTTGCGCTGGTGGGCGGCATCTGGTTGCTGTGGTGGATGGG
CTTTCATCTTTCCGTGGCGACGGGCACTGGCTTTATCGCCCTCGCCGGGGTCG
CCGCCGAATTTGGCGTGGTGATGCTGATGTATTTACGTCACGCCATAGAGGCC
GTGCCGTCGTTGAATAATCCACAAACATTCAGCGAGCAGAAGCTGGATGAGGC
GTTATATCACGGCGCGGTCCTGCGCGTGCGCCCGAAAGCGATGACGGTGGCGG
TGATTATCGCCGGTCTGCTGCCGATTCTGTGGGGAACGGGGGCTGGTTCAGAG
GTGATGAGCCGGATTGCCGCGCCGATGATTGGCGGCATGATCACCGCACCTTT
GCTGTCGCTGTTTATTATCCCGGCGGCGTATAAGCTGATGTGGCTGCACCGAC
ATCGGGTACGGAAATAA

cusB

1224

>NC 000913.3:597479-598702 Escherichia coli str. K-12
substr. MG1655, complete genome
ATGAAAAAAATCGCGCTTATTATCGGCAGCATGATCGCGGGCGGTATTATTTC
TGCGGCAGGTTTTACCTGGGTTGCAAAGGCGGAACCGCCTGCAGAAAAAACGT
CGACCGCAGAACGTAAAATCTTATTCTGGTACGACCCAATGTATCCCAATACG
CGGTTCGATAAACCAGGTAAATCGCCGTTTATGGATATGGATCTGGTGCCGAA
ATATGCCGATGAAGAGAGTTCTGCGTCTGGTGTGCGCATTGACCCGACTCAGA
CGCAGAATCTGGGGGTGAAAACGGCTACCGTCACGCGCGGACCGCTGACTTTT
GCCCAGAGTTTCCCGGCGAATGTCAGTTACAACGAGTATCAGTATGCCATTGT
GCAGGCTCGCGCTGCCGGGTTTATCGACAAGGTGTATCCGCTTACCGTGGGCG
ATAAAGTACAAAAGGGCACACCGCTTCTCGACCTGACCATTCCTGACTGGGTG
GAAGCGCAGAGTGAGTATTTACTGCTGCGCGAAACCGGCGGTACGGCGACCCA
GACTGAAGGCATTCTTGAGCGGCTGCGACTGGCGGGAATGCCGGAGGCGGATA
TTCGCCGCCTGATCGCCACGCAAAAAATCCAGACTCGCTTTACGCTCAAAGCG
CCCATTGATGGCGTGATCACCGCGTTTGATCTGCGCGCGGGAATGAATATCGC
CAAAGATAACGTGGTAGCGAAAATTCAGGGTATGGACCCGGTGTGGGTCACTG
CTGCGATCCCGGAGTCTATCGCCTGGCTGGTGAAAGATGCCTCGCAGTTTACC
CTCACCGTTCCGGCGCGACCGGATAAAACACTCACCATCCGCAAATGGACGCT
GCTACCTGGCGTGGATGCCGCGACCCGCACGCTGCAGCTGCGTCTGGAAGTCG
ACAACGCCGACGAGGCGCTAAAACCGGGCATGAACGCCTGGTTGCAACTCAAC
ACCGCCAGCGAACCGATGCTGCTCATTCCGTCACAAGCGCTGATTGATACCGG
CAGCGAACAGCGGGTGATTACCGTTGATGCCGACGGGCGCTTTGTACCGAAAC
GCGTTGCTGTTTTCCAGGCATCGCAAGGCGTCACCGCATTACGCTCTGGTCTG
GCGGAAGGTGAAAAGGTGGTTTCCAGCGGCCTGTTCCTGATTGATTCCGAAGC
CAATATTTCTGGCGCACTGGAGCGGATGCGCTCTGAAAGTGCTACCCATGCGC
ATTGA

cusC

1374

>NC 000913.3:595600-596973 Escherichia coli str. K-12
substr. MG1655, complete genome
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ATGTCTCCTTGTAAACTTCTGCCATTTTGTGTGGCCCTTGCGCTAACCGGTTG
TTCACTGGCACCGGATTATCAGCGTCCGGCAATGCCCGTGCCGCAGCAGTTCT
CACTCAGCCAGAACGGCCTGGTTAACGCAGCAGATAACTATCAGAACGCGGGC
TGGCGCACCTTTTTTGTTGATAATCAGGTGAAGACGCTGATTAGCGAGGCGCT
GGTGAATAATCGGGATTTGCGCATGGCGACGCTGAAAGTGCAGGAGGCACGGG
CGCAATATCGTCTGACCGATGCCGACCGCTACCCACAGCTCAATGGCGAGGGC
AGCGGCAGCTGGAGCGGTAATCTTAAAGGGAATACCGCCACGACACGGGAGTT
TTCGACCGGCCTTAACGCCAGCTTTGACCTCGATTTTTTCGGTCGCTTAAAGA
ACATGAGCGAAGCCGAGCGACAAAATTATTTAGCCACTGAGGAAGCTCAGCGC
GCGGTGCATATTCTGCTGGTTTCTAATGTCGCGCAAAGCTATTTCAATCAGCA
ACTGGCGTATGCGCAATTGCAAATAGCCGAAGAAACGCTGCGTAATTATCAGC
AGTCATATGCGTTTGTCGAAAAACAACTGTTGACAGGTAGCAGTAATGTTCTG
GCGCTGGAACAGGCTCGCGGGGTGATAGAAAGTACCCGCAGCGACATCGCTAA
ACGTCAGGGGGAACTGGCGCAGGCGAATAATGCATTGCAACTGTTGCTGGGAA
GCTACGGCAAGCTGCCGCAAGCGCAGACAGTAAACAGCGACAGCCTGCAAAGC
GTTAAATTACCGGCGGGATTGTCGTCGCAAATCTTATTGCAGCGCCCGGATAT
TATGGAAGCTGAACACGCGTTAATGGCGGCTAATGCCAATATTGGCGCTGCAC
GCGCGGCATTTTTTCCGTCTATAAGCCTGACCAGCGGAATATCGACCGCCAGT
AGCGATCTATCGTCATTATTTAACGCCAGCAGCGGGATGTGGAATTTTATACC
CAAAATTGAGATCCCCATTTTTAATGCCGGACGCAACCAGGCCAATCTGGATA
TCGCCGAAATTCGCCAGCAGCAGTCGGTGGTGAATTATGAACAGAAAATCCAG
AACGCCTTTAAAGAAGTGGCAGATGCGCTGGCATTACGTCAAAGCCTGAACGA
TCAAATTAGCGCCCAGCAGCGTTATCTGGCATCGCTGCAAATTACTTTGCAAC
GGGCGCGGGCATTATATCAGCACGGCGCAGTAAGTTATCTGGAAGTGCTGGAT
GCCGAGCGTTCTTTATTTGCAACCCGACAAACTTTACTTGATCTGAATTATGC
CCGTCAGGTTAACGAAATTTCTTTGTATACCGCACTTGGTGGCGGTTGA

mdtA

1248

>NC 000913.3:2154016-2155263 Escherichia coli str. K-
12 substr. MG1655, complete genome
ATGAAAGGTAGTTATAAATCCCGTTGGGTAATCGTAATCGTGGTGGTTATCGC
CGCCATCGCCGCATTCTGGTTCTGGCAAGGCCGCAATGACTCCCGGAGTGCAG
CCCCAGGGGCGACGARAACAAGCGCAGCAATCGCCAGCGGGTGGTCGACGTGGT
ATGCGTTCCGGCCCATTAGCCCCGGTTCAGGCGGCGACCGCCGTAGAACAGGC
AGTTCCGCGTTACCTCACCGGGCTTGGCACCATTACCGCCGCTAATACCGTTA
CGGTGCGCAGCCGCGTGGACGGCCAACTGATAGCGTTACATTTCCAGGAAGGC
CAGCAGGTCAAAGCAGGCGATTTACTGGCAGAAATTGACCCCAGCCAGTTCAA
AGTTGCATTAGCACAAGCCCAGGGCCAACTGGCAAAAGATAAAGCCACGCTTG
CCAACGCCCGCCGTGACCTGGCGCGTTATCAACAACTGGCAAAAACCAATCTC
GTTTCCCGCCAGGAGCTGGATGCCCAACAGGCGCTGGTCAGTGAAACCGAAGG
CACCATTAAGGCTGATGAAGCAAGCGTTGCCAGCGCGCAGCTGCAACTCGACT
GGAGCCGGATTACCGCACCAGTCGATGGTCGCGTTGGTCTCAAGCAGGTTGAT
GTTGGTAACCAAATCTCCAGTGGTGATACCACCGGGATCGTGGTGATCACCCA
GACGCATCCTATCGATTTAGTCTTTACCCTGCCGGAAAGCGATATCGCTACCG
TAGTGCAGGCGCAGARAAGCCGGAAAACCGCTGGTGGTAGAAGCCTGGGATCGC
ACCAACTCGAAGAAATTAAGTGAAGGCACGCTGTTAAGTCTAGATAACCAAAT
CGATGCCACTACCGGTACGATTAAAGTGAAAGCACGCTTTAATAATCAGGATG
ATGCGCTGTTTCCCAATCAGTTTGTTAACGCGCGCATGTTAGTCGACACCGAA
CAAAACGCCGTAGTGATCCCAACAGCCGCCCTGCARAATGGGCAATGAAGGCCA
TTTTGTCTGGGTGCTGAATAGCGAAAACAAGGTCAGCAAACATCTGGTGACGC
CGGGCATTCAGGACAGTCAGAAAGTGGTGATCCGTGCAGGTATTTCTGCGGGC
GATCGCGTGGTGACAGACGGCATTGATCGCCTGACCGAAGGGGCGAAAGTGGA
AGTGGTGGAAGCCCAGAGCGCCACTACTCCGGAAGAGAAAGCCACCAGCCGCG
AATACGCGAAAAAAGGAGCACGCTCCTGA

mditB

3123

>NC 000913.3:2155263-2158385 Escherichia coli str. K-
12 substr. MG1655, complete genome

ATGCAGGTGTTACCCCCGAGCAGCACAGGCGGCCCGTCGCGCCTGTTTATTAT
GCGTCCTGTGGCCACCACGCTGCTGATGGTGGCGATCTTACTCGCCGGGATTA
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TCGGTTATCGCGCCCTGCCCGTTTCGGCGCTGCCGGAAGTGGACTATCCGACC
ATTCAGGTGGTCACGCTCTACCCAGGTGCCAGCCCGGATGTCATGACCTCTGC
CGTTACCGCGCCGCTAGAACGCCAGTTCGGGCAGATGTCTGGCCTGAAACAGA
TGTCGTCGCAAAGTTCCGGCGGTGCGTCAGTTATCACTTTGCAGTTCCAGCTA
ACATTACCGCTCGATGTCGCCGAGCAGGAAGTGCAGGCCGCGATTAACGCTGC
GACCAACTTGTTGCCGAGCGATCTGCCTAACCCGCCGGTTTACAGCAAAGTGA
ACCCGGCAGATCCGCCGATCATGACGCTCGCCGTCACCTCAACCGCCATGCCG
ATGACGCAAGTGGAAGATATGGTGGAAACCCGCGTCGCGCAGAAAATCTCGCA
GATTTCCGGCGTCGGCCTGGTGACGCTTTCCGGCGGTCAGCGTCCGGCTGTTC
GCGTCAAACTTAACGCTCAGGCGATTGCCGCCCTCGGCCTGACCAGCGAAACC
GTGCGCACCGCCATTACCGGCGCTAACGTTAACTCGGCAAAAGGTAGCCTCGA
CGGCCCTTCCCGTGCGGTCACGCTTTCCGCGAACGACCAGATGCAATCCGCCG
AAGAGTATCGCCAGCTAATCATCGCCTACCAGAACGGCGCGCCAATTCGTCTG
GGCGATGTCGCAACTGTAGAGCAAGGTGCAGAAAACAGCTGGCTCGGCGCGTG
GGCGAACAAAGAACAGGCCATTGTGATGAATGTTCAGCGCCAGCCCGGTGCTA
ACATTATCTCCACCGCCGACAGCATTCGGCAGATGCTGCCACAGCTCACTGAG
AGTCTGCCGAAATCGGTGAAGGTGACAGTGCTTTCCGATCGCACCACCAATAT
CCGCGCATCCGTCGATGATACTCAGTTTGAATTGATGATGGCTATCGCGCTGG
TAGTCATGATTATCTACCTGTTTTTGCGCAATATTCCGGCGACCATCATTCCC
GGTGTTGCTGTACCGCTGTCGTTAATCGGCACTTTCGCGGTTATGGTGTTTCT
CGATTTTTCAATCAATAACCTGACACTGATGGCGTTAACTATCGCCACCGGAT
TCGTGGTCGATGACGCCATCGTGGTGATCGAAAACATTTCCCGCTATATCGAA
AAAGGCGAAAAACCGTTGGCGGCGGCGCTCAAGGGCGCAGGTGAAATCGGCTT
TACCATTATCTCGCTGACCTTCTCACTGATTGCGGTGTTGATCCCACTGCTGT
TTATGGGCGATATCGTCGGGCGACTGTTCCGCGAATTTGCTATTACCCTGGCG
GTAGCGATTTTGATCTCAGCGGTGGTGTCGCTGACCCTGACACCGATGATGTG
CGCGCGGATGCTCAGCCAGGAGTCGTTGCGTAAACAGAACCGCTTCTCCCGTG
CCTCGGAAAAAATGTTCGACAGGATAATCGCCGCCTATGGTCGTGGACTGGCG
AAAGTGCTGAATCATCCGTGGCTGACCTTAAGCGTGGCACTCAGCACGCTGCT
GCTTAGCGTGCTGCTGTGGGTGTTCATTCCGAAAGGTTTCTTCCCGGTACAGG
ACAATGGCATTATTCAGGGCACTTTGCAGGCACCGCAATCCAGCTCCTTTGCC
AATATGGCCCAGCGACAACGCCAGGTCGCGGACGTGATTTTGCAGGATCCGGC
AGTGCAAAGCCTGACCTCATTTGTTGGCGTTGATGGCACTAACCCGTCGCTGA
ACAGTGCACGTTTACAAATCAACCTCAAACCGTTGGATGAACGTGATGATCGG
GTGCAAAAAGTCATCGCCCGTCTGCAAACGGCGGTAGATAAAGTGCCGGGCGT
CGATCTCTTCCTGCAACCAACGCAGGATCTGACTATTGATACTCAGGTCAGCC
GCACCCAGTACCAGTTTACCTTGCAGGCCACGTCACTGGATGCGCTCAGTACC
TGGGTGCCACAGTTGATGGAAAAACTCCAGCAACTGCCACAGCTTTCTGATGT
CTCCAGCGACTGGCAGGACAAAGGGCTGGTGGCGTATGTCAATGTTGATCGCG
ACAGCGCCAGCCGTCTGGGGATCAGCATGGCGGATGTCGATAACGCCCTGTAC
AACGCGTTTGGTCAGCGGCTGATTTCCACTATTTATACTCAGGCCAACCAGTA
TCGCGTGGTGCTGGAGCACAACACCGAAAATACCCCAGGCCTCGCGGCGCTGG
ATACCATTCGCCTGACCAGCAGCGACGGCGGCGTGGTGCCGCTAAGCTCAATT
GCCAAAATTGAGCAGCGTTTTGCGCCGCTCTCCATCAACCATCTGGATCAGTT
CCCGGTAACGACCATCTCCTTTAACGTGCCGGATAACTATTCGCTGGGCGATG
CGGTGCAGGCGATTATGGACACCGAAAAGACGCTGAATCTGCCGGTGGATATC
ACCACGCAGTTCCAGGGCAGCACCCTCGCCTTCCAGTCGGCGCTGGGCAGCAC
TGTCTGGCTGATTGTCGCGGCGGTGGTGGCGATGTATATCGTGCTCGGCATTC
TGTACGAGAGCTTTATTCACCCGATCACCATTCTCTCGACGCTACCCACCGCA
GGGGTTGGCGCACTGCTGGCGTTGCTGATTGCTGGTAGCGAACTGGATGTGAT
TGCGATTATCGGCATTATTTTGCTGATCGGTATCGTGAAGAAGAACGCCATCA
TGATGATCGACTTCGCGCTGGCTGCTGAGCGCGAGCAAGGCATGTCGCCGCGC
GAGGCAATCTACCAGGCTTGTCTGTTGCGTTTTCGTCCGATCCTGATGACCAC
TCTGGCGGCTCTGCTTGGCGCGCTGCCGCTGATGTTGAGTACCGGGGTCGGCG
CGGAACTGCGTCGTCCGTTAGGTATCGGCATGGTCGGCGGTCTGATTGTCAGC
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CAGGTGCTGACGCTGTTTACCACGCCGGTGATTTATTTGCTGTTCGACCGCCT
GGCATTGTGGACCAAAAGCCGCTTTGCCCGTCATGAAGAGGAGGCGTAA

mdtC

3078

>NC 000913.3:2158386-2161463 Escherichia coli str. K-
12 substr. MG1655, complete genome

GTGAAGTTTTTTGCCCTCTTCATTTACCGCCCGGTGGCGACGATTTTACTGTC
GGTTGCCATTACCCTGTGCGGCATACTGGGCTTCCGTATGCTGCCGGTCGCCC
CGCTGCCGCAGGTCGATTTTCCGGTGATTATCGTCAGCGCCTCGCTGCCCGGT
GCGTCACCAGAAACAATGGCGTCTTCCGTTGCCACGCCGCTGGAGCGCTCACT
TGGGCGCATTGCCGGAGTCAGTGAAATGACCTCCAGCAGTTCGCTCGGCAGCA
CGCGTATTATTTTGCAGTTTGATTTTGACCGGGATATCAACGGCGCAGCGCGT
GATGTGCAGGCGGCGATCAACGCTGCACAAAGTTTGCTGCCCAGTGGGATGCC
CAGCCGCCCGACCTATCGCAAAGCGAACCCGTCGGATGCGCCAATTATGATCC
TCACGCTGACGTCCGATACTTATTCGCAGGGTGAACTGTACGATTTCGCCTCG
ACGCAGCTGGCTCCGACGATTTCGCARAATCGACGGTGTTGGTGATGTCGATGT
CGGAGGCAGCTCACTGCCCGCCGTACGCGTCGGGCTGAATCCGCAGGCGCTGT
TTAATCAGGGCGTGTCGCTGGACGACGTACGCACCGCCGTCAGCAATGCCAAC
GTGCGTAAACCGCAGGGCGCGCTGGAAGATGGCACTCACCGCTGGCAGATCCA
GACCAATGATGAGCTAAAAACCGCCGCTGAATATCAGCCGTTGATTATTCACT
ACAACAACGGCGGCGCGGTTCGTCTGGGCGATGTGGCGACGGTGACCGACTCA
GTGCAGGATGTGCGCAACGCCGGGATGACCAACGCCAAACCGGCTATTTTACT
GATGATCCGCAAACTGCCGGAAGCCAATATTATCCAGACGGTTGACAGCATCC
GGGCAAAATTACCGGAGTTGCAGGAAACCATTCCGGCGGCGATTGATCTGCAA
ATTGCCCAGGATCGCTCCCCCACCATTCGCGCCTCGCTGGAAGAAGTCGAGCA
AACGCTGATTATCTCGGTGGCGCTGGTGATTCTGGTGGTGTTTTTATTCCTGC
GCTCGGGTCGCGCCACTATTATTCCCGCCGTTTCGGTGCCGGTTTCGCTGATT
GGTACGTTTGCGGCGATGTACCTGTGCGGATTCAGTCTCAATAACCTTTCGTT
AATGGCGCTCACCATCGCTACTGGTTTCGTGGTGGATGACGCCATCGTGGTGC
TGGAAAACATTGCACGTCATCTGGAAGCGGGAATGAAACCGTTGCAAGCCGCA
CTGCAAGGTACTCGCGAAGTCGGTTTTACGGTGCTGTCGATGAGTCTGTCACT
GGTGGCGGTGTTCCTGCCGCTGCTGTTGATGGGCGGATTGCCGGGCCGACTGT
TACGCGAATTTGCCGTGACGCTTTCTGTCGCCATTGGTATATCGTTGCTGGTT
TCTCTGACATTAACGCCAATGATGTGTGGCTGGATGCTGAAAGCCAGCAAGCC
GCGCGAGCAAAAGCGACTGCGTGGTTTTGGTCGCATGTTGGTAGCCCTGCAAC
AAGGCTACGGCAAGTCACTAAAATGGGTGCTCAATCATACCCGTCTGGTGGGC
GTGGTGCTGCTTGGCACCATTGCGCTGAATATCTGGCTGTATATCTCGATCCC
GAAAACCTTCTTCCCGGAGCAGGACACTGGCGTGTTGATGGGCGGGATTCAGG
CGGATCAGAGTATTTCGTTTCAGGCGATGCGCGGTAAGTTGCAGGATTTCATG
AAAATTATCCGTGACGATCCGGCAGTGGATAATGTCACCGGCTTTACAGGCGG
TTCGCGAGTGAACAGCGGGATGATGTTTATCACCCTCAAGCCACGCGACGAAC
GCAGCGAAACGGCGCAGCAAATTATCGACCGTCTGCGCGTAARACTGGCGARAA
GAACCGGGGGCGAATCTGTTCCTGATGGCGGTACAGGATATTCGCGTTGGTGG
GCGTCAGTCGAACGCCAGCTACCAGTACACGTTGTTATCCGACGACCTGGCGG
CACTGCGAGAATGGGAGCCGAAAATCCGCAAAAAACTGGCGACGTTGCCGGAA
CTGGCGGACGTGAACTCCGATCAGCAGGATAACGGCGCGGAGATGAATCTGGT
TTACGACCGCGACACCATGGCACGGCTGGGAATCGACGTACAAGCCGCCAACA
GTCTGTTAAATAACGCCTTCGGTCAGCGGCAAATCTCGACCATTTACCAGCCG
ATGAACCAGTATAAAGTGGTGATGGAAGTGGATCCGCGCTATACCCAGGACAT
CAGTGCGCTGGAAAAAATGTTCGTTATCAATAACGAAGGCAAAGCGATCCCGC
TGTCGTATTTCGCTAAATGGCAACCGGCGAATGCCCCACTATCGGTGAATCAT
CAGGGATTATCGGCGGCCTCGACCATTTCGTTTAACCTGCCGACCGGAAAATC
GCTCTCGGACGCCAGTGCGGCGATCGATCGCGCAATGACCCAGCTTGGTGTGC
CTTCGACGGTGCGCGGCAGTTTTGCCGGCACGGCGCAGGTGTTCCAGGAGACG
ATGAACTCGCAGGTGATCCTGATTATCGCCGCCATCGCCACGGTGTATATCGT
GCTGGGTATCCTTTACGAGAGTTACGTACATCCGCTGACGATTCTCTCCACCC
TGCCCTCGGCGGGCGTTGGAGCGCTGTTGGCGCTGGAGCTGTTCAATGCCCCG
TTCAGCCTAATCGCCCTGATAGGGATCATGCTATTAATCGGCATCGTGAAGAA
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AAACGCCATTATGATGGTCGATTTTGCGCTTGAAGCCCAACGGCACGGTAACC
TGACGCCGCAGGAAGCTATTTTCCAGGCCTGTCTGCTGCGTTTTCGCCCGATT
ATGATGACTACCCTGGCGGCGCTGTTTGGTGCGCTGCCGCTGGTATTGTCGGG
CGGCGACGGCTCGGAGCTGCGGCAACCCCTGGGGATCACCATTGTCGGCGGAC
TGGTAATGAGCCAGCTCCTTACGCTGTATACCACGCCGGTGGTGTATCTCTTT
TTCGACCGTCTGCGGCTGCGTTTTTCGCGTAAACCTAAACAAACGGTAACCGA
GTAA

mdtE

1158

>NC 000913.3:3659232-3660389 Escherichia coli str. K-
12 substr. MG1655, complete genome
ATGAACAGAAGAAGAAAGCTGTTAATACCGTTGTTATTCTGCGGCGCGATGCT
CACCGCCTGCGATGACAAATCGGCGGAAAACGCCGCCGCCATGACGCCTGAGG
TCGGTGTCGTCACACTCTCCCCCGGTTCGGTCAATGTGTTGAGCGAATTGCCC
GGTAGAACCGTTCCTTATGAAGTTGCCGAGATACGTCCCCAGGTGGGCGGTAT
TATCATTAAACGCAACTTTATCGAAGGCGATAAAGTGAACCAGGGCGATTCGC
TGTATCAGATTGATCCTGCACCTTTACAGGCCGAGCTAAACTCCGCCAAAGGC
TCGCTGGCGAAAGCGCTCTCTACCGCCAGCAATGCCCGCATCACCTTTAACCG
CCAGGCATCGTTGCTGAAGACCAACTACGTTAGCCGTCAGGATTACGACACCG
CGCGCACCCAGTTGAATGAAGCAGAAGCCAATGTCACCGTCGCCAAAGCGGCT
GTTGAACAGGCGACGATCAATCTGCAATACGCGAATGTCACCTCGCCGATTAC
GGGCGTCAGCGGGAAATCGTCGGTGACCGTCGGCGCACTCGTTACCGCTAATC
AGGCAGATTCGCTGGTTACCGTACAACGTCTGGACCCGATTTATGTCGATCTC
ACGCAGTCGGTGCAAGATTTCTTACGCATGAAAGAAGAGGTCGCCAGTGGGCA
AATCAAACAGGTTCAGGGCAGTACGCCAGTACAGCTCAATCTGGAAAATGGTA
AACGCTACAGCCAGACCGGCACGCTGAAATTCTCCGACCCGACAGTGGATGAA
ACCACGGGCTCCGTGACGTTACGGGCGATTTTCCCCAACCCAAATGGTGACTT
GCTGCCTGGCATGTACGTCACGGCATTAGTGGATGAAGGTAGCCGCCAGAATG
TATTACTGGTGCCGCAGGAAGGCGTCACCCACAACGCCCAGGGTAAAGCAACG
GCGCTCATTCTGGATAAAGACGATGTCGTGCAGCTACGCGARAATTGAAGCCAG
CARAAGCCATCGGCGACCAGTGGGTCGTCACCTCTGGCTTGCAGGCTGGCGATC
GGGTGATCGTTTCCGGTTTGCAACGCATTCGTCCGGGTATCARAGCACGAGCA
ATTTCCTCCAGCCAGGAAAACGCCAGCACCGAATCGAAACAATAA

mdtF

3114

>NC 000913.3:3660414-3663527 Escherichia coli str. K-
12 substr. MG1655, complete genome

ATGGCTAACTATTTTATTGATCGCCCGGTTTTTGCCTGGGTACTTGCCATTAT
TATGATGCTTGCAGGTGGTCTGGCGATCATGAACTTACCGGTTGCGCAGTATC
CGCAGATTGCGCCACCGACCATTACCGTCAGCGCTACCTATCCAGGTGCCGAT
GCGCAAACGGTAGAAGACTCGGTCACTCAGGTGATTGAGCAAAATATGAATGG
GCTTGATGGCCTGATGTACATGTCTTCAACCAGTGATGCGGCGGGCAATGCCT
CTATCACTCTGACCTTCGAGACTGGGACATCTCCTGATATCGCACAGGTTCAA
GTGCAAAATAAACTGCAACTCGCTATGCCTTCATTACCTGAAGCAGTGCAGCA
GCAGGGGATTAGCGTCGATAAGTCGAGCAGTAATATCCTGATGGTAGCGGCGT
TTATTTCTGATAACGGCAGCCTCAACCAGTACGATATCGCGGACTATGTAGCG
TCTAATATCAAAGACCCGCTAAGCCGTACCGCGGGCGTTGGTAGCGTACAACT
CTTTGGTTCCGAGTATGCCATGCGTATCTGGCTGGACCCGCAAAAACTCAATA
AATATAACCTGGTACCTTCCGATGTTATTTCCCAGATTAAGGTGCAAAACAAC
CAGATTTCCGGTGGTCAACTGGGTGGCATGCCACAGGCGGCAGACCAGCAGCT
AAACGCCTCGATCATTGTGCAGACGCGTCTGCAAACGCCGGAAGAATTTGGCA
AAATCCTGTTGAAAGTTCAGCAAGATGGTTCGCAAGTGCTGCTGCGTGATGTC
GCTCGCGTCGAACTTGGGGCGGAAGATTATTCCACCGTGGCACGCTATAACGG
CAAACCTGCTGCCGGGATCGCCATCAAACTGGCTGCCGGAGCAAACGCCCTGG
ATACCTCGCGGGCAGTCAAAGAGGAACTGAACCGCTTATCAGCCTATTTCCCG
GCAAGTCTGAAGACGGTTTATCCTTACGACACCACGCCGTTTATCGAAATTTC
TATTCAGGAAGTTTTCAAAACACTGGTTGAGGCTATCATCCTAGTCTTCCTGG
TCATGTATCTGTTTTTGCAGAATTTCCGTGCCACAATCATCCCGACGATTGCC
GTACCGGTGGTTATTCTCGGGACGTTTGCGATCTTGTCGGCGGTCGGTTTCAC
CATCAACACGTTGACTATGTTCGGGATGGTGCTGGCGATAGGGTTACTGGTGG
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ATGACGCCATCGTGGTGGTGGAGAACGTCGAGCGTGTCATTGCGGAAGATAAG
CTACCGCCGAAGGAAGCGACGCATAAATCGATGGGGCAGATCCAACGTGCGCT
GGTCGGTATTGCCGTTGTTCTTTCCGCAGTGTTTATGCCGATGGCCTTTATGA
GCGGTGCAACCGGGGAGATCTACCGCCAGTTCTCCATCACGCTGATCTCCTCC
ATGCTGCTTTCAGTATTTGTGGCAATGAGCCTGACCCCTGCCCTGTGCGCCAC
CATTCTGAAAGCCGCGCCGGAAGGCGGTCACAAACCTAACGCCCTGTTCGCAC
GCTTCAACACGCTGTTTGAAAAATCAACTCAACACTATACCGATAGCACCCGC
TCGCTGTTGCGTTGTACCGGTCGCTACATGGTGGTCTACCTGCTGATTTGCGC
CGGGATGGCGGTGCTGTTCCTGCGCACGCCGACCTCTTTCTTACCAGAAGAGG
ATCAGGGGGTATTTATGACCACCGCGCAGTTACCTTCCGGTGCCACCATGGTT
AACACCACGAAAGTGCTGCAACAGGTGACGGATTATTATCTGACTAAAGAGAA
AGATAATGTCCAGTCGGTGTTTACCGTTGGCGGCTTTGGCTTCAGCGGTCAGG
GGCAAAACAACGGCCTGGCGTTTATCAGTCTCAAGCCGTGGTCTGAACGTGTC
GGTGAGGAAAACTCGGTTACCGCGATCATTCAGCGGGCAATGATTGCGTTAAG
CAGTATCAATAAAGCCGTCGTCTTCCCGTTCAACTTACCCGCGGTGGCTGAAC
TGGGTACCGCGTCAGGTTTTGATATGGAACTGCTGGACAACGGTAACCTGGGG
CACGAAAAACTAACCCAGGCGCGAAACGAGCTGTTATCACTGGCAGCGCAATC
ACCGAATCAGGTCACCGGGGTACGCCCGAACGGCCTGGAAGATACGCCGATGT
TCAAAGTGAACGTCAACGCTGCGAAAGCTGAAGCGATGGGCGTGGCGCTGTCT
GATATCAACCAGACAATTTCCACCGCCTTCGGCAGCAGCTACGTGAACGACTT
CCTCAACCAGGGGCGGGTGAAAAAAGTGTATGTCCAGGCAGGCACGCCGTTCC
GTATGTTGCCGGATAACATCAACCAATGGTATGTACGCAACGCCTCTGGCACG
ATGGCACCGCTTTCTGCCTACTCGTCTACCGAATGGACCTATGGTTCACCGCG
ACTGGAACGCTACAACGGCATCCCGTCAATGGAGATTTTAGGTGAAGCGGCGG
CCGGGAAAAGTACCGGTGACGCCATGAAATTTATGGCAGACCTGGTCGCTAAA
CTTCCGGCAGGCGTCGGCTACTCATGGACCGGACTATCGTATCAGGAAGCGTT
ATCCTCAAATCAGGCTCCTGCGCTGTATGCGATTTCACTGGTCGTGGTGTTCC
TCGCCCTCGCCGCACTCTATGAGAGCTGGTCAATTCCGTTCTCGGTGATGTTG
GTTGTTCCGTTAGGCGTCGTTGGCGCATTACTGGCCACCGATCTGCGCGGCTT
AAGTAATGACGTCTACTTCCAGGTTGGTTTGCTGACCACCATCGGGCTTTCCG
CCAAAAACGCCATCCTGATTGTCGAATTTGCCGTTGAGATGATGCAGAAAGAA
GGGAAAACGCCGATAGAGGCAATCATCGAAGCGGCGCGGATGCGTTTACGCCC
AATCCTGATGACCTCTCTGGCCTTTATTCTCGGCGTGCTGCCGCTGGTTATCA
GTCATGGTGCCGGTTCTGGCGCGCAAAACGCGGTAGGTACCGGCGTGATGGGC
GGGATGTTTGCCGCAACAGTGCTGGCAATTTACTTCGTTCCGGTCTTTTTCGT
TGTAGTGGAACATCTCTTTGCCCGCTTTAAAAAAGCGTAA

tolC

1482

>NC 000913.3:3178115-3179596 Escherichia coli str. K-
12 substr. MG1655, complete genome

ATGAAGAAATTGCTCCCCATTCTTATCGGCCTGAGCCTTTCTGGGTTCAGTTC
GTTGAGCCAGGCCGAGAACCTGATGCAAGTTTATCAGCAAGCACGCCTTAGTA
ACCCGGAATTGCGTAAGTCTGCCGCCGATCGTGATGCTGCCTTTGAAAAAATT
AATGAAGCGCGCAGTCCATTACTGCCACAGCTAGGTTTAGGTGCAGATTACAC
CTATAGCAACGGCTACCGCGACGCGAACGGCATCAACTCTAACGCGACCAGTG
CGTCCTTGCAGTTAACTCAATCCATTTTTGATATGTCGAAATGGCGTGCGTTA
ACGCTGCAGGAAAAAGCAGCAGGGATTCAGGACGTCACGTATCAGACCGATCA
GCAAACCTTGATCCTCAACACCGCGACCGCTTATTTCAACGTGTTGAATGCTA
TTGACGTTCTTTCCTATACACAGGCACAAAAAGAAGCGATCTACCGTCAATTA
GATCAAACCACCCAACGTTTTAACGTGGGCCTGGTAGCGATCACCGACGTGCA
GAACGCCCGCGCACAGTACGATACCGTGCTGGCGAACGAAGTGACCGCACGTA
ATAACCTTGATAACGCGGTAGAGCAGCTGCGCCAGATCACCGGTAACTACTAT
CCGGAACTGGCTGCGCTGAATGTCGAAAACTTTAAAACCGACAAACCACAGCC
GGTTAACGCGCTGCTGAAAGAAGCCGAAARAACGCAACCTGTCGCTGTTACAGG
CACGCTTGAGCCAGGACCTGGCGCGCGAGCAAATTCGCCAGGCGCAGGATGGT
CACTTACCGACTCTGGATTTAACGGCTTCTACCGGGATTTCTGACACCTCTTA
TAGCGGTTCGAAAACCCGTGGTGCCGCTGGTACCCAGTATGACGATAGCAATA
TGGGCCAGAACAAAGTTGGCCTGAGCTTCTCGCTGCCGATTTATCAGGGCGGA
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ATGGTTAACTCGCAGGTGAAACAGGCACAGTACAACTTTGTCGGTGCCAGCGA
GCAACTGGAAAGTGCCCATCGTAGCGTCGTGCAGACCGTGCGTTCCTCCTTCA
ACAACATTAATGCATCTATCAGTAGCATTAACGCCTACAAACAAGCCGTAGTT
TCCGCTCAAAGCTCATTAGACGCGATGGAAGCGGGCTACTCGGTCGGTACGCG
TACCATTGTTGATGTGTTGGATGCGACCACCACGTTGTACAACGCCAAGCAAG
AGCTGGCGAATGCGCGTTATAACTACCTGATTAATCAGCTGAATATTAAGTCA
GCTCTGGGTACGTTGAACGAGCAGGATCTGCTGGCACTGAACAATGCGCTGAG
CAAACCGGTTTCCACTAATCCGGAAAACGTTGCACCGCAAACGCCGGAACAGA
ATGCTATTGCTGATGGTTATGCGCCTGATAGCCCGGCACCAGTCGTTCAGCAA
ACATCCGCACGCACTACCACCAGTAACGGTCATAACCCTTTCCGTAACTGA
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8.2 Sequences of eef genes used in Chapter 6

Locus tag

Gene

Length

Gene sequence

DR76_3503

eefR

567

>CP009072.1:c3743066-3742500 Escherichia coli
ATCC 25922, complete genome

ATGACCAGCAAGCTGGAGATACGCCACAAACAGCGCCAGGATGAA
ATCATTAACGCCGCCCGTCGGTGTTTTCGTCGCTGCGGATTTCAT
GCCGCCAGTATGTCGCAARATTGCCAGCGAAGCTCAGCTTAGCGTG
GGTCAGATATATCGTTACTTCGCCAACAAAGACGCCATTATTGAA
GAGATGGTTCGTCGTATCATCGACTTTCGTATTGCCCAAATGGAC
ATTGACGCGCGTACCGATCACTTCCCGGAAGTCCTTGCCTTGCGT
AAATCCTTAAATGAGGACGACGACGCGCTGATGCTGGAAGTGGCT
GCAGAAGCCACACGCAACCCGCGGGTTATGGCAATGCTTGAAGAA
GCTGACGCCAGAATGTTCGCTAACGGTTGTGCACATATGAAAAGA
ATGCATCCCCATCTTAGCGACGAGCACATTCGTTGCTGCGTTGAA
GTGTTTGCTACCATGATGGAAGGTACGGTTTATCGTCGTTTAACA
CCGCAAAAAAGCGATCCACAACATCTGCAGGAAATATATCAGGAT
ATTGTTAGTATGTTGATAAATAAATAA

DR76_3502

eefA

1122

>CP009072.1:c3742351-3741230 Escherichia coli
ATCC 25922, complete genome
ATGAAGTATATAGCAACATCTGTAGTGGCAATGCTGCTCTTATCG
GGTTGTGATAATACGCAAAGTAACAATTCATCCCCGTCAGAAACA
GAAGTCGGCGTTGTTACGCTCAAATCTCAACCGGTTTCGGTAGTC
AGTGAATTAACCGGACGTACCAGTGCTGCGCTCAGTGCTGAAGTA
CGTCCGCAGGTTGGGGGAATTATCCAGAAACGCTTATTTAAGGAA
GGTGATCTGGTCAAGGCTGGACAGCCTCTCTACCAGATTGATGCG
GCCAGTTATCAGGCTGCATGGAATGAAGCCCGGGCAGCATTACAA
CAAGCACAGGCACTGGTAAAAGCCGATTGCCAGAAAGCGCAGCGT
TATACCCGACTGGTGAAAGAGAACGGTGTTTCACAACAGGATGCT
GATGATGCTCAGTCTACCTGTGCACAAGATAAAGCCAGTGTAGAG
GCGAAAAAAGCCGCACTGGAAACTGCGCGCATTAATCTTGACTGG
ACCACGGTAACCGCACCGATTTCGGGGCGTATTGGCATTTCGTCG
GTAACCCCTGGCGCACTGGTGACCGCGTCGCAGGATACAGCGTTA
ACGACTATTCGTGGTCTGGATACAATGTATGTCGACCTCACTCGC
TCCAGTGTCGATTTATTACGTCTGCGTAAACAGTCACTGGCGACC
AACAGTGACACCATGAGCGTCTCACTTATTCTGGAAGATGGCACA
ACCTACAGCGAAAAAGGGCGTCTGGAACTCACCGAAGTCGCGGTG
GATGAGTCTACCGGTTCGGTGACATTACGGGCAATTTTCCCCAAT
CCACAACAGCAGTTATTACCGGGAATGTTTGTTCGCGCTCGTGTC
GATGAAGGCGTGATGGAAGACGCTATTCTCGCGCCTCAACAGGGC
GTTACGCGCGATGCTAAAGGCAATGCAACTGCGCTGGTGGTGAAT
AAAGACAATAAAGTAGAGCAGCGAACGCTCGAAACGGGAGAAACG
TATGGTGATAAATGGCTGGTGCTGAACGGCCTGCACAACGGCGAC
CGACTGATTGTTGAAGGTTCTGCCAAAGTCACTTCAGGGCAGACC
GTCAAGGCTGTTGAAGTTCAGGCTAATGGAGGCAACGCCTGA

DR76_3501

eefB

3108

>CP009072.1:c3741230-3738123 Escherichia coli
ATCC 25922, complete genome

ATGTTTTCGCGCTTTTTTGTTCGCCGCCCGGTCTTTGCCTGGGTT
ATCGCCATTTTGATTATGTTGGCGGGGATTCTGGCTATTCGCACA
TTGCCCGTCGCGCAATATCCTGACGTTGCACCGCCGACCATTAAA
ATTTCAGCCACTTATACTGGTGCTTCTGCCGAAACGCTGGAGAAC
AGCGTGACTCAGGTTATCGAGCAACAACTCACTGGGCTTGATAAT
TTACTCTATTTCAGCTCAACCAGTAGCTCTGATGGTTCGGTCAGT
ATTAATGTGACCTTTGAACAAGGTACCGATCCAGATACTGCACAG
GTTCAGGTGCAGAATAAAATTCAGCAGGCGGAGTCGCGCCTACCC
AGCGAAGTGCAGCAAACGGGTGTTACGGTGGAGAAATCACAAAGC
AACTTTTTGCTGATTGCTGCCGTGTATGACACCACTGACAAAGCC
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TCCAGTTCGGATATCGCCGACTGGCTGGTCAGTAACGTTCAGGAC
CCCCTGGCGCGTGTTGAAGGTGTGGGGAGTCTGCAAGTCTTTGGC
GCGGAATACGCCATGCGCATCTGGCTCGACCCGGCCAAACTGGCG
TCTTACTCGCTGATGCCTTCAGACGTGCAAAGTGCTATTGAAGCG
CAAAACGTGCAGGTTACTGCCGGGAAAATAGGGGCATTGCCTTCA
CCGAATACTCAGCAACTGACCGCAACGGTACGTGCGCAGTCTCGC
TTGCAGACGGTGGATCAGTTCAAAAATATTATCGTGAAAAGCCAG
TCAGACGGCGCAGTTGTTCGTATAAAAGATGTGGCTCGCGTTGAG
ATGGGCAGTGAAGATTATACCGCTATTGGCAAACTTAACGGTCAC
CCGTCTGCCGGGGTTGCTGTAATGCTTTCGCCCGGTGCGAATGCG
CTGAATACGGCGACGCTGGTCAAGGATAAGATTGCCGAATTCCAG
CGGAACATGCCGCAGGGATACGACATCGCATACCCGAAAGACAGC
ACTGAATTTATTAAAATCTCCGTAGAGGACGTAATTCAGACGCTG
TTTGAAGCCATCGTATTGGTGGTTTGCGTGATGTATTTATTCCTG
CAAAACCTGCGTGCCACACTGATTCCGGCGTTAGCTGTCCCCGTC
GTTTTGCTGGGCACATTCGGCGTTCTTGCGTTGTTTGGCTATTCG
ATTAATACCCTGACGTTGTTTGCAATGGTGCTGGCGATCGGCTTG
CTGGTGGACGATGCCATTGTGGTGGTAGAGAACGTCGAACGCATT
ATGCGTGACGAAGGGTTGCCCGCGCGTGAAGCCACGGAAAAATCA
ATGGGCGAGATTTCTGGCGCACTGGTTGCCATTGCGCTGGTGTTG
TCAGCCGTATTCCTGCCGATGGCCTTCTTTGGGGGATCTACGGGC
GTAATTTATCGTCAGTTCTCCATCACCATCATCTCCGCAATGCTG
CTTTCCGTGGTGGTGGCATTGACCTTGACTCCCGCCCTGTGCGGT
TCCGTCCTCCAGCATGTTCCGCCACATAAAAAAGGCTTTTTCGGC
GCATTTAACCGCTTTTACCGCCGTACTGAAGATAAATATCAGCGA
GGCGTAATTTATGTCCTGCGCCGTGCAGCCCGAACGATGGGGCTT
TATGTCGTGCTGGGTGGTGGAATGGCCCTGATGATGTGGAAGCTG
CCGGGCAGTTTCTTACCCACTGAAGACCAGGGCGAAATCATGGTG
CAGTACACGCTGCCGGCCGGGGCGACCGCTGCCCGTACAGCAGAA
GTGAATCGCCAGATTGTTGACTGGTTCCTGATTAACGAGAAAGCA
AATACCGATGTCATCTTTACCGTTGATGGTTTCAGTTTTAGCGGC
AGCGGACAGAACACCGGGATGGCGTTTGTTTCGTTGAAAAACTGG
TCTCAACGTAAAGGGGCAGAAAACACCGCCCAGGCTATCGCCCTA
CGGGCTACCAAAGAGCTGGGCACAATTCGTGATGCCACGGTATTT
GCGATGACGCCGCCAGCCGTTGATGGGCTGGGGCAAAGCAATGGT
TTTACGTTTGAATTGTTAGCTAACGGTGGAACCGATCGTGAAACA
CTGCTGCAAATGCGTAATCAGTTGATAGAAAAAGCGAATCAAAGT
CCGGAGTTACATTCTGTACGCGCCAATGATTTGCCACAAATGCCG
CAATTGCAGGTAGATATTGATAGTAATAAAGCGGTGTCATTAGGG
TTGAGTTTGAATGATGTCACCGACACCCTGTCCAGTGCGTGGGGC
GGTACTTATGTGAATGACTTTATTGACCGTGGTCGTGTGAAAAAA
GTCTACATTCAGGGCGACAGCGAATTTCGTTCCGCGCCGTCAGAC
TTAGGTAAATGGTTTGTGCGCGGTAGCGATAACGCCATGACACCA
TTCTCTGCTTTTGCGACCACCCGCTGGCTGTATGGACCGGAAAGA
CTGGTGCGCTACAACGGCTCGGCAGCCTATGAAATTCAGGGCGAA
AACGCGACTGGCTTTAGTTCCGGCGATGCAATGACAAAAATGGAG
GAACTGGCAAACAGTCTTCCTGCGGGAACAACCTGGGCCTGGAGT
GGTTTGTCATTGCAGGAGAAACTGGCCAGCGGTCAGGCATTAAGT
CTGTATGCAGTTTCTATTCTGGTGGTTTTCCTCTGCCTTGCAGCA
CTGTACGAAAGCTGGTCAGTCCCGTTCTCGGTCATTCTGGTGATC
CCTCTGGGGCTTCTTGGCGCGGCGCTGGCGGCCTGGATGCGTGAT
TTAAACAACGACGTTTACTTCCAGGTAGCGCTATTAACTACTATC
GGCTTGTCGTCGAAAAACGCCATTCTGATTGTGGAATTTGCTGAA
GCGGCGGTTGCAGAGGGCTATTCCTTGAGTCGTGCGGCATTACGC
GCGGCGCAGACTCGTTTACGCCCAATCATCATGACCTCGCTGGCG
TTTATTGCGGGGGTAATGCCGCTGGCGATAGCAACCGGCGCAGGG
GCGAACAGCCGCATCGCCATTGGTACGGGCATTATTGGCGGCACG
CTGACCGCTACATTACTGGCCATTTTCTTCGTTCCTCTGTTTTTT
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GTACTGGTGAAACGTTTGTTTGCCGGTAAACCGCGCCGTCAGGAG
TAA

DR76_3500

eefC

1374

>CP009072.1:c3738119-3736746 Escherichia coli
ATCC 25922, complete genome
ATGTTGCGTCGTTCTCTTATTTTTCTGGTGTTGTTGAGTGCGGGA
TGTGTCTCGCTCGATCCTCACTACAGTACGCCTGAATCCCCAATC
CCGGCGACCTTGCCGGGAGCACAGGGCCAGGGGAAGGCAATCAGC
CATGATTGGCAGCAGGTGATCCACGATCCCCGATTGCAGCAGGTA
GTAACCATTGCACTGAACCGTAACCGCGATGTGCAAAAAGCGATT
GCTGATATTGACTCAGCACGGGCGCTCTATGGGCAAACTAATGCG
TCGTTATTTCCGACGGTGAATGCGGCCTTAAGTTCGACTCGCAGT
CGTTCGCTGGCGAATGGTACGGGAACAACTGCCGAGGCTGACGGC
ACGGTGTCCAGTTATACGCTAGATCTGTTTGGTCGTAATCAGAGT
TTATCTCGGGCGGCGCGGGAAACCTGGCTTGCCAGTGAATTTACA
GCCCAGAACACTCGTTTAACGCTGATTGCTGAAATCAGCACCGCC
TGGCTGACACTGGCGGCCGATAACAGCAACCTGGCCCTGGCAAAA
GAAACGATGGCCAGTGCAGAAAACTCATTGAAAATTATCCAGCGC
CAGCAACAGGTTGGCACGGCGGCAGCGACAGATGTCAGTGAGGCG
ATGAGTGTTTATCAGCAAGCGCGCGCCAGCGTTGCCAGCTATCAG
ACACAAGTGATGCAGGATAAAAATGCGCTGAACTTACTGGCAGGT
ACAACGCTTGCGGAAAATCTGCTACCGGGAACACTGGAAAGCCTG
CCGGAACAAATGATAAGTCTGGTTCCTGCGGGAGTATCATCTGAT
GTTCTGCTGCGTCGCCCGGATATCCAGGAAGCTGAACATAATTTG
AAGAGCGCCAATGCAGATATTGGCGCGGCGCGGGCTAACTTTTTC
CCGACGATTTCGCTGACTGCCAGTGCCGGTGTTGGCAGTGACGCA
TTGTCGTCGTTGTTCAGCCACGGAATGCAGATCTGGTCATTTGCG
CCATCGGTCACATTACCGCTGTTCACTGGCGGAAGTAATCTGGCG
CAGCTTCGTTACGCAGAAGCACAAAAGCGTGGGCTCATTGCCACC
TATGAAAAAAACGTTCAGAGCGCATTTAAAGATGTCGCTAACGCA
CTGGCGCGGCGGACCACGCTTGAAGAGCAACTGGATGCACAGCGC
CAGTATGTTAAAGCTGAGCAACAAACGGTCGATGTTGGCTTGCGT
CGCTATCAGGCGGGTGTTGGTGATTACCTGACCGTGTTGACGGCG
CAGCGCAGCTTGTGGAGCGCACAGCAGGAGCTGCTGGCACTGCAA
CTGACTGATTTTACAAACCGAATCACGCTCTGGCAGTCGCTGGGC
GGCGGTATGTCATCACTCAAGTAA

DR76_3499

eefD

1164

>CP009072.1:c3736737-3735574 Escherichia coli
ATCC 25922, complete genome

ATGGCTAGAGTCTCTCTTTCATGGGCATTGATTCTTGGTCTTTTA
GCCGGTATCGGCCCGATGTGTACCGATCTTTATTTGCCGGCTTTG
CCGGAGATGTCTGAGCAACTGGCGGCAACCACGACCATAACGCAA
TTAACCCTGACCGCATCACTGATTGGTCTTGGCGTCGGACAACTG
TTATTTGGCCCTCTGAGCGACAAAATAGGGCGTAAACGTCCGTTA
ATCTTGTCGTTGCTATTGTTTATTGTTTCTTCCATTTTATGCGCG
ACAACGAACAATATTTACTGGCTGGTGGTCTGGCGTTTTATTCAA
GGGATCGCGGGGGCGGGTGGTTCGGTGCTCTCTCGTTCTATTGCT
CGTGACAAATATCAGGGAGTAACGTTGACCCAGTTTTTTGCGCTG
TTAATGACGGTGAATGGCCTGGCACCGGTGTTGTCGCCAGTGCTG
GGCGGGTACATTGTTAGCACTTTTGACTGGCGCACTTTATTCTGG
GTAATGGCTGAAATTAGCACCGTACTGTTGCTGGGCTGCCTGTTA
TTTATTAATGAGACCTTGCCAGAAAATAAAAGGGGCTCATCATTG
CTATTAACCGGACGAAGCGTGGTGCAGAACCGCCGTTTTATGCGC
TTTTGCCTGATTCAAAGCTTTATGCTGGCTGGTTTGTTTGCATAT
ATCGGCTCTTCGTCGTTCGTGTTGCAGAAGGAATTTGGCTTTAGT
CCAATGCAATTTAGCCTGGTGTTTGGCCTTAACGGCATCGGACTT
ATCATTGCTTCATGGATCTTCTCGCGCCTGGCGCGACGGATTAAC
GCGATGACATTGTTGCGAGGTGGCCTGATAGCGGCAATTTTGTGT
GCATTGCTCACGGTCTTATGCGCATGGATACAATTGCCCATTCCG
GCACTGGTGGCATTATTTTTCACCATCGCATTTTGTAGCGGCATC
GGCACTGTTGGCGGGGCAGAGGCTATGAGTGCAGTAGGGACGCAG
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GAATCTGGAACGGCGTCTGCGTTGATGGGGATGAGCATGTTTGTC
TTCGGCGGTATAGCCGCGCCATTGTCGGGAATTGGCGGAGAAACA
CTGTTAAAAATGAGTCTGGCAATTACGGTGTGTTATACGCTGGCA
TTGCTGGTTGCTCTCACCAGAATCGACAATCAAAAGTAA
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8.3 Alignment of E. coli SMS-3-5 with E. coli ATCC 25922

eefR_sms  MISELET] 1] [CFREC TASEAQLSVGRT] 17] 11BFRIAGMDT]
eefR_ATCC MIS| 11 c TASEAQLSVGQT 11] T1PFRIAQMPT]
eefR_SMS TRC TMMEGTV
eefR_ATCC zHc TMMEGTV
eefR_SMS IVSML 188

eefR_ATCC 188

eefA_SMS LLSGC]
eefA ATCC TATSVVAMLILSG

. ,
e £ i b o S Al S
eefA_SMS C] GV T
eefA ATCC I IGVSH
*

eefA SMS [ IGISSVTPGALVT! ST LATNSBTMSVSLI. T
eefA_ATCC APIS [ IGISSVTPGALVT! SVBL! LATNSBTMSVSLI. T
eefA SMS S| /AN IFP] JLLP( ILAP \TAL?
eefA_ATCC S £\ TG I JLLP ILAP \TAL?
eefA_SMS |G 'S( 373
eefA_A'I‘CC G 'S( 373

*

eefB_SMS  MES] TATLIMLAGILATRTLEV; APPTIRISA' SVIgVIEQOLTGLY
eefB_ATCC MES| TATLIMLAGILA APPTIRISA’ TLENSvTQVIEQOTTGL
cefB_SMS IRV SRLPS] TAAVYDTTPRASSSPIABRLY
eefB ATCC STSSSBGSVSI] TBP) SRLPS| TAAVYBTTDRASSSHTABWLY
eefB_SMS 8 'GS! IP; LMP! IGALPS] JLTA
eefB_ATCC S} GS! TiLBP; LMP 1 "AGHIGALPS LA S|
eefB_sMS b b GSEB¥TAT SAGVAVMLSP ‘ATLVEDRL
PR B R = e M R R S
eefB_sMs i VLUV TLIPALAVPVVLLG 1
eefB_ATCC i IVLUV TLIPALAVPVVLLG 1

eefB_SMS LAIGLLS ISGALVAIALVLSAVELPMAFEGGSTGVT ITIISAML
eefB_ATCC LAIGLL| ISGALVATALVLSAVELPMAEFGGSTGVI ITIISAML
eefB_SMS LSVVVALTLTPALCG!

eefB_ATCC LSVVVALTLTPALC e

eefB_SMS cs SLRHWS! A
eefBﬁATCC G = SLENWS| A
eefB_SMS LGT: PA i P
eefB_ATCC Ler: PA 1 P
eefB_sMS \VSLGLS! SPL )
eefB_ATCC \SLGLS] 1 1 SBL TP
eefB_SMS G S8 SLPAG! SGLSL WSIL
eefB_ATCC G SS [SLPAG! SGLSL WVSIL
eefB _SMS L SVPESVILVIPLG! ALLTTIGLSSRNAILT \VAEGESLS]
eefB_ATCC LCI SVPESVILVIPLG! ALLTTIGLSSRNATLI vABGYSLS|
eefB_SMS TINTS £ pks gmtcou e 1035
eefB_ATCC e IATGTGIIGGTLTATLIAT 1035
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