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Abstract

Antibiotic resistance is a major threat to our current healthcare system. As bacterial
resistance mechanisms continue to develop and spread, more and more antibiotics are
becoming less and less effective, making an increasing number of bacterial infections
difficult or even impossible to treat. Worryingly, bacterial antibiotic resistance is
outpacing the rate of development of new antibiotics, making a return to the pre-
antibiotic era a very real possibility. In particular, additional strategies are required to
tackle gram-negative pathogens, the most pressing threat. One additional strategy is to

utilise existing antibiotics in new combinations.

This thesis investigates the resistance development towards the furazolidone —
vancomycin antibiotic combination in Escherichia coli. The synergistic FZ — VAN
combination has been previously shown to be a promising potential combination against
gram-negative pathogens, repurposing vancomycin, used against gram-positive
pathogens, against gram-negative bacteria. By investigating the resistance development
towards this combination, insight into the ease of resistance development and types of
resistance development can be had, leading to increased understanding of the resistance

mechanisms and potential use of this combination.

Resistance towards the FZ — VAN combination was selected for, and the isolated strains
underwent comparative genome analysis, revealing the genomic changes behind their
observed phenotypic resistance. Mutations affecting seven main genes were identified

as potential causes of resistance, ribE, ribB, ftsH, rpoC, opgG, wecC, and nlpl.

In addition, the mechanism of resistance to FZ by the ribB and ribE riboflavin
biosynthesis mutants was investigated. These mutations were found to result in a lower
nitroreductase activity, predominantly affecting the key nitrofuran-activating
nitroreductases NfsA and NfsB.
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Chapter 1 — Introduction

1.1 Antibiotic Resistance

Antibiotic resistance is a major global health concern. Since antibiotics were initially
discovered, they have served as a major line of defence in combating bacterial
infections. Without antibiotics, bacterial infections that are currently able to be treated

would once again become deadly.

Antibiotic resistance is defined as when a bacterial infection is no longer treatable by a
drug that was previously effective (European Centre for Disease Prevention and
Control, 2008). This arises because of bacteria changing through developing or
acquiring a resistance determinant that means the drug is no longer effective at killing
the bacteria (World Health Organisation, 2020).

The consequences of losing antibiotics as a treatment option are frightening. Without
effective antibiotics, we would return to a pre-antibiotic era in which infections that
used to be easily treatable become life threatening. Antibiotic resistance would make
administering antibiotics, either prophylactically to prevent infection, or in response to
an established infection, effectively worthless, and drastically increase the risk of
surgical procedures (O’Neill, 2014). For example, operations like joint replacements
may become too risky to perform due to the threat of infection, leading to reduced
quality of life for many people. Procedures where the immune system is suppressed,
like during most cancer treatments, or during organ transplants, would be at heightened
risk of life-threatening infection. The risk of childbirth would also increase, due to
bacterial infection risks increasing, especially during caesarean sections (O’Neill, 2014).

1.1.1 How antibiotic resistance occurs

Antibiotic resistance is a naturally occurring phenomenon. This is because with every
use of antibiotics, bacteria are forced to either adapt or die, meaning every use of
antibiotics selects for resistance (European Centre for Disease Prevention and Control,
2008; World Health Organization, 2018). When treated with antibiotics, all the
susceptible bacteria are killed or inhibited, leaving any resistant bacteria to grow and
multiply, and this leads to an increased number of antibiotic resistant bacteria, as shown

in Figure 1.
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Initial population: Antibiotic treatment: Final population:
only a small fraction are kills all suseptible resistant bacteria grow
resistant bacteria and mutiply

Figure 1: Antibiotic treatment selects for resistance

Antibiotic treatment selects for resistant bacteria by only killing/inhibiting susceptible bacteria and leads

to a higher proportion of resistant bacteria after treatment.

The more exposure bacteria have to a specific antibiotic, the greater the selection
pressure to develop resistance to it. The widespread overuse and misuse of antibiotics
has been linked to increases in bacterial resistance development (Ventola, 2015; World
Health Organization, 2018). Subsequently, antibiotic use should be restricted as much
as possible, with unnecessary usage minimised to delay the occurrence and spread of
bacterial antibiotic resistance, and so prolong the effective usage of existing

antimicrobial treatments.

However, reducing antibiotic use is difficult due to the public perception of antibiotics
and antibiotic resistance. Patient misunderstanding about the range of use and benefits
granted from antibiotics leads to their over-prescription, especially for upper respiratory
tract infections, where they have limited use (Huttner et al., 2010). This is an issue,
because while all use of antibiotics selects for antibiotic resistance, unnecessary
antibiotic usage only exacerbates the problem. One solution for this is to better educate
the public about the dangers of antibiotic resistance, and when it is appropriate to use
antibiotics (Coxeter et al., 2017), as well as increase the education around what
antibiotic resistance is, as there has been shown to be a large amount of public

misunderstanding surrounding this topic (Bakhit et al., 2019).
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1.1.2 The economic costs of antibiotic resistance

Another negative aspect of rising levels of antibiotic resistance is the associated increase
in cost to the healthcare system. When patients acquire resistant infections, it leads to a
higher healthcare cost as compared to patients that have non-resistant infections, and
this cost is only expected to increase as antibiotic resistance becomes more widespread
(O’Neill, 2014). This is because resistant infections lead to more prolonged infections,
as well as the need for additional testing, and the requirement for more expensive

medicines to try and treat the infection (World Health Organization, 2018).

1.2 Mechanisms and types of antibiotic resistance

Some general antibiotic resistance mechanisms include: limiting the drug uptake,
inactivating the drug, modifying a drug target, active efflux of the drug, and interference
with biochemical pathways (Reygaert, 2018). These mechanisms of resistance can be

categorised as either acquired resistance, or natural resistance.

Natural resistance can be split into intrinsic resistance and inducible resistance.
Intrinsic resistance is always expressed, while inducible resistance is only expressed
after exposure to the antibiotic. Both intrinsic and inducible natural resistance arise
from genes that are either always present or always absent in all strains of the bacterial
species, that are not associated with previous exposure to antibiotics, and were not
acquired through horizontal gene transfer (Cox & Wright, 2013; Reygaert, 2018). One
example of this is in gram-negative (diderm) pathogens, which are, in contrast to gram-
positive (monoderm) bacteria, intrinsically resistant to many antibiotics. This intrinsic
resistance is due to the barrier function of the outer membrane and powerful efflux
pumps that either prevent a drug from reaching its target or remove the drug from a

gram-negative bacterial cell before it can reach its target (Cox & Wright, 2013).

Acquired resistance occurs either via a spontaneous mutation in the bacterial genome
that is subsequently passed down vertically to the progeny through the bacterial
generations, or alternatively through horizontal gene transfer, when bacteria acquire
genetic material from an outside source. Horizontal gene transfer means that bacteria
can pass around and express resistance determinants from other bacterial species or
strains. This is problematic for the spread of antibiotic resistance, as it means not only

can pathogenic bacteria pass around resistance genes between different species and

4
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strains but can also acquire resistance genes from environmental or commensal bacteria
(Sun et al., 2019; von Wintersdorff et al., 2016).

There are three types of horizontal gene transfer: conjugation, transformation, and
transduction. Conjugation is the transfer of mobile genetic elements through a
conjugative pilus structure that facilitates the direct transfer of DNA between two
nearby bacteria, while transformation is the uptake of free environmental DNA.
Transduction is the transfer of bacterial DNA between a bacteriophage-infected
bacterium and a bacteriophage-susceptible bacterium (Huddleston, 2014; Thomas &
Nielsen, 2005). Transduction occurs when a bacteriophage (a virus which infects
bacteria) mistakenly packages bacterial DNA in addition to its own viral DNA during
bacteriophage assembly, and then on subsequent infection of another bacterium, the

bacterial DNA is injected into the recipient bacteria.

1.3 Antibiotic discovery

To make matters worse, the current rate of discovery of new antimicrobials is not fast

enough to keep up with the increasing prevalence of antibiotic resistant pathogens.

1.3.1 History of antibiotic discovery

The first widespread antibiotic in use was penicillin, implemented in the 1940s, after
Alexander Fleming’s discovery in 1928 (Fleming, 1929). Following this, the so called
“golden age” of antibiotic discovery occurred from the 1950s to the 1960s, when half of
the different classes of antibiotics in use today were discovered (Davies, 2006) (Figure
2).

The introduction of a new antibiotic is accompanied by the discovery of pathogens
resistant to the antibiotic. This is because the implementation of the antibiotic selects
for resistance towards it. For example, resistance to penicillin was documented in 1940,
before penicillin was widely used (Abraham & Chain, 1940). Studies of the microbial
populations found in soil has revealed the presence of antibiotic resistance mechanisms
is very widespread (D'Costa et al., 2006). This is due to soil microbes being a large
reservoir of both antibiotics and antibiotic resistance mechanisms as they are the origin

of many clinically relevant antibiotics. However, despite antibiotic resistance
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mechanisms being widespread throughout the environment, their presence in pathogenic
bacteria was initially very rare, and the likelihood of resistance arising due to antibiotic
usage was deemed unlikely at the time antibiotics were initially introduced (Davies,
2006). This has clearly proved to not be the case, with the implementation of
widespread antibiotic use being heavily correlated to an increased prevalence in
antibiotic resistant pathogens. This can be seen in the timeline of antibiotic discovery

and resistance emergence shown in Figure 2.
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Resistance Identified

1940 — Penicillins
1942 — Sulfonamides
1946 — Aminoglycosides

1950 — Tetracyclines, Amphenicols
1955 — Macrolides

1960 — Glycopeptides
1962 — Rifamycins
1968 — Quinolones

1987 — Third generation cephalosporins

1998 — Carbapenems

2001 — Oxazolidinonoes

2005 — Lipopeptides, PDR Acinefobacter
and Pseudomonas

2009 — PDR Enterobacteraceae

Antibiotic Introduced

1910s
1910 — Salvarsan

1920s
1930s

1936 — Sulfonamides
1940s

1941 — Polypeptides

1943 — Penicillins, Salicylates
1945 — Sulfones

1946 — Aminoglycosides

1948 — Tetracyclines, Bacitracin
1949 — Amphenicols

1950s

1952 — Macrolides, Pyridinamides
1953 — Tuberactinomycins, Nitrofurans
1958 — Glycopeptides
1959 — Polymycins

1960s

1960 — Azoles
1962 - Fusidic acid, Quinolones,
Diaminopyrimidines, Ethambutol
1963 — Lincosamides, Ansamycins,
Enniatins
1964 — Cycloserines, Cephalosporins
1965 — Thioamides
1969 — Phenazines
1970s
1971 — Phosphonates
1980s
1985 — Carbapenems, Mupirocin
1986 — Monobactams
1990s

2000s

2000 — Oxazolidinonoes
2003 — Lipopeptides
2007 — Pleuromutilins

2010s

2011 — Lipiarmycins
2012 — Diaylquinolones

2020s

Figure 2: Timeline of introduction of antibiotic classes and observed resistance

(Centers for Disease Control and Prevention, 2013; Hutchings et al., 2019). PDR: pandrug-resistant.
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1.3.2 Current rate of discovery of new antibiotics

Once a new drug is on the market, the aim is to maximise sales to reimburse the cost of
drug development. Antibiotics do not follow this pattern, as during their initial profit
earning stage, their usage is being minimised as much as possible.

After the initial “golden age” period, the discovery of new antibiotics slowed
dramatically. One reason for this is that antibiotic discovery is not profitable in the
same way as the development of other drug types. Normally, a new drug offers a
significant improvement over existing drugs on the market, and so becomes the main
line of treatment, and generates profits that exceed the cost of the drug’s development
(O'Neill, 2015). However, antibiotics do not work like this. New antibiotics are
reserved for use only in cases where the patient has an infection resistant to existing
antibiotics. So, the new antibiotic only offers a benefit in the case of resistant
infections, and existing, mainstream, cheaper antibiotics remain the main line of
treatment. In addition, use of the new antibiotic would be restricted to minimise
resistance to the new antibiotic. So, by the time the new antibiotic becomes the main
line of treatment it is probably near the end, or at the end, of its patent, meaning
generating enough sales to cover the cost of the drug development is difficult, except in
cases where there is a specific need (O'Neill, 2015). Only when resistance to an
existing class of antibiotics has become widespread is the development of a new
antibiotic class financially viable, however because the pipeline of antibiotic
development is so long, this means investment into new antibiotics is not occurring until

there is an urgent need for them, and at this point it is too late.

1.3.3 Alternative approaches

The current rate of development of new antibiotic treatments is not keeping up with the
speed at which antibiotic resistance is occurring. What this means is that alternative
approaches are required to complement the development of new drugs, such as bringing
together existing antibiotics into new combinatory treatments, or repurposing drugs

approved for different diseases.

Drug repurposing involves using existing drugs not originally designed as antibiotics to
treat bacterial infections. Often these drugs would be required in doses far too high for

safe patient toxicity levels if used as a monotherapy treatment against bacterial

8
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infections. However, combinations of these drugs, especially synergistic combinations,
which lower the concentrations required to be effective, can open a range of drugs not
previously viable to counteract bacterial infections (Gémara & Ramdn-Garcia, 2019;
Sun et al., 2016; Zheng et al., 2018). Drug combinations will be discussed in detail in
section 1.5. Drug repurposing also has the advantage of the drug already being
clinically approved, so the safety profiles and pharmacological data for the drug are

already present (Gémara & Ramon-Garcia, 2019).

1.4 The bacteria with high levels of antibiotic resistance

The WHO (World Health Organisation) has a Priority Pathogens List, which outlines
which microorganisms pose the greatest risks, and therefore which should be targeted
most urgently in research into new antimicrobials. All the bacteria in the highest
“Critical” category are gram-negative pathogens, and encompass carbapenem-resistant
Acinetobacter, carbapenem-resistant Pseudomonas aeruginosa, and ESBL-producing
carbapenem-resistant Enterobacteriaceae (World Health Organisation, 2017).
Therefore, treatments that target these gram-negative bacterial pathogens are those that

should be the most urgently investigated. The full list is shown in Figure 3.
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WHO Priority Pathogens List for R&D of New Antibiotics
Priority 1: CRITICAL
1. Acinetobacter baumannii, carbapenem-resistant
2. Pseudomonas aeruginosa, carbapenem-resistant
3. Enterobacteriaceae, carbapenem-resistant, ESBL-producing
Priority 2: HIGH
1. Enterococcus faecium, vancomycin-resistant
2. Staphylococcus aureus, methicillin-resistant, vancomycin-intermediate and resistant
3. Helicobacter pylori, clarithromycin-resistant
4. Campylobacter spp., fluoroquinolone-resistant
5. Salmonellae, fluoroquinolone-resistant
6. Neisseria gonorrhoeae, cephalosporin-resistant, fluoroquinolone-resistant
Priority 3: MEDIUM
1. Streptococcus pneumoniae, penicillin-non-susceptible
2. Haemophilus influenzae, ampicillin-resistant

3. Shigella spp., fluoroquinolone-resistant

Figure 3: WHO Priority Pathogen List

(World Health Organisation, 2017)

1.4.1 Gram-negative pathogens

Bacteria can be split into two main groups, gram-negative and gram-positive, and this is
determined by their cell envelope (cell wall) characteristics. Gram-negative bacteria
have a much thinner (<10 nm) and less tightly cross-linked layer of peptidoglycan in
comparison to gram-positive bacteria. Gram-negative bacteria also have an additional
membrane layer, the outer membrane, beyond the peptidoglycan, that is not present in
gram-positive bacteria. The composition of the outer membrane is different from that of
the inner membrane; it has an outer layer of lipopolysaccharide (LPS), as shown in
Figure 4. The differences in cell envelope between gram-negative and gram-positive

10
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bacteria mean that each has different properties, especially with regards to external
stresses, such as heat, ultraviolet radiation, and antibiotics (Mai-Prochnow et al., 2016).

Therefore, most antibiotics are more effective against either gram-positive or gram-
negative bacteria. Because gram-negative bacteria have an additional outer membrane,
this protects them from many antibiotics that are effective against gram-positive
bacteria, because the outer membrane prevents the antibiotics from gaining access to the
cell. So, for example, antibiotics that target peptidoglycan synthesis are more effective
on gram-positive pathogens, because the peptidoglycan layer is accessible, whereas in
gram-negative pathogens, the drug would first have to get through the outer membrane
layer.

A. Gram-negative bacteria
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Figure 4: Gram-negative and gram-positive bacterial cell walls

(A) Gram-negative bacterial cell walls have an outer membrane and a thinner layer of peptidoglycan

compared to (B) gram-positive bacterial cell walls. Created with Biorender.com
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1.5 Drug interactions

When two or more drugs are used together, they can interact in a few different ways.
The combined effect can be greater than the sum of the component drugs added
together, creating a synergistic interaction. Conversely, the combined effected may be
less than the sum of the component drugs added together, leading to an antagonistic
interaction. Or the combined effect may simply be the same as the sum of the
components added together, which is an additive interaction. An example of these

interactions is shown in Figure 5.

The Three Types of Drug Interactions

(1) Concentrations of drugs A, B, C, and D (individually) required for growth inhibition
(2) Less of combination A + B is required to inhibit growth, making it MORE effective
(3) More of combination A + C is required to inhibit growth, making it LESS effective

(4) The same amount of combination A + D is required to inhibit growth, making it THE
SAME as using either of these drugs individually

s . (3)
- (1)
SE
-E; —
- O 4
g 4 @

3 .
85 %
o / @)
= /
55 7 Y

o

g /

Z.
Drug A Drug B Drug C Drug D DrugA+B DrugA+C DrugA+D

Synergistic Antagonistic  Additive

Drug Combination

Figure 5: Drug interactions

Column heights show the concentration of drugs/drug combination required to be effective. Drug A + B
is synergistic, as less of this combination is required to be effective, when compared to the drugs alone.
Drug A + C is antagonistic, as more of this drug combination is required to be effective, when compared
to the drugs alone. Drug A + D is additive, as the same amount of this drug combination is required to be

effective, when compared to the drugs alone.
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An example of a synergistic interaction between antibiotics is between trimethoprim
and sulfamethoxazole. This combination is synergistic due to each antibiotic enhancing
the effect of the other as both antibiotics act on the same tetrahydrofolate biosynthesis
pathway (Minato et al., 2018). A typical example of an antagonistic interaction is
between bactericidal and bacteriostatic drugs. This is because bactericidal drugs, which
kill bacteria, are normally only effective against actively growing cells, so when
combined with bacteriostatic drugs, which slow bacterial growth, the bactericidal drug

is no longer as effective, creating an antagonistic interaction (Ocampo et al., 2014).

1.5.1 Characterising drug interactions

Determining the interaction between two drugs is commonly done through a
checkerboard assay, performed using a microtiter plate. The microtiter plate can be
thought of as a grid, with each well containing liquid media with varying concentrations
of each drug. Along the x-axis of the plate, the concentration of “drug A” decreases,
while the concentration of “drug B” decreases along the y-axis, as shown in Figure 6.
All the wells are then inoculated, and the wells that grow indicate the interaction present

between the two drugs.

Decreasing Concentration of A

Decreasing Concentration of B

Figure 6: Checkerboard assay

Each well of the plate has a different combination of concentrations of the two drugs, with the
concentration of Drug A decreasing along the x-axis of the plate and the concentration of Drug B

decreasing along the y-axis of the plate. Image created using Biorender.com
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The fractional inhibitory concentration index, or FICI, is using to characterise the
interaction between two drugs. The FICI is the result of adding the individual FIC
(fractional inhibitory concentration) values for each drug. FIC values are concentration
ratios, with the drug concentration used in the combination comprising the numerator,

and the MIC of the drug alone forming the denominator.

MICgryg a(combination)

FIC =
drug A MICgryg a(alone)

Where MICrug a) is the minimum inhibitory concentration for drug A. Therefore, the

FICI is calculated as shown below.

FICI = FICdrugA + FICdrugB

MICgryg a(combination)  MICgyyg g(combination)

FICI =
MICgryg a(alone) MICgryg g(alone)

A perfectly additive interaction, where the combination is equal to the sum of the
individual drugs, is indicated by a FICI value of 1. If the combination is less effective
than the combined individual drug components, the FICI value would be greater than 1,
and this would be an antagonistic interaction. Conversely, if the combination is more
effective than the combined individual drug components, then the FICI value would be
less than 1, and this would be a synergistic interaction. However, FICI values are
treated using more conservative interpretation criteria. This is to account for the +/- one
concentration range error present in MIC experiments. The interpretation criteria used
is that an FICI value of less than 0.5 is indicative of a synergistic interaction, while an
FICI value greater than 4 is indicative of an antagonistic interaction. Any FICI values

between 0.5 and 4 represent an additive interaction (Odds, 2003).

Drug interactions can also be visualised through graphs known as isobolograms, as
illustrated in Figure 7. The isobolograms work by plotting the FIC values for each drug
against each other. On the graph, there is a line that represents additivity (FICI, or the
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sum of the FIC values, is equal to 1). If the sum of the FIC values/the FICI is greater
than one, indicating antagonism, the point will lie above the additivity line, and form a
convex curve. If the FICI is less than one, that point would lie below the additivity line,

and form a concave curve.

0 FICs 1

Figure 7: Isobologram showing drug interaction curves

Additive interactions form a straight line, while antagonistic interactions form a convex curve and

synergistic interactions form a concave curve.

1.5.2 How drug combinations affect antibiotic resistance

Drug combination therapies have been shown to have advantages such as increased
efficacy, reduced toxicity, and decreased development of resistance when compared to
monotherapies (Foucquier & Guedj, 2015; Gomara & Ramdn-Garcia, 2019) and have
been utilised for a range of different diseases, for example in the treatment of AIDS
(Palella Jr et al., 1998), tuberculosis (Houghton et al., 1950; Kerantzas et al., 2017), and
cancer (Leary et al., 2018; Mokhtari et al., 2017). Combination therapies have also

shown success as a strategy to help counteract antibiotic resistance, for example
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Augmentin®, which combines the beta-lactam antibiotic amoxicillin with the beta-
lactamase inhibitor clavulanate (White et al., 2004).

Drug combinations also come with challenges, including potential undesirable drug-
drug interactions, or different tissue distribution and pharmacokinetic properties of the
drugs that prevent co-bioavailability (Gémara & Ramon-Garcia, 2019).

Using a combination of drugs can be beneficial for slowing resistance development. To
develop resistance to a drug combination that consists of a pair of drugs which each
have a different mechanism of action, mutations that grant resistance to each drug
individually must both occur. This means the likelihood of developing resistance is
much less. For example, if the chance of a spontaneous mutation is 10 mutations per
genome replication, then the chance of two spontaneous mutations occurring becomes
108 x 10® = 1076, This shows the chance of developing resistance when a drug
combination is used is significantly reduced. However, if resistance to a combination
could occur through a single mutation that grants resistance to both drugs, then this
would not be the case, and this reduced resistance would not be an advantage of that
particular combination (Pirrone et al., 2011).

The type of interaction between drugs influences resistance development, as well as the
presence or absence of collateral sensitivity or cross-resistance (where acquiring a
mutation that grants resistance to one drug increases or decreases sensitivity to another,

respectively).

In clinical use, synergistic combinations are favoured due to the ability to have reduced
drug concentrations used. This is advantageous because of the reduced toxicity and side
effects towards the patient from the antibiotics. On the other hand, antagonistic
combinations would require higher concentrations of each drug component to be
effective, and this comes with a higher toxicity risk and increased side effects.

However, in terms of selection for resistance, the choice between synergistic and

antagonistic combinations is a lot less clear.

Synergistic interactions, where a combination is more effective than the sum of the
individual drug components, have conflicting effects when it comes to selecting for
resistance. On one hand, synergistic drug combinations are more effective at clearing
infections, and a faster clearance of infection means bacteria have less time to develop

resistance to the combination (Torella et al., 2010). However, a synergistic interaction
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between drugs has been shown to create a higher selection pressure for resistance. This
has been attributed to a single drug resistance mutation having a higher selective
advantage in a synergistic drug environment, because not only would the mutation grant
resistance to one of the drugs, but it would also reduce the effect of the other drug, as
the synergistic effect is no longer present (Hegreness et al., 2008; Michel et al., 2008;
Torella et al., 2010).

Antagonistic interactions, where the combination has a lesser effect than the individual
drug components, have been shown to select against resistance. This has been
specifically shown in so-called suppressive drug interactions, where the combined effect
is less than the effect of either drug on its own (Chait et al., 2007). This was
rationalised through resistance mutations being unfavourable to the overall survival of
bacteria when exposed to the suppressive combination of antibacterial drugs.
Specifically, while the mutation would grant resistance to one of the drugs in the
combination, it would also remove the suppressive effect on the other, leading to the
mutated strain being selected against as compared to the wild-type strain (Chait et al.,
2007).

Collateral sensitivity, where acquiring a mutation to one drug increases sensitivity to
another, has implications for selecting against resistance. Collateral sensitivity cycling,
where drugs with favourable collateral sensitivity are implemented in a cyclical fashion,
has been shown to select against resistance development (Imamovic & Sommer, 2013).
Cross-resistance, where a mutation that grants resistance to one drug also increases
tolerance to another drug, is obviously not a favourable clinical option, as one mutation

could increase the minimum inhibitory concentration of both drugs in the combination.
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1.6 Furazolidone

1.6.1 History and structure of furazolidone

Furazolidone is one of the 5-nitrofuran antibiotics. The nitrofuran structure consists of
a furan ring, with a nitro group (Figure 8).

Van ")

Figure 8: Structure of furazolidone (FZ)

NO,

General nitrofuran structure (left). Furazolidone structure (right). CAS RN: 67-45-8.

Nitrofurans were first discovered and implemented as antibiotics in the 1940s — 1950s
and are a broad-spectrum class of antibiotics, effective against both gram-negative and
gram-positive pathogens (Chamberlain, 1976). Nitrofurans were used widely in
veterinary medicine, until the identification of residues in animal tissues resulted in
nitrofurans being banned for use in food animals, due to fears around carcinogenicity of
these residues towards humans (McCracken & Kennedy, 2007). These residues remain
even after cooking of the animal products (Cooper & Kennedy, 2007) and studies in
mice and rats revealed the toxicity and carcinogenic properties of nitrofurans towards
these species (Kari et al., 1989).

The nitrofuran furazolidone is used to treat both bacterial as well as protozoal enteritis

and diarrhoea, including Helicobacter pylori infections (Zhuge et al., 2018).

1.6.2 Furazolidone mechanism of action

Nitrofurans are prodrugs, meaning that they themselves are not toxic to bacteria, but
rather must first be activated by bacterial nitroreductase enzymes, creating intermediates

which are toxic to bacteria and it is these compounds that are responsible for the
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antibacterial activity of nitrofurans (McCalla, 1979). In Escherichia coli, reduction of
nitrofurans by nitroreductase enzymes has been shown to form hydroxylamine and
nitroso derivatives (Race et al., 2005). There are a wide range of reported targets of
nitrofurans, including DNA, ribosomes, RNA, and proteins (Bertenyi & Lambert, 1996;
McCalla, 1979; Ona et al., 2009). However, which molecules are targeted through
direct interaction with activated nitrofuran intermediates, and which are downstream
consequences through interaction of the activated intermediates with essential targets is
unknown (Le & Rakonjac, 2021).

There are two different kinds of type | oxygen insensitive bacterial nitroreductases in E.
coli, NfsA and NfsB. NfsA is the major nitroreductase, and NfsB is the minor. These
enzymes have low sequence similarity, yet their reaction modes are similar, with both
enzymes catalysing the reduction of nitrofurans through a ping pong Bi-Bi mechanism
(Zenno, Koike, Kumar, et al., 1996; Zenno, Koike, Tanokura, et al., 1996). A 2-
electron reduction converts the nitrofuran to a nitroso derivative, and a further 2-
electron reduction forms a hydroxylamine derivative (Race et al., 2005). NfsA uses
NADPH as a reducing equivalent, while NfsB can use either NADPH or NADH as
sources of reducing equivalents. FMN (flavin mononucleotide) is required as a cofactor
for NfsA, and NfsB can use either FMN or FAD (flavin adenine dinucleotide) (Zenno,
Koike, Kumar, et al., 1996).

There are also oxygen-sensitive nitroreductases, or type Il nitroreductases. The first
step of this mechanism reduces nitrofurans to nitro anion free radicals using a 1-electron
reduction, and this reaction is oxygen sensitive because in the presence of oxygen, the
nitro anion free radical formed in the first step is oxidised back to the nitrofuran, along
with the formation of superoxide (Peterson et al., 1979). The oxygen-sensitive
nitroreductase AhpF has been identified in E. coli, through selecting for resistance in
AnfsA AnfsB mutants (Le et al., 2019).

The reaction mechanisms for type | and type Il reduction of nitrofurans are shown in

Figure 9.
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Figure 9: Mechanism of NTR (nitroreductase) enzymes reduction of nitrofurans

Type | (oxygen insensitive) and type Il (oxygen sensitive) nitroreductases have different reaction

mechanisms for reducing nitrofurans.

1.6.3 Nitrofuran resistance

Resistance to nitrofurans arises through bacterial mutations that affect the enzymes
responsible for activating the nitrofuran prodrugs. Without enzymatic activation,
nitrofurans do not exhibit bactericidal activity, rendering bacteria with mutations in
these enzymes resistant to nitrofurans. Because the primary nitroreductases responsible
for activating nitrofurans are the oxygen insensitive NfsA and NfsB, the most common
resistance mechanism is through mutations in the nsfA nfsB genes (Whiteway et al.,
1998). A one step mutation in nfsA grants a three-fold increase in MIC, while a second
mutational step, in nfsB, grants a ten-fold increase in MIC as compared to the wild-type
parent (McCalla et al., 1978). Mutation in nfsB alone does not change susceptibility,
hence the MIC is unchanged from that of the wild-type parent (McCalla et al., 1978),

showing NfsA is the major nitroreductase responsible for activating nitrofurans.
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1.7 Vancomycin

1.7.1 Vancomycin background, structure, and history

Originally derived from the soil bacterium Amycolatopsis orientalis, vancomycin is a
glycopeptide antibiotic used to treat gram-positive bacterial infections. These include
methicillin-resistant Staphylococcus aureus (MRSA), Clostridiodes difficile,
streptococci, enterococci, and methicillin-susceptible Staphylococcus aureus (MSSA)

(Patel, 2021). The chemical structure of vancomycin is shown below in Figure 10.

NH

HO

H,N

OH

Figure 10: Vancomycin structure

CAS RN: 1404-90-6

Vancomycin is FDA approved for use both intravenously and orally, however it has
poor oral bioavailability, so other than for intestinal infections, it is administered
intravenously (Patel, 2021). Negative effects of intravenous vancomycin use include

nephrotoxicity, hypotension, and hypersensitivity reactions (Patel, 2021).
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Vancomycin was first discovered in 1952 and was approved by the FDA in 1958.
Widespread use of vancomycin was initially limited due to the arrival of methicillin and
cephalothin, with vancomycin being reserved for patients with B-lactam allergies or
resistant infections (Levine, 2006). Vancomycin use began increasing during the 1980s,
due to both a rise in MRSA, and a rise in pseudomembranous enterocolitis, which is
mainly caused by Clostridiodes difficile, but also S. aureus. This widespread use,

however, led to a rise in vancomycin resistant enterococci (VRE) (Levine, 2006).

1.7.2 Vancomycin mechanism of action

Vancomycin targets the cell wall of bacteria through inhibition of peptidoglycan
synthesis (Jordan, 1961; Reynolds, 1961). Peptidoglycan consists of a carbohydrate
backbone of alternating N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG)
residues, cross-linked through short peptides attached to the NAM residues, creating a
highly cross-linked structure that imparts rigidity to the cell wall. VVancomycin works
through inhibition of both the polymerisation and cross-linking reactions (Reynolds,
1989). It does this by binding to the N-terminal D-alanyl D-alanine (D-Ala-D-Ala)
residues of the peptidoglycan precursor required for polymer cross-linking (Nieto &
Perkins, 1971; Perkins, 1969) (Figure 11). Vancomycin interacts with D-Ala-D-Ala
through hydrogen bonding, forming a stable complex which directly prevents cross-
linking by obscuring the necessary D-Ala-D-Ala residues. Furthermore, vancomycin
disrupts chain extension of the backbone glycan polymers due to steric hinderance from
vancomycin binding to the D-Ala-D-Ala residues of wall intermediates (Figure 11).
Inhibition of cross-linking leads to weakening of the cell wall, resulting in its rupture

and leakage of cellular contents, causing bacterial cell death (Patel, 2021).

22



Chapter 1 — Introduction

Peptidoglycan matrix

- NAG - NAM - NAG - NAM - NAG - NAM - NAG - NAM - @® LA

D-Ala

SN D TR B 1
EE A

© L-Lys or mA,pm
- NAG - NAM - NAG - NAM - NAG - NAM - NAG - NAM -

Transpeptidation

Vancomycin
g Transglycosylation 3 g i
NAG - NAM — NAG - NAM — NAG — NAM - NAG — NAM

Peptidoglycan precursor

Figure 11: Vancomycin mechanism of action

The peptidoglycan synthesis transglycosylation and transpeptidation reactions, responsible for chain
extension and cross-linking, respectively, are shown. Vancomycin binds to the D-Ala-D-Ala residues,

preventing both transglycosylation and transpeptidation. (Kouidmi et al., 2014; Vollmer et al., 2008).

1.7.3 Vancomycin resistance

Vancomycin resistant enterococci (VRE) have six different forms of documented
resistance, designated VanA, B, C, D, E, and G.

VanA, VanB and VanD resistance types involve the synthesis of D-alanyl-D-lactate
instead of D-alanyl-D-alanine, which results in high-level vancomycin resistance,
lowering the vancomycin binding affinity to the dipeptide by more than 1000-fold
(Reynolds & Courvalin, 2005). These resistance mechanisms not only involve the
synthesis of D-alanyl-D-lactate, but also the degradation of already synthesised D-alanyl-
D-alanine through a VanX dipeptidase (Reynolds et al., 1994). Another enzyme, VanY,
prevents the translocation of D-Ala-D-Ala-containing precursors to the cell surface

(Arthur et al., 1994). VanX and VanY can also be together in the same strain.
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VanC, VanE and VanG resistance types involve low level resistance, due to the
synthesis of D-alanyl-D-serine instead of D-alanyl-D-alanine, which results in a six-fold
lower binding affinity of vancomycin. VanC type resistance is found in intrinsically
glycopeptide-resistant Enterococci, while VanE and VanG type resistance occurs when
Enterococcus faecalis acquires the resistance genes encoding these proteins (Reynolds
& Courvalin, 2005).

Often, the genes responsible for vancomycin resistance are located on mobile genetic

elements, enabling their spread to other organisms.

Gram-negative bacteria are tolerant to high concentrations of vancomycin due to the
presence of an outer membrane. The lipopolysaccharide layer of the outer membrane
does not allow diffusion of hydrophobic or hydrophilic molecules unless their size
permits diffusion through the outer membrane pore-like channels called porins. Due to
the large size of VAN (>1400 Da), it cannot cross the outer membrane through porins.
Therefore, any alterations to the outer membrane that make it more or less difficult for
vancomycin to pass through will affect susceptibility to vancomycin. For example,
increased levels of phosphatidic acid have been shown to increase the already extremely
high resistance of E. coli and other gram-negative bacteria to vancomycin by further

restricting access of vancomycin through the outer membrane (Sutterlin et al., 2014).

1.8 FZ — VAN synergistic antibiotic combination

Synergy has been shown to exist between vancomycin and nitrofurans, specifically
nitrofurantoin, in E. coli (Zhou et al., 2015). This suggests that very small amounts of
VAN can enter gram-negative bacteria, which would usually be insignificant, however
when combined with nitrofurans, this can create a synergistic inhibitory effect (Zhou et
al., 2015). The SOS response has been linked to the mechanism of synergy between FZ
and VAN, as deletion of recA, encoding the RecA DNA recombination/repair protein,
was found to convert the interaction between FZ and VAN from a synergistic to an
additive interaction (Olivera, 2021). It was proposed that the mechanism of synergy is
due to VAN inhibition of the SOS response, increasing the DNA damaging effects of
FZ.
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1.9 Why investigating resistance is important

Investigating the resistance that can develop to a drug is an important research tool to
combat increasing spread of antibiotic resistance. Investigating resistance can lead to
the discovery of a drug’s mechanisms of action, which in turn identifies bacterial drug
targets that can be exploited in further drug development. In addition, identifying
bacterial mechanisms of resistance can lead to the development of antibiotic adjuvants
designed to target this resistance, and render the bacteria susceptible to original drug
once again. In addition, investigating the resistance towards a drug is a crucial tool in

assessing the clinical viability of that drug.

1.10 Project aims

This project aimed to investigate the resistance development to the synergistic antibiotic
combination of furazolidone (FZ) and vancomycin (VAN) in gram-negative bacteria,

using Escherichia coli as a model organism.

The first aim was to identify potential resistance mechanisms that evolve when E. coli is
subjected to the FZ — VAN combination. This aim was broken down into the following

objectives:
A) Assessing the FZ — VAN combination in the parental strain,
B) Selecting resistant mutants to the FZ — VAN combination,

C) Characterising isolated resistant mutants both phenotypically and using

comparative genome analysis to identify any mutated genes.

A subsequent aim was to confirm the mechanism of resistance of the riboflavin

biosynthesis pathway mutants isolated in the first aim.
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2.1 Bacterial strains and growth conditions

E. coli strains and plasmids are listed below in Table 1.

Unless otherwise specified, E. coli strains were grown at 37°C at 200 rpm. Media used
was either 2x YT media (BD Difco™) or CAMH (cation-adjusted Mueller Hinton
media) (BD BBL™), and agar plates were made at 1% (agar from Pure Science).

Table 1: Bacterial Strains and plasmids used in this study

E. coli K12 Genotype/Description Source
Laboratory Strains
BW25113 rrB3 AlacZ4787 hsdR514 (Baba et al., 2006)
A(araBAD)567 A(rhaBAD)568 rph-1
JW3009 recAl endAl gyrA96 thi-1 hsdR17 (r«~  (Kitagawa et al., 2005)
m k") supE44 relAl + pCA24N::ribB
JW0405 recAl endAl gyrA96 thi-1 hsdR17 (r«~  (Kitagawa et al., 2005)
m k") SUpE44 relAl + pCA24N::ribE
JWO0567 recAl endAl gyrA96 thi-1 hsdR17 (r«~  (Kitagawa et al., 2005)
m k") SUpE44 relAl + pCA24N::nfsB
K2653 BW25113 with spontaneous insertion in This study
otrB
K2654 K2653, no additional mutations identified This study
K2655 K2653, nonsense mutation in nlpl This study
K2656 K2653, unsequenced This study
K2657 K2653, frameshift in opgG This study
K2658 K2653, missense in rpoC This study
K2659 K2653, frameshift in ftsH This study
K2660 K2653, missense in ftsH + insH1 inserted This study
in waaR
K2661 K2653, frameshift in wecC This study
K2662 (B1)* K2653, point mutation in 5* UTR of ribB This study
K2663 (E1)* K2653, in-frame insertion in ribE This study
K2664 K2653, frameshift in ftsH This study
K2665 (E2)* K2653, in-frame deletion in ribE + This study
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K2666 (E3)*

K2667 (E4)*
K2668 (E5)*

K2669 (B2)*
K2670 (B3)*
K2671 (B4)*
K2672
K2673
K2642 (PS + ribE)
K2643 (E1 + ribE)
K2644 (E2 + ribE)
K2645 (E3 + ribE)
K2646 (E4 + ribE)
K2647 (E5 + ribE)
K2648 (PS + ribB)
K2649 (B1 + ribB)
K2650 (B2 + ribB)
K2651 (B3 + ribB)
K2652 (B4 + ribB)

K2653, in-frame deletion in ribE +

missense in yjhQ

K2653, in-frame deletion in ribE
K2653, in-frame deletion in ribE +

missense in ycjM

K2653, insA inserted in ribB promoter
K2653, insH1 inserted in ribB promoter
K2653, point mutation in 5> UTR of ribB

K2653, unsequenced

K2653, in-frame deletion in Ipp
K2653 + pCA24N::
K2663 + pCA24N::
K2665 + pCA24N::
K2666 + pCA24N::
K2667 + pCA24N::
K2668 + pCA24N::
K2653 + pCA24N::
K2662 + pCA24N::
K2669 + pCA24N::
K2670 + pCA24N::
K2671 + pCA24N::

ribE
ribE
ribE
ribE
ribE
ribE
ribB
ribB
ribB
ribB
ribB

K2709 (PS knockout)
K2710 (E1 knockout)
K2711 (E4 knockout)
K2712 (B2 knockout)
K2713 (B3 knockout)

K2653 AnfsA AnfsB
K2663 AnfsA AnfsB
K2667 AnfsA AnfsB
K2669 AnfsA AnfsB
K2670 AnfsA AnfsB

K2718 (PS + nfsB)
K2719 (E1 + nfsB)
K2720 (E4 + nfsB)
K2721 (B2 + nfsB)
K2722 (B3 + nfsB)

K2653 + pCA24N:
K2663 + pCA24N:
K2667 + pCA24N:
K2669 + pCA24N:
K2670 + pCA24N:

:nfsB
:nfsB
:nfsB
:nfsB
:nfsB

This study

This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

*(The ribB and ribE mutants will be referred to by their B/E numbers)
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Plasmids Description Source
pCP20 AMP'", CHL', FLP*, X cI857*, A pr Rep® (Cherepanov &
Wackernagel, 1995)
pCA24N::ribB CHL"; lacl9, pCA24N Prs.ac::ribB (Kitagawa et al., 2005)
pPCA24N::ribE CHL"; lacl9, pCA24N Prs.ac::ribE (Kitagawa et al., 2005)
pCA24N::nfsB CHL; lacl9, pCA24N Prs.jac::nfsB (Kitagawa et al., 2005)

2.2 Antibiotics

Antibiotics were purchased from Goldbio, and stocks made up in either water
(ampicillin AMP, kanamycin KAN, vancomycin VAN), or DMSO (chloramphenicol
CHL, furazolidone FZ).

2.3 Antimicrobial susceptibility assays

The antimicrobial susceptibility of the E. coli strains was determined using both broth
microdilution and agar methods and expressed as minimum inhibitory concentration
(MIC). Determination of MIC in both liquid and solid media was conducted according
to CLSI (Clinical & Laboratory Standards Institute) guidelines as previously described
(Cockerill et al., 2012). Where the antibiotic stocks were prepared in DMSO (CHL and
FZ), all media was normalised to 1% DMSO.

In strains transformed with pCA24N and its derivatives, which contain the cat marker
(CHL"), media contained CHL at 30 ug/mL for selection. When required, the
expression of specific E. coli genes cloned into this vector were induced by adding

IPTG (isopropyl B-D-1-thiogalactopyranoside) to a final concentration of 0.1 mM.

Riboflavin (Sigma Aldrich) was added to the liquid media as required, at a final

concentration of 1 mM.

Dose-response curves were plotted using the values of the ODeoo (optical density at 600

nm) reading at 18 hours using a Multiskan™ GO Microplate Spectrophotometer.
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2.4 Checkerboard assays

Checkerboard assays were conducted to determine the interaction between the
antibiotics in the E. coli strains. These assays were conducted in 384 multi-well plates.
Two-fold serial dilutions of each antibiotic (FZ and VAN) were prepared at a
concentration 4-fold higher than the final concentration, with 12.5 uL of each antibiotic
added to each well. Bacteria were added (25 uL of 1 x 10° CFU/mL) to give a final
concentration of 5 x 10° CFU/mL, for a total volume of 50 pL in each well. Media in
all wells contained 1% DMSO. Each antibiotic concentration was prepared in triplicate
as technical replicates. The checkerboard assays were incubated at 37°C for 18 hours,
and growth was measured spectrophotometrically (Multiskan™ GO Microplate
Spectrophotometer). MIC was determined as the concentration at which the ODeoo Was
decreased by 90% or more, in comparison to the no-antibiotic control, as previously
described (Zimmerman et al., 2020). Growth/inhibition for the checkerboard assays

was also confirmed visually.

2.5 Isolating Resistant Mutants

Spontaneous resistance-causing mutations in the E. coli overnight cultures were selected
for on antibiotic agar plates. E. coli strain K2653 was used as the parental strain for the
selection of the FZ/VVAN resistant mutants (and the VAN resistant mutant).

The selection plates contained CAMH agar and antibiotic(s), depending on the selection
type. For selection of mutants growing on the FZ/VVAN combination, plates contained
256 pg/mL VAN and 2 pg/mL FZ, whereas for resistance to VAN, plates contained
only this antibiotic at 1024 pg/mL. Twenty selection plates were used for both the
FZ/VAN combination and VAN alone. Twenty independent parallel overnight cultures
were prepared, and 100 pL of each were added to a tube containing 2.5 mL of molten
0.5% CAMH agar (at ~47°C), vortexed, and poured onto the selection plates and tilted
to spread the molten agar evenly. Plates were incubated at 37°C for 48 hrs. Colonies
formed on the selection plates were passaged onto fresh CAMH agar plates and
incubated at 37°C to give single colonies. More than one colony was selected from
plates if the colonies had visual differences. There is the risk of isolating identical
mutations if multiple colonies are selected from a single plate, but no colonies

originating from the same plate had identical mutations, likely due to the choice of
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different colony morphologies. Isolated colonies were tested for increased resistance to
FZ and VAN in CAMH broth to characterise the resistance phenotypically.

2.6 Comparative genome analysis

Genomic DNA of the isolated FZ-VAN resistant mutants, the isolated VAN resistant
mutant, and the parental strain were extracted using the DNeasy UltraClean Microbial
Kit (Qiagen) according to the manufacturer’s instructions. The DNA samples were
submitted for whole genome sequencing to Massey Genome Service (New Zealand
Genomics Ltd., Massey University, Palmerston North, New Zealand). Libraries were
prepared using the Illumina DNA Prep kit and run on one Illumina MiSeq™ 2x 250-

base paired-end run, version 2 chemistry.

The raw reads were trimmed to an error probability of 0.001 (Phred score of 30), and
any short reads of less than 25 bases were removed using SolexaQA++ v3.1.7.1 (Cox et
al., 2010). The trimmed reads were then aligned to the reference strain genome E. coli
BW25113 (accession number CP009273.1) (Grenier et al., 2014) using bowtie2 v2.4.2
(Langmead & Salzberg, 2012) in very sensitive mode. SAMtools v1.14 (Li et al., 2009)
was then used to convert the resultant sam files into bam files, followed by calling the
variants with freebayes v1.3.1 (Garrison & Marth, 2012), with ploidy setto 1. The
variants were then annotated using Snpeff v4.4.20(1) (Cingolani et al., 2012).

Structural variations in the genomes were identified by extracting the unmapped reads
using SAMtools v1.14 (Li et al., 2009), and these unmapped reads were then assembled
into contigs using SPAdes v3.13.0 (Bankevich et al., 2012), set at “careful”. The
generated contigs were then compared to the reference E. coli BW25113 genome
(accession number CP009273.1) (Grenier et al., 2014) using NCBI nucleotide BLAST
2.12.0+ (Altschul et al., 1997) to determine the location of the structural variations.
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2.7 Growth rate assays

Growth rate experiments were conducted in either flat-bottom 384-well (Corning) or
flat-bottom 96-well (Jet Biofil) plates. 50 pL final volume was used in each well for
384-well plates, 200 pL final volume for 96-well plates. Each well had 5 x 10°
CFU/mL of E. coli. CAMH media for growth of strains containing pCA24N-derived
plasmids contained 30 pg/mL CHL and was normalised to 1% DMSO. When required,
expression of proteins from the pCA24N recombinant plasmids was induced with 0.1
mM IPTG (isopropyl B-D-1-thiogalactopyranoside). Riboflavin was added as required,
at a final concentration of 1 mM. All growth rate assays were incubated at 37°C, and
ODsoo Was measured every hour for either 24 or 48 hrs using Multiskan™ GO

Microplate Spectrophotometer.

2.8 Transformation

Chemically competent cells were prepared as follows from the ribB and ribE mutants as
well as the parental strain. An overnight culture was diluted 1:100 into 25 mL of 2x YT
broth (BD Difco™) and grown up at 37°C with shaking to ODeoo between 0.15 — 0.2.
The cultures were cooled on ice for 20 mins, then centrifuged for 10 min (4°C at 4,000
x g) and the supernatant poured and aspirated off. The pellet was resuspended in 5 mL
of cold 0.1 M CacCly, centrifuged for 5 min (4°C at 4,000 x g) and the supernatant
poured and aspirated off. The pellet was then resuspended in 500 pL of cold 10%
glycerol (v/v), 0.1 M CaClz, and competent cells were stored at -80°C.

Plasmids pCA24N::ribB, pCA24N::ribE and pCA24N::nfsB were purified from strains
JW3009, JW0405, and JWO0567, respectively (Kitagawa et al., 2005), using the

Monarch plasmid miniprep kit #T10105 according to the manufacturer’s instructions.

The ribB and ribE mutants and their parental strain were transformed as follows. 1 pL
of extracted plasmid DNA was mixed into 50 uL. of chemically competent cells and
incubated on ice for 30 mins, followed by heat shock in a 42°C water bath for 45 sec.
The tubes were then put on ice for 2 min, and 450 pL. SOC media added, and the tubes
incubated with shaking at 37°C for 45 mins.
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Drops (25 pL) of concentrated transformation and 10-fold serial dilutions (10%, 102, 103,
10%) were spread on 2x YT agar plates containing CHL at 30 pg/mL and incubated at

37°C to get single colonies.

2.9 P1 transduction

The AnfsA AnfsB double knockout strains were constructed via P1 transduction using
the corresponding single-gene deletions from Keio collection strains (Baba et al., 2006)
as donors. Deleted genes in these Keio strains are replaced by a kanamycin cassette
flanked by FLP recombinase recognition target (FRT) sequences. These single-gene
knockouts were transduced into recipient E. coli strains through P1 transduction as
previously described (Thomason & Constantino, 2007). To summarise, first a P1 stock
lysate was made, then the P1 donor transducing lysates were constructed by allowing
the P1 phage stock to replicate within the donor strains, which contained the desired
gene knockout (AnfsA or AnfsB) replaced by a kanamycin cassette. The P1 donor
transducing lysate was then used to transfer the desired gene knockout AnfsA::KANR
into the recipient strain, where successful transduction of the deleted gene was selected
for using kanamycin. Following this, FLP-mediated recombination was used to remove
the FRT-flanked KAN' cassette as described previously (Datsenko & Wanner, 2000),
creating AnfsA knockout strains. The AnfsB::KANR allele was then transduced into the
AnfsA knockout strains, followed by FLP-mediated recombination to remove the FRT-
flanked KAN' cassette, resulting in AnfsA AnfsB double knockout strains.

2.10 PCR confirmation of gene knockouts

PCR was used to confirm the nfsA nfsB gene knockouts. One bacterial colony was
mixed with 1 mL of water and boiled for 10 minutes, then centrifuged at 1,000 x g for 5
minutes. Supernatent (5 uL) containing released DNA was used as a template in the
PCR reaction, along with 10 pL PrimeSTAR GXL bufter, 200 uM each dNTP, 0.2 uM
forward primer, 0.2 uM reverse primer and 0.5 pM of PrimeSTAR GXL DNA
Polymerase, in a total reaction volume of 50 uL. The PCR reaction conditions were 35

cycles of 98°C for 10 seconds, 53°C for 30 seconds, 72°C for 2 minutes. The PCR
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reactions were analysed using DNA gel electrophoresis and visualised using ethidium

bromide stain. Primers used were

nfsA forward primer (5’-TGTTTTGCTCATGCTTCCC-3"),

nfsA reverse primer (5’-TTTGTAGTGAATAGAAGACGCC-3’),
nfsB forward primer (5’-AATACCCGCTAAATCTTCAACC-3’) and

nfsB reverse primer (5’-CGATCAAAAAAGAGTGCGTCC-3").

2.11 Nitroreductase assays

Nitroreductase assays were conducted on selected ribB and ribE mutants, the parental
strain, and the corresponding ribB and ribE complemented strains. Each strain was
analysed in three independent assays. Overnight cultures were diluted into 25 mL of
CAMH broth and grown into exponential phase (ODgoo ~0.5) at 37°C. For strains
containing a pCA24N plasmid, 30 pg/mL CHL and 0.1 mM IPTG was added. The
exponential phase cultures were then centrifuged for 10 min at 4,000 x g, and the pellets

frozen at -20°C until use.

The pellets were washed with 10 mL of chilled 50 mM Tris-HCI (pH 7.4), and
centrifuged for 10 min (4,000 x g, 4°C), before resuspension in 3.5 mL of chilled 50
mM Tris-HCI (pH 7.4). The ODsoo of each strain was then measured using a
Multiskan™ GO Microplate Spectrophotometer, and 3 mL of each culture adjusted to a
titre of 1 x 10° CFU/mL through dilution with 50 mM Tris-HCI. Cell density was

determined using Cn}j—zj = 0Dgoo X 4 x 108, which was the formula for cell density

determined from E. coli concentrations measured by this spectrophotometer. The
concentrated cells were then sonicated twice using the microtip of a Virsonic 600
ultrasonic cell disruptor, with each session lasting 2 minutes, with alternate 2 seconds
on, two seconds off, at an amplitude of 15, followed by centrifugation at 14,000 x g for
30 minutes. The resulting supernatent was cell-free extract of soluble E. coli proteins

used for nitroreductase assays.

All nitroreductase assays were performed on a 96-well plate and each reaction was
performed in triplicate. Each well contained a reaction mixture of final volume 200 pL
(50 mM Tris-HCI (pH 7.4), 0.1 mM NADH (Goldbio) or NADPH (Roche), 0.1 mM FZ,
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and 50 pL of cell-free extract). Wells without the cell-free extract were used as
negative controls. The plate was incubated at 25°C, and the absorbance was measured
every minute for 12 hrs at both 340 and 400 nm. The 96-well plate containing the
incomplete reaction mix (FZ in Tris buffer) was incubated at 25°C for ~2 hrs prior to
the addition of NADH/NADPH and cell extract.
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3 Investigating the resistance that arises in E. coli

towards the FZ — VAN antibiotic combination
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3.1 Introduction

The antibiotic combination of furazolidone and vancomycin has been previously
investigated and found to display synergy in E. coli (Olivera, Le, et al., 2021).
Synergistic interactions are important clinically as they lower the dosage required to be
effective, leading to reduced side-effects and lower toxicity, while also opening the
range of drug options available by including drugs that cannot be used as effective
treatment alone. The FZ — VAN combination is promising as it has the potential to
repurpose vancomycin, an antibiotic used for the treatment of gram-positive infections,

into a treatment option for gram-negative infections.

Investigating the genetic basis of resistance can give insight into the mechanism of
action of a drug/drug combination, which can reveal bacterial targets for further drug
development. In addition to revealing targets for direct inhibition, understanding
mechanisms of resistance can lead to the design of antibiotic-adjuvanting molecules
targeting specifically these resistance mechanisms, to render the bacteria susceptible to
the drug once more. In addition, the ease bacterial resistance arises can be used to

assess the viability of using the drug/combination in practice.

This chapter describes the selection for mutants resistant to the FZ — VAN antibiotic
combination, as well as the subsequent phenotypic and genotypic characterisation of

these mutant strains to gain further understanding of the mutations that occurred.
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3.2 Results

3.2.1 FZ-VAN combination in the parental strain

The parental strain used for all experiments was strain K2653. Vancomycin and
furazolidone, individually and combined, were investigated in the parental strain to
establish a baseline for these antibiotics in the parental strain. The MICs (minimum
inhibitory concentrations) for FZ were found to be 0.5 pg/mL on CAMH agar, and 2
pg/mL in CAMH broth. The VAN MICs were 256 pg/mL in both CAMH agar and in
CAMH broth.

A checkerboard assay showed that the FZ — VAN combination was synergistic in the
parental strain, as has been previously reported (Olivera, Le, et al., 2021; Zhou et al.,
2015). The checkerboard assay was conducted on a 384-well plate, with the
concentration of VAN varying along the y-axis, and the concentration of FZ varying
along the x-axis. This creates different combinations of drug concentrations, and the
patterns of bacterial growth observed are then used to determine the drug interaction in
the strain. The FZ — VAN combination was found to be synergistic as the FICI
(fractional inhibitory concentration index) was 0.25, which is below 0.5, indicating
synergy (Odds, 2003). For a combination where there was no bacterial growth, the FICI
is calculated by adding the FIC (fractional inhibitory concentration) for the VAN
component and the FIC for the FZ component together. The FIC is calculated as the
ratio of the concentration of the drug in the well containing both antibiotics over the
MIC for that drug when used alone. Plotting the FICs for each drug against each other
gives an isobologram, and the parental strain isobologram is shown below, with the
FICI values for each point shown (Figure 12). The concave shape of the curve shows

the synergistic relationship between FZ and VAN in the parental strain.
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Figure 12: Isobologram showing the interaction between FZ and VAN in the
parental strain (K2653)

The concave curve shows the synergistic interaction. The FICI values for each point are shown.

3.2.2 Selection for resistant mutants
The aim of selection was to isolate colonies at concentrations where the parental cells
are killed. These colonies arose from cells that acquired spontaneous mutations that

resulted in increased resistance to the FZ-VVAN combination.

Selection for resistant mutants was done by mixing 100 pL of the parental strain K2653
overnight culture with 2.5 mL of molten 0.5% agar and pouring this on top of the
antibiotic plates. The MICs for this method were first established to determine the
concentrations to be used. The MIC for FZ alone was 8 ng/mL and for VAN alone was
1024 pg/mL. The combination plates were then constructed from fractions of these
MICs, and it was found that one quarter (2 pg/mL FZ + 256 pg/mL VAN) was the
minimum inhibitory concentration. This was the plate concentration used to select for
mutants to the combination. VAN plates (1024 png/mL) were used to select for VAN
mutants. No FZ mutants were selected for due to nitrofuran resistance already being
well characterised in E. coli (Le et al., 2019; McCalla et al., 1978; Vervoort et al., 2014;
Whiteway et al., 1998). Twenty independent parallel E. coli K2653 overnight cultures
plated on twenty separate agar plates were used to select for any spontaneous mutations

that resulted in resistance.
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After 48 hrs incubation, nine out of the twenty combination plates had at least one
colony, and one of the twenty vancomycin plates had a colony as shown in Table 2.
Plate 1 had significantly more colonies than the other plates, however as there was a

small number of plates used, variation in the number of mutants is expected.

From these plates, colonies were isolated for further testing to confirm their resistance
phenotype. More than one colony was isolated from two of the plates, because there
were multiple different colony morphologies. (Isolating more than one colony from a
single plate runs the risk of isolating the same mutation multiple times, however none of
the sequenced colonies from the same plate had identical mutations, as determined by

genome sequence analyses).

The single colony found on plate 8 did not grow when passaged to a fresh plate, so this
colony was not used. Two different morphologies from one of the isolated colonies
from plate 1 (big and small) maintained these morphological differences upon passaging

to a new plate, so these were tested independently.

Table 2: Isolation of colonies from inhibitory concentration FZ + VAN and VAN

plates
Plate (FZ + VAN) No. of colonies No. of colonies isolated
from plate
1 19 10
2 1 1
3 1 1
4 2 1
5 1 1
6 2 2
7 1 1
8 2 1
9 1 1
Plate (VAN) No. of colonies No. of colonies isolated
from plate
1 1 1
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3.2.3 Phenotypic characterisation of resistant mutants

Checkerboard assays were conducted on each isolated strain to determine the FZ and
VAN MICs as well as the interaction between FZ and VAN. Results are summarised in
Table 3.

Table 3: MIC and FICI values for isolated strains

FZ MIC* VAN MIC* FICI*

(ng/mL) (ng/mL)
K2653 2 256 0.250

(Parental strain)

K2654 2 256 0.375
K2655 1 512 0.531
K2656 2 512 0.500
K2657 2 1024 0.375
K2658 2 512 0.500
K2659 1 1024 1.000
K2660 1 1024 0.516
K2661 2 512 0.375
K2662 (B1)** 4 256 0.750
K2663 (E1)** 4 512 0.625
K2664 0.5 1024 0.625
K2665 (E2)** 8 512 0.750
K2666 (E3)** 8 256 0.750
K2667 (E4)** 8 512 0.625
K2668 (E5)** 8 512 0.625
K2669 (B2)** 8 256 0.750
K2670 (B3)** 8 512 0.500
K2671 (B4)** 4 512 0.563
K2672 2 256 0.375
K2673*** 2 1024 0.250

“MIC values that changed four-fold are indicated in bold. FICI values that are additive (greater
than 0.5) are also indicated in bold.

“ribB and ribE mutant strains are referred to by their B/E numbers

*:

“mutant isolated from VAN only plate
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MIC or FICI in 15 of the 20 tested isolated strains changed substantially, with either a
four-four change in MIC, or changing from a synergistic to an additive interaction
between FZ and VAN, or both. Of particular interest was strain K2664, which
displayed a collateral sensitivity phenotype, with a four-fold decrease in FZ MIC, and a
four-fold increase in VAN MIC, and loss of FZ-VAN synergy.

3.2.4 Sequencing

It was decided to send 18 strains for whole genome sequencing, as well as the parental
strain. Strains K2672 and K2656 were not sequenced. K2672 was found to have a
changed MIC, when initially tested it showed resistance and had small colonies, but
then the colony morphology reverted to the parental strain appearance, as did the MICs,
so potential contamination by the parental strain, or a mutation reverting the initial
mutation occurred, and so this mutant was not selected for sequencing. K2656 was also
not selected for sequencing because both K2656 and K2657 were derived from the same
original isolated colony (K2656 had bigger colonies, K2657 had smaller colonies and so
they were tested independently). K2657 had a more interesting resistance phenotype

(four-fold increase in VAN MIC) and so was selected for sequencing.

3.2.5 Genes of Interest found

Whole genome sequencing was performed on the 18 chosen isolated strains and the
parental strain, then comparative genome analysis was used to analyse the sequenced
mutants. This involved mapping the sequencing reads to the BW25113 reference
genome to identify any mutations. In addition, unmapped reads were assembled into
contigs to identify any structural variations. The contigs were run through the NCBI
nucleotide BLAST platform to identify their genomic location. The mutations found
are shown in Table 4.
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Table 4: Summary of mutations found in the isolated strains

Strain Gene Description
K2653 (PS)* gtrB** insA insertion**
K2654 - No mutations identified
K2655 nlpl Stop gained
K2657 opgG Frameshift
K2658 rpoC Missense
K2659 ftsH Frameshift
K2660 ftsH Missense
waaR insH1 insertion
K2661 wecC Frameshift
K2662 (B1) ribB Point mutation in 5> UTR
K2663 (E1) ribE In-frame insertion
K2664 ftsH Frameshift
K2665 (E2) ribE In-frame deletion
fabH Missense
K2666 (E3) ribE In-frame deletion
yjhQ Missense
K2667 (E4) ribE In-frame deletion
K2668 (E5) ribE In-frame deletion
ycjM Missense
K2669 (B2) ribB insA inserted in promoter
K2670 (B3) ribB insH1 inserted in promoter
K2671 (B4) ribB Point mutation in 5 UTR
K2673 Ipp 63bp in-frame deletion

*PS: parental strain

**the gtrB mutation was present in the parental strain and all progeny strains, and differs from
the BW25113 reference genome
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3.2.6 Mutations in the parental strain

Phase variation due to reversible inversion was identified between the stfE and ycfK
gene loci as has been previously reported (Goldberg et al., 2014). In addition, an insert
in the gtrB gene, which encodes bactoprenol glucosyl transferase was identified in the
parental strain used for mutant selection, as compared to the BW25113 reference
genome. This gtrB mutation was also present in all other sequenced strains, which were
all derived from this parental strain. As such the parental strain for this experiment was

not identical to BW25113 as expected, due to this mutation.

Table 5: Parental strain gtrB mutation

Strain MICs FICI Mutation position Mutation type
K2653 (PS) 2 ug/mL FZ 0.25 2461967 insA insertion
256 ug/mL VAN

3.2.7 Riboflavin biosynthesis pathway mutations, ribB and ribE
Riboflavin, or vitamin By, is a precursor for flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD). Many proteins contain FMN or FAD as essential
coenzymes, and these proteins are known as flavoproteins. Flavoproteins have a wide
array of different functions including a variety of redox reactions involved in the
metabolism of proteins, carbohydrates, lipids, and ketone bodies (Averianova et al.,
2020).

E. coli lacks the ability to import flavins (Hemberger et al., 2011; Vogl et al., 2007),
therefore the riboflavin biosynthesis pathway is essential in E. coli as the only source of
flavins. Both RibB and RibE are essential enzymes in the riboflavin biosynthesis
pathway. RibB catalyses the synthesis of 1-deoxy-L-glycero-tetrulose 4-phosphate,
while RibE catalyses the formation of 6,7-dimethyl-8-(1-D-ribityl)lumazine in the next
step in the pathway. The riboflavin biosynthesis pathway is shown in Figure 13.
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GTP

l RibA

2,5-diamino-6-(5-phospho-D-ribosylamino)pyrimidin-4(3H)-one

l RibD

5-amino-6-(5-phospho-D-ribosylamino)uracil

l RibD

D-ribulose 5-phosphate 5-amino-6-(5-phospho-D-ribitylamino)uracil
YigB
RibB
Ybijl
1-deoxy-L-glycero-tetrulose 4-phosphate 5-amino-6-(D-ribitylamino)uracil
RibE

6,7-dimethyl-8-(1-D-ribityl)lumazine
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riboflavin
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FMN
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Figure 13: Riboflavin biosynthesis pathway

Schematic of the riboflavin biosynthesis pathway in E. coli showing compound names and the enzymes

responsible. RibB and RibE are indicated in bold.
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Four of the isolated strains had mutations associated with the ribB gene (Figure 14).
These were strains K2662, K2669, K2670 and K2671, which were given the shorthand
B1, B2, B3, and B4, respectively. B1 and B4 had single nucleotide point mutations
upstream of the open reading frame (ORF) in the mRNA 5’ UTR (untranslated region)
and both strains had a two-fold increase in FZ MIC. B2 and B3 both had insertions
upstream of ribB transcription start, within the promotor sequence, and both had a four-
fold increase in FZ MIC. All four ribB mutants had an increase in FICI; B1, B2 and B4
to the point of changing from a synergistic to an additive interaction between FZ and
VAN (FICI greater than 0.5). B3 and B4 had a two-fold increase in VAN MIC.

Table 6: ribB mutants

Strain MIC changes FICI  Mutation position Mutation type Mutation
Bl 2-fold increase FZ 0.75 3177902 Point mutation C— A
no change VAN in5> UTR
B2 4-fold increase FZ 0.75 3178086 insA inserted
no change VAN in promoter
B3 4-fold increase FZ 0.5 3178092 insH1 inserted
2-fold increase VAN in promoter
B4 2-fold increase FZ 0.563 3178074 Point mutation A —C
2-fold increase VAN in 5> UTR

Interestingly, all the ribB mutations occurred upstream of the CDS (coding sequence),
as shown in Figure 14. The B1 and B4 substitutions occurred in the 5S’UTR. The
5’UTR of ribB has been previously shown to form an FMN riboswitch. Binding of
FMN to the FMN-binding aptamer creates a stem-loop structure that acts as a
transcription terminator as well as a mechanism for sequestering the ribosome binding
site, controlling expression of ribB at both the transcriptional and translational level
(Pedrolli et al., 2015). It is possible that the B1 and B4 mutations in the 5’UTR may
affect the folding of the regulatory stem-loop structure. Both B2 and B3 had large
insertion sequences in the promoter region, disrupting the -35 and -10 boxes that bind

the sigma factor and RNA polymerase, respectively.
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Figure 14: Position of ribB mutations

The position of the mutations in strains B1, B2, B3, and B4 are shown. The genome positions are in

accordance with the BW25113 reference genome. Diagram not to scale.

Five of the isolated strains had mutations in the ribE gene, interestingly all in the same
position. It is worth noting all the ribE mutants were isolated from different plates,
indicating these mutations occurred independently. Strain K2663 (E1) had an in-frame
insertion mutation, while strains K2665 (E2), K2666 (E3), K2667 (E4) and K2668 (E5)
all had an identical in-frame deletion mutation. All mutants had an increase in FZ MIC,
E1 a two-fold increase, whilst E2, E3, E4 and E5 all had a 4-fold increase. All ribE
mutants had an increase in FICI to greater than 0.5, resulting in conversion from
synergistic to additive interactions between FZ and VAN. E1, E2, E4, and E5 also had
a two-fold increase in the VAN MIC.

E2, E3, E4 and E5 had identical deletion mutations in ribE, however E2, E3, and E5 had
additional mutations. These are shown in brackets in Table 7 below. All three of these
additional mutations were missense, involving the substitution of one base. One was in
the fabH gene, another was in the yjhQ gene, and the third was in the ycjM gene. As all
three of these mutants had the same 4-fold increase in furazolidone MIC as the mutant
with only the ribE deletion mutation, it seems unlikely that these additional mutations

were contributing to the furazolidone resistance.
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Table 7: ribE mutants

Strain MIC changes FICI  Mutation Mutation Mutation
position type
El 2-fold increase FZ 0.625 430486 In-frame  TGCTGGCACCAAAG

2-fold increase VAN insertion —
TGCTGGCACCAAAG
CTGGCACCAAAG
E2 4-fold increase FZ 0.75 430486 In-frame TGCTGGCACCAAAG
2-fold increase VAN deletion — TG
(1144409) (Missense G-T)
in fabH)
E3 4-fold increase FZ 0.75 430486 In-frame  TGCTGGCACCAAAG
no change VAN deletion — TG
(4523535) (Missense (C—-T
in yjhQ)
E4 4-fold increase FZ 0.625 430486 In-frame  TGCTGGCACCAAAG
2-fold increase VAN deletion — TG
E5 4-fold increase FZ 0.625 430486 In-frame  TGCTGGCACCAAAG
2-fold increase VAN deletion — TG
(1364641) (Missense (C—A)
in ycjM)

Mutations in ribE have already been associated with resistance to nitrofurans,
specifically nitrofurantoin (Vervoort et al., 2014). The ribE mutation reported by
Vervoort and colleagues was a 12 bp in-frame deletion resulting in the removal of
amino acids 131-134 (TKAG), located in the active site of RibE. This mutation resulted
in at least a two-fold increase in nitrofurantoin MIC, as well as causing slower growth

of this strain.

The deletion in strains E2, E3, E4 and E5 was a 12 bp in-frame deletion of amino acids
129-132 (AGTK) in the active site of RibE and includes two of the same amino acid
residues as the mutation reported by Vervoort and colleagues. The insertion mutation in
strain E1 is a 12 bp insertion that results in duplication of amino acids 129-132. The
deletion strains in this study displayed an increased FZ MIC as well as a slower growth,
very similar to the previously reported results. The amino acid sequence of RIbE is
shown in Figure 15.
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1 MNIIEANVAT PDARVAITIA RENNFINDSL LEGAIDALKR IGQVKDENIT
e * % % vv O
51 VVWVPGAYEL PLAAGALAKT GKYDAVIALG TVIRGGTAHF EYVAGGASNG
v
101 LAHVAQDSEI PVAI);GVLTTE SIEQAIERAG TKAGNKGAEA ALTALEMINV

151 LKATIKA

Figure 15: Amino acid sequence of RibE

The four residues deleted in the mutation found by Vervoort and colleagues are shown in black, the four
residues either deleted or duplicated in mutants identified in this thesis are shown in red (Vervoort et al.,
2014). Indicated residues are involved in *binding to 5-amino-6-(D-ribitylamino)uracil, v'binding to 1-

deoxy-L-glycero-tetrulose 4-phosphate, °proton donor (Consortium, 2020).

3.2.8 Regulatory protease FtsH

The ftsH gene encodes an essential inner-membrane AAA ATPase and protease, FtsH,
which is involved in protein turnover (Ogura & Wilkinson, 2001; Tomoyasu et al.,
1993). FtsH eliminates proteins in two different contexts; misfolded proteins are
eliminated due to their incorrect structure, while correctly folded proteins are eliminated
in order to regulate the amount of those proteins in the cell (Ito & Akiyama, 2005). The
ATPase domain of FtsH unfolds protein substrates and transfers them into the protease
domain, where they are broken into pieces. The ATPase activity of FtsH is required to
unfold the substrate proteins in order to present the unfolded protein to the protease
domain, where hydrolysis of the polypeptide chain can occur. FtsH can also dislodge
protein substrates from the cytoplasmic membrane.

The ftsH gene is essential, meaning it is required for bacterial survival, due to its role in
maintaining the proper LPS/phospholipids ratio by degrading LpxC, a deacetylase that
catalyses the first committed step in the biosynthesis of LPS (Ogura et al., 1999). The
LPS and phospholipid biosynthesis pathways are connected because they both share the
same precursor molecule, R-3-hydroxymyristoyl-ACP, which can act as the initial acyl
donor for lipid A/LPS biosynthesis or can be elongated and act as an acyl donor in the
formation of membrane phospholipids (Magnuson et al., 1993; Ogura et al., 1999). The
LpxC deacetylase is short-lived, with a half-life of about 4 minutes, due to FtsH-
catalysed degradation. If FtsH is dysfunctional, then the LpxC activity leads to a lethal
overaccumulation of LPS. However, a suppressor mutation that upregulates the fabZ
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gene, which encodes R-3-hydroxy-acyl-ACP dehydrase, enables the survival of E. coli
ftsH null mutants (Ogura et al., 1999). Upregulated FabZ channels more R-3-
hydroxymyristoyl-ACP into the phospholipid biosynthesis pathway, preventing lethal

overaccumulation of LPS.

Mutations in the ftsH gene were found in three of the mutants isolated in this thesis
(Figure 16), and correlated to a collateral sensitivity phenotype, in which resistance to
VAN increased 4-fold in all three mutants, while all three mutants displayed higher
sensitivity to FZ (2 or 4-fold decrease in FZ MIC), and all displayed an additive
interaction between FZ and VAN, showing the synergy between these two antibiotics
was also affected. Because FtsH is essential, and no suppressor mutations were
detected in the fabZ gene, it can be concluded that FtsH should retain some functionality
in all the mutants. Strain K2659 has a frameshift mutation halfway along the gene, so it
seems unlikely it has retained any function. It is possible an additional suppressor

mutation was missed it this strain, this would need to be investigated further.

One of the mutants (K2660) also had an insH1 insertion in the waaR gene. The waaR
gene encodes an a-1,2 glucosyltransferase that is involved in the synthesis of the R-core
of lipopolysaccharide (Shibayama et al., 1999). As strain K2660 displays the same
collateral sensitivity phenotype as the other two ftsH mutants, it seems likely the ftsH
mutation is solely responsible for the resistance phenotype observed, whereas the waaR
mutation could be compensatory given its role in LPS synthesis.

Table 8: ftsH mutants

Strain MIC changes FICI Mutation Mutation Mutation
position type
K2659 2-fold decrease FZ 1 3319613  frameshift CACCGACG
4-fold increase VAN AACAT —
CT
K2660*  2-fold decrease FZ 0.516 3318752 missense G—-A

4-fold increase VAN
K2664 4-fold decrease FZ 0.625 3318881  frameshift CAC —» CC
4-fold increase VAN

*K2660 also has insH1 inserted into the waaR gene
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Figure 16: Position of ftsH mutations

The position of the mutations in strains K2659, K2660 and K2664 are shown within the CDS (coding
sequence) of ftsH. The CDS regions are colour coded (blue: cytoplasm, grey: transmembrane, yellow:
periplasm) according to the corresponding cellular location of the protein, and the AAA ATPase and
protease regions are also shown (Ito & Akiyama, 2005). The genome positions are in accordance with the
BW25113 reference genome. Diagram not to scale.

3.2.9 OPGs

Osmoregulated periplasmic glucans (OPGs) are located in the periplasm of many
species of gram-negative bacteria. OPGs are highly branched oligosaccharides that
consist of a glucose backbone substituted with other types of molecules. For example,
in E. coli the glucose backbone is substituted by phosphoglycerol,
phosphoethanolamine and succinyl residues (Bohin & Lacroix, 2006; Bontemps-Gallo
et al., 2013; Kennedy et al., 1976).

One function of OPGs is in osmoprotection. OPGs are osmotically regulated in E. coli
and are most prevalent in low-osmolarity media (Lacroix et al., 1991; Rumley et al.,
1992). In addition to osmoprotection, OPGs also have functions relating to cell
division, structure, and cell signalling (Fiedler & Rotering, 1988; Kennedy, 1982;
Murakami et al., 2021).

The opgGH operon in E. coli encodes OpgG and OpgH, which are osmoregulated
periplasmic glucans biosynthesis proteins G and H, respectively. These proteins are
responsible for the polymerisation of the glucose backbone of OPGs, and both proteins
are required (Lacroix et al., 1991; Loubens et al., 1993). In addition, opgB is required
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for the substitution of phosphoglycerol residues (Jackson et al., 1984; Lanfroy & Bohin,
1993), and opgC for substitution of succinyl residues (Lacroix et al., 1999).

One mutant was found to have a frameshift mutation in the opgG gene, shown in Figure
17. This mutant had no change in FZ MIC, and a four-fold increase in VAN MIC as
compared to the parental strain (Table 9). The interaction between FZ and VAN

remained synergistic in this strain.

Table 9: opgG mutant

Strain MIC changes FICI Mutation Mutation Mutation
position type
K2657 No change FZ 0.375 1105354  frameshift CAAAGAGT —
4-fold increase VAN CAAAAGAGT
\Qbrb@
o ©
R A \\Q@"’

opgG >

K2657
frameshift
Figure 17: Position of strain K2657 frameshift mutation in opgG CDS

The genome positions are in accordance with the BW25113 reference genome. Diagram not to scale.

Murakami and colleagues have previously investigated knockouts within the opgGH
operon, and found that single deletion of either opgG or opgH, as well as double
deletion, increases E. coli virulence against silkworms, as well as resistance to silkworm
antimicrobial peptides, vancomycin, levofloxacin, and tetracycline (Murakami et al.,
2021). This strongly suggests that the frameshift mutation found in opgG in strain
K2657 is responsible for the observed VAN resistance.
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In addition, Murakami and colleagues investigated the mechanism behind the
resistance. Colonic acid production has previously been shown to increase due to
inactivation of opgH (Ebel et al., 1997) and in the opgGH knockout. Colonic acid is
involved in resistance of E. coli to antibiotics and is a survival mechanism for hostile
environments (Laubacher & Ades, 2008; Sailer et al., 2003). The opgGH knockout was
also found to have altered expression of the evgS/evgA two-component system, which is
also involved in antibiotic resistance (Itou et al., 2009). In addition, the envZ/ompR
two-component system that senses osmolarity and temperature, and controls the ratio of
larger vs. smaller porins, OmpF and OmpC, interacts genetically with opgGH (Fiedler
& Rotering, 1988).

These three potential mechanisms were investigated by Murakami and colleagues.
However, the virulence and resistance of the opgGH knockout were unaffected in a
colonic acid-negative background, an envZ/ompR-null background, and an evgS-null
background. Therefore, the mechanism by which the opgGH knockout causes
vancomycin resistance and increased virulence against silkworms remained unresolved
(Murakami et al., 2021).

3.2.10 RNA polymerase subunits

The E. coli RNA polymerase (RNAP) holoenzyme is a multisubunit protein complex,
with a core enzyme responsible for catalysing transcription of bacterial DNA into RNA.
This core enzyme is composed of five subunits, two a subunits, as well as the B, B, and
o subunits. The holoenzyme (active form) of RNAP is formed when the core enzyme
binds to a sigma factor, which is responsible for binding promotors and initiating

transcription (Sutherland et al., 2018).

The B’ subunit of RNAP is encoded by rpoC, an essential gene (Baba et al., 2006;
Ovchinnikov et al., 1982).

Strain K2658 was found to have a missense mutation in the rpoC gene (Figure 18).
This strain had minor phenotypic changes, with only a two-fold increase in VAN, and
no change in FZ MIC (Table 10). The FICI did increase to 0.5, but this is still classed
as a synergistic interaction between FZ and VAN.
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Table 10: rpoC mutant

Strain MIC changes FICI Mutation  Mutation  Mutation
position type
K2658 No change FZ 0.5 4178876 Missense A—-G

2-fold increase VAN
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rpoC >
K2658
Missense
A—-G
Glu — Gly

Figure 18: Position of strain K2658 missense mutation in rpoC CDS

The genome positions are in accordance with the BW25113 reference genome. Diagram not to scale.

3.2.11 ECA biosynthesis

Enterobacterial common antigen, or ECA, is a carbohydrate antigen (which causes
immune activation and production of cognate antibodies), conserved among
Enterobacterales. ECA is present in three different forms; i) linked to LPS (ECALps),
i) linked to diacylglycerol through phosphodiester linkage (ECArg), and iii) cyclic,
found in the periplasm (ECAcvc) (Kuhn et al., 1988; Rai et al., 2020).

ECA plays a role in the pathogenicity of Enterobacterales and its biosynthesis pathway
interacts with those of the O-antigen and peptidoglycan (Rai et al., 2020). Cyclic ECA
plays a role in maintaining the outer membrane permeability barrier (Mitchell et al.,

2018). Genes responsible for ECA biosynthesis are located in the wec operon.

Strain K2661 was found to have a frameshift mutation in the wecC gene (Figure 19),
which encodes UDP-N-acetyl-D-mannosamine dehydrogenase, one of the enzymes

responsible for the synthesis of ECA (Meier-Dieter et al., 1990). This strain had no
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change in FZ MIC, a two-fold increase in VAN MIC, and has retained a FZ — VAN
interaction that was synergistic, as shown by the FICI value of 0.375 (Table 11).

Overall, strain K2661 had no major phenotypic changes.

Table 11: wecC mutant

Strain MIC changes FICI Mutation Mutation Mutation
position type
K2661 No change FZ 0.375 3964946  Frameshift GAAAAAAGGC
2-fold increase VAN —
GAAAAAGGC
QD(Q’
fb“}@b‘
& qge?’q’
Gl °
wecC >
K2661
Frameshift

Figure 19: Position of strain K2661 frameshift mutation in wecC CDS

The genome positions are in accordance with the BW25113 reference genome. Diagram not to scale.

There has been a previous link found between wecC mutations and vancomycin
resistance in E. coli. Jiang and colleagues found that deletion of the wecC gene partially
restored resistance to VAN in tol-pal strains (Jiang et al., 2020). The tol-pal strains had
a compromised outer membrane, which made them more susceptible to VAN in
comparison to the wild-type parent. It was concluded that loss of function in the
biosynthesis of ECA restored the OM barrier function in strains lacking the Tol-Pal

complex.

Given that the wecC frameshift was the only mutation identified in the K2661 strain, the

outer membrane was not leaky. Therefore, restoring outer membrane function cannot
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be said to be the mechanism of increasing VAN resistance, as the outer membrane
function was intact to begin with. Also, in the study by Jiang et al. (2020), wecC
mutation restored the resistance back to wild type, whereas for the mutation isolated in

this thesis the MIC increased to a level higher than the wild type.

3.2.12 Lipoprotein Nlpl

Bacterial lipoproteins are membrane proteins comprising polypeptide and covalently
attached lipid. Bacterial lipoprotein synthesis involves exporting the prolipoproteins
through the cytoplasmic membrane, which is where the proteins undergo lipid-
modification (Zlckert, 2014), followed by retention in this membrane or trafficking to
the outer membrane. Lipoproteins are involved in a variety of different roles and
functions (Kovacs-Simon et al., 2011; Ziickert, 2014) including envelope stability, in
the synthesis of peptidoglycan (Egan et al., 2014), cell division, conjugation, signal
transduction, sporulation, nutrient acquisition, as well as in the transport and folding of
proteins. In addition, lipoproteins are also involved in pathogenicity, being involved in

invasion, adhesion, immune evasion, and colonisation.

Bacterial lipoprotein Nlpl is involved in cell division (Ohara et al., 1999; Tao et al.,
2015). Nilpl has also been linked to the ability to adhere to and invade intestinal
epithelial cells (Barnich et al., 2004). Overexpression of nlpl has been linked to a
reduction in the amount of bacterial extracellular DNA in E. coli, which is a structural
component of biofilms (Sanchez-Torres et al., 2010). Nlpl also plays a role in
peptidoglycan biosynthesis (Banzhaf et al., 2020). In addition, a hypervesiculation
phenotype is associated with deletion of nlpl in E. coli (Schwechheimer et al., 2015).
The increased production of outer membrane vesicles in this deletion mutant was also
associated with a reduction in the number of outer membrane — peptidoglycan covalent
crosslinks. It was also found that Nlpl regulates PBP4 (penicillin-binding protein 4)
and peptidoglycan endopeptidase MepS (Schwechheimer et al., 2015; Singh et al.,
2015).

Strain K2655 was found to have a nonsense mutation in the nlpl gene, as shown in
Figure 20. This strain had a two-fold decrease in FZ MIC, and a two-fold increase in
VAN MIC and had a loss of synergy between FZ and VAN, shown by the FICI value of
0.531, as shown in Table 12.
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Table 12: nlpl mutant

Strain MIC changes FICI Mutation Mutation  Mutation
position type
K2655  2-fold decrease FZ 0.531 3302181 Stop gained G—-A
2-fold increase VAN

Qo)
A
O
r,J"b
\ed
('S"@ 0@09
P P
nipl >
K2655
Nonsense
G—A
GIn — Stop

Figure 20: Position of strain K2655 nonsense mutation in nlpl CDS

The genome positions are in accordance with the BW25113 reference genome. Diagram not to scale.

3.2.13 Lipoprotein Lpp

Lpp is an a-helical lipoprotein and is the most abundant protein in E. coli, with over one
million copies per cell. Lpp is responsible for attaching the outer membrane (OM) to
the peptidoglycan (PG). The N-terminus of Lpp is anchored in the periplasm-facing
phospholipid leaflet of the OM, while the C-terminus is attached to the PG. Lpp affects
cell envelope mechanical stiffness by covalently connecting the OM to the PG, and by
controlling the width of the periplasmic space (Asmar et al., 2017; Mathelié-Guinlet et
al., 2020).

The OM-PG link, as well as the length of Lpp, is important for the transmission of
stress signals from the outer membrane to the IM (inner membrane) (Mathelié-Guinlet
et al., 2020).
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Unlike all other strains which were isolated from the FZ-VAN combination plates,
K2673 was the only strain isolated from a VAN plate (and was the only resistant colony
that formed on the VAN plates).

As shown in Table 13, K2673 had a 63 bp in-frame deletion in the Ipp gene and
demonstrated a 4-fold increase in VAN MIC, no change in FZ MIC, with FZ and VAN

remaining synergistic.

Table 13: Ipp mutant

Strain MIC changes FICI Mutation Mutation type
position
K2673 No change FZ 0.25 1751783- 63bp in-frame
4-fold increase VAN 1751845 deletion

It has been reported that increasing the length of Lpp makes E. coli more susceptible to
VAN (Mathelié-Guinlet et al., 2020). This is in agreement with observations made in

this thesis, where a decrease in the length of Lpp leads to increased resistance to VAN.

3.2.14 Cell envelope associated mutations

Many of the mutations identified in this chapter were associated with the cell envelope
of E. coli, namely those affecting lipoproteins (nlpl and Ipp), OPG biosynthesis (opgG),
ECA biosynthesis (wecC), and membrane bound FtsH (ftsH) (Figure 21). Interestingly
all these mutations were associated with an increase in VAN MIC, perhaps unsurprising
given that VAN targets the cell wall of bacteria and that its entry into the periplasm is

limited by the LPS leaflet of the outer membrane.
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Figure 21: Mutations associated with the cell envelope

-

Selected proteins identified in this chapter (indicated in bold) associated with the cell envelope, and
proteins they complex to, are shown. Mutations affecting proteins shown in red were linked to higher
VAN MIC. Mutations affecting proteins shown in yellow were linked to collateral sensitivity (higher
VAN MIC and lower FZ MIC). ECA: enterobacterial common antigen, ECAyc: cyclic ECA, ECApc:
ECA attached to diacylgycerol through phosphodiester linkage, ECA_ps: ECA attached to LPS. OPGs:
osmoregulated periplasmic glucans. (Banzhaf et al., 2020; Bontemps-Gallo et al., 2013; Ito & Akiyama,
2005; Mathelié-Guinlet et al., 2020; Rai et al., 2020)
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3.3 Discussion

Investigating and understanding bacterial mechanisms of resistance is crucial in the
struggle to develop new antimicrobial treatments. Improved understanding of resistance
mechanisms can potentially provide information on crucial pathways and processes or
bacterial resistance mechanisms that can be targeted in future antibacterial drug

development efforts.

A range of different mutations were identified in the selection for FZ — VAN resistant
mutants. A few of the identified genes appeared more than once, increasing the

likelihood that they are important in the resistance mechanisms.

Interestingly, many of the mutations identified occurred in essential genes. Thirteen
mutant strains had changes in the essential genes ribB, ribE, ftsH, and rpoC. Mutations
in essential genes are often not very favourable as they may affect a function of the
gene, impacting an essential process within the cell. Mutating a non-essential gene to
gain resistance is a lot more likely to occur, as the gene does not have to remain
functional. With essential genes however, a mutation must alter the gene function to
grant resistance, but still retain enough functionality for the cell to remain viable, or
must acquire a suppressor mutation, which counteracts the lethal effects of the original
mutation. The high proportion of essential gene mutations indicates that resistance does
not easily arise to the FZ — VAN combination, a promising finding for its potential as a

treatment option for gram-negative bacterial infections.

The genes identified in this chapter can be linked to the observed resistance identified
with varying degrees of certainty, depending on whether mutations in a gene appeared
multiple times, increasing the chance that the gene is responsible for resistance, or
whether there has been previously observed resistance associated with that gene.

Knockout of the opgG gene has been associated with increased resistance to VAN,
acting through an unknown mechanism (Murakami et al., 2021). This means it is very
likely that the frameshift opgG mutation identified in strain K2657 is responsible for the

four-fold increase in VAN MIC that was observed.

Mutations in the ribE gene have already been linked to nitrofuran resistance (Vervoort
et al., 2014). The previously identified in-frame deletion overlaps with the in-frame

deletion found in strains E2, E3, E4 and E5 by two amino acids, and the insertion
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mutation in strain E1 is also in this area of the gene. Because the same area of the gene
has been affected, it is likely that similar loss of functions occurred, and therefore that

these ribE mutations are responsible for the increase in FZ resistance.

The ribB gene is a likely candidate for FZ resistance, as it is part of the riboflavin
biosynthesis pathway, which has already been implicated in increasing FZ resistance
through previously identified mutations in ribE (Vervoort et al., 2014). Because both
RibE and RibB act in the same biosynthesis pathway, it is also likely that both cause FZ
resistance through their impact on this pathway. In addition, mutations upstream of
ribB occurred in four separate mutants, B1, B2, B3 and B4, resulting in either a large
four-fold increase in FZ MIC, a loss of synergy between FZ and VAN, or both. The
presence of multiple mutations associated with the ribB gene increases the likelihood it

is responsible for the observed increase in FZ resistance.

The ftsH gene mutations occurred on three separate occasions. All three of the FtsH
mutants had a four-fold increase in VAN resistance, and a loss of synergy between FZ
and VAN. In addition, all three mutants displayed a collateral sensitivity phenotype,
where the MICs to FZ were lowered, either 2-fold or 4-fold. Because FtsH is a protease
responsible for regulating the amounts of many different proteins, predicting how a
partial loss of function of FtsH results in a collateral sensitivity phenotype is difficult. It
is easier to explain the effect of these mutations on susceptibility to VAN, because FtsH
is responsible for maintaining the ratio of LPS and phospholipids in the outer membrane
of E. coli. Itis possible that the ftsH mutations affected the outer membrane

permeability, which might be linked to the observed increase in VAN MIC.

The Ipp gene was associated with increasing VAN resistance, as VAN MIC increased 4-
fold in strain K2673, which had a 63-bp deletion in the Ipp gene. In addition, changing
the length of Lpp has been previously associated with changing VAN susceptibility.
Specifically, increasing the length of Lpp, or complete removal of Lpp, was shown to
result in greater sensitivity to VAN (Mathelié-Guinlet et al., 2020).

Mutation in the nlpl gene was associated with resistance to the FZ — VAN combination.
Strain K2655, which had a nonsense mutation in nlpl, displayed a loss of synergy
between FZ and VAN, in addition to a 2-fold increase in VAN MIC, and a 2-fold
decrease in FZ MIC. The nonsense mutation, located at codon 35, very likely causes a

loss of function of Nlpl.
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Multiple different phenotypes have been reported for the nlpl knockout mutant of E.
coli, including a hypervesiculation colony phenotype (Schwechheimer et al., 2015).
The increased production of outer membrane vesicles in this deletion mutant was also
reported, and it was associated with a reduction in the number of outer membrane —
peptidoglycan covalent crosslinks. The mechanism of vancomycin lethality is through
peptidoglycan, so it is possible that the nlpl mutation affecting the outer membrane is
responsible for somewhat decreased access to the VAN target, resulting in the two-fold
increase in the MIC. There has been an additional reported link between Nipl and VAN
resistance. In a AyhcB mutant, which has loss of envelope stability, increased cell
permeability and dysregulated control of cell size, knockout of nlpl was associated with
restoring VAN resistance (Goodall et al., 2021).

wecC is a gene candidate for increased VAN resistance. While strain K2661 had no
major phenotypic changes, there was a two-fold increase in the MIC of VAN. In
addition, there has been previous research that linked deletion of wecC to restored wild-
type resistance to VAN in compromised outer membrane tol-pal strains which were
more susceptible to VAN than a wild-type parent (Jiang et al., 2020). The outer
membrane is assumed to be normal in strain K2661 given that the tol-pal system is not

mutated.

Mutation of the rpoC gene was linked to increased VAN resistance. Strain K2658 had a
2-fold increase in VAN MIC. rpoC is an essential gene that encodes one of the core
subunits of RNA polymerase (RNAP), the enzyme responsible for transcription. It is
possible that the missense mutation in rpoC in K2658 resulted in the increase in VAN
resistance. Mutations in rpoC have been previously associated with VAN resistance in
Staphylococcus aureus (Matsuo et al., 2015).

In all cases, further experiments are required, including complementation and knockout
mutations (where possible), to determine whether the loss of function or other change in
function of a particular gene is responsible for the observed resistance. Furthermore,
extended investigation into the resistance mechanisms is warranted to gain

understanding of how specific gene mutations result in resistance.
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4.1 Introduction

Riboflavin, also known as vitamin B, is a precursor for FMN and FAD. FMN and
FAD are essential coenzymes used in a variety of redox reactions involved in the
metabolism of proteins, carbohydrates, lipids, and ketone bodies (Averianova et al.,
2020). In E. coli, the ability to synthesise flavins is essential because E. coli does not
import flavins (Hemberger et al., 2011; Vogl et al., 2007), instead relying on the correct
functioning of the riboflavin biosynthesis pathway, shown in Figure 13, as the sole

source of flavins.

Of the E. coli mutants selected for increased resistance to the FZ-VAN combination,
those containing mutations in the riboflavin biosynthesis genes were the most numerous
and were therefore selected for further investigation. These were the strains with
mutations in either the ribB or ribE genes that demonstrated up to a 4-fold increased

resistance to FZ.

The B1, B2, B3 and B4 strains had mutations in the ribB gene. B1 and B4 had a 2-fold
increase in FZ MIC as compared to the parental strain and both had one-base
substitution mutations in the 5> UTR. B2 and B3 both had a 4-fold increase in FZ MIC,
and both had an insertion sequence in the promoter region. The E1, E2, E3, E4 and E5
strains had mutations in the ribE gene. E1 had a 2-fold increase in FZ MIC as
compared to the parental strain and had an in-frame insertion in ribE. E2, E3, E4 and
ES5 had an identical in-frame deletion mutation in ribE, and all had a 4-fold increase in
FZ MIC. (E2, E3 and E5 had additional one-base missense mutations in additional

genes as compared to the parental strain).

Mutations in ribE have been previously associated with resistance to nitrofurans,
specifically nitrofurantoin (Vervoort et al., 2014), however mutations in ribB have not
been previously associated with nitrofuran resistance. Confirming that mutations in
ribB are linked to increased nitrofuran resistance would allow for ribB to be including
in genomic screening processes to predict antibiotic susceptibility and would allow for

better resistance identification and improved selection of antibiotics for treatment.

The ribB and ribE mutants were further investigated experimentally. This involved
characterising the growth rates to assess the effect of the mutations on the fitness of the
mutant strains, as well as dose-response curves to FZ. Secondly, the ribB/ribE mutants

were tested to confirm that the effect of the identified mutations on FZ MIC was due to
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the loss of function of the mutated genes, rather than indirect effect on other genes.
This was done through complementation with plasmid-expressed wild-type ribB or
ribE.

Finally, the mechanism of resistance was investigated in selected ribB and ribE
mutants. The prediction behind the FZ resistance mechanism is that the mutations in
ribB/ribE lead to less functionality of these enzymes, resulting in an impact to the
riboflavin biosynthesis pathway, and so less FMN and FAD being produced. Because
FMN and FAD are essential cofactors required for the functioning of the NfsA and
NfsB nitroreductases, it is predicted that these nitroreductases will have reduced
activity. Reduced activity of the nitroreductases was hypothesised to lead to increased
FZ resistance, because FZ is a pro-drug which must be activated by nitroreductases
(Vervoort et al., 2014).

Nitroreductase assays were conducted on the selected mutants and their associated
complemented strains to confirm that complementation restored nitroreductase activity.
The selected mutants were also supplemented with riboflavin, which is downstream of
the reactions catalysed by RibB and RIbE in the riboflavin biosynthesis pathway, to
check if this reverted the effects of the mutations. Double knockout mutants of the
oxygen insensitive nitroreductases NfsA and NfsB were constructed to check if the
resistance mechanism was acting solely through affecting the activity of these
nitroreductases. Finally, overexpression of the FZ-activating nitroreductase NfsB in the
selected mutant strains was conducted, to examine the effect of additional NfsB in the

mutant vs. parental strains on FZ resistance.
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4.2 Results

4.2.1 Growth rates and FZ dose-response curves
It was observed that some of the ribB and ribE mutants took noticeably longer to grow

to full-density cultures than the parental strain. This is to be expected, as both ribB and

ribE are essential genes, and mutations in essential genes are more likely to result in

fitness costs. The growth curves over 48 hrs for these strains are shown in Figure 22.
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Figure 22: Growth curves for the ribB and ribE mutants

Absorbance at 600 nm was measured every hour for 48 hrs. Data shown is the mean + standard error of

the mean for three technical replicates.
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All strains grew slower than the parental strain and could not reach the densities of the
parental strain in the stationary phase. Growth was especially stunted in the ribE
deletion mutants (E2, E3, E4, E5), which entered the stationary phase at a density of
only approximately 0.2 ODego.

In addition, the FZ dose-response curves for these strains were determined (Figure 23).
Interestingly, the mutants that showed very poor growth as compared to the parental

strain (strains E2, E3, E4, and E5) grew substantially better at low concentrations of FZ,

as compared to growth without FZ.
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Figure 23: Dose response curves for the ribB and ribE mutants

Percent inhibition is shown at 18 hours growth. Zero percent inhibition is taken as the growth at zero FZ.
Data shown is the mean of three technical replicates + standard error of the mean.
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Overall, these results show that a fitness cost is associated with all the ribB and ribE
mutations, but especially with the ribE deletion mutants. Having a fitness cost is
expected, due to both ribB and ribE being essential genes, however what is more
surprising is that the ribE deletion mutants grow significantly better at low
concentrations of FZ compared to no FZ. This means that subinhibitory concentrations
of FZ partially reverse the fitness cost associated with the ribE deletion mutation.
Interestingly, the ribE deletion mutants grew best at 1-2 ug/mL of FZ, and the selection
concentration was 2 pg/mL FZ, meaning that the selection conditions were favourable

for the growth of these strains.

4.2.2 Complementation with RibB or RibE

The ribB/ribE strains were tested to confirm that the ribB or ribE gene was responsible
for the observed FZ resistance. This was done by complementing with the fully
functional gene expressed from plasmids pCA24N::ribB or pCA24N::ribE. Expression
of RibB/RibE was induced through the addition of 0.1 mM IPTG. Changes to VAN
MIC were also investigated, as the strains were originally selected for as resistant to the

FZ-VAN combination. MICs were determined via broth microdilution.

None of the strains had large changes in VAN MIC upon complementation (Table 14).
This was as expected, as none of these strains had major VAN resistance to begin with,
and the ribB/ribE mutations are expected to be causing FZ resistance only. All the

complemented strains had a VAN MIC of 256 pug/mL, which corresponded to either no

change or a 2-fold decrease.

The complemented ribE mutants all had an FZ MIC of 2 pg/mL, and the complemented
ribB mutants and complemented parental strains had a FZ MIC of 1 pg/mL. This was a
2-fold decrease for the parental strains, as well as for the E1 mutant. All other strains
had at least a 4-fold decrease. Therefore, all the mutants had a major decrease in MIC
upon complementation with either functional ribB or ribE except for E1, which had
only a 2-fold decrease along with both complemented parental strains. E1 was one of
the mutants with only a 2-fold increase in MIC as compared to the parental strain, so the
RIbE in this strain may be more functional than in the other ribE mutants, and therefore
the difference between the uncomplemented and complemented E1 mutant is smaller

than in more severe mutants.
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Table 14: MIC testing of complemented ribB/ribE mutants

Strain FZ MIC* Decrease in VAN MIC* Decrease in
(ng/mL) FZ MIC (ng/mL) VAN MIC
E1 + ribE 2(4) 2-fold 256 (512) 2-fold
E2 + ribE 2 (8) 4-fold 256 (512) 2-fold
E3 + ribE 2 (8) 4-fold 256 (256) No change
E4 + ribE 2(8) 4-fold 256 (512) 2-fold
E5 + ribE 2 (8) 4-fold 256 (512) 2-fold
PS + ribE 1(2) 2-fold 256 (256) No change
B1 + ribB 1(4) 4-fold 256 (256) No change
B2 + ribB 1(8) 8-fold 256 (256) No change
B3 + ribB 1(8) 8-fold 256 (512) 2-fold
B4 + ribB 1(4) 4-fold 256 (512) 2-fold
PS + ribB 1(2) 2-fold 256 (256) No change

*MICs for the corresponding untransformed strains are shown in brackets.

Complementation also significantly improved the growth of the E2, E3, E4, E5, and B3
mutants, while it increased growth in B1 and B2 in the early exponential phase (Figure
24). Growth was decreased in both the parental strain and E1. The decrease in growth
of the parental strain was not unexpected due to the potentially demanding energy
requirements to reproduce the plasmid and/or express the unneeded RibB or RibE. E1
is also predicted to have more functional RibE than the other ribE mutants due to its
lower MIC for FZ, so the effort to express more RibE is potentially greater than the gain

from more functional RibE.

Complementation with functional RibB or RibE caused a decrease in FZ MIC as well as
improved the growth of the mutants. This confirms that the ribB/ribE mutations are

responsible for the FZ resistance and slow growth in these mutants.
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Figure 24: Growth curves for the complemented ribB/ribE mutants

Absorbance at 600 nm was measured every hour for 24 hr. Each graph shows the growth curve of the

original and complemented strain. Data shown is the mean + standard error of the mean of three technical

replicates.
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4.2.3 Nitroreductase assays

Four mutants were chosen for further investigations, two ribE and two ribB. Four of the
five ribE mutants had identical deletion mutations. E4 was subsequently chosen for
further investigations, as it was the only strain with a ribE deletion that did not contain
any additional mutations. E1 had a different ribE mutation, an insertion, and so was
chosen as the other ribE strain. In addition to E1 and E4, B2 and B3 were chosen from
the ribB mutants as they had a larger resistance increase in MIC to FZ (four-fold),

whereas B1 and B4 only had a two-fold increase.

Nitroreductase assays were conducted on the chosen mutants as well as their
complemented strains. The nitroreductase assays were conducted to assess the
nitroreductase ability by measuring the change in absorbance associated with FZ. The
cells were lysed, and the cell lysate/cell-free extract (CFE) was combined with 0.1 mM
FZ and 0.1 mM NADPH, in 50 mM Tris-HCI buffer (pH 7.4). Absorbance was
measured at 400 nm every minute for 12 hrs. 400 nm is the maximum absorbance for

furazolidone, and NADPH does not absorb at this wavelength.

Each experiment was carried out three times independently, and the rate of reaction
(decrease in absorbance units (AU) per minute) was calculated for the first 10 minutes
of each experiment. The mean and standard deviation of the three experiments is shown
in Table 15. Representative graphs showing one of the three assays for each mutant

type are shown in Figure 25.
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Figure 25: Nitroreductase assays for the ribB and ribE mutants

Absorbance was measured every minute for 12 hrs at 400 nm. Data is the mean of three technical

replicates. CFE: cell-free extract.
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Table 15: Nitroreductase activity

Strain Slope (change in AU/min)
PS -0.006 (+ 0.002)
El -0.004 (+ 0.001)
E4 -0.002 (+ 0.001)
B2 -0.0021 (+ 0.0005)
B3 -0.0028 (+ 0.0007)
PS + ribE -0.007 (+ 0.003)
PS + ribB -0.0060 (+ 0.0006)
E1l + ribE -0.006 (+ 0.001)
E4 + ribE -0.007 (+ 0.002)
B2 +ribB -0.0059 (£ 0.0007)
B3 +ribB -0.0057 (+ 0.0007)
No CFE -0.00003 (z 0.00005)

The nitroreductase assays show the decrease in absorbance associated with FZ, which
shows how fast FZ is being reduced. NADPH is also used up by the nitroreductases in
the reduction of FZ, however NADPH does not absorb at 400 nm. From Figure 25 and
Table 15 the initial rate of reaction/decrease in FZ is higher for the parental strain as
well as all transformed mutants [between -0.006 and -0.007 decrease in AU (absorbance
units) per minute]. The nitroreductase activity in E1 is slightly lower (-0.004 AU/min),
while the nitroreductase activities of E4, B2 and B3 were even lower, between -0.002
and -0.003 AU/min. The much lower nitroreductase activity in E4, B2 and B3
compared to the parental strain correlates with a larger increase in FZ MIC.
Conversely, the E1 mutant has a relatively smaller decrease in nitroreductase activity,
correlated with a smaller increase in FZ MIC. All the complemented strains showed
similar nitroreductase activity as the parental strain, confirming that complementation
with either fully functional RibB or RibE restores nitroreductase activity in the mutant

strains tested.
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4.2.4 Riboflavin supplementation

The E1, E4, B2 and B3 mutants were supplemented with 1 mM riboflavin. Riboflavin
is downstream of the reactions catalysed by RibB and RibE and upstream of FMN and
FAD in the riboflavin biosynthesis pathway. Supplementation with riboflavin is
predicted to reverse the effects of the ribB and ribE mutations, improving the growth of
the mutants and lowering the FZ MICs. From Figure 26, the growth curves over 24
hours show the addition of riboflavin improves growth of the mutants, while having no
effect on the parental strain. When supplemented with riboflavin, all strains attained an
ODeoo of about 0.7 at 24 hours, matching the growth of the parental strain. This shows

that the riboflavin supplementation improves growth to that of the parental strain.
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Figure 26: Growth curves upon riboflavin supplementation

Absorbance at 600 nm was measured every hour for 24 hours. Data shown is absorbance — absorbance
(growth at time zero with or without riboflavin) to account for the absorbance of riboflavin. Data shown

is the mean + standard error of the mean for three technical replicates.

Next, the question was asked whether supplementation with riboflavin reduced the FZ
MIC in the mutant strains. From the dose-response curves shown in Figure 27, the
addition of riboflavin did increase growth inhibition at some subinhibitory FZ
concentrations in strains E4, B2 and B3, especially strain E4, where the addition of
riboflavin meant subinhibitory concentrations of FZ no longer improved growth.
However, as can be seen from Table 16, the MICs were unchanged upon the addition of

riboflavin.
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Figure 27: FZ dose-response curves upon riboflavin supplementation

Percent inhibition is shown at 18 hours growth. Zero percent inhibition is taken as the growth at zero FZ.
Each graph shows the strain with and without the addition of 1 mM riboflavin. Data shown is the mean

of three technical replicates + standard error of the mean.
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Table 16: FZ MICs upon addition of 1mM riboflavin

Strain FZ MIC FZ MIC (1 mM riboflavin)
(ng/mL) (ng/mL)
PS 2 2
El 4 4
E4 8 8
B2 8 8
B3 8 8

Overall, the addition of riboflavin reverts the slow growth of the mutants back to that of
the parental strain and counteracts the fitness costs associated with the ribB and ribE
mutations, but it does not make the mutants any less resistant to FZ. This is surprising
because adding more riboflavin is expected to increase the amount of FMN and FAD
present, which would be expected to restore the functioning of the nitroreductases NfsA
and NfsB.

4.2.5 NfsA NfsB double knockouts

The ribB and ribE mutations affect the riboflavin biosynthesis pathway, where FMN
and FAD are the ultimate products. FMN and FAD are essential cofactors of NfsA and
NfsB, the key enzymes in E. coli that activate nitrofuran prodrugs including FZ.
Decrease in the amount of functional RibB/RIbE enzymes in the ribB and ribE mutants
is expected to result in less FMN and FAD, diminishing the amount of functional NfsA
and NfsB and in turn decreasing the activation of FZ. Given that, unexpectedly,
supplementation of riboflavin did not restore FZ sensitivity in the ribB and ribE
mutants, the question remained whether the riboflavin biosynthesis mutations increase
resistance to FZ via NfsA and NfsB or not. To answer this question, nfsA and nfsB
deletions were introduced into the ribB and ribE mutants. These double knockouts
(AnfsA AnfsB) were constructed via stepwise P1 transduction of the AnfsA::KANR and
AnfsB::KANR alleles into the ribB and ribE mutants using the corresponding Keio
strains as donors (Baba et al., 2006). The double knockout strains were confirmed by
PCR amplification of regions containing the nfsA and nfsB genes as shown in Figure 28

and as described in section 2.10.
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Figure 28: PCR confirmation of the A) nfsA and B) nfsB gene knockouts

Expected size of PCR products for AnfsA knockouts is 923 bp with the gene and 269 bp without the gene.
Expected size of PCR products for AnfsB knockouts is 1051 bp with the gene and 328 bp without the

gene. PCR analyses of all five knockout strains show successful removal of both nfsA and nfsB.
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Removal of the NfsA and NfsB nitroreductases is expected to result in an increased
MIC that is the same across all tested strains, due to the differences in FMN
concentration from the ribB/ribE mutations no longer affecting nitroreductase function.

The dose-response curves of the double knockout and original strains are shown in

Figure 29.
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Figure 29: FZ dose-response curves for the AnfsA AnfsB double knockouts

Each graph shows the AnfsA AnfsB double knockout and original strain. Percent inhibition is shown at 18
hours growth. Zero percent inhibition is taken as the growth at zero FZ. Data shown is the mean +

standard error of the mean of three technical replicates.
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In all cases, the double knockout was more resistant to FZ as expected. However, E4
and B2 both had some residual growth at 32 pg/mL FZ (75% and 80% growth
inhibition respectively) unlike the parental strain (96% inhibition), E1 (96% inhibition)
and B3 (93% inhibition). This means that the resistance cannot be entirely explained
through NfsA and NfsB. One explanation is the presence of other proteins in E. coli
that have nitroreductase activity. AhpF is an oxygen sensitive nitroreductase, that has
been found in E. coli to activate nitrofurans, including FZ (Le et al., 2019). AhpF
mutations were found to correspond to a 1.25-fold increase in FZ MIC in a AnfsA AnfsB
double knockout E. coli strain. Because AhpF requires FAD as a cofactor (Bieger &
Essen, 2000; Dip et al., 2014), and FAD is product of the riboflavin biosynthesis
pathway, it is possible that the mutations affecting ribB in B2 and ribE in E4 are
causing less FAD to be produced, reducing AhpF activity, and slightly increasing the
FZ MIC above that of the parental strain. It was slightly surprising that B3, which had a
four-fold increase in FZ MIC along with B2 and E4, did not show this.

4.2.6 Overexpression of NfsB

To investigate whether overexpression of the FZ-activating nitroreductases will affect
the FZ resistance, strains overexpressing NfsB were constructed. The pCA24N::nfsB
plasmid encoding NfsB was transformed into the PS, E1, E4, B2 and B3 strains.
Expression was induced with 0.1 mM IPTG, and all strains were grown with and
without 1 mM riboflavin. Expression of excess NfsB was expected to lower the MIC of
the parental strain more than the mutant strains. The reason for this is that having more
NfsB in the wild-type background means more FZ can be activated, creating more
bactericidal intermediates. The ribB and ribE mutant strains are predicted to have
limited FMN and FAD available, so adding more NfsB is not predicated to have as
much of an effect. Where riboflavin is added, all strains are predicted to have a lower
MIC, as more FMN and FAD is expected to be produced.

However, the MICs for all strains were unchanged. This means overexpression of NfsB
did not significantly increase the nitroreductase activity. Addition of 1 mM riboflavin

did not change the FZ MICs, however it did reduce the growth at some subinhibitory FZ
concentrations in strains E4, B2, and B3 (Figure 30), which is no different to the effects

of riboflavin on these strains when they were not overproducing NfsB (Figure 27).
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Figure 30: FZ dose-response curves for the NfsB transformed strains with and
without the addition of 1 mM riboflavin

Percent inhibition of growth at increasing concentrations of FZ is shown and zero percent inhibition was
taken as growth at zero FZ. The data is presented as the mean + standard error of the mean of three

independent colonies for each strain, each of which had three technical replicates.
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4.3 Discussion

The ribB and ribE riboflavin biosynthesis pathway mutations were investigated to

determine the mechanism of increased resistance to furazolidone.

Firstly, the effects of these mutations were examined. All the ribB and ribE mutations
resulted in a fitness cost, as all strains grew slower than the parental strain. This was
especially evident with the ribE deletion mutants (E2, E3, E4, and E5), which grew very
poorly. Dose-response curves of the mutants revealed subinhibitory FZ concentrations
substantially improved the growth of the ribE deletion strains. The reason for this is
unclear, however the growth enhancing effect of subinhibitory FZ was only present in
the ribE deletion mutants, which have the poorest growth. Therefore, this effect may
only occur when the cell is very compromised. One link is that FZ induces oxidative
stress and upregulates soxS (Olivera, Cox, et al., 2021), and SoxS in turn upregulates
GTP cyclohydrase Il (RibA), which catalyses the first step in riboflavin biosynthesis
(Koh et al., 1996). However, overexpression of GTP cyclohydrase Il does not
correspond to an increase in flavins in E. coli (Koh et al., 1996; Richter et al., 1993).
The predicted effect of the ribB and ribE mutations is a decrease in the amount of FMN
and FAD present in the cell. This would affect the functioning of flavoproteins, which
require FMN or FAD and have a large range of functions within the cell, especially in
redox processes. It is possible that the effect on redox processes in the ribE deletion
mutations is so severe that the presence of subinhibitory FZ improves the growth due to

FZ acting as an electron donor and acceptor, improving redox processes within the cell.

Complementation with functional RibB or RibE showed the ribB and ribE mutations
are responsible for the FZ resistance solely through inactivation of those two enzymes.
This means that there are no polar effects of the mutations on other genes in the
respective operons. The complemented strains showed improved growth up to the level
of the parental strain, as well as greater susceptibility to FZ. Complementation was also
shown to increase the nitroreductase activity of the mutant strains up to that of the
parental strain. The nitroreductase assays also showed that nitroreductase activity
corresponded to FZ resistance. Strains E4, B2, and B3 had the lowest nitroreductase
activity, and have a four-fold increase in FZ MIC as compared to the parental strain.
Strain E1 had a slightly lower nitroreductase activity, consistent with only a two-fold
decrease in FZ MIC. The parental strain and all complemented strains had the highest
nitroreductase activity, in agreement with their increased susceptibility to FZ.
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Supplementation with 1 mM riboflavin improved the growth of the mutants up to that of
the parental strain, reversing the fitness costs associated with the ribB/ribE mutations.
However, riboflavin supplementation did not change the MICs for any of the strains,
meaning that the addition of riboflavin did not result in significantly increased
nitroreductase activity. Riboflavin supplementation did inhibit the growth rate at some
of the sub-inhibitory concentrations of FZ in strains E4, B2 and B3, most notably the
addition of riboflavin prevented the growth-enhancing effect of subinhibitory
concentrations of FZ in strain E4. This supports the observation that subinhibitory
concentrations of FZ only improve the growth when the cell is very compromised. The
reason for riboflavin only reversing the fitness costs associated with the ribB and ribE
mutations and not the FZ resistance is unclear. It could be said these mutations have
two distinct effects, one that causes the FZ resistance, and one that results in poor

growth. The addition of riboflavin only reverses the poor growth.

NfsA NfsB double knockouts were constructed in the parental strain, E1, E4, B2 and
B3. The removal of these nitroreductases increased the FZ MIC of all the strains, but
the FZ MIC was not the same in all strains, meaning effects on NfsA and NfsB were not
the sole cause of the FZ resistance. The small difference can be reasonably explained

by differences in additional nitroreductase activity due to the AhpF enzyme.

Overexpression of NfsB had no effect on FZ resistance in any of the strains.
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5.1 General discussion

The increasing prevalence of antibiotic resistance is a growing threat to the ability to
treat bacterial infections. As resistance continues to develop and become more
widespread, existing antibiotics are becoming less and less effective. This is causing
increased morbidity and mortality for patients, and is signalling a return to the pre-
antibiotic era, where infections once easily treatable will once again become life-
threatening. Particularly problematic are gram-negative pathogens, which dominate the
WHO priority pathogen list for the research and development of new antibiotics. This
is because gram-negative pathogens have an additional outer membrane which makes it
more difficult for antibiotics to gain access to the cell, protecting gram-negative bacteria
from many antibiotics effective against gram-positive bacteria. The current rate of
development of new antibiotics is failing to keep up with the development and spread of
bacterial resistance mechanisms, requiring additional approaches to combat antibiotic
resistance. Combining existing drugs is one strategy that can have advantages such as
reduced toxicity, increased efficacy, and reduced resistance development when
compared to monotherapies (Foucquier & Guedj, 2015; Gomara & Ramon-Garcia,
2019).

The furazolidone — vancomycin antibiotic combination was investigated in this thesis.
The FZ — VAN combination is synergistic against gram-negative pathogens. Synergy
lowers the dose required to be effective, reducing the side effects for the patient.
Lowering the doses of this combination would reduce the nephrotoxicity side effects of
vancomycin, and the toxicity and carcinogenic side effects of furazolidone. Also, VAN
is only effective against gram-negative bacteria at concentrations that would be toxic to
the patient. Combining VAN in a synergistic combination with FZ allows for the

required dose to be lowered, repurposing VAN against gram-negative pathogens.

The aim of this thesis was to investigate the resistance development in E. coli against
the FZ — VAN antibiotic combination. Investigating resistance development towards
drugs or drug combinations is a crucial part of combating antibiotic resistance as well as
assessing the clinical viability of a treatment. Investigating resistance can lead to the
discovery of mechanisms of action of the drug, which in turn identifies bacterial drug
targets that can be exploited in further drug development. In addition, identifying

bacterial mechanisms of resistance can lead to the development of antibiotic adjuvants
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designed to target this resistance, and render the bacteria susceptible to original drug

once again.

There were seven main genes that were mutated in the resistant strains selected from the
FZ — VAN combination plates. These included the essential genes ribB, ribE, ftsH, and
rpoC which were mutated in 13 of the strains, and the non-essential genes opgG, nipl,

and wecC, which were mutated in three strains. In addition, the strain isolated from the

VAN plate had a mutation in the non-essential Ipp gene.

Strains with mutations in the riboflavin biosynthesis pathway, the ribB and ribE
mutants, were chosen for further investigation into the mechanism by which they are
causing the observed FZ resistance. Mutations in ribE, but not ribB, have been
previously associated with nitrofuran resistance (Vervoort et al., 2014). Confirming
that mutations in ribB, specifically in the promoter and 5* UTR, are linked to increased
nitrofuran resistance would allow for ribB to be included in genomic screening
processes to predict antibiotic susceptibility and would allow for better resistance

identification and improved selection of antibiotics for treatment.

The ribB and ribE mutations were found to result in a fitness cost, with all strains
growing slower than the parental strain, with some entering a stationary phase at an
ODesoo as small as 0.2. Interestingly, sub-inhibitory concentrations of FZ caused
substantially improved growth in the ribE deletion mutants, which had the slowest
growth. Complementation with functional RibB or RibE showed these genes were
solely responsible for the observed FZ resistance. Complemented strains showed a
decrease in FZ MIC as well as improved growth and nitroreductase activity to match
those of the parental strain. Nitroreductase activity was also found to directly correlate
with FZ MIC. Supplementation with riboflavin improved the growth of all strains up to
that of the parental strain, and increased growth inhibition at some sub-inhibitory
concentrations of FZ, including preventing the growth-enhancing effect of sub-
inhibitory FZ concentrations in the strains with a ribE deletion mutation. However,
none of the FZ MICs were altered upon the addition of riboflavin. The mechanism of
resistance was shown to predominantly act through the NfsA and NfsB nitroreductases,
as knocking out both genes made the FZ MICs similar, and remaining differences can
be reasonably attributed to the presence of oxygen-sensitive nitroreductases.
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5.2 Conclusions

The high proportion of essential gene mutations indicates that resistance does not easily
arise to the FZ — VAN combination, which is promising for its potential as a treatment
option for gram-negative bacterial infections. In addition, combining VAN with FZ
appeared to reduce the mutagenicity of FZ, with no mutations occurring in the nfsA nfsB

genes, which are the most common cause of nitrofuran resistance.

The ribB and ribE gene mutations were linked to increased FZ resistance and reduced
nitroreductase activity, which was found to be directly related to FZ MIC. The
mechanism of resistance could be explained as acting on the nitroreductases NfsA and
NfsB, however the effects on NfsA and NfsB were not the sole cause of the FZ
resistance. The small difference may be due to the differences in nitroreductase activity

level of the AhpF enzyme.

The mechanism of resistance is thought to be due to the ribB and ribE mutations
causing less FMN and FAD to be produced, which are essential cofactors required for
the nitroreductases NfsA and NfsB. This leads to less nitroreductase activity, which is
required for the activation of FZ into bactericidal intermediates, leading to FZ

resistance.

However, the addition of riboflavin, which is downstream of the reactions catalysed by
RibB and RibE, and upstream of FMN and FAD in the riboflavin biosynthesis pathway,
did not decrease the MICs, but did improve the growth up to that of the parental strain.

Therefore, it is possible that the ribB and ribE mutations are affecting nitroreductase

activity through mechanisms other than decreased FMN and FAD.

5.3 Future directions

For all the identified genes not chosen for further investigation, further investigation is
required to confirm that the gene mutation is in fact responsible for the observed

resistance, as well as investigation into the resistance mechanisms.

In addition, investigation into why sub-inhibitory concentrations of FZ can improve
growth in selected ribE mutants is required, as well as why riboflavin supplementation
reverts the fitness cost associated with the ribB and ribE mutations but does not lower
the FZ MICs.
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7.1 Sequencing reads
The raw sequencing reads are available from the NCBI Sequence Read Archive under

BioProject accession PRINA854676.

Sample name
K2653 (Parental strain) SAMN29446158

Biosample Accession

K2654 FZ+VAN SAMN29446159
K2655 FZ+VAN SAMNZ29446160
K2657 FZ+VAN SAMNZ29446161
K2658 FZ+VAN SAMN29446162
K2659 FZ+VAN SAMN29446163
K2660 FZ+VAN SAMN29446164
K2661 FZ+VAN SAMNZ29446165

K2662 (B1) FZ+VAN  SAMN29446166
K2663 (E1) FZ+VAN  SAMN29446167
K2664 FZ+VAN SAMN29446168
K2665 (E2) FZ+VAN  SAMN29446169
K2666 (E3) FZ+VAN  SAMN29446170
K2667 (E4) FZ+VAN  SAMN29446171
K2668 (E5) FZ+VAN  SAMN29446172
K2669 (B2) FZ+VAN  SAMN29446173
K2670 (B3) FZ+VAN  SAMN29446174
K2671 (B4) FZ+VAN  SAMN29446175
K2673 VAN SAMN29446176
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