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 ii  

to be important in the synergy of FZ and DOC and to contribute to the synergy of the 

triple combination. Similarly, the SOS response to DNA damage was shown to be 

essential for the synergy between FZ and VAN and to also contribute to the synergy of 

the triple combination. Taken together, the findings of this thesis strongly suggest the 

presence of multiple interaction points, that leads to the triple synergy, and support the 

proposed mechanism of synergy where the combined effects lead to the amplification of 

damaging effects and suppression of resistance mechanisms. 

Overall, this thesis shows the synergistic triple combination of nitrofurans, DOC, and 

VAN as a promising therapy for Gram-negative infections. Furthermore, this work 

significantly increases the understanding of drug interaction mechanisms that lead to 

synergy, which is hoped to help advance this combination further into the development 

pipeline. Transcriptomics analyses and the follow-up experiments provide key 

fundamental insights into the physiological impact that these three antimicrobials have 

on enterobacterium E. coli and highlight the advantage of combined targets in bacterial 

killing. These findings, in turn, will help design novel antibiotics, mono- or combined 

therapies, against multidrug-resistant bacteria.  
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1.1 Antimicrobial r esistance  

Throughout most of human history, what we now know as bacterial infections were 

usually treated with herbal medicines, potions, or extracts. These were often not enough; 

therefore, even uncomplicated bacterial infections often led to death. Since the 

introduction of the first commercially available antibiotic in the 1930s, these drugs have 

significantly improved life and are now an integral part of modern medicine. 

The discovery of penicillin in 1928 heralded the start of the golden age of antibiotics 

(Fleming, 1929). During this time, most of the antibiotics that we know today were 

developed and introduced to the market (Gould, 2016). However, with the decline of new 

antibiotics under development in recent years and the continuing emergence of 

antimicrobial-resistant bacteria, we are at risk of running out of antibiotics. The world is 

facing an antibiotic crisis, where bacterial infections are again a threat. 

Antimicrobial resistance is a phenomenon where bacteria develop mechanisms to resist 

the effects of an antibiotic that was previously effective against them (Munita et al., 2016; 

Peterson et al., 2018). Bacteria can develop mutations or acquire resistance genes through 

horizontal gene transfer, through mechanisms such as antibiotics modification or 

degradation (Wright, 2005), alteration of antibiotic targets (Schaenzer et al., 2020), 

increasing export through efflux pumps (Poole, 2007), and decreasing antibiotic entry by 

decreasing expression of porins (Fernández et al., 2012). The first cases of antimicrobial 

resistance were observed shortly after the introduction of every new antibiotic. For 

example, penicillin was first used to treat Staphylococcus aureus bacteraemia in 1940, 

and a hospital reported its first case of penicillin-resistant S. aureus in 1942 

(Rammelkamp et al., 1942). Back in the 1940s to the 1960s, resistance development was 

not a concern as the discovery of new antibiotics kept pace with the emergence of 
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1.2 Antimicrobial  resistance in Gram -negative bacteria  

Multidrug-resistant Gram-negative pathogens are an urgent issue in tackling 

antimicrobial resistance. The threat from Gram-negative bacteria is more severe 

compared to that of Gram-positive bacteria due to an additional protective layer, called 

an outer membrane (Breijyeh et al., 2020). This membrane acts as an additional barrier 

inhibiting the entry of both hydrophilic and hydrophobic toxic molecules (Figure 1).  

 

 

Figure 1. The cell wall structure of bacteria  
A) The cell wall of  Gram-negative bacteria is composed of an inner cell membrane and an outer membrane 

with a peptidoglycan layer in-between. B) The cell wall of Gram-positive bacteria does not have an outer 

membrane but has more layers of peptidoglycan compared to Gram-negative bacteria. Created with 

BioRender.com. 
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spp., cause most healthcare-associated infections and commonly exhibit multidrug 

resistance. They cause a broad range of diseases which include gastrointestinal illnesses, 

urinary tract infections (UTI), and bloodstream infections. In 2017, WHO released a list 

of priority pathogens, classified into critical, high, and medium priority, that urgently 

need research and development of new antibiotics (World Health Organization, 2017). 

The majority of these pathogens are Gram-negative bacteria including three pathogens 

deemed critical, carbapenem-resistant A. baumannii, P. aeruginosa, and 

Enterobacteriaceae. Carbapenem antibiotics are usually the last line of treatment for 

these multidrug-resistant bacteria, and in the case of carbapenem-resistance, the highly 

toxic polypeptide antibiotic colistin has been reserved as a last resort. However, the 

emergence of colistin resistance genes is now increasingly being reported globally, 

including countries like the US (McGann et al., 2016) and China (Chen et al., 2018; Liu 

et al., 2016). This trend leads to the inability to treat infections, and further demonstrates 

the need for novel antibacterial strategies, especially for Gram-negative pathogens.
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2019). To fill the gap, scientists are turning to alternatives such as the revival of 'old' 

antibiotics.  

'Old' antibiotics are agents that were developed decades ago and were currently 

abandoned or less favoured due to a variety of reasons, such as toxicity and discovery of 

better alternatives. For example, the 'old' antibiotics, fosfomycin and nitrofurantoin (NIT) 

are again being used to treat uncomplicated UTI due to low prevalence of resistance 

compared to fluoroquinolones and cephalosporins, which suffer from widespread 

resistance (Kranz et al., 2017; Cassir et al., 2014).  

 

1.3.2  Synergistic antibiotic combinations  

Drug synergy is defined as drug combinations having enhanced effects than the simple 

additive effects expected from each drug individually. The increased efficacy imparted 

by the synergy allows the reduction of the effective doses of each drug, which can result 

in the mitigation of off-target toxicities (Tallarida, 2011).  

There are different approaches currently used to assess drug combination synergy. These 

approaches include effect-based strategies, which compare the effects of a drug 

combination directly to their individual effects, and dose-effect based strategies, which 

compare doses of the drug individually and in the combination that give an equivalent 

effect (Foucquier et al., 2015). Examples of effect-based strategies are response 

additivity, highest single agent, and the Bliss Independence model.  

In the response additivity model (Figure 2A), a combination of drugs A and B is 

considered synergistic when the combined effect is greater than the sum of the individual 

effects of A and B. In the highest single-agent approach (Figure 2B), the effect of the 

combination is compared to the individual drug that caused the greatest effect. The 
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Figure 3. Checkerboard assay and isobologram of drug interactions based on the 

Loewe additivity model  
A, B) Two-drug combinations; C, D) Three-drug combinations. Each data point of the isobologram 

represents the concentrations presented as FIC that give a chosen quantitative effect (e.g. 90% inhibition). 

The combination is synergistic if the data points are below the additivity line or plane connecting FIC 1 on 

all the axes. 
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1.4  Nit rofurans  

Nitrofurans are a group of synthetic compounds with a nitrofuran moiety, a nitro group 

attached at the furan C5 position (Figure 4). This 'old' class of broad-spectrum antibiotics 

were clinically introduced in the 1940s to 1950s. They possess antibacterial and some 

antiprotozoal properties, and are currently used as human and veterinary drugs (Vass et 

al., 2008). Furazolidone (FZ) is used to treat enteritis and diarrhoea caused by bacterial 

and protozoal infections, nitrofurantoin (NIT) is used to treat UTI, and nitrofurazone 

(NFZ) is used as a topical agent for burns and wounds. In addition to these commercially 

available nitrofurans, CM4 is a nitrofuran that was identified in a small molecule drug 

screen to possess antibacterial properties (Spagnuolo, J., Jobsis, C. & Rakonjac, J., 

unpublished). 

 

Figure 4. Chemical structures of nitrofurans 
The nitrofuran class of antibiotics have a nitro group attached at the furan C5 position.  

 

The use of nitrofurans had been controversial. Before their prohibition for use in food-

producing animals, nitrofurans were widely used as a feed additive and veterinary 

antibiotic. However, findings of nitrofuran residues in food were concerning as they are 

stable and do not degrade upon standard food preparations (Cooper et al., 2007). Also, 
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nitrofurans are mutagenic, and it is considered that consumption of nitrofuran-

contaminated food presents a health risk since the drug residues can accumulate in tissues 

over time (McCracken et al., 2007; Barbosa et al., 2011). Studies on mice provided 

evidence of nitrofuran intake-related carcinogenicity and toxicity, with symptoms such 

as increased incidence of tumours and seizures (Kari et al., 1989). For these reasons, the 

use of nitrofurans in food-producing animals, except for some topical uses, was banned 

by the FDA in 1991. In 2002, however, the FDA tightened the rules and prohibited the 

use of all nitrofurans in food-producing animals since topical applications also led to 

residues in edible tissues. Currently, many countries, including the European Union, 

Australia, and Japan, prohibit the use of nitrofurans in food production (Vass et al., 2008). 

The exact mechanism of nitrofurans' mutagenicity in mammalian cells is not fully 

understood. It is proposed that the metabolism of nitrofurans leads to unstable active 

metabolites that could interact with DNA (McCalla et al., 1975). The same hypothesis 

has been proposed as the mechanism of nitrofuran cytotoxicity in bacteria. Upon 

activation by bacterial enzymes, active metabolites derived from nitrofurans were 

hypothesised to form adducts with DNA (Wentzell et al., 1980), cause frameshift 

mutations (Obaseiki-Ebor et al., 1986), and interact with proteins and ribosomal RNA 

(rRNA) (McOsker et al., 1994; Yu et al., 1976). NFZ, for example, was shown to directly 

and reversibly inhibit DNA synthesis (Ona et al., 2009) and NIT was reported to cause 

complete inhibition of protein synthesis (McOsker et al., 1994). However, the active 

metabolites that are responsible for these activities remain unknown. 

Despite their controversial history, the nitrofurans are still used today in human 

infections, in part due to their low prevalence of resistance. For example, NIT was 

approved by the FDA in 1953 for the treatment of UTI. Despite decades of use, resistance 

remains relatively rare. In a study conducted in six European countries, out of 775 E. coli 
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is a hydroxylamine derivative (Race et al., 2005). The reaction proceeds via two 

consecutive two-electron reductions; the second reduction step happens at a much faster 

rate, which explains why the nitroso intermediate was not observed. In another study, 

NFZ reduction by oxygen-insensitive nitroreductases only detected an open-chain nitrile, 

which was hypothesised to form through rearrangement of the hydroxylamine derivative 

followed by ring-opening (Figure 5) (Peterson et al., 1979). 

Similarly, nifurtimox, an antiprotozoal nitrofuran drug used to treat Chagas disease and 

trypanosomiasis, is also activated by trypanosomal type I oxygen-insensitive 

nitroreductase. This reaction gives a cytotoxic unsaturated open-chain nitrile as the major 

product and a stable saturated open-chain nitrile as a minor product (Bot et al., 2013; Hall 

et al., 2011).  

 

 

Figure 6. Type II (oxygen-sensitive) one-electron reduction of nitrofuran 
Type II nitroreductase performs one-electron reduction to a nitro anion radical, which under aerobic 

conditions, undergoes futile cycling and regenerates back to nitrofuran. 

 

Another type of nitroreductase in E. coli is type II oxygen-sensitive nitroreductase, which 

performs one-electron reduction (Figure 6). Besides NfsA and NfsB, other enzymes 

probably play a role in activating nitrofurans in E. coli since a double knockout of nfsA 

and nfsB genes does not confer full resistance to nitrofurans. In 1979, the presence of 

oxygen-sensitive nitroreductase was reported in E. coli, but the enzyme responsible was 

not identified. This reduction involves a nitro anion free radical, which in the presence of 
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oxygen, oxidises back to a nitrofuran with the concomitant generation of superoxide 

(Peterson et al., 1979). Recent studies by Le et al. (2019) involving nfsA nfsB double-

knockout E. coli mutants selected for increased FZ resistance indicated that a loss of 

function mutation of the gene ahpF leads to increased resistance to FZ. Subsequent 

biochemical studies then demonstrated AhpF to be another nitrofuran-activating enzyme 

with characteristic properties of type II oxygen-sensitive nitroreductase. 

1.5 Sodium deoxycholate  

Bile salts are essential components in lipid digestion, intestinal homeostasis, and 

antimicrobial protection (Begley et al., 2005; Urdaneta et al., 2017). They are produced 

in the liver, stored in the gall bladder, secreted into the small intestines, and recycled via 

the enterohepatic circulation.  

Figure 7 shows a summary of bile salt synthesis and metabolism. Firstly, the primary bile 

salts, cholate and chenodeoxycholate, are produced in the liver from cholesterol. These 

primary bile salts can exist in a conjugated form with glycine or taurine in the liver and 

gall bladder. After food ingestion, the primary bile salts and the conjugated bile salts are 

released into the intestines. Intestinal bacteria then transform these bile salts into 

secondary bile salts by dehydroxylation and deconjugation. Bile salts are facial 

amphiphilic, such that they contain both hydrophilic and hydrophobic faces, and can act 

as an emulsifier and a solubiliser. They are essential in facilitating cholesterol catabolism 

and promoting digestion and absorption of lipids and lipid-soluble nutrients. Bile salts are 

efficiently reabsorbed from the intestinal lumen and recycled back to the liver, and the 

cycle is repeated. In this process, ~95% of the total bile salt pool is recirculated via the 

enterohepatic system, while the rest is excreted in the faeces (Chiang, 2013).  
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Figure 7. Bile salt biosynthesis and metabolism by intestinal bacteria 
Primary bile salts are synthesised from cholesterol and conjugated with taurine and glycine in the liver. In 

the intestines, bacteria transform primary bile salts to secondary bile salts. Majority of bile salts are 

reabsorbed and recycled through the enterohepatic circulation. 

 

Besides their roles in absorption and digestion, bile salts also function as signalling 

molecules that regulate various cellular and molecular processes (Hylemon et al., 2009; 

Beuers, 1997), such as endocrine signalling (Houten et al., 2006), and glucose 

metabolism (Nguyen et al., 2008). Human bile salts also play an essential role in 

maintaining gut microbiota and protection against enteric pathogens. Abnormal bile salt 

patterns, such as reduced bile salt secretion in animals and humans with cirrhosis, usually 

lead to bacterial overgrowth (Fan et al., 2009; Rosenberg et al., 1967; Lorenzo-Zuniga et 

al., 2003; Gunnarsdottir et al., 2003).  

The mechanism of bile salts' antimicrobial activity is not fully understood. They are active 

against S. aureus (Sannasiddappa et al., 2017) and H. pylori (Itoh et al., 1999), with 
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lipid bilayers and alter membrane permeability by forming aqueous pores/channels, in 

which hydrophilic molecules can pass (Gordon et al., 1985). 

DOC, on its own, is not a very promising antibacterial agent against Gram-negative 

bacteria due to their intrinsic resistance to this bile salt. However, its natural presence in 

the gut could be advantageous for treating gastrointestinal illnesses. Another approach 

will be to use DOC in a combination that has a synergistic effect, where DOC's efficacy 

against Gram-negative bacteria can be enhanced. 

1.6  Vancom ycin  

Vancomycin (VAN) is a glycopeptide antibiotic used to treat most Gram-positive 

infections. It is active against methicillin-resistant S. aureus (MRSA), Clostridioides 

difficile, and Enterococcus spp. VAN is a natural product initially isolated from the soil 

bacterium Amycolatopsis orientalis and was first introduced to the market in 1954. 

Shortly after its introduction, it was overshadowed by other antibiotics, particularly 

methicillin and first-generation cephalosporins that are more efficacious and less toxic 

(Levine, 2006). Widespread use of VAN began in the 1980s as an oral treatment for 

enterocolitis caused by C. difficile (Fekety et al., 1993). It is currently included in the 

WHO list of essential medicines for adults and children as a second-choice treatment for 

C. difficile (World Health Organization, 2019b).  

VAN kills Gram-positive bacteria by inhibiting cell wall biosynthesis (Hammes et al., 

1974). During peptidoglycan synthesis, precursor Lipid II is synthesised inside the cell. 

Lipid II is a disaccharide pentapeptide unit composed of N-acetylglucosamine (GlcNAc) 

and N-acetylmuramic acid (MurNAc), and a pentapeptide containing a terminal D-Ala-

D-Ala chain. Lipid II precursors are translocated across the membrane to the sites of cell 

wall synthesis, where they are incorporated into the growing peptidoglycan through 
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transglycosylation and transpeptidation (Figure 8). During transglycosylation, a Lipid II 

unit is inserted into the growing peptidoglycan chain by the formation of glycosidic 

bonds. This process is followed by transpeptidation, where immature peptidoglycans 

crosslink via the formation of a peptide bond between two Lipid II pentapeptides. 

 

 

Figure 8. Vancomycin inhibition of peptidoglycan synthesis 
VAN binding to D-Ala-D-Ala prevents the crosslinking that occurs during the transpeptidation step of 

peptidoglycan synthesis. Created with BioRender.com based on Figure 1 and review  by Typas et al. (2012). 

 

Outside the cell, VAN binds to the terminal D-Ala-D-Ala (Figure 8), thereby blocking the 

crosslinking between peptidoglycan intermediates that happens during transpeptidation 

(Liu et al., 1994; Nieto et al., 1971; Barna et al., 1984). Additionally, the increased steric 

hindrance around the peptidoglycan precursors indirectly inhibits transglycosylation. The 

result is a weakened cell wall, which leads to cytolysis and cell death. Gram-negative 
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1.7 Synergy between n itrofurans, DOC, and VAN  

1.7.1 Nitrofurans and DOC  

Studies in the Rakonjac laboratory have found synergy between some nitrofurans and 

DOC. Synergy has been observed on Citrobacter gillenii, E. coli O157: H7, and 

Salmonella sv. Typhimurium LT2 (Jobsis, C. & Rakonjac, J., unpublished). Specifically, 

the synergy between FZ and DOC has been demonstrated and characterised in 

enterobacteria (Le et al., 2020). The mechanism of this synergy has not been fully 

elucidated; however, FZ-mediated inhibition of efflux pumps was reported to play a role. 

It was proposed that inhibition of TolC-associated efflux pumps allows DOC to 

accumulate inside the cells and exert its effect together with FZ.  

1.7.2  Nitrofurans and VAN  

Gram-negative bacteria are inherently resistant to VAN. However, in combination with 

nitrofurans, VAN can exert its effect by interacting synergistically. Synergy has been 

observed between NIT and VAN (Zhou et al., 2015) and FZ and VAN (Weerasinghe, 

2017) against E. coli. This synergy suggests that small amounts of VAN can enter Gram-

negative bacteria, which on its own have a negligible effect, but together with nitrofuran 

can impart a synergistic inhibitory effect (Zhou et al., 2015). The mechanism of this 

synergy is currently unknown.
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1.8  The aerobic electron transport  chain of E. coli  

The aerobic electron transport chain (ETC) of E. coli couples successive transport of 

electrons from donors to acceptors with the electrogenic translocation of protons from the 

cytoplasm to the periplasmic space (Figure 9). The resulting electrochemical proton 

gradient and electrical potential across the inner membrane is called the proton motive 

force (PMF) (Mitchell, 1961), which can be utilised by energy-requiring processes, such 

as ATP synthesis and antibiotic efflux.  

 

 

Figure 9. The electron transport chain of E. coli 
The electron transport chain consists of membrane-bound proteins that pairs electron transport with the 

electrogenic translocation of proton to the periplasm. The resulting proton gradient and electrical potential 

across the membrane is called the proton motive force which drives ATP synthesis and other processes. 

Created with BioRender.com based on review by Unden et al. (1997). 

 

The E. coli ETC consists of enzymes and complexes localised in the inner membrane: 

dehydrogenases and oxidoreductases that are linked by quinones, as shown in Figure 9. 

The two primary dehydrogenases Nuo (NADH dehydrogenase I), and Ndh (NADH 
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to increase their survival under aerobic conditions. Basal levels of superoxide dismutases 

and catalases detoxify low amounts of superoxide (2O2- + 2H+  H2O2 + O2) and 

hydrogen peroxide (2H2O2  2H2O + O2) produced by normal metabolic processes. 

However, in the presence of exogenous ROS and agents that increase ROS production 

such as redox-cycling drugs, the basal scavenging enzymes are insufficient, and the 

transcription factors OxyR and SoxRS must tightly regulate the oxidative stress response 

(Farr et al., 1991). 

 

 

Figure 10. Thiol-disulfide switch transcriptional regulation by OxyR 
In the presence of H2O2, the "sensing" cysteine residue of OxyR is oxidised and forms a disulfide bond with 

a neighbouring cysteine. The conformational change results in DNA binding and interaction with RNA 

polymerase that allows induction of the target gene. Oxidised OxyR is reduced by the grxA/gor system, 

with the reduced OxyR able to function as a repressor. Reused with permission from American Society for 

Microbiology Journals: American Society for Microbiology, Journal of Bacteriology. Peroxide-Sensing 

Transcriptional Regulators in Bacteria (Figure 1), (Dubbs et al., 2012), copyright 2012. 

 

OxyR is the primary regulator for H2O2 response (Storz et al., 1992). In the presence of 

H2O2, OxyR's "sensing" cysteine residue is oxidised to a sulfenic acid that rapidly forms 

a disulfide bond with another cysteine (Figure 10). This disulfide bond could also arise 

in a pro-oxidising shift in thiol-disulfide redox status inside the cell (Aslund et al., 1999). 

In both cases, the thiol-disulfide switch of OxyR results in a conformational change in 
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the tetrameric OxyR that alters DNA binding and interaction with RNA polymerase (Choi 

et al., 2001; Zheng et al., 1998; Lee et al., 2004). OxyR can function as a transcriptional 

repressor or activator in its reduced and oxidised states. Oxidised OxyR, as an activator, 

contacts four adjacent major grooves on the DNA, while reduced OxyR, as a repressor, 

contacts two major grooves (Toledano et al., 1994). 

OxyR regulates the transcription of approximately 40 genes with functions that are 

essential for H2O2 detoxification, maintaining the thiol-disulfide redox status, and DNA 

protection from oxidative damage (Seo et al., 2015). Some of these genes are ahpCF 

(alkyl hydroperoxide oxidoreductase), katG (hydroperoxidase I), dps (non-specific DNA-

binding protein), trxABC (thioredoxins), grxAB (glutaredoxins) and sufABCDSE (Fe-S 

cluster assembly system). 

SoxRS is another major regulator of the oxidative stress response, specifically towards 

superoxide (Greenberg et al., 1990; Li et al., 1994). SoxR and SoxS constitute a two-

stage regulatory system, where the activation of SoxR induces the transcription of soxS, 

which in turn regulates the transcription of genes involved in superoxide stress response 

(Figure 11A) (Li  et al., 1994). SoxR is a homodimeric transcription factor which is 

activated via the oxidation of its [2Fe-2S] clusters (Gaudu et al., 1997; Ding et al., 1996). 

The mechanism of activation of SoxR is not fully understood. Whether superoxide itself 

oxidises and activates SoxR is debated since redox-cycling drugs can induce SoxR-

regulated genes even in the absence of superoxide during anaerobic conditions (Privalle 

et al., 1988; Gu et al., 2011). However, redox-cycling drugs alone cannot fully account 

for SoxR activation, since SoxRS regulon members can be activated in superoxide 

dismutase mutants in the absence of redox-cycling drugs (Liochev et al., 1999). The 

SoxRS regulon includes sodA, encoding superoxide dismutase for superoxide 
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detoxification, acrAB, encoding a multidrug efflux pumps, and yggX for protection of Fe-

S proteins against oxidative damage (Pomposiello et al., 2003).  

 

 

Figure 11. Transcription activation of SoxS-MarA -Rob regulon 
A) Two-stage regulation of SoxRS regulon. SoxR activation induces transcription of soxS. SoxS in turn, 

induces transcription of its regulon members. B) MarR binds to two sites in the promoter region and inhibits 

transcription of its operon. Under inducing conditions, such as the presence of phenolic compounds, MarR 

is deactivated, and the promoter region is freed, allowing mar operon transcription. C) The DNA binding 

protein Rob is constitutively expressed in E. coli and present in a non-binding sequestered form under 

normal conditions. Presence of an inducing signal, such as bile salts, activates Rob, which can then bind 

DNA and influence transcription of its regulon members. Created with BioRender.com. Adapted from 

Figure 1 by Duval et al. (2013) under CC BY-SA 4.0. 
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1.9.2  SoxS-MarA -Rob regulon  

SoxS, MarA, and Rob are global regulators responsible for adaptive mechanisms for 

different stress stimuli, such as antibiotics, oxidative, and chemical stresses (Duval et al., 

2013). They are homologous transcription factors of the AraC family of proteins that have 

overlapping regulons. As discussed before, SoxS is a regulator of genes involved in 

oxidative stress, and oxidised SoxR activates its transcription.  

The mar (multiple antibiotic resistance) operon consists of marRAB. The transcriptional 

regulation by MarA is shown in Figure 11B. MarR represses the transcription of its 

operon by binding to two specific sites, sites I and II, within the operator/promoter regions 

in marO (Martin et al., 1995). In the presence of certain compounds such as phenolic 

chemicals (Cohen et al., 1993), MarR is deactivated, allowing MarA to activate the 

transcription by binding to a 20-bp region (marbox) in the promoter of the operon (Martin 

et al., 1996).  

Unlike MarA and SoxS, which are synthesised in the presence of stimuli,  Rob is a DNA-

binding protein that is constitutively expressed in the cell (Skarstad et al., 1993). Rob is 

regulated post-translationally through a "sequestration-dispersal" mechanism shown in 

Figure 11C (Griffith  et al., 2009). In the absence of a stimulus, Rob is unable to bind the 

promoter of its regulated genes. This inactive form was proposed to be due to the C-

terminal domain-mediated sequestration of Rob that blocks the N-terminal domain 

required for Rob-DNA binding (Kwon et al., 2000). In the presence of an inducer, Rob 

becomes dispersed which exposes the N-terminal domain and allowing DNA binding. 

Unconjugated bile salts, decanoate (Rosenberg et al., 2003), and dipyridyl (Rosner et al., 

2002) are some of the compounds that can induce Rob activation. 

Although different mechanisms regulate SoxS, MarA, and Rob, they are also known to 

regulate each other's transcription. SoxS, MarA, and Rob can activate the mar operon 
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(Miller  et al., 1994; Chubiz et al., 2012), and MarA and SoxS can repress Rob (McMurry 

et al., 2010; Michán et al., 2002). Activation of the SoxS-MarA-Rob regulon influences 

the transcription of genes involved in multiple resistance mechanisms, which include 

preventing the accumulation of antibiotics by increasing expression of efflux pumps 

(acrAB) and decreasing outer membrane permeability by decreasing expression of porins 

(ompF)  (Chubiz et al., 2011; Duval et al., 2013). 

 

1.9.3  SOS response  

DNA damage in E. coli activates the SOS response pathways that are regulated by the 

action of LexA repressor. Under normal conditions, LexA binds to a 16-bp sequence, 

called the SOS box, usually located near or inside the RNA polymerase binding site in 

the promoter region of its target genes (Zhang et al., 2010). The binding of LexA to the 

SOS box, therefore, represses the transcription of its regulon members (Figure 12) (Erill  

et al., 2003).  

The primary inducing signal for SOS response is the accumulation of single-stranded 

DNA (ssDNA) (Salles et al., 1984). Sensing of this signal is provided by protein RecA, 

which binds ssDNA and forms a nucleoprotein filament that promotes the autoproteolytic 

cleavage of LexA (Menetski et al., 1985; Craig et al., 1981; Little, 1984). This event 

lowers the levels of LexA and derepresses the transcription of genes involved in the SOS 

response. Besides regulating recA and its own transcription, LexA also regulates more 

than 50 genes involved in DNA repair, DNA damage tolerance, and induction of delayed 

cell division (Fernández de Henestrosa et al., 2000; Lewis et al., 1994; Walker, 1984). 
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Figure 12. SOS response induction 
LexA is the transcriptional repressor of SOS genes. When ssDNA accumulates due to DNA damage, RecA 

binds ssDNA and forms a nucleoprotein filament that stimulates LexA self-cleavage, which consequently 

derepresses transcription of SOS genes. Created with BioRender.com based on Figure 1 and review by 

Maslowska et al. (2019). 

 

The SOS response allows for high fidelity DNA repair to take place first before low 

fidelity DNA tolerance pathways that have mutagenic potential. The first sets of genes to 

be induced are the nucleotide excision and homologous recombination genes (uvrABCD, 

recA,  ruvAB) to repair the lesions (Moolenaar et al., 2000). However, for lesions that are 

not easily repaired, activation of the mutagenic DNA damage tolerance pathways, such 

as translesion synthesis performed by the polymerases PolIII (polB), polIV (dinB), and 

PolV (umuCD), are essential to bypass the DNA damage and advance the replication fork. 

During SOS induction, sulA gene is also induced, which causes DNA damage checkpoint 

by inhibiting cell division and allow time for DNA repair (Trusca et al., 1998).
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1.9.4  Iron starvation response  

Iron is an essential element in many biological processes, including cellular respiration, 

and energy metabolism. It is also a component of heme and Fe-S clusters, which are 

indispensable cofactors of enzymes with fundamental functions in these processes. 

However, despite the vital roles of iron in cells, it can also be toxic due to its ability to 

catalyse ROS production under aerobic conditions (Touati, 2000). Therefore, to achieve 

iron homeostasis, E. coli must balance the uptake of iron from its environment and 

manage the levels of cellular iron. In E. coli, the transcription factor Fur is the principal 

regulator of iron homeostasis (Troxell et al., 2013).  

Fur (Ferric Uptake Regulator) is a DNA-binding protein which uses ferrous ion (Fe2+) as 

a corepressor and functions as a transcriptional repressor of genes in its regulon (Figure 

13A). At high Fe2+ concentrations, Fur and Fe2+ form a homodimer that binds to 19-bp 

DNA sequences (Fur boxes) usually located in the promoter of its regulated genes, thus 

repressing their transcription (Bagg et al., 1987; Baichoo et al., 2002). In contrast, at low 

Fe2+ concentrations, the Fur-Fe2+ complex does not form, clearing the promoter region of 

the regulated genes, and allowing their transcription (Figure 13A). In addition to its role 

as a repressor, Fur's role as a direct and indirect activator has also been demonstrated in 

E. coli and other bacteria (Nandal et al., 2010; Troxell et al., 2013).  
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Figure 13. Iron-dependent transcriptional regulation by Fur 
A) Fur regulates the transcription of its regulon by acting as a repressor with iron as its corepressor. In iron 

replete conditions, Fur-Fe binds to the furbox in the promoter region and prevents the transcription of the 

gene, while in iron limiting condition, Fur is inactive and does not bind the furbox. B) Fur can also act as 

an anti-repressor by preventing binding of another repressor. An example is the iron storage gene ftnA, 

which is repressed by H-NS. Binding of Fur-Fe to the promoter region of ftnA prevents repression by H-

NS. C) RyhB sRNA, whose transcription is regulated by Fur, mediates post-transcriptional regulation of 

iron-utilising genes. During iron limiting conditions, ryhB transcription is induced. RyhB sRNA then pairs 

with its target mRNA and thereby prevents translation and facilitates degradation. Created with 

BioRender.com. Adapted from  Figure 2 by Troxell et al. (2013) under CC BY 3.0. 

 

During iron starvation, Fur-regulated genes are derepressed to activate pathways for iron 

import. Fe2+ are directly imported, while the insoluble ferric ion (Fe3+) are imported as 

ferri-siderophore complexes. Another response to iron starvation is the down-regulation 

of genes relating to iron storage and non-essential iron-containing proteins (Seo et al., 

2014; McHugh et al., 2003). ftnA, an iron storage gene, is downregulated during iron 
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2.14  Ethidium bromide accumulation and efflux  

The ethidium bromide accumulation assay was performed as previously described 

(Viveiros et al., 2008). Briefly, E. coli K1508 cultured in 2xYT was centrifuged at 5000 

×g for 10 min and resuspended in MOPS media (Neidhardt et al., 1974) supplemented 

with 0.4% glucose and 0.1% casamino acids (MOPS-G-CA). Cells at OD600 of 0.3 were 

then dispensed in triplicate into a black 96-well plate containing FZ, VAN, and DOC 

alone and in combination, and 0.125 µg/mL ethidium bromide. Fluorescence (544/590 

nm) was monitored at 37 °C every 2 min for 1 h using the FluoStar Galaxy fluorescence 

microplate reader (BMG Labtech). Carbonyl cyanide m-chlorophenylhydrazine (CCCP) 

at 5 µg/mL was used as a positive control. 

For the efflux assay, E. coli K1508 cells were first loaded with ethidium bromide by 

incubating with 5 µg/mL ethidium bromide and 5 µg/mL CCCP at 37 °C with shaking at 

200 rpm for 1 h. The bacteria were then centrifuged (5000 ×g, 10 min), washed with PBS, 

and resuspended in MOPS-G-CA. Cells were dispensed in triplicate into a 96-well plate 

containing FZ, DOC, and VAN alone and in combination, and the fluorescence monitored 

as described above. 
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3.1 Introduction  

Studies in our laboratory have identified pairwise synergies between nitrofurans and DOC 

or VAN against E. coli in a small-molecule screen. The synergy enhanced the efficacy 

and lowered inhibitory concentrations of the individual components. The combinations, 

therefore, have the potential of expanding the use of normally Gram-positive-only 

antibacterials, VAN and DOC, to Gram-negative bacteria. To further improve the 

combination in terms of efficacy and dose reduction to mitigate adverse effects,  the three-

way interaction of nitrofurans, VAN, and DOC was investigated. Since all these 

antibacterials are currently approved for clinical use in human indications, repurposing 

them will have the advantage of already having established toxicity studies which can 

accelerate the development timeline for this therapy.  

This chapter demonstrates the in vitro synergy between nitrofurans, VAN, and DOC in 

the growth inhibition and killing of a range of clinical Gram-negative pathogenic isolates, 

including multidrug-resistant and carbapenemase-producing bacteria for which new 

therapies are urgently needed (World Health Organization, 2017). To explore the 

possibility of using the combination in treating WHO priority Gram-positive pathogens 

(e.g. MRSA), the interaction of these three antimicrobials was also evaluated in Gram-

positive bacteria. Additionally, it was investigated whether the same synergistic effect 

can be achieved with other glycopeptides instead of VAN or a combination of bile salts 

instead of DOC. Lastly, the in vitro interaction of the antibacterials against mammalian 

cells was investigated. 
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Table 2. Minimum inhibitory concentrations  

Strain MIC  (µg/mL) 

Gram-negative FZ DOC VAN NIT  NFZ CM4 

E. coli ATCC 25922 1.25 80000 500 16 8 16 

E. coli NZRM K1508 1.25 >80000 250 16 8 4 

E. coli ERL034336 1.25 80000 250 16 8 32 

E. coli UPEC P191 1.25 80000 250 16 8 16 

E. coli NZRM 4364 0.25 >80000 125 NT NT NT 

E. coli NZRM 4402 0.625 40000 500 NT NT NT 

E. coli NZRM 4457 >128 80000 250 128 64 >128 

E. coli NZRM 4524 1.25 80000 500 NT NT NT 

C. gillenii PMR001 5 80000 500 16 16 32 

K. pneumoniae PMR001 1.25 80000 1000 64 32 >64 

K. pneumoniae NZRM 4387 2.5 80000 2000 NT NT NT 

K. pneumoniae NZRM 4412 32 80000 2000 >128 128 >128 

K. pneumoniae NZRM 4498 16 >80000 2000 >128 64 >128 

S. enterica sv. Typhimurium LT2 2.5 40000 500 16 8 16 

S. enterica  NZRM 4533 2 80000 1000 32 8 8 

S. dysenteriae NZRM 1015 4 >80000 250 8 8 4 

A. lwoffi NZRM 1218 16 40000 62.5 NT NT NT 

A. baumannii NZRM 3697 32 80000 125 NT NT NT 

A. baumannii NZRM 4408 >128 80000 250 >128 32 >128 

P. dagmatis NZRM 959 2 1250 31.25 4 4 16 

Gram-positive FZ DOC VAN NIT  NFZ CM4 

S. aureus NZRM 3478 4 312.50 2 NT NT NT 

S. aureus NZRM 4315 2 625 1 NT NT NT 

S. aureus NZRM 4548 2 625 1 NT NT NT 

S. aureus NZRM 4549 2 625 1 NT NT NT 

S. pyogenes NZRM 4366 16 156.25 0.78 NT NT NT 

S. pneumoniae NZRM 2764 2 625 0.78 NT NT NT 

MIC, minimum inhibitory concentration; FZ, furazolidone; DOC, sodium deoxycholate; VAN, 

vancomycin; NIT, nitrofurantoin; NFZ, nitrofurazone; NT, not tested. 
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3.2.2  Nitrofurans, VAN , and DOC  synergy  against Gram -negative 

pathogens  

Growth-inhibition checkerboard assays were performed to evaluate the synergy between 

nitrofurans, VAN, and DOC against a range of Gram-negative bacteria. As a proof of 

concept that the nitrofurans, as an antibiotic class, is synergistic with VAN and DOC, the 

antibacterial effect of the combinations of these two agents with either of the four 

nitrofurans (FZ, NIT, NFZ, and CM4) was evaluated in a checkerboard assay against the 

reference strain E. coli ATCC 25922. All four nitrofurans were found to be synergistic 

with DOC and VAN, with FICIs ranging from 0.11 to 0.15 (Appendix A, Figure A- 1). 

Among the nitrofurans included in this study, FZ is the most potent against the strains 

tested (Table 2). Therefore, FZ was chosen as a representative of the nitrofurans in the 

expanded strain profiling by checkerboard and time-kill assays. The FICIs for the two-

drug and three-drug combinations of FZ, VAN, and DOC are listed in Table 3. For some 

of the strains, where the MIC could not be determined, the FICI was calculated using the 

highest tested concentration. In this case, the actual FICI would be lower than the 

calculated value, and for some strains, it may not be possible to classify an interaction 

when the calculated FICI is bordering between synergistic and indifferent, such as in E. 

coli NZRM 4457. 

FZ, VAN, and DOC combination was synergistic against 15 strains, indifferent against 

four strains (S. enterica sv. Typhimurium LT2, K. pneumoniae PMR001, K. pneumoniae 

NZRM 4412, and P. dagmatis NZRM 959), and unable to be classified as synergistic or 

indifferent against one strain (E. coli NZRM 4457). Of importance is the synergy of the 

combination against some of the WHO critical priority pathogens, carbapenemase-

producing E. coli NZRM 4364 and A. baumannii NZRM 4408, and ESBL-producing K. 

pneumoniae NZRM 4387 (Table 3). 
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To further investigate the interaction between FZ, VAN, and DOC in terms of bacterial 

killing, time-kill assays were performed on some representative pathogens for which the 

triple combination showed growth inhibition synergy in the checkerboard assay. The 

strains were exposed to sub-inhibitory concentrations of FZ, VAN, and DOC or two-drug 

and three-drug combinations of these concentrations over a time course of 24 h. The time-

kill analysis for E. coli ATCC 25922, S. dysenteriae NZRM 1015, C. gillenii PMR001, 

and A. baumannii NZRM 3697 are shown in Figure 15. Combination of subinhibitory 

concentrations of FZ, VAN, and DOC resulted in > 2log10 reduction in viable cell count 

after 24-h exposure in comparison with the most active single drug, demonstrating the 

synergy in the bacterial killing of the three-drug combination in these strains. In these 

four examples, the triple combination led to the extinction of the challenged bacterial 

population at the end of the assay (a.k.a. below the limit of detection), that was not 

achieved by single drugs or double combinations at the same concentrations.  

Time-kill assay for the three multidrug-resistant pathogens, E. coli NZRM 4364, A. 

baumannii NZRM 4408, and K. pneumoniae NZRM 4387 was performed and shown in 

Figure 16. Interestingly, bactericidal synergy was still retained against these strains, 

though the effect was less profound than against the drug-sensitive strains (Figure 15)



CHAPTER 3 In vitro  characterisation of nitrofurans, V AN,  

and DOC synergy against Gram-negative pathogens 

63 

 

Figure 15. Time-kill analysis of FZ, VAN, and DOC combinations in killing (A) E. 

coli ATCC 25922, (B) S. dysenteriae NZRM 1015, (C) C. gillenii PMR001, and (D) A. 

baumannii NZRM 3697.  
The data is presented as mean ± standard error of the mean (SEM) of three independent measurements. The 

lower limit of detection was 60 CFU/mL; asterisk (*) indicates a data point that is below the limit of 

detection. 
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Figure 16. Time-kill an alysis of FZ, VAN, and DOC combinations in killing 

carbapenemase-producing (A) E. coli NZRM 4364 and (B) A. baumannii NZRM 

4408, and (C) multidrug-resistant ESBL-producing K. pneumoniae NZRM 4387.  
The data is presented as mean ± standard error of the mean (SEM) of three independent measurements. The 

lower limit of detection was 60 CFU/mL; asterisk (*) indicates a data point that is below the limit of 

detection.  
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3.2.3  Indifferent interaction of FZ, DOC, and VAN  against Gram -

positive bacteria  

VAN is not the first choice for the treatment of Gram-positive infections due to its adverse 

effects (Bruniera et al., 2015). Using VAN in a combination will allow lowering the 

effective dose of VAN, thus reducing or preventing its adverse effects. The interaction 

between FZ, VAN, and DOC against some important Gram-positive pathogens such as 

Staphylococcus aureus, Streptococcus pneumoniae, and Streptococcus pyogenes was 

investigated using checkerboard assay. In the six Gram-positive strains tested, all two-

drug and three-drug combinations of FZ, VAN, and DOC were classified as indifferent, 

with FICIs ranging from 0.53 to 1.05 (Table 4). The MICs of at least two out of these 

three antibacterials, however, were lower than concentrations within Gram-negative-

inhibitory triple combination.





CHAPTER 3 In vitro  characterisation of nitrofurans, V AN,  

and DOC synergy against Gram-negative pathogens 

67 

3.2.4  Interactions of bile salts mixture  with FZ and V AN  against E. 

coli  

To explore whether a natural bile combination present in the human gut can aid treatment 

of gastrointestinal illness caused by enterobacteria in combination with FZ and VAN, the 

interaction of these two antibacterials with a bile salts mixture that is similar in 

composition to that in the human gut was investigated. Ox gall powder from Sigma-

Aldrich (Cat No. B3883) was reported to have bile salt ratios closest to human bile (Hu 

et al., 2018) and was therefore used in this study. The content of DOC in the ox gall 

powder, according to Hu et al. (2018) is 0.09% (wt/wt) or 2.09 mmol/kg. 

The MIC of the ox gall powder for the E. coli strain ATCC 25922 was found to be 200 

mg/mL, a much higher value than that of DOC (80 mg/mL). Checkerboard assay was 

performed to investigate interactions between FZ, VAN, and ox gall bile salts (Appendix 

A, Figure A- 2). In the two-way combinations of the ox gall bile salts with FZ or VAN, 

the FICI were both 1.02, indicating indifferent interaction in the double combinations. 

Three-way combination of ox gall bile salts, VAN, and FZ led to a modest decrease in 

the FICI (0.63), yet this value corresponds to an indifferent interaction. 

 

3.2.5  Interactions of lipoglycopeptides  with FZ and DOC against E. 

coli  

Dalbavancin and oritavancin are two modified versions of VAN that have been reported 

to possess higher efficacy against Gram-positive bacteria and better safety profile than 

VAN (Crotty et al., 2016).  Given that they share the same mechanism of action with 

VAN, it was hypothesised that dalbavancin and oritavancin were also synergistic with FZ 
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3.3  Discussion  

Novel effective therapies are urgently needed for Gram-negative bacteria, in particular, 

carbapenemase-producing A. baumannii and Enterobacteriaceae that top the list of WHO 

priority pathogens for which development of novel therapies is urgent. With the 

conventional approach of small molecule antibiotic development unable to keep pace 

with the continuing emergence and spread of multidrug resistance, alternative strategies 

are necessary to expand the therapeutic space. Synergistic combinations of currently 

available antibiotics show promise due to their enhanced activity with the advantage of 

improved clearance of pathogens, slowed-down resistance development, and decreased 

toxicity (Bollenbach, 2015).  

VAN and DOC, on their own, are not effective against Gram-negative bacteria, as 

evidenced by their high MICs. Due to the relative impermeability of the outer membrane, 

large antibiotics such as VAN are not able to reach their targets in Gram-negative bacteria 

(Hammes et al., 1974; Nieto et al., 1971). These bacteria have also evolved to be highly 

resistant to bile salts, including DOC (Gunn, 2000; Raphael et al., 2005; Paul et al., 2014). 

As shown in this study, a Gram-negative-active agent, nitrofuran, somehow undermines 

tolerance of these bacteria to VAN and DOC, thereby allowing the use of these 

antimicrobials to be expanded beyond Gram-positive bacteria.  

Because of the synergistic interaction, effective doses of individual drugs in the 

combinations have been significantly reduced. For example, in the reference strain E. coli 

ATCC 25922, the concentrations in the most synergistic triple combination are 16-fold, 

32-fold and 50-fold lower for FZ, DOC, and VAN, respectively, compared to 

monotherapy. This reduction is especially significant for drugs that have adverse effects, 

such as VAN and nitrofurans. The massive decline in the use of these drugs after their 
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feature can be used to develop the combination as a hydrogel type ointment with DOC 

acting as the carrier system and as an antimicrobial. The FDA recently approved 

Kybella® (deoxycholic acid active ingredient) as a cosmetic injection for the reduction 

of submental fat. The maximum recommended single dose of Kybella® is 100 mg using 

10 mg/mL injections. Since the 10 mg/mL injections are considered safe, the most 

synergistic combination concentration of DOC (e.g. 2500 µg/mL in E. coli reference 

strain ATCC 25922) required to inhibit Gram-negative pathogens in vitro, can also be 

considered safe for topical use. The topical administration of VAN has also been explored 

in the past. VAN powder has been used topically to lower the rate of surgical site 

infections (Mallela et al., 2017). Additionally, its use in dressings has been tested in 

chronic wounds caused by Gram-positive infections such as MRSA and has been shown 

to reduce the bacterial load and achieve healing (Albaugh et al., 2013; Saif et al., 2019). 

The FZ, VAN, and DOC combination can be developed as a topical treatment for 

infections caused by both Gram-positive and Gram-negative pathogens.  

In addition to testing the combination in Gram-negative pathogens, we also investigated 

the drug interaction in Gram-positive bacteria that cause skin and soft tissue infections 

such as S. aureus and S. pyogenes (Section 3.2.3). Although the three molecules are not 

synergistic against Gram-positive pathogens, the individual MICs of DOC and VAN are 

very low in comparison to those for Gram-negatives (Table 4). The combination therapy 

effective against Gram-negatives will therefore contain at least two molecules at 

concentrations above the Gram-positive MIC and will therefore inhibit these latter 

organisms. The combination therapy could, therefore, be considered an alternative 

therapeutic option for the WHO priority pathogens such as MRSA. Besides these Gram-

positive bacteria, some Gram-negative pathogens, such as enterobacteria, can also cause 

skin and soft tissue infections, albeit at lower rates compared to Gram-positive pathogens 
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shown the lack of synergy between FZ, VAN, and DOC in Gram-positive bacteria, which 

further demonstrates that the presence of an outer membrane as a barrier to DOC and 

VAN is part of the mechanism of synergy in Gram-negative bacteria.   

In summary, this chapter presented the synergistic combination of FZ, VAN, and DOC 

against Gram-negative pathogens. The synergistic interaction allows the use of 

antimicrobials, such as VAN and DOC, that would otherwise be ineffective against Gram-

negative pathogens. Also, potential applications of the combinations were discussed such 

as treatment for gastrointestinal infections caused by enterobacteria, with the advantage 

of preventing antibiotic-associated C. difficile diarrhoea, and as a broad-spectrum topical 

treatment for skin and wound infections. Further work needs to be done, which includes 

testing the combination in vivo and understanding the mechanism of synergy.  
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of 0.5 in MH broth (Appendix A, Figure A- 4). For these reasons, this medium was chosen 

for the following transcriptomics study. 

4.3  Exp erimental design  

To determine drug concentrations to be used in the transcriptomics study, a concentration-

response (% inhibition) curve was plotted to identify the IC50 of the antibacterials on E. 

coli K1508. For the combination, the concentrations that gave the lowest FICI (most 

synergistic combination) in a checkerboard assay using 2xYT medium were first 

determined, then fixed-ratio dilutions of these concentrations were used to plot a 

concentration-response curve.  

A sublethal concentration (IC50) and a short incubation time were chosen to prevent the 

transcriptome profile being overwhelmed by stochastic expression of cell death genes. 

Cell death can lead to transcriptomic changes unrelated to the drug perturbations, and 

thereby confound the mechanism of action studies. The short incubation time also 

ascertains that the amino acid source in the medium is not exhausted, to avoid amino acid 

starvation, which strain K1508 cannot properly respond to. In addition, since gene 

expression is profoundly affected by growth (Klumpp et al., 2009), a time point when the 

treated samples were in exponential phase and were growing at a similar rate as the 

control was chosen for the transcriptome analysis in order to prevent differentially 

expressed genes arising from the difference in the growth phase of treated and untreated 

(control) samples. It was experimentally determined that these conditions are fulfilled one 

hour after drug addition (data not shown).  

The study has three main objectives: to investigate the (i) mechanism of action of FZ, 

DOC, and VAN individually, (ii ) mechanism of the synergy of the combination of FZ, 

DOC, and VAN, and (iii ) differences in effect on E. coli physiology when a drug is 
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applied individually vs in combination. The design consisted of eight treatments with four 

biological replicates each, totalling 32 samples. The treatments were control (vehicle 

only; 0.1% DMSO), IC50 concentrations of FZ, DOC, and VAN individually, the triple 

combination of FZ, DOC, and VAN that gave 50% inhibition, and the single drug controls 

for the combination (i.e. same concentrations used in the combination). The 

concentrations used and names of the analysed samples are summarised in Table 6.  

Analyses corresponding to the three objectives stated above were as follows: (i) Gene 

expression profiles of cultures exposed to single antibacterials (FZ, DOC, VAN) were 

first compared against the no-antibacterials control, and gene ontology (GO) term 

enrichment analysis was performed on the differentially expressed genes (DEGs; adj p < 

0.01, FC > 1.5) to identify perturbed pathways; (ii) The DEGs of the triple combination 

treatment (FZ+DOC+VAN) were analysed for enriched GO terms and compared with the 

results of the controls containing individual antibacterials at concentrations applied in 

combination (FZ 3d, DOC 3d, VAN 3d); (iii) Lastly, gene expression profiles for each of 

the individual antibacterials and the triple combination at IC50 (FZ, DOC, VAN, 

FZ+DOC+VAN) were compared to determine DEGs and pathways that are differentially 

expressed in the single antibacterials compared to the combination but have the same 

overall effect on bacterial growth.
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4.4  Pre - and post -sequencing  quality control  

The purified total RNA samples were analysed by electrophoresis to determine RNA 

quality before sequencing. There were two major bands expected for 23s and 16s rRNA 

at 2.9 kb and 1.5 kb, respectively, and fast-migrating bands (< 200 nt) corresponding to 

5s rRNA and tRNA. The samples showed no signs of genomic DNA or protein 

contamination, normally visible as bands running above the 23s rRNA band.  All the 

samples (Figure 18) appeared to be intact and had RNA integrity number higher than 9, 

according to LabChip® GX nucleic acid analyser (PerkinElmer). 

 

 

Figure 18. Integrity of the purified total RNA samples 
The qualities of the total RNA samples were analysed by gel electrophoresis in the LabChip GX nucleic 

acid analyser. All samples had an RNA integrity number higher than 9. Bands from top to bottom indicate 

23s rRNA, 16s rRNA, 5s rRNA, and tRNA. 

 

A principal component analysis (PCA) was performed to assess the overall similarity 

between the samples. PCA is a technique for dimensionality reduction or summarisation 

of the patterns of variation in the data. Before performing the PCA, a regularised log-

transformation was applied to the normalised counts to reduce the effects of few highly 

expressed genes and stabilise the variance across the mean. As shown in Figure 19, the 

VAN
FZ+DOC

+VAN VAN 3d
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within-group replicates clustered together, showing low variation between replicates. In 

terms of between-group variability, FZ, DOC, and FZ+DOC+VAN showed clear 

separation from the other groups, while VAN, FZ 3d, DOC 3d, and VAN 3d overlapped 

with the control. 

 

 

Figure 19. Principal component analysis 
PCA plot showing variation and clustering within and between treatment groups.  The axes show two 

principal components that explain the greatest proportion (73% and 8%) of variation in regularised log-

transformed normalised counts for all genes.  
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4.5  Results  

4.5.1  Transcriptional response to individual antibacterials   

FZ, DOC, and VAN applied individually at IC50 resulted in 1212, 1968, and 17 DEGs 

relative to the control, respectively (list of all DEGs is available in Appendix B, 

Supplementary file 4). Figure 20 shows these genome-wide expression changes of E. coli 

exposed to FZ, DOC, or VAN visualised as volcano plots to identify specific genes with 

large expression level differences and statistical significance. These plots show 

differences in RNA counts between antibacterial-containing cultures and no-antibacterial 

control as shrunken log2 fold changes (log2FCs) against the adjusted (adj) p values (see 

Chapter 2, Section 2.10); the red dots indicate DEGs. VAN treatment resulted in only 17 

DEGs. This small number of DEGs explains the overlap with the control in the PCA 

(Figure 19), that is based on expression levels of the vast majority of genes that are very 

similar in these two treatments.  

For FZ-treated samples, fhuF (ferric iron reductase), sodA (superoxide dismutase), and 

dinI (DNA damage inducible protein I) were among the most upregulated, while glp 

regulon genes (involved in glycerol and glycerol-3-phosphate catabolism) and nanC 

(encoding an outer membrane channel protein) were among the most down-regulated. For 

DOC-treated samples, the most upregulated gene is grxA (glutaredoxin) and among the 

most upregulated are the translation-related genes leuV, aspV, valW, proM, serT, and 

glyY. 
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Figure 20. Genome-wide expression changes in response to individual antibacterials 
(A) FZ, (B) DOC, or (C) VAN at the respective IC50 concentrations (compared to control). The scatter plots 

display the shrunken log2FCs and the adjusted p values. Red dots represent significantly differentially 

expressed genes (adjusted p < 0.01, |log2FC| > 0.58) relative to control, with numerical annotations to 

indicate the number of differentially expressed genes. The ten most upregulated, downregulated, and 

statistically significant genes are labelled in each plot. 
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The sets of differentially up- (log2FC > 0.58) and downregulated genes (log2FC < 0.58) 

for FZ and DOC treatments were also separately analysed for significantly enriched GO 

term annotations (Appendix B, Supplementary file 5). In FZ-treated samples, the second 

most enriched GO term for upregulated genes is SOS response, the canonical response to 

severe DNA damage. GO terms associated with ribosome assembly, iron uptake, and 

translation are significantly enriched in both FZ and DOC upregulated genes  (Figure 

21A). On the other hand, cellular respiration, carbohydrate transport, and tricarboxylic 

acid (TCA) cycle are enriched in the downregulated genes (Figure 21B).  
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Figure 21. Gene ontology term enrichment analysis of FZ and DOC DEGs  
Significantly overrepresented (FDR < 0.05) biological process GO terms in FZ and DOC (A) upregulated 

and (B) downregulated DEGs (adj p < 0.01, |log2FC | > 0.58) using PANTHER GO overrepresentation test. 
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4.5.2  Transcriptional response to FZ, DOC, and VAN  combina tion  

FZ+DOC+VAN combination resulted in 1384 DEGs, while FZ 3d, DOC 3d, and VAN 

3d alone at the same concentration resulted in 3, 119, and 1 DEGs, respectively (list of 

all DEGs is available in Appendix B, Supplementary file 4). Figure 22 shows the volcano 

plots for FZ+DOC+VAN and its 3-drug controls. The low numbers of DEGs in FZ 3d, 

VAN 3d, and DOC 3d alone explains their overlap with the control samples, as shown in 

the PCA (Figure 19).  

 

 

Figure 22. Genome-wide expression changes in response to triple FZ+DOC+ VAN 

combination 
The scatter plots display the shrunken log2FCs and the adjusted p values (Benjamini-Hochberg). Red dots 

represent significantly differentially expressed genes (adj p < 0.01, |log2FC| > 0.58) relative to control, with 

numerical annotations to indicate the number of differentially expressed genes. The ten most upregulated, 

downregulated, and statistically significant genes are labelled in each plot. 
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