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Abstract 

The use of antibiotic combinations is garnering increased interest in the recent years 

due to the spread of antibiotic-resistant bacteria. The shortage of antibacterial therapy 

options is particularly severe for infections caused by Gram-negative bacteria, due to 

the formidable barrier to molecules > 600 Da imposed by the outer membrane. 

Vancomycin is a large glycopeptide antibiotic to which the outer membrane is poorly 

permeable, hence the minimal inhibitory concentration of this antibiotic for Escherichia 

coli is very high (~500 mg/L). Due to the resistance of E. coli and other Gram-negative 

pathogens to an increasing number of < 600 Da antibiotics including beta lactams, 

aminoglycosides and quinolones, enabling vancomycin use on Gram-negative bacteria 

would be valuable. Furazolidone was reported to increase sensitivity of E. coli to 

vancomycin, and this interaction has been investigated in this thesis in order to explore 

the potential of the vancomycin-furazolidone combination for clinical applications. The 

initial analysis of the vancomycin-furazolidone synergy demonstrated that their 

interaction is synergistic rather than merely additive. Furthermore, effectiveness of this 

combination for growth inhibition and eradication of E. coli biofilm was investigated. 

However, despite the synergy between vancomycin and furazolidone, the concentration 

of vancomycin in combinations required for growth inhibition and killing of E. coli in a 

planktonic mode and as a biofilm was above the nephrotoxicity (toxicity in the kidneys) 

threshold and therefore too high to treat infections with this organism systemically. 

However, by adding deoxycholic acid to the combination, the bactericidal vancomycin 

concentration was decreased below the nephrotoxicity threshold. The mechanism of 

synergy in the planktonic mode of growth was investigated through the analysis of E. 

coli gene-knock-out mutants and it was observed that TolC, the outer membrane 

channel common to a number of efflux systems (exporting enterobactin, xenobiotics 

and metabolites) is likely to be involved in vancomycin-furazolidone synergy. 

However, it was not possible to reliably pinpoint any particular efflux pump or 

enterobactin accumulation as factors in synergy. Using the genetic approach, it was 

found that DNA excision repair endonuclease UvrABC was ruled out as a factor 

involved in synergy. Overall this study characterised the synergy between vancomycin 

and furazolidone, initiated the enquiry into the mechanisms of interaction between 

these two antibiotics and examined its effectiveness against biofilms. 
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1 Introduction 
1.1 Antimicrobial resistance 

Antimicrobial resistance (AMR) is a global phenomenon in which bacteria becomes 

resistant to current antibiotic treatments. Antibiotics have been described as one of the 

greatest advances of modern medicine and surgery. They are typically used to treat 

bacterial infections in patients and animals and are widely used in the agricultural 

industry (Carey and McNamara, 2014, Ventola, 2015). Additionally, it has been reported 

in the United States, that the use of antibiotics has resulted in a significant increase in life 

expectancy from 56.4 years in 1920 in the pre-antibiotic era to 80 years (Ventola, 2015). 

The recent rise in AMR impacts greatly on the health of the patients and the economic 

burden on governments (Cosgrove and Carmeli, 2003).  

The period from 1930 – 1960 was described as the ‘golden age’ of antibiotics with most 

of the currently used antibiotics being discovered in this period (Davies, 2006). 

However, in the past few decades, pathogen resistance to antibiotics started to emerge, 

including most notably methicillin-resistant Staphylococcus aureus (MRSA) and 

extended-spectrum beta-lactamase (ESBL) producing bacteria. It has been reported that 

over 2 million people are infected with antibiotic resistance bacterial strains in the US 

alone each year and from this, over 25 000 people die and this is further exacerbated in 

developing countries (Carey and McNamara, 2014, Planta, 2007). In New Zealand, 2.6% 

of the isolated blood culture samples were tested as ESBL positive in 2006, however, in 

2011 this had increased to 3.8% (Thomas et al., 2014).  

In addition to patient mortality, AMR is a major clinical and economic burden. When 

facing AMR infections, healthcare professionals are more likely to use more toxic and 

expensive treatments as a result of the frontline treatments being inefficient at treating 

these infections. In the US, it has been found that the average cost for treating patients 

with AMR infections ranges from $18 500 - $29 000 (Ventola, 2015). Annually in the 

US alone, it is estimated by the Centres for Disease Control and Prevention (CDC) that 

approximately $20 billion is used for health care costs of AMR and an additional $35 

billion is lost in antimicrobial production (Littmann, 2015). AMR has been in particular a 

large concern to developing countries as the rates of AMR are generally higher and many 

second or third line drugs are inaccessible or are too expensive for most patients 

(Littmann, 2015). 
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1.2 Antimicrobial resistance in Gram-negative bacteria 

While AMR is a big issue with both Gram-positive and Gram-negative bacteria, it has 

been reported that successful development of novel drugs to treat Gram-negative 

infections lags behind that of Gram-positive infections (WHO, 2014). Many frontline 

antibiotics such as vancomycin and bacitracin that are effective against Gram-positive 

bacteria are shown to be very ineffective against Gram-negative bacteria due to the 

difference in cell envelope structure (Zhou et al., 2015). The main difference between 

the two different groups is that Gram-negative bacteria have an outer membrane that acts 

as a selective barrier for molecules whose molecular weight is above 600 Da. Studies 

have shown that antibiotics can either penetrate the outer membrane by diffusion through 

porin channels for hydrophilic antibiotics or through a lipid-mediated pathway for 

hydrophobic antibiotics (Delcour, 2009, Yarlagadda et al., 2016). A large issue is that 

many frontline antibiotics that are used to treat successfully Gram-positive infections are 

too big to pass through the porins and many cannot diffuse through the lipid bilayer of 

the outer membrane (Delcour, 2009, Yarlagadda et al., 2016, Zhou et al., 2015). As such, 

there is a need for new treatments against Gram-negative bacteria whether it be through 

drug combinations or through novel discoveries. 

 

1.3 Efflux pumps 

Efflux pumps are transport proteins that are localised in the cytoplasmic membrane and 

are involved in the transport of toxic compounds from the cytoplasm of the cell into the 

external environment (Sun et al., 2014, Webber, 2002). Many different classes of efflux 

pumps exist in both Gram-negative and Gram-positive bacteria such as the multidrug and 

toxic efflux (MATE), small multidrug resistance (SMR), adenosine triphosphate (ATP) 

binding cassette (ABC) and the major facilitator superfamily (MFS). However, in 

addition to these classes of efflux pumps, is the resistance nodulation division (RND) 

pump that is exclusively found in Gram-negative bacteria (Sun et al., 2014, Webber, 

2002). The RND family of pumps has been found to be associated with extensive 

antibiotic resistance in E. coli, Pseudomonas aeruginosa and Salmonella enterica sv. 

Typhimurium. In E. coli, the most prominent of the RND pumps is the AcrAB pump 

which works together with the outer membrane partner-channel, TolC, forming together 

the AcrAB-TolC variant of the transenvelope Type I secretion system (Sun et al., 2014).  
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1.3.1  Structure of the AcrAB-TolC system 

The AcrAB-TolC is a tripartite system that is comprised of a channel in the outer 

membrane (TolC), a periplasmic protein adaptor (AcrA) and an inner membrane efflux 

protein that is extended from the cytoplasm into the periplasm (AcrB) (Blair and 

Piddock, 2009, Raczkowska et al., 2015) (Figure 1).  

AcrB is comprised of three subunits which form a complex spanning the cytoplasmic 

membrane. The cytoplasmic domains of AcrB can exist in the three different 

conformational states; access, binding and extrusion. The shift from one conformational 

state to the other is responsible for the pumping action of AcrB (Murakami et al., 2006, 

Seeger et al., 2006). This tripartite complex is also comprised of the periplasmic head 

and the transmembrane region. The periplasmic head in addition to connecting with the 

TolC outer channel contains a pore region (Sun et al., 2014). Crystallography results 

have shown that all the subunits of AcrB, contains phenylalanine residues and it has been 

proposed that it is through these residues that the substrate is bound (Murakami et al., 

2006, Seeger et al., 2006, Sun et al., 2014). The monomer labelled as the “access 

monomer” contains a smaller binding site and a vestibule (Figure 2). The third monomer 

labelled as the “extrusion monomer” contains an α-helix that is normally inclined which 

prevents the exit of the substrate from the binding site to the periplasmic head (Littmann, 

2015, Nakashima et al., 2011, Seeger et al., 2006, Sun et al., 2014, Yarlagadda et al., 

2016) (Figure 2). Inactivation of any one of the monomers inhibited the activity of this 

complex suggesting that all the monomers work cooperatively (Takatsuka and Nikaido, 

2009). 

AcrA is a periplasmic adaptor protein that is primarily comprised of the three distinct 

domains: α-helical domain, lipoyl domain and a β-barrel domain. In the AcrAB-TolC 

efflux pump system, there are two copies of AcrA. Studies have shown that AcrA 

associates with TolC through the α-helical domain and the β-barrel domain binds to 

AcrB (Fernandez-Recio et al., 2004) (Figure 1). While AcrA is not directly involved in 

the export of substrates out of the cell, it is primarily involved in coordinating the 

interaction between AcrB and the TolC channel (Mikolosko et al., 2006). However, 

studies have shown that in response to fluctuations in the pH during drug efflux, AcrA 

undergoes reversible conformational rearrangements. It has been proposed that these 
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conformational arrangements bring both the inner and outer membranes closer together 

and induce conformational changes in AcrB and TolC through protein-protein 

interactions (Ip et al., 2003). Deletion mutants in the AcrA gene were shown to have 

increased susceptibility to many drugs including nitrofurantoin, ampicillin and 

erythromycin (Ayhan et al., 2016, Liu et al., 2010). 

The outer membrane channel, TolC, is a trimer that is comprised of three subunits, each 

containing β-strands and α-helices (Koronakis et al., 2000). Each of the three protomers 

contributes 4 β-strands to form the β-barrel domain that is anchored to the outer 

membrane of the cell. Similarly, each of the protomers contributes 4 α-helices in order to 

form the α-helix barrel that spans the periplasm and interacts physically with AcrB 

(Koronakis et al., 2000). On the β-barrel side, TolC is constitutively open, however, on 

the periplasmic side, the opening and closing of TolC are mediated through the action of 

AcrA. Mutations causing the constitutive opening of the TolC channel in the periplasmic 

side were found to be more sensitive to antibiotics due to a greater influx of antibiotics 

entering the cell in comparison to the efflux of antibiotics going out of the cell (Augustus 

et al., 2004). 
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Figure 1: Diagram of the AcrAB-TolC efflux system 

AcrAB-TolC is an RND class efflux pump found in E. coli that span from the inner 
membrane across the periplasm and into the outer membrane. AcrB, the inner membrane 
component, is associated with the two AcrA adaptor proteins and the outer membrane 
channel, TolC. This figure was taken with permission from Blair and Piddock, (2009). 
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Figure 2: Structure of the AcrB trimer 

AcrB is a component of the AcrAB-TolC complex that is comprised of 3 different 
subunits. The substrate enters and binds to the binding site in the access monomer. 
Through interactions with the phenylalanine residues, the substrate travels into the 
binding monomer. Changes in the positioning of the central α-helix causes the extrusion 
of the substrate into the TolC channel. This figure was taken with permission from Sun 
et al., (2014). 
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1.3.2 Function of the AcrAB-TolC system 

It has been proposed based on the atomic resolution structures, that the AcrAB-TolC 

efflux pump transports substrates through a functionally rotating mechanism (Takatsuka 

and Nikaido, 2009). During the access state, the substrate travels through the vestibule of 

the access monomer of AcrB and binds to the transmembrane domain (Figure 2). During 

the binding state, the substrate is transported and binds to the substrate binding domain 

through interactions with the phenylalanine residues (Nakashima et al., 2011, Sun et al., 

2014). During the extrusion state, the α-helix changes positioning thus opening the exit 

and coupled with the shrinking of the binding site, the substrate is pushed through the 

funnel-like exit towards the TolC channel (Murakami et al., 2006, Seeger et al., 2006, 

Sun et al., 2014) (Figure 2). Due to conformational changes induced through AcrA, the 

TolC channel on the periplasmic side opens and the substrate travels through the TolC 

channel into the external environment (Weeks et al., 2010). This process of substrate 

efflux is thought to be powered by the proton motive force (PMF) generated from the 

electron transport chain (Seeger et al., 2006). 

 

1.4  Vancomycin 
Vancomycin is a currently used antibiotic that belongs to the glycopeptide class and was 

previously referred to as the drug of last resort (Zhou et al., 2015). Vancomycin was 

initially discovered in the 1950s but was replaced with new antibiotics discovered 

concurrently that were more efficient and less toxic. With the emergence of MRSA, 

vancomycin was brought back to treat MRSA and enterococci and ever since it has been 

the most successful glycopeptide used to date (Levine, 2006, Yarlagadda et al., 2016). 

Similarly to other glycopeptides, vancomycin is hydrophilic with a high molecular 

weight structure of 1.486 kDa (Yarlagadda et al., 2016). 

 

1.4.1 Mechanism of action 

Vancomycin kills bacteria by targeting peptidoglycan synthesis (Weeks et al., 2010, 

Yarlagadda et al., 2016). During peptidoglycan synthesis, 2 D-Ala molecules are joined 

together by ligases to form the D-Ala-D-Ala motif. This motif is then added to uracil 

diphosphate-N-acetylmuramyl-tripeptide to form uracil disphosphate-N-acetylmuramyl-

pentapeptide which, while bound to a lipid carrier, translocates into the cell wall where it 
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is incorporated into the peptidoglycan via transglycosylation (Figure 3). This allows for 

the formation of cross-bridges by transpeptidation (Courvalin, 2006). Vancomycin 

inhibits peptidoglycan synthesis by binding to the D-Ala-D-Ala complex which is 

stabilised by a combination of hydrogen bonds and van der Waals forces (Figure 4). As a 

consequence of this, cross-bridge formation by transpeptidation does not occur, thereby 

preventing the formation of the cell wall (Courvalin, 2006, Xie et al., 2011) (Figure 2).  

 

 

Figure 3: Mechanism of the peptidoglycan biosynthesis inhibition by vancomycin. 

The peptidoglycan precursors are translocated across the cell membrane from the 
cytoplasm into the cell wall where vancomycin binds to the D-Ala-D-Ala complex at the 
end of the precursors, thereby inhibiting peptidoglycan biosynthesis. This figure was 
taken with permission from Courvalin, (2006). 

 

Resistance to vancomycin may occur in Gram-positive bacteria through the acquisition 

of the mutations in various van genes (vanA, vanB, vanD, vanC, vanE and vanG) 

(Courvalin, 2006, Levine, 2006, Xie et al., 2011). All of these  van genes target the 

binding between vancomycin and D-Ala-D-Ala by modifying the binding sites. Strains 

containing vanA, vanB and vanD mutations if applicable have been reported to 

synthesize the peptidoglycan precursors with a D-Ala-D-Lac. Unlike the D-Ala-D-Ala 
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complex, the D-Ala-D-Lac lacks the central hydrogen bond and as a result of this, the 

binding affinity to vancomycin has been found to be lower by a thousand-fold thus 

resulting in resistance (Courvalin, 2006, Wright, 2011, Xie et al., 2011) (Figure 4). vanC, 

vanE and vanG, in contrast, have been reported to synthesise precursors with D-Ala-D-

Ser at the ends. As with the lac substitution, the presence of serine instead of alanine 

results in a steric hindrance, hence reducing the efficiency of vancomycin binding 

(Courvalin, 2006, Xie et al., 2011). The MICs for vancomycin against the Gram-positive 

bacteria harbouring these genes were recorded to be from up to 1000-fold higher than 

those of the wild-type E. coli (4 mg/L – 1000 mg/L);  (Courvalin, 2006). 

 

 

Figure 4: Vancomycin binding sites. 

Vancomycin binds to the D-Ala-D-Ala complex of the peptidoglycan precursors through 
a series of hydrogen bonds in order to stabilise the interaction. In vancomycin-resistant 
strains, vancomycin binds to the D-Ala-D-Lac complex of the peptidoglycan precursors 
with significantly less affinity due to the loss of the central hydrogen bond. This figure 
was taken with permission from (Wright, 2007). 

 

Unlike Gram-positive bacteria, Gram-negative bacteria are intrinsically resistant to 

vancomycin due to the presence of the outer membrane. In order for vancomycin to 

reach the D-Ala-D-Ala complex, it must cross the outer membrane. As vancomycin is 
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hydrophilic, however, it cannot diffuse through the lipid bilayer of the outer membrane. 

In addition to this, vancomycin cannot diffuse through the porins in the outer membrane 

as it is too large (Delcour, 2009, Yarlagadda et al., 2016). Due to this, many studies have 

found that the MIC (minimal inhibitory concentration) for vancomycin against Gram-

negative bacteria can be as high as 400 mg/L as opposed to ≤ 2 mg/L for Gram-positive 

bacteria (Holmes et al., 2012, Zhou et al., 2015). Mutations in E. coli involving outer 

membrane assembly reduced the MIC for vancomycin to  as low as 8 mg/L, confirming 

the role of the outer membrane in the resistance of vancomycin to Gram-negative 

bacteria (Zhou et al., 2015). Vancomycin sensitivity profiles of the Keio collection (E. 

coli K-12 deletion mutants for each non-essential gene) showed that mutations involved 

in both the assembly of the outer membrane as well as in protein synthesis caused an 

increase in sensitivity. This suggests that vancomycin may also have additional targets 

instead of just targeting peptidoglycan biosynthesis (Tamae et al., 2008, Liu et al., 2010). 

In another study vancomycin was tested against various E. coli mutants in combination 

with nitrofurantoin. Based on these findings it was suggested that in addition to protein 

synthesis, vancomycin may cause DNA damage through oxidative stress (Zhou et al., 

2015).   

 

1.4.2 Implications  

A significant issue with vancomycin is that it is associated with nephrotoxicity, i.e. 

toxicity to kidneys (Elyasi et al., 2012). While the exact mechanism as to why 

vancomycin is associated with nephrotoxicity is yet to be elucidated, several studies have 

shown that this may arise through induction of oxidative stress (Oktem et al., 2005, 

Elyasi et al., 2012). Studies that were carried out using animal models have shown that 

after administering vancomycin to rats there was a decrease in the antioxidant enzyme 

activity found in the rat renal tissue sample. This in turn suggests that the rats were 

subject to oxidative stress (Nishino et al., 2009, Elyasi et al., 2012). In addition, patients 

that were treated with vancomycin at concentrations used above 32 mg/L had a strong 

correlation with nephrotoxicity. This study also recommended that treatments should be 

no more than 30 mg/L and no less than 15 mg/L which further supports the hypothesis 

that vancomycin is ineffective at treating Gram-negative infections (Alvarez et al., 

2016).  
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1.5  Furazolidone 

Furazolidone is an antimicrobial compound that belongs to the nitrofuran class. In 

Europe, furazolidone was initially used as an antibiotic for veterinary applications, 

aquacultures and for food additives for livestock (Vass, 2008). Due to its property as a 

mutator in E. coli and possibility that it could be a carcinogen, furazolidone was banned 

in the EU in 1995 as a treatment in livestock due to safety concerns and in addition, 

furazolidone is also banned for treatment in livestock in other countries such as 

Australia, USA and the Philippines (Khong et al., 2004, Vass, 2008). However, despite 

its ban, furazolidone and the other nitrofurans are readily available as treatments and in 

South America, where furazolidone is commonly used as treatment for the children with 

diarrhoea due to the resistance to other antibiotics (Martinez-Puchol et al., 2015, Vass, 

2008). Nitrofurantoin is widely used as a second-line antibiotic for recurrent urinary tract 

infections, including New Zealand, 

 

1.5.1 Mechanism of action 

Like other nitrofurans, furazolidone is a prodrug with a molecular weight of 

approximately 200-300 Da and its antimicrobial activity is related to its 5-nitro furan ring 

(Walzer et al., 1991). While the full mechanism of furazolidone is currently not fully 

understood, studies have shown that under aerobic conditions, furazolidone activation is 

catalysed by two nitroreductases, NfsA and NfsB (Chatterjee et al., 1983, Martinez-

Puchol et al., 2015). Both of these enzymes are type I oxygen insensitive nitroreductases 

that are involved in the reduction of the nitro groups found on the 5-nitro furan ring 

through the addition of two electrons from NAD(P)H in order to produce a nitroso 

intermediate that is further reduced to form hydroxylamine and amino derivatives 

(Paterson et al., 2002, Roldan et al., 2008, Walzer et al., 1991). Deletions in nfsA reduce 

the activity of furazolidone, however, deletions in the only nfsB in the presence of nfsA, 

showed no loss in activity although deletions in both nfsA and nfsB showed a larger 

decrease in furazolidone activity (Martinez-Puchol et al., 2015, Whiteway et al., 1998). 

While the exact mechanisms are yet to be elucidated, it has been proposed that the 

hydroxylamine intermediates produced are what causes furazolidone’s antibacterial 

activity as the intermediates have been found to interact with DNA and induce DNA 



 

12 
 

damage (Roldan et al., 2008). Furthermore, furazolidone may act through the cross-

linking of DNA which can lead to the formation of DNA lesions thus ultimately 

inhibiting DNA biosynthesis (Chatterjee et al., 1983).  

Another proposed mechanism is that DNA damage is induced by the upregulation of 

intracellular reactive oxygen species (ROS) (Jin et al., 2011). ROS are molecules or ions 

that contain an unpaired electron that can induce DNA damage through the modification 

of guanine through many mechanisms such as oxidation, alkylation, halogenation and 

nitration (Jena, 2012, Roldan et al., 2008). Using 8-hydroxydeoxyguanosine (8-OHdG) 

as a biomarker for oxidative stress, studies have shown that mitochondrial DNA is 

affected by ROS significantly more than that of nuclear DNA due to mitochondria being 

the major site of intracellular ROS generation, (Jin et al., 2011). Furthermore, the effects 

of furazolidone and the level of intracellular ROS was shown to be mitigated by the 

addition of catalase and superoxide, supporting the proposed mechanism of DNA 

damage by ROS (Jin et al., 2011).  

Due to the lower molecular weight and different antimicrobial targets, furazolidone, 

unlike vancomycin possesses broad spectrum activity against both Gram-negative and 

Gram-positive bacteria. Minimal inhibitory concentrations for furazolidone against E. 

coli is in the 0.25-2 mg/L range and at 6 mg/L it has been shown to inhibit the growth of 

Staphylococci (Eady et al., 2000, Martinez-Puchol et al., 2015). 

 

1.5.2 Implications 

Despite its broad spectrum antimicrobial activity, there have been concerns regarding the 

use of furazolidone primarily due to its carcinogenic nature. Despite its carcinogenic 

activity, at lower concentrations furazolidone are considered safe to use against 

diarrhoea, however at higher concentrations, furazolidone is known to be cytotoxic (Jin 

et al., 2011, Martinez-Puchol et al., 2015, Vass, 2008). It has been shown in a rat model, 

that at higher concentrations (100 mg/kg and above), adverse symptoms occur as 

opposed to the group that was treated with lower concentrations at 50 mg/kg/day which 

experienced no adverse effects (Walzer et al., 1991). The implications of using 

furazolidone at higher concentrations are further highlighted when tested for cell 

viability on HepG2 cells at concentrations between 25 mg/L and 50 mg/L was shown to 

cause a significant reduction in cell viability (Jin et al., 2011).
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1.6 Sodium Deoxycholate 

Sodium deoxycholate (DOC) is an amphipathic secondary bile salt that is found in the 

enterohepatic circulation of humans and most animals (Shefer et al., 1995). In addition, 

DOC possesses antimicrobial activity against Gram-positive bacteria, however, it has 

been found to be ineffective against Gram-negative bacteria due to the presence of the 

outer membrane and the RND efflux pump systems. Due to this, DOC is commonly used 

as a detergent and as a selective agent in media to select for Gram-negative bacteria 

(Begley et al., 2005, D'Mello and Yotis, 1987). While the full antimicrobial mechanism 

of action is not fully elucidated, it has been proposed that DOC possesses many targets 

and is involved in the induction of oxidative stress, protein misfolding, DNA damage and 

disruption of the cell membrane (Bernstein et al., 1999, Cremers, 2014, Merritt and 

Donaldson, 2009). 

 

1.7 Drug combinations 

In order to counter the global antibiotic resistance phenomenon, there is a need for the 

synergistic combination of drugs or for the discovery and the development of new novel 

treatments (Worthington and Melander, 2013). In the case of Gram-negative bacteria, the 

identification of new drug combinations is crucial as they are generally more difficult to 

treat than Gram-positive bacteria and so the development of novel antimicrobials against 

Gram-negative bacteria is lagging behind (Tangden, 2014).  

The main objective for the use of different antibiotic combinations is to try and identify a 

synergistic response from both drugs (Rahal, 2006). Synergy is achieved when normally 

sub-inhibitory concentrations (lower than the MICs) of both drugs successfully inhibit 

bacterial growth (Mitosch and Bollenbach, 2014, Rahal, 2006). This may provide many 

benefits such as increased efficacy, reduced levels of toxicity and the lower likelihood of 

antibiotic resistances emerging as opposed to single antibiotic treatments. Interestingly, 

recent in vitro studies have argued that the use of synergistic antibiotic combinations 

may potentially exacerbate the antimicrobial resistance phenomenon due to increased 

evolutionary rates of resistance emerging (Hegreness et al., 2008, Pena-Miller et al., 

2013). This, however, may be due to the added selection pressure for resistance 

mutations, however, it is shown that extremely inhibitory synergistic interactions where 

the bacteria are cleared quickly may mitigate this (Hegreness et al., 2008, Pena-Miller et 

al., 2013).  
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1.7.1 Evaluation of interactions 

Two antibiotics, when combined may interact synergistically, antagonistically or 

indifferently and these interactions between two different drugs are commonly evaluated 

using the Bliss independence method, Fractional Inhibitory Concentration Index (FICI) 

and time-kill curves (Mitosch and Bollenbach, 2014). The Bliss independence method is 

derived from the idea where two drugs contribute towards a common result but do not 

directly interact with one another (Lee, 2010, Tang et al., 2015). This model predicts the 

interaction between the drugs by using four growth measurements with one being the 

growth of the bacteria without any drugs, the growth of the bacteria in the presence of 

drug A, the growth of the bacteria in the presence of drug B and the growth of the 

bacteria in the presence of drug A and drug B in combination (Bliss, 1939) .While the 

Bliss independence model is a very popular for the quantification of interaction, it is not 

without its disadvantages, with the key disadvantage being the assumption that the dose-

effect curves are exponential. This can lead to potential underestimations or 

overestimations regarding the interaction between the drugs. (Foucquier and Guedj, 

2015, Mitosch and Bollenbach, 2014, Tang et al., 2015). 

In addition to the Bliss independence method, FICI can be used to quantify interactions 

between different drugs.  FICI is based off the Loewe’s additivity theory which uses a 

FIC index of 1 to determine whether a drug is either synergistic or antagonistic 

(Meletiadis et al., 2010, Singh et al., 2013). The Bliss independence method only tests 

one given concentration of the two drugs in combination. In contrast, the FICI method 

tests multiple different combinations and provides significantly more information 

regarding the drug to drug interaction (Berenbaum, 1989, Meletiadis et al., 2010). 

 

1.7.2 Targets and mechanisms 

Different antibiotics may act through direct interaction where both physically interact 

with each other at the targets to elicit their response or conversely they may act indirectly 

where one antibiotic facilitates the uptake of the other antibiotic. The antibiotics can 

either inhibit different targets through different pathways, inhibit the same target through 

different pathways or inhibit different targets through the same pathway (Worthington 

and Melander, 2013, Bollenbach, 2015). It has also been hypothesised that interactions 

between bactericidal and bacteriostatic antibiotics may be antagonistic because 
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bactericidal antibiotics work on growing cells, while bacteriostatic antibiotics serve to 

inhibit cell growth thus resulting in an antagonistic interaction between the two (Mitosch 

and Bollenbach, 2014). A common example of this is the combination between protein 

synthesis inhibitors and penicillin. Protein synthesis inhibitors act bacteriostatically and 

inhibit bacterial cell growth, thus limiting the bactericidal activity of penicillin through 

the lack of a target (Tuomanen, 1986). It is also understood that aminoglycoside 

antibiotics work synergistically with beta-lactams as the beta-lactams make the cell more 

permeable to aminoglycosides (Davis, 1982). Despite the use of many antibiotic 

combinations, the exact mechanisms of their interacttions are not fully elucidated at this 

point (Mitosch and Bollenbach, 2014, Tangden, 2014, Bollenbach, 2015). While basic 

targets and mechanisms are understood, the more complex mechanism such as the exact 

changes in the physiology of the cells and the effects at the molecular level are still 

unknown for many antibiotic combinations (Mitosch and Bollenbach, 2014). 

 

1.8 Biofilms 

1.8.1 Structure 

Biofilms are defined as populations of bacteria that grow as a sessile multicellular colony 

that provides bacteria with survival advantages (Hoiby et al., 2010).  

Normally bacteria may exist in either a planktonic or in a sessile state, which are 

physiologically and phenotypically distinct from each other (Coenye and Nelis, 2010). 

Biofilm formation is initiated when bacteria sense a set of environmental cues such as 

temperature, osmolarity, pH and iron. Studies have found that different conditions are 

required the biofilm formation of different bacterial species, for example, E. coli 

O157:H7 only forms biofilms in low nutrient media whereas E. coli K-12 only forms 

biofilms in minimal media when supplemented with amino acids (O'Toole, 2000).  

The multistep process of biofilm formation is initiated by planktonic bacteria in which 

bacterial  cells initially attach to a surface using cell surface structures, such as fimbriae, 

in a reversible manner that is mediated through the weak van der Waals forces (Dufour, 

2010, Rendueles and Ghigo, 2012) (Figure 5). The bound colonies on the surface 

produce an extracellular matrix that is comprised of exopolysaccharides, proteins and 

extracellular DNA which is used to complex between the cell surface structures and the 

surface (Figure 5). This allows bacteria to be irreversibly bound to the surface in the 
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absence of physical or chemical interventions. Furthermore, the extracellular matrix has 

been reported to be involved in the communication between bacteria through quorum-

sensing and this is a key factor regarding the interference of the penetration of 

antimicrobials (Coenye and Nelis, 2010, Vasudevan, 2014). Production of the 

extracellular matrix is followed by the maturation phase of the biofilms.  

During the maturation phase, the bacteria begin to actively replicate and the overall 

density of the biofilm increases. Based on early evidence, it was initially thought that 

biofilms were comprised of cells stacked on top of each other. However, based on 

advances in microscopy techniques over the years, studies have found that the biofilms 

are hydrated with water channels that provide the bacteria within the biofilm with 

nutrients and ions (O'Toole, 2000). The maximum growth of the biofilm is limited due to 

factors such as nutrients present on the surface, the ability to remove waste products and 

for the delivery of nutrients to the cells within the biofilm (Dunne, 2002). At the 

maximal population within the biofilm, some bacterial cells may detach from the biofilm 

in order to colonise a new niche (Dufour, 2010, Rendueles and Ghigo, 2012, Vasudevan, 

2014) (Figure 5). It has been found that, depending on the bacterial species and strains, 

there are multiple ways in which the biofilm dispersal may occur. This includes 

swarming dispersal, clumping dispersal and surface dispersal (Hall-Stoodley et al., 

2004). It has also been suggested that population dependent gene expression, controlled 

by cell to cell signalling drives the formation, maturation and the dispersal of biofilms 

(Dunne, 2002). 
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Figure 5: Steps involved in biofilm formation. 

Initially, planktonic bacteria adhere to surfaces using cell surface structures. Following 

the initial attachment, the bound colonies produce the extracellular matrix which enables 

the biofilm to be bound irreversibly and provides important survival properties that 

ensures its maturation. Once fully matured, cells disperse from the biofilm to colonise 

new niches. Scanning electron microscopy images show the initial attachment, formation 

and the full maturation of the biofilm. This figure was taken with permission from 

Rendueles and Ghigo, (2012). 
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1.8.2 Clinical significance 

The key issue caused by the presence of biofilms is that they are significantly more 

difficult to treat as they are highly resistant to many antibiotics. It has been reported that 

in biofilms, different genes are expressed that confer resistance to antibiotics such as 

increasing the expression of resistance nodulation division (RND) efflux pumps and the 

presence of the extracellular matrix that acts as a protection barrier against antibiotics 

(Dufour, 2010, Vasudevan, 2014). Additionally, it has been proposed that due to the 

slow growth rates of the bacteria within the biofilm, they are not as susceptible to many 

antibiotics as opposed to fast growing planktonic bacteria (Trautner and Darouiche, 

2004, Vasudevan, 2014). Within the biofilms, a very small percentage (0.1-1%) of cells, 

termed as persister cells, become metabolically dormant and can escape the activity of 

the antibiotics. Once conditions are favourable, the persister cells are resuscitated to their 

normal physiological state and can act as initiator cells and reform the biofilm. This 

factor is also very common in chronic biofilm infections (Dufour, 2010, Vasudevan, 

2014). Many studies have found that the minimal inhibitory concentrations (MICs) and 

the minimal bactericidal concentrations (MBCs) of bacteria growing in a biofilm are 

significantly greater than that of planktonic bacteria of the same strain and with the same 

genome, with some being as high as up to 1000-fold higher (Dufour, 2010, Dunne, 2002, 

Vasudevan, 2014).  

The presence of biofilms poses a large problem within the health care and hospital 

settings. In hospitals, catheter associated infections (CAUTI) are highly prevalent and are 

primarily caused by the biofilms present on the surface of the catheters (Nicolle, 2014). 

The prevalence of these infections is very high and it has also been reported that the 

duration of a patient is in contact with a catheter, is correlated with the risk of developing 

an infection (Nicolle, 2014). Studies conducted by the National Institute of Sciences in 

India, have shown that biofilms are the main cause of infection for approximately 60% of 

infections in hospitals (Vasudevan, 2014). As a preventative measure, hospitals treat 

catheters with antibiotics or with antibiotic combinations in order to prevent the 

formation of biofilms, however, it has been noted that current antibiotic treatments 

cannot completely eradicate a biofilm (Hoiby et al., 2010). 
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1.9 Hypothesis and aims 

The key issue in the use of antibiotic combinations is that the underlying mechanisms of 

actions are unclear. Unpublished work in the Rakonjac Laboratory has identified the 

synergism between nitrofurans and vancomycin (JR, unpublished). Furthermore, recent 

studies have found that there is synergism between vancomycin and another nitrofuran, 

nitrofurantoin, against E. coli, although the mechanisms of this antibiotic interaction are 

not yet elucidated (Zhou et al., 2015).  

We hypothesised that furazolidone enters the cell and through the intermediates formed 

through the reduction of the 5-nitro furan ring, disrupts the generation of the PMF. This 

would prevent the AcrAB-TolC system from functioning normally and while TolC is in 

its open state, vancomycin would be able to bypass the outer membrane of the cell.   

Another potential hypothesis was that furazolidone freely diffuses into the cell through 

the porins and vancomycin would enter the cell through the outer membrane channel, 

TolC, activated by the transport of enterobactin out of the periplasm of E. coli. The 

biosynthesis of enterobactin and its export would in turn be upregulated by oxidative 

stress induced by furazolidone. 

This thesis aims to characterise the vancomycin-furazolidone synergy in E. coli K12 

planktonic cells and biofilm. The second aim waws to investigate the mechanism of this 

synergy exploiting the genetic tools available for E. coli K12.  

Unpublished work done in the Rakonjac Laboratory has found that there is synergy 

between furazolidone and DOC against E. coli (Vuong Le, unpublished). Based on this, 

it was hypothesised that there would be a highly synergistic interaction of the triple 

combination containing vancomycin, furazolidone and DOC. Therefore, the third aim of 

the thesis was to determine whether there is a triple-synergy among these three 

molecules against E. coli K12. 
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2 Materials and methods 
2.1 Media preparation  

All media were prepared and stored according to the manufacturer’s instructions.  

All E. coli strains were grown in 2xYT rich media (BD DifcoTM) or in 2xYT media 

supplemented with antibiotics, kanamycin at 50 mg/L or chloramphenicol at 25 mg/L or 

ampicillin at 100 mg/L or chemicals, 10 mM CaCl2 (Sigma-Aldrich ®) or 10 mM Na-

citrate. Sterile broths were obtained by autoclaving at 121℃ at 100 kPa for 15 minutes. 

Antibiotics and chemicals were added after autoclaving. 

The agar plates were solidified using 2xYT media and bacteriological agar (Acumedia) 

at 1% or Bacto-agar (BD) at 1.5%  

 

2.2 Bacterial strains  

All strains that were used were laboratory E. coli and are listed in Table 1. All strains of 

E. coli were streaked on to 2xYT agar and were incubated overnight at 37℃ with the 

exception of E. coli K1466 which was incubated at 30℃. A single isolated colony was 

inoculated in 2xYT rich media which was incubated at 37℃ (30℃ for E. coli K1466) 

while shaking overnight. Frozen stocks were produced by adding dimethyl sulfoxide 

(DMSO) to fresh bacterial overnight cultures at a final concentration of 7% and were 

subsequently frozen at -80℃. Overnight cultures were obtained by inoculating 5 mL of 

2xYT media with a single colony from the E. coli strain of interest which was incubated 

at 37°C shaking at 200 rpm overnight. 
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Table 1: List of E. coli strains used. 

Strain Parent Genotype Source 

BW25113  F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), 

λ-, rph-1, Δ(rhaD-rhaB)568, hsdR514 

(Baba et al., 2006) 

K1508 MC4100 MC4100 ΔlamB106 (Baneyx, 1991) 

K2404 BW25113 BW25113, ΔtolC732 (Baba et al., 2006) 

K2427 BW25113 BW25113, ΔtolC732, ΔentC731 (This work) 

K2428 BW25113 BW25113, ΔacrA726 (Baba et al., 2006) 

K2430 BW25113 BW25113, ΔentC731 (Baba et al., 2006) 

K2431 BW25113 BW25113, ΔuvrA753 (Baba et al., 2006) 

K2414 BW25113 BW25113, ΔtolC732, ΔentC731::kan (This work) 

JW0585-2 BW25113 BW25113, ΔentC731::kan (Baba et al., 2006) 

JW5503-1 BW25113 BW25113, ΔtolC732::kan (Baba et al., 2006) 

JW0862-1 BW25113 BW25113, ΔmacA779::kan (Baba et al., 2006) 

JW0863-1 BW25113 BW25113, ΔmacB780::kan (Baba et al., 2006) 

JW3481-1 BW25113 BW25113, ΔmdtE768::kan (Baba et al., 2006) 

JW3482-1 BW25113 BW25113, ΔmdtF769::kan (Baba et al., 2006) 

JW0452-3 BW25113 BW25113, ΔacrA726::kan (Baba et al., 2006) 

JW0451-2 BW25113 BW25113, ΔacrB747::kan (Baba et al., 2006) 

JW2454-1 BW25113 BW25113, ΔacrD790::kan (Baba et al., 2006) 

JW3233-2 BW25113 BW25113, ΔacrE783::kan (Baba et al., 2006) 

JW3234-1 BW25113 BW25113, ΔacrF784::kan (Baba et al., 2006) 

JW5338-1 BW25113 BW25113, ΔmdtA773::kan (Baba et al., 2006) 

JW2060-1 BW25113 BW25113, ΔmdtB774::kan (Baba et al., 2006) 

JW2660-1 BW25113 BW25113, ΔemrA766::kan (Baba et al., 2006) 

JW2661-1 BW25113 BW25113, ΔemrB767::kan (Baba et al., 2006) 

JW2365-1 BW25113 BW25113, ΔemrK777::kan (Baba et al., 2006) 

JW2364-1 BW25113 BW25113, ΔemrY776::kan (Baba et al., 2006) 
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2.3 Antibiotics 

All antibiotics that were used are listed in Table 2. Antibiotics were suspended in 

solvents at concentrations and storage conditions according to the manufacturer’s 

instructions.  

 

Table 2: List of antibiotics and concentrations used. 

Antibiotic Supplier Stock 

concentration and 

solvent 

Storage Concentration 

range (mg/L) 

Vancomycin Goldbio 100 g/L in DMSO -20 °C 64 000 – 3.9 

Furazolidone Goldbio 10 g/L in DMSO -20 °C 1250 – 0.078 

Tetracycline Boehringer 

Mannheim 

10 g/L in 50% 

ethanol and 50% 

distilled water 

-20 °C 10  

Kanamycin Goldbio 50 g/L in distilled 

water 

-20 °C 25 

Ampicillin Goldbio 100 g/L in 

distilled water 

-20 °C 100  

Chloramphenicol Sigma 50 g/L in 100% 

ethanol 

-20 °C 25 
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2.4 Minimal inhibitory concentration (MIC) 

2.4.1 Checkerboard assay 

For combined antibiotic assays, appropriate vancomycin or furazolidone dilutions were 

added sequentially (12.5 μL each) to the wells of a flat-bottom 384 microtitre well plate 

(Corning®, USA). Each concentration combinations were made in triplicate. For the 

MICs of each antibiotic alone or for the positive control, 25 μL of each of the 

vancomycin and furazolidone concentrations, or tetracycline at 10 mg/L was added.  No 

antibiotic was added to the negative controls. The final concentration of DMSO in all of 

the wells was 4%. 

Fresh overnight cultures of the E. coli strain of interest were diluted 1:100 and incubated 

at 37 °C for 1.5 hours while shaking at 200 rpm. Following the 1.5-hour incubation, the 

optical density of the bacteria was measured on a spectrophotometer (Thermo Fisher 

Mutiskan™ GO Microplate spectrophotometer) at 600 nm and the cultures were diluted 

down to 2×106 CFU/mL. From this bacterial inoculum, 25 μL was added into the wells 

containing the antibiotics and the controls. Following this, the 384 microtitre well plate 

was spun at 1000 rpm for a few seconds (Heraeus Labofuge 400R) to eliminate bubbles. 

The microtitre plate was incubated at 30°C and readings were taken every hour for 24 

hours at 600 nm on a plate reader (Thermofisher MultiskanTM GO). Each experiment was 

performed in triplicate.  

The OD readings for the 24-hour time point was chosen to calculate the percentage of 

inhibition. The percentage of inhibition was calculated using the formula: 

݊݋݅ݐℎܾ݅݅݊݅ ݂݋ % =  100 − ൫ܱܦௌ௔௠௣௟௘ − ௡௘௚௔௧௜௩௘ܦ௣௢௦௜௧௜௩௘൯൫ܱܦܱ − ௣௢௦௜௧௜௩௘൯ܦܱ  × 100 

From this, the minimal concentration of the antibiotic causing 90% inhibition (IC90) can 

be determined (Campbell, 2010). Following this, the Fractional Inhibitory Concentration 

Index (FICI) was calculated using the formula: 

ܫܥܫܨ = 90௏௔௡௖௢௠௬௖௜௡ܥܫ௏௔௡௖௢௠௬௖௜௡ܫܥܫܨ  +  90ி௨௥௔௭௢௟௜ௗ௢௡௘ܥܫி௨௥௔௭௢௟௜ௗ௢௡௘ܫܥܫܨ 

FICI is the minimal concentration of an antibiotic that causes 90% growth inhibition 

when used in combination with another antibiotic. 
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MIC is the minimal concentration of each antibiotic when applied alone that causes 90% 

inhibition. 

An FIC index of ≤ 0.5 indicates a synergistic relationship, additive if the FIC index is 

from 0.5-2.0 and antagonistic if the FIC index is >2.0 (Singh et al., 2013). 

 

2.4.2 Minimal Bactericidal Concentration (MBC)  

Following the 24 hours incubation of the checkerboard assay, from the triplicate wells 

with no visible growth, 10 μL were plated on 2xYT plates. The 2xYT plates were 

incubated overnight at 37 °C and to determine whether any colonies were formed. Given 

that the starting bacterial count was million per mL, hence thousand per 10 μL, 10 

colonies corresponded to 99% killing. The combinations that yielded less than 10 

colonies were chosen for the time-kill assay. 

 

2.5 Time-kill assay 

This method was adapted from Petersen et al. (2006). Antibiotic dilutions in 500 μL 

tubes were prepared, with vancomycin being diluted to as shown in Table 2. In the 

combination groups, vancomycin was diluted down to 62.5 mg/L and was added to 1.25 

mg/L and 0.625 mg/L of furazolidone. 

Overnight cultures of the appropriate strain were diluted 100-fold into sterile 2xYT and 

were incubated on a shaker at 37℃ for 1.5 hours. The optical density of the bacterial 

suspension was read on a spectrophotometer at 600 nm and was subsequently diluted 

down to 2 × 106 CFU/mL. To each of the tubes containing 500 μL of antibiotics, 500 μL 

of the diluted bacterial suspension was added in triplicates and was incubated at 30℃ for 

0, 2, 4, 6 and 24 hours on a shaker. At each time point, the tubes containing the 

antibiotics and bacteria were serially diluted 1:10 (100-10-5) and from each of the 

dilutions, 10 μL was spread on to 2xYT plates and for 12-16 hours with the exception of 

the tetracycline dilutions which was incubated for 18 hours at 37℃. The colonies were 

counted and the CFU/mL was determined using this equation: 

݈݉/ݏݐ݅݊ݑ ݃݊݅݉ݎ݋݂ ݕ݊݋݈݋ܥ = × ݏ݁݅݊݋݈݋ܿ ݂݋ ݎܾ݁݉ݑ݊ ݁݃ܽݎ݁ݒܣ ݀݁ݐ݈ܽ݌ ݁݉ݑ݈݋ݒݎ݋ݐ݂ܿܽ ݊݋݅ݐݑ݈݅݀   
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2.6 Competent cells 

This method was adapted from (Jacobsson et al., 2003). The E. coli mutant strain of 

interest was suspended in 2xYT media supplemented with kanamycin at 50 mg/L and 

was grown overnight at 37 °C with medium shaking. From the overnight culture, 500 μL 

was inoculated into 25 mL of 2xYT media and was incubated at 37 °C until the OD 

reading was 0.2 – 0.4 (0.15 – 0.2 for chemically competent cells) at 600 nm. The 

bacterial inoculum was incubated on ice for 30 minutes and was subsequently 

centrifuged at 4000 × g for 10 minutes at 4 °C. Following centrifugation, the supernatant 

was removed and the cells were resuspended in 10% glycerol and were incubated on ice 

for 10 minutes three times. The pellet was resuspended in 0.5 mL of 10% glycerol and 

was stored at -80 °C. 

 

2.7 FLP recombination in E. coli 

This method was adapted from (Baba et al., 2006, Datsenko and Wanner, 2000) and is 

based on the plasmid, pCP20 that expresses the FLP recombinase under a temperature 

sensitive promoter pL and has a temperature-sensitive origin of replication and Amp 

resistance marker. This plasmid is transformed into strains containing the Keio collection 

Km cassettes that replace the specific ORFs and are flanked by frt sequences (targets of 

FLP recombinase) and incubated under the conditions that are permissive to pCP20 

replication (30°C). The transformation was performed by electroporation. Briefly, pCP20 

DNA (100 ng) was added to a microtube containing the electrocompetent cells and the 

mix was further added into 0.2 cm electroporation cuvettes (Bio-Rad). The 

electroporation cuvettes were placed into the electroporation apparatus (Bio-Rad 

MicroPulserTM) and electroshocked at 2.5 kV for 5.8 milliseconds followed immediately 

by adding 1 ml of Super Optimal broth with Catabolite repression (SOC). The cell 

suspension was transferred to a microfuge tube and incubated at 200 rpm for 1 hour at 

30°C. Of this culture, 20 μL was plated on a 2xYT plate supplemented with ampicillin at 

100 mg/L and was incubated overnight at 30°C. From the 2xYT + ampicillin plate, a 

single colony was inoculated into 5 mL of 2xYT broth and was incubated at 43°C 

overnight. A dilution series of 1:10 from 100 – 10-6 was prepared of which 50 μL was 

streaked on to 2xYT plates that were incubated at 30°C overnight. From the 2xYT plate, 

10 single colonies were patch plated on to 2xYT supplemented with kanamycin at 50 

mg/L, 2xYT supplemented with ampicillin at 100 mg/L and 2xYT plates. The 2xYT and 
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kanamycin plates were incubated at 37 °C overnight while the ampicillin plate was 

incubated at 30°C overnight. Patches on the 2xYT plate that were sensitive to both 

kanamycin and ampicillin corresponded to the FLP recombinants from which the KmR 

marker was removed and which lost the pCP20 plasmid. Cells from one such patch were 

deletion mutants without the KmR cassette and were used in further experiments. 

 

2.8 P1 transduction 

An overnight culture of a donor E. coli strain was prepared. From this overnight culture, 

50 μL along with 100 μL of prewarmed 2xYT media supplemented with 10 mM CaCl2 

and 50 μL of the P1 phage master stock (titre 107 – 108) was added to a preheated flask 

which was subsequently incubated for 5 minutes at 39°C. Following incubation, 10 mL 

of prewarmed 2xYT media supplemented with 10 mM CaCl2 was added to the flask and 

was incubated at 39°C while shaking at 200 rpm for 6 hours for lysis to occur. Following 

cell lysis, chloroform was added and the remaining cell debris was centrifuged at 4500 

rpm for 10 minutes at 4 °C. The supernatant was filtered through a 0.45 μm filter and 

was titred on a 2xYT plate supplemented with 25 mg/L chloramphenicol and soft agar. 

Fresh overnight cultures of the recipient E. coli strain was prepared and 1 mL was 

centrifuged at 10 000 rpm for 3 minutes. The supernatant was discarded and the pellet 

was resuspended in 1 mL of 10 mM MgSO4 and was spun twice. Mixtures containing 2, 

10 and 20 μL of P1 lysate of the donor strain and 100 μL of 10 mM MgSO4 and 50 μL of 

the recipient cells was incubated at 39°C for 10 minutes to allow the phage to enter the 

cells. Prewarmed 2xYT containing 10 mM of Na-citrate was added in 1 mL quantities 

into each of the mixtures and was incubated at 39°C for 1 hour while shaking at 200 rpm. 

Following incubation, the mixtures were centrifuged at 12 000 rpm for 2 minutes at room 

temperature and the supernatant was discarded and was resuspended in an equal volume 

of 10 mM MgSO4 and spun again. Following the second round of centrifugation, each of 

the mixtures were resuspended in 50 μL of 10 mM MgSO4 of which 30 μL was streaked 

on 2xYT plates supplemented with kanamycin at 50 mg/L and 10 mM Na-citrate. The 

plates were incubated at 39°C and the transductants were streaked on to a 2xYT plate 

supplemented with kanamycin at 50 mg/L. Colonies resistant to kanamycin were 

streaked on to a fresh 2xYT plate containing kanamycin were subjected to removal using 

transient transformation with pCP20 as described above. 
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2.9 Biofilms 

2.9.1 Growing biofilms 

This method was adapted from (Moskowitz et al., 2004). The optical density of the 

overnight culture of E. coli BW25113 was measured on a spectrophotometer (Thermo 

Fisher Mutiskan™ GO Microplate spectrophotometer) at 600 nm and the culture was 

diluted down to 1×107 CFU/mL in 2xYT media. From the diluted bacterial culture, 150 

μL was added into the wells of a 96 well plate (Nunc 269787) which were subsequently 

covered with a peg lid (Nunc Immuno-TSP 445497). For the sterility control, 2xYT 

media was added. The 96 well plate and the peg lid was incubated on a shaker at 37 °C 

for 24 hours at 120 rpm. Following the 24 hours incubation, the lid containing pegs was 

transferred into a new 96 well antibiotic challenge plate. For this plate, 200 μL of 

antibiotic dilutions or the combination of vancomycin and furazolidone dilutions was 

prepared and for the growth and the sterility controls, 200 μL of 2xYT media was added. 

The antibiotic challenge plate with the inserted peg lid containing the biofilms was 

incubated at 30°C for 24 hours. Following the incubation, the peg lid was washed in 

rinse plates containing 200 μL of sterile 2xYT media for one minute in order to rinse off 

non-attached or loosely attached cells. Following the rinsing, the peg lid was inserted 

into a recovery plate containing 150 μL of sterile 2xYT media which was centrifuged at 

2000 rpm for 20 minutes (Heraeus Labofuge 400R) in order to dislodge the biofilm and 

collect the cells in the recovery plate. 

2.9.2 Minimal biofilm inhibition concentration (MBIC)  

This method was adapted from (Moskowitz et al., 2004). The OD of the cells collected 

in the recovery plate in the previous step was measured at 600 nm. The minimal 

inhibitory concentration was determined as the lowest concentration to cause 90% of 

biofilm inhibition.  

2.9.3 Minimal biofilm eradication (killing) concentration (MBEC) 

The contents in the recovery plate were serially diluted (10-fold 100 to 10-4). From each 

dilution, 25 μL was subsequently spread on to 2xYT plates. The plates were incubated 

overnight at 37 °C. The following day, the colonies were counted and the viable titre 

(CFU/mL) was calculated using the formula: ݏݐ݅݊ݑ ݃݊݅݉ݎ݋݂ ݕ݊݋݈݋ܥ/݈݉ = ஺௩௘௥௔௚௘ ௡௨௠௕௘௥ ௢௙ ௖௢௟௢௡௜௘௦ × ௗ௜௟௨௧௜௢௡ ௙௔௖௧௢௥௩௢௟௨௠௘ ௣௟௔௧௘ௗ   
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3 Results 
3.1 Quantifying synergy between vancomycin and furazolidone for E. coli  

3.1.1 MICs for vancomycin and furazolidone against E. coli 

Initially the MICs for both vancomycin and furazolidone against the E. coli strains, 

BW25113 and K1508 were determined in order to establish the concentration range 

needed for the checkerboard assay and to help quantify the synergy. BW25113 is closely 

related to MG1655, whose genome has been sequenced as a model E. coli K-12 strain 

and was the “wild type” strain used to construct a collection of E. coli knock-out 

mutations for all non-essential genes (Baba et al., 2006). Another strain used in this 

study, K1508, is related to a widely used laboratory strain, MC4100, apart from a 

mutation of the gene encoding the maltoporin, LamB.  

Both E. coli strains at a titre of 2 × 106 CFU/mL were challenged by both vancomycin 

and furazolidone individually across wide concentration ranges (1000 mg/L – 3.9 mg/L 

for vancomycin and 5 mg/L – 0.078 mg/L for furazolidone). The growth was assessed by 

measuring OD600 after a 24-hour incubation at 30°C and the MICs were determined as 

the minimal concentration causing 90% of growth inhibition. By itself, the MIC for 

vancomycin against both strains was very high, 500 mg/L (Table 3). For furazolidone, 

the MIC was 2.5 mg/L (Table 3). The positive control, tetracycline, inhibited the growth 

of both E. coli strains at 10 mg/L (Table 3). 

 

3.1.2 Interaction between vancomycin and furazolidone in growth inhibition of E. 

coli 

After obtaining the MICs for each of the antibiotics, in order to observe whether the 

vancomycin and furazolidone interacted synergistically, a checkerboard assay was 

performed. Both E. coli strains, BW25113 and K1508 at 2 × 106 CFU/mL, were 

challenged with a range of concentration combinations as described in the materials and 

methods section (Table 2). Following the 24 hours of antibiotic exposure at 30°C, OD 

measurements at 600 nm were taken and the % of survival of the cells and the FICI 

scores were calculated in order to determine whether the interaction was synergistic or 

not. For both of the E. coli strains that were tested, the FICI scores suggested an additive 

interaction between vancomycin and furazolidone. However, for E. coli BW25113, the 

combination of vancomycin at 62.5 mg/L and furazolidone at 0.3125 mg/L showed a 
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synergistic interaction based on its FICI score of 0.25. Vancomycin at 31.25 mg/L and 

furazolidone at 1.25 mg/L was another notable combination that showed a very strong 

additive effect, as its FICI score of 0.5625 was marginally above the FICI synergistic 

cut-off point (Table 4). Other combinations of vancomycin and furazolidone against E. 

coli BW25113 yielded FICI scores from 1.0078 to 1.0312, suggesting an additive 

interaction at these concentrations. Similarly, E. coli K1508 showed a similar trend to 

that of BW25113 although the vancomycin-furazolidone combination was slightly less 

synergistic (Figure 6). Two important combinations consisting of vancomycin at 62.5 

mg/L and furazolidone at 0.625 mg/L and vancomycin at 125 mg/L and furazolidone at 

0.3125 mg/L showed synergy based on their FICI scores of 0.375 (Figure 6). Other 

notable combinations include vancomycin at 31.25 mg/L and furazolidone at 1.25 mg/L 

and the combination containing vancomycin at 250 mg/L and furazolidone at 0.156 mg/L 

that have FICI scores of 0.5625 and 0.56104 respectively (Figure 6). Overall these 

findings suggest that there is a synergistic relationship between the two antibiotics. 
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Table 3: FICI scores for the vancomycin and furazolidone antibiotic combinations 
against E. coli laboratory strain BW25113 obtained from the checkerboard assay. 

Van a 500 250 125 62.5 31.25 15.6 7.8 3.9 0 
Fur a 

2.5 2 1.5 1.25 1.125 1.0625 1.0312 1.0156 1.0078 1 
1.25 0.5 1 0.75 0.625 0.5625 0.5312  0.5156 0.5078 0.5 

0.625 0.254 0.75 0.5 0.375 0.3125 0.2812 0.2656 0.2578 0.25 
0.3125 0.126 0.625 0.375 0.25  0.1875 0.1562 0.1406 0.1328 0.125 
0.156 0.0629 0.56 0.31 0.1874 0.1249 0.0936 0.078 0.0702 0.0625 
0.078 0.0315 0.53 0.28 0.1562 0.0937 0.0624 0.0468 0.039 0.03125 

0 1 0.5 0.25 0.125 0.0625 0.03125 0.015625 0.007813 0.015625 
a All concentrations are expressed in mg/L. Numbers in the body of the table correspond 
to FICI’s for each concentration combination, calculated as described in the Materials 
and Methods section. Unshaded and shaded areas correspond, respectively, to the wells 
that demonstrated greater than or less than 90% inhibition. Only the FICI’s of the first 
concentration combinations above 90% inhibition were given. 

 

 

Table 4: FICI scores for vancomycin and furazolidone antibiotic combinations 
against E. coli laboratory strain KI508 obtained from the checkerboard assay. 

Van a 500 250 125 62.5 31.25 15.6 7.8 3.9 0 
Fur a 

2.5 2 1.5 1.25 1.125 1.0625 1.0312 1.0156 1.0078 1 
1.25 0.5 1 0.75 0.625 0.5625 0.5312 0.5156 0.5078 0.5 

0.625 0.0254 0.75 0.5 0.375  0.3125 0.2812 0.2656 0.2578 0.25 
0.3125 0.126 0.625 0.375 0.25 0.1875 0.1562 0.1406 0.1328 0.125 
0.156 0.0629 0.56104 0.3124 0.1874 0.1249 0.0936 0.078 0.0702 0.0625 
0.078 0.0315 0.5312 0.2812 0.1562 0.0937 0.0624 0.0468 0.039 0.03125 

0 1 0.5 0.25 0.125 0.0625 0.03125 0.015625 0.007813 0.015625 
a All concentrations are expressed in mg/L. Numbers in the body of the table correspond 
to FICI’s for each concentration combination, calculated as described in the Materials 
and Methods section. Unshaded and shaded areas correspond, respectively, to the wells 
that demonstrated greater than or less than 90% inhibition. Only the FICI’s of the first 
concentration combinations above 90% inhibition were given. 

 



 

31 
 

 
Figure 6: Isobologram comparing the synergy of the vancomycin furazolidone 
combination against the laboratory strains, BW25113 and KI508. 

FICI values for vancomycin were plotted against the FICI values of furazolidone (see 
Tables 3 and 4).  
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3.2 Bactericidal effect of vancomycin and furazolidone in combination 

Strain BW25113 was used in further experiments given that the isogenic mutant 

collection of non-essential E. coli genes (Keio collection) was available from the Japan 

National Genetics Centre (Baba et al., 2006). Cultures of the wells of the checkerboard 

assays containing combinations with no detectable growth were titrated in order to 

determine the concentrations that not only inhibited growth but have killed bacteria from 

the initial inoculum. Given that the starting viable titre was 1x106/mL, hence 1x104/10 

μL, concentration combinations giving < 10 colonies from 10 μL cultures underwent > 

99% killing. Two combinations; vancomycin at 125 mg/L with furazolidone at 0.625 

mg/L and vancomycin at 62.5 mg/L with furazolidone at 0.625 mg/L both, fulfilled this 

criterion (no colonies detected) suggesting bactericidal activity (Table 5). However, due 

to the concerns about vancomycin toxicity, the combination of a lower concentration of 

vancomycin (62.5 mg/L) with furazolidone (0.625 mg/L) was chosen for the time-kill 

assay. Another notable combination of vancomycin at 62.5 mg/L and furazolidone at 

1.25 mg/L gave no colonies and had a FICI score marginally above the synergy threshold 

at 0.625, hence it was also chosen for the time-kill assay (Table 5). 

In the time-kill assay, E. coli BW25113 at 2 × 106 CFU/mL was challenged with 

vancomycin and furazolidone in combination at bactericidal concentrations in 

combination. The bacterial cell counts were obtained at 0, 2, 4, 6 and 24 hours. For the 

two concentration combinations tested, there were three orders of magnitude reduction of 

the bacterial cell counts after 6 hours. However, the bacteria challenged with the 

combination containing vancomycin at 62.5 mg/L and furazolidone at 0.625 mg/L 

showed an increase of about 10-fold in the titre at the 24-hour time point, indicating that 

cells which remained alive after 6 hours of incubation may have grown and divided up to 

3 to 4 times over the remaining 18 hours. In contrast, the combination containing 

vancomycin at 62.5 mg/L and furazolidone at 1.25 mg/L did not allow growth of 

surviving bacteria (if any). The bacterial cell count in this culture was reduced to below 

100 CFU/mL at the 24-hour point which was the lowest possible detected number 

possible in this experiment (Figure 7). When challenged with vancomycin at 500 mg/L, 

the rate of killing was greater than that of both of the combinations and within 2 hours 

the bacterial cell count had dropped by 4 orders of magnitude and then below the level of 

detection at the 4-hour time-point (Figure 7). Furazolidone at 5 mg/L, in contrast, did not 

display the rapid rate of killing matching that of vancomycin at 500 mg/L or even match 
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the rate of killing displayed by the two combinations tested. Like the combination 

containing vancomycin at 62.5 mg/L and furazolidone at 0.625 mg/L, following the 6-

hour time point, the bacterial cell counts in the culture containing 5 mg/L of 

furazolidone, started to increase again although not to the level of the 0-hour time point 

(Figure 7). The positive control, tetracycline at 10 mg/L, showed no killing, in agreement 

with its well-recognised bacteriostatic activity. These findings suggest that both 

vancomycin/furazolidone combinations possess bactericidal activity. 

 

Table 5: Titres of viable cells in the inhibitory vancomycin and furazolidone 
concentration combinations. 

Vancomycin (mg/L) Furazolidone (mg/L) FICI CFU/10 μLa 

250 2.5 1.5 0 
250 1.25 1 0 
250 0.625 0.75 0 
250 0.3125 0.625 TMTC b 

250 0.1526 0.56 TMTC 
250 0.078 0.53 TMTC 
125 2.5 1.25 0 
125 1.25 0.75 0 
125 0.625 0.5 3 
125 0.3125 0.375 TMTC 
125 0.1526 0.31 TMTC 
125 0.078 0.28 TMTC 
62.5 2.5 1.125 0 
62.5 1.25 0.625 0 c 

62.5 0.625 0.375 0 
62.5 0.3125 0.25 28 
31.25 2.5 1.0625 8 
31.25 1.25 0.5625 TMTC 
15.6 2.5 1.0312 TMTC 
15.6 1.25 0.5312 TMTC 
7.8 2.5 1.0156 TMTC 
3.9 2.5 1.0078 TMTC 
a Number of BW25113 colonies from 10 μL cultures containing the indicated 
combinations of antibiotics.  
b TMTC, too many to count. 
c Highlighted rows correspond to the combinations that were used for the time-kill assay. 
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3.3 Investigation of the synergy mechanism: the role of efflux pumps 

3.3.1 Efflux pump mutant screen 

We hypothesised that the mechanism of synergy between vancomycin and furazolidone 

could be based on inhibition of efflux out of the cells. An MIC screen of the Keio 

collection of deletion mutants in genes encoding the efflux pump subunits was 

performed. Each mutant was challenged with a series of vancomycin concentrations 

ranging from 1000 mg/L to 125 mg/L and furazolidone ranging from 5 mg/L to 

1.25 mg/L individually (Table 6). A deletion mutant lacking the gene encoding the outer 

membrane channel TolC, was more sensitive to furazolidone (MIC was half that of the 

wild-type parent). No difference in the MIC, however, was detected for vancomycin 

compared to the parental wild-type strains (Tables 3, 6). The strain containing a deletion 

of the acrA gene encoding a transenvelope protein connecting the outer membrane 

channel TolC to the inner membrane components of several efflux pumps showed a 

twofold decrease in MIC for both vancomycin and furazolidone when assayed separately 

(Table 6). Increased resistance or susceptibility to furazolidone was not observed in any 

of the other mutants. Mutants of the genes; macB, acrF, emrA, emrB, emrK and emrY 

showed greater susceptibility to vancomycin (Table 6). Similarly, to E. coli BW25113, 

all the mutants were inhibited by the tetracycline positive control at 10 mg/L. 
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Table 6: MICs for vancomycin and furazolidone against E. coli mutants involved in 
the TolC efflux systems. 

E. coli strain Mutation/comment Vancomycin (mg/L) Furazolidone (mg/L) 

BW25113 No deletion 500 2.5 

JW5503-1 ΔtolC::kan 500 1.25 

K2404 ΔtolC 500 1.25 

JW0452-3 ΔacrA::kan 250 1.25 

K2428 ΔacrA 250 1.25 

JW2454-1 ΔacrD::kan 250 2.5 

JW0862-1 ΔmacA::kan 250 2.5 

JW0863-1 ΔmacB::kan 500 2.5 

JW3481-1 ΔmdtE::kan 250 2.5 

JW3482-1 ΔmdtF::kan 250 2.5 

JW0451-2 ΔacrB::kan 250 2.5 

JW3233-2 ΔacrE::kan 500 2.5 

JW3234-1 ΔacrF::kan 500 2.5 

JW5338-1 ΔmdtA::kan 250 2.5 
JW2060-1 ΔmdtB::kan 250 2.5 
JW2660-1 ΔemrA::kan 500 2.5 
JW2661-1 ΔemrB::kan 500 2.5 
JW2365-1 ΔemrK::kan 500 2.5 
JW2364-1 ΔemrY::kan 500 2.5 

 

Each mutant was challenged at 2 × 106 CFU/mL with vancomycin from 1000 mg/L to 
125 mg/L or furazolidone from 5 mg/L to 1.25 mg/L. OD readings at 600 nm were taken 
following 24 hours of exposure at 30°C. The MIC was determined as a minimal 
concentration required to inhibit bacterial growth (measured by OD) by 90%. 
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3.3.2 Checkerboard analysis of TolC efflux pump system mutants 

TolC is an outer membrane channel that is involved in many efflux pump systems and it 

was hypothesised that it could be involved in the interaction between vancomycin and 

furazolidone, based on two-fold decrease in the MIC of the ΔacrA mutant. Therefore, the 

checkerboard assays were performed on strains JW5503-1 and JW0452-3, harbouring 

deletions in the TolC outer membrane channel and the AcrA periplasmic subunit-

encoding genes, respectively. These two strains contained a kan cassette inserted in the 

place of the corresponding ORFs (Baba et al., 2006). To preclude potential polar effect 

of the kan-encoding gene insertion (including the translational stop codon) on 

downstream genes within the respective operons (Appendix 1, 2, 3), the kan cassette 

(which was flanked by frt sites) was removed by transient expression of the site-specific 

recombinase FLP (acting on the frt sites). The resulting strains containing “in frame” 

scarless deletions of the respective genes, K2404 (ΔtolC) and K2428 (ΔacrA) were also 

tested using the checkerboard assays (Figure 8). When comparing the effects on the 

vancomycin/furazolidone interaction in ΔtolC mutants with or without the kan cassette 

on an isobologram, it was observed that there was a minimal, if any, difference in the 

synergy (Figure 8A). Unlike the ΔtolC mutants, a slight decrease in synergy between the 

vancomycin and furazolidone was observed on isobologram in the presence vs. absence 

of the kan cassette in the ΔacrA allele (Figure 8B). 

Comparisons of isobolograms between the wild-type parent strain BW25113 and 

mutants ΔtolC and ΔacrA showed that the deletion of the tolC gene results in a greater 

decrease in synergy compared to the deletion acrA gene. The latter mutant, by 

comparison, shows an extremely slight loss in synergy compared to that of the parental 

BW25113 strain (Figure 9A.). These findings suggest that despite some decrease in 

synergy between the two antibiotics in the strains lacking the tolC and acrA genes, the 

combination is still overall synergistic. The isobolograms of these mutants relative to 

wild-type parent show some decrease in synergy although this is more so for ΔtolC than 

for ΔacrA. Therefore, the TolC unit may contribute to the synergy, but are not involved 

in the main mechanism of the vancomycin and furazolidone synergistic interaction. 
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(A) 

 

(BB) 

 
Figure 8: Effects of the kanamycin resistance marker in the ΔtolC and ΔacrA alleles 
on vancomycin and furazolidone interaction. 

(A), strains JW5503-1 and K2404 containing the ΔtolC::kan and ΔtolC alleles 
respectively. (B), strains JW0452-3 and K2428 containing the ΔacrA::kan and ΔacrA 
alleles, respectively. Isobologram was derived from checkerboard assays of each strain, 
performed as described in the Materials and Methods section. 
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(A) 

 

(B) 

 

Figure 9: Effect of the ΔtolC and ΔacrA mutations on the interaction between 
vancomycin and furazolidone. 

(A), strains JW5503-1 and JW0452-3 containing the ΔtolC::kan and ΔacrA::kan alleles 
respectively compared to strain, BW25113. (B), strains K2404 and K2428 containing the 
ΔtolC and ΔacrA alleles respectively from which the kan cassette was removed and 
compared to strain, BW25113. Isobologram was derived from checkerboard assays of 
each strain, performed as described in the Materials and Methods section. 
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3.4 Enterobactin synthesis and transport  

Given a potential role of TolC in the vancomycin-furazolidone synergy determined in the 

previous section and potential oxidative stress that furazolidone may induce in the host 

cells (Jin et al., 2011), one possible mechanism of how TolC is involved in synergy 

could be related to decrease of its function due to furazolidone-induced oxidative stress 

and iron starvation response, part of which is overproduction of enterobactin which 

activates the TolC opening to the periplasm thus allowing the entry of vancomycin into 

the periplasm. The effect of enterobactin synthesis and transport on the interaction 

between vancomycin and furazolidone was investigated by combining ΔtolC and ΔentC 

mutations and observing their effect on the vancomycin and furazolidone synergy using 

checkerboard assays and graphically presented by isobolograms (Figures 10 and 11). 

The MICs for ΔentC with vancomycin and furazolidone alone were first compared to 

those of the wild-type and ΔtolC mutant (Table 7). Prior to analysing the double mutants, 

the effect of the presence or absence of the kan cassette in ΔentC on the synergy was 

monitored. Strain JW0858-2 contains the ΔentC::kan mutation whereas K2430 contains 

ΔentC without the kanamycin cassette, which was removed by FLP recombination 

starting from strain JW0858-2. When the FICI scores were compared on an isobologram, 

it was observed that the removal of the kanamycin resistance marker resulted in a 

somewhat decreased synergy (Figure 10A). 

Double mutants K2414 and K2427 (ΔtolC ΔentC::kan and ΔtolC ΔentC, respectively) 

were prepared by P1 transduction. K2427 was subsequently subjected to FLP 

recombination in order to remove the frt-flanked kan cassette. Both of these strains were 

compared with respect to vancomycin-furazolidone interaction using the checkerboard 

assay and the derived isobologram. No change or a marginal gain in synergy was 

observed in the kanamycin-marker-negative mutants (Figure 10B). 

More importantly, the wild-type, ΔtolC, ΔentC, and double ΔtolC ΔentC mutant were 

compared for their effect on the synergy between vancomycin and furazolidone. When 

compared overall, it was found that the deletion of the TolC channel caused the greatest 

decrease in synergy in the comparison between the three mutants; ΔtolC, ΔentC, and the 

ΔtolC ΔentC double mutant (Figure 11A). E. coli JW0585-2 containing the ΔentC 

mutation was found to have an isobologram similar to that of the wild-type parent strain 
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BW25113 (Figure 11A) which suggests that it had no effect on the synergy. The mutants 

that had the kan cassette removed showed a slightly different trend. The double mutant, 

K2427, showed no loss or gain in synergy in that it was almost identical to the wild-type 

parent strain BW25113 (Figure 11B). Furthermore, the ΔentC mutant strain K2430 was 

found to have a greater effect on the synergy in comparison to the double mutant ΔtolC 

ΔentC strain as shown on the isobologram (Figure 11B). While minor differences 

between the different groups were shown, overall these findings suggest that the 

mechanism of vancomycin and furazolidone synergy was not related to the enterobactin 

synthesis or transport pathways. 
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Table 7: MICs for vancomycin and furazolidone against the E. coli mutants 
involved in the enterobactin synthesis and transport system. 

E. coli strain Mutation/Comment Vancomycin (mg/L) Furazolidone (mg/L) 

BW25113 No deletion 500 2.5 

K2404 ΔtolC 500 1.25 

JW0585-2 ΔentC::kan 250 2.5 

K2430 ΔentC 250 2.5 

K2414 ΔtolC ΔentC::kan 500 1.25 

K2427 ΔtolC ΔentC 500 1.25 

 

Each mutant was challenged at 2 × 106 CFU/mL with vancomycin from 1000 mg/L to 
125 mg/L or furazolidone from 5 mg/L to 1.25 mg/L. OD readings were taken following 
24 hours of exposure at 30°C at 600 nm. The MIC was determined as a minimal 
concentration required to inhibit bacterial growth (measured by OD) by 90%. 
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(A) 

 
 

(BB) 

 
Figure 10: Effects of the kanamycin resistance marker on the synergy changes in 
the ΔentC single and ΔtolC ΔentC double mutant strains. 

Isobologram comparisons between the wild-type E. coli and ΔtolC ΔentC mutant 
enterobactin synthesis and export system. (A), strains JW0585-2 and K2430 harbouring 
ΔentC::kan and ΔentC mutations, respectively.  (B), strains K2414 and K2427 
harbouring the double mutations ΔtolC ΔentC::kan and ΔtolC ΔentC, respectively. 
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(A) 

 
 

(B) 

 
Figure 11: Effects of ΔtolC ΔentC single and double ΔtolC ΔentC mutants on the 
interaction between vancomycin and furazolidone. 

Isobologram of the wild-type strain BW25113 was compared to derived mutants. (A), 
mutants where either allele contains the kanamycin resistance cassette; K2404 (ΔtolC), 
JW0585-2 (ΔentC::kan) and K2414 (ΔtolC ΔentC::kan) (B), strains from which the 
kanamycin cassettes were removed; K2404 (ΔtolC), K2430 (ΔentC) and K2427 (ΔtolC 
ΔentC). 
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3.5 DNA repair 

A hypothesis was formulated that the potential mechanism of the vancomycin and 

furazolidone synergy could be through the pathways for DNA damage repair. DNA 

damage, in turn, could be caused by the synergistic effect of the stresses (envelope and 

oxidative) that vancomycin and furazolidone, respectively, impose on the E. coli cells. In 

order to further investigate this, strain K2431 which contains a deletion of a gene 

encoding a protein in the nucleotide excision repair system, UvrA, was challenged with 

the vancomycin and furazolidone antibiotic combination and was compared to the wild-

type parental strain BW25113. Before performing the checkerboard assay, an MIC test 

for both vancomycin and furazolidone was performed in order to obtain the MIC 

breakpoints for strain K2431 in order to calculate the FICI scores. MICs for vancomycin 

and furazolidone alone were 250 mg/L and 0.3125 mg/L, the former 2-fold and the latter 

8-fold lower relative to the wild-type parent strain BW25113. Despite being highly 

sensitive to furazolidone, the checkerboard analysis showed that deletion of the 

nucleotide excision does not modify the synergy when compared to BW25113 strain 

(Figure 12). Overall these findings suggest that DNA repair through the UvrABC 

nucleotide excision repair system is not the target of the vancomycin and furazolidone 

synergy.  
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Figure 12: Effect of the excision repair system mutant ΔuvrA on the vancomycin 
and furazolidone interaction. 

Isobologram of K2431 (ΔuvrA) as compared to that of the wild-type strain BW25113. 
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3.6 Biofilms 

To investigate whether the vancomycin-furazolidone combination is suitable for 

commercial or medical applications that involve E. coli growth as a biofilm, the Minimal 

Biofilm Inhibitory Concentration (MBIC) and Minimal Biofilm Eradication 

Concentration (MBEC) were determined using the wild-type E. coli.  

 

3.6.1 Minimal Biofilm Inhibitory Concentration (MBIC) 

The BW25113 biofilms were formed using a biofilm peg lid system. The biofilm grown 

on the pegs in the absence of antibiotic for 24 hours at 37 °C was exposed to each 

antibiotic alone and their combinations. The MBIC was measured after detachment of 

cells into the medium without antibiotics (by centrifugation), through OD readings at 600 

nm. Interestingly, when the BW25113 biofilms were challenged by vancomycin, 500 

mg/L was observed to inhibit the biofilm growth, the same concentration needed to 

inhibit BW25113 in a planktonic mode of growth. In comparison, furazolidone 

concentration of as much as 19.5 mg/L was required to inhibit the biofilm growth, as 

opposed to 2.5 mg/L for planktonic cultures. In combination, both antibiotics appeared to 

be more effective than individually; a combination of vancomycin at 250 mg/L and 

furazolidone at 9.75 mg/L was required to inhibit 90% of the biofilm growth. The 

antibiotic combination was therefore much less effective in inhibiting the growth of the 

biofilms than that of the planktonic cultures (vancomycin at 62.5 mg/L and furazolidone 

at 0.3125 mg/L; Table 3). 

 

3.6.2 Minimal Biofilm Eliminating (cell killing) Concentration (MBEC) 

To determine the concentrations of antibiotics required to eliminate (kill) bacteria in the 

biofilm, the cells dislodged by centrifugation into antibiotic-free 2xYT media were 

titrated to determine the viable titre (CFU/mL), for cultures from those concentrations of 

antibiotics where the growth was inhibited (above the MBIC). 

BW25113 biofilms were first challenged by a dilution series of vancomycin ranging 

from 64 000 mg/L to 62.5 mg/L. At 500 mg/L, there is a 5-log reduction in the titre of 

viable bacteria relative to the biofilm grown in the absence of antibiotic (Figure 13A). 

Interestingly, at the higher concentrations of vancomycin (from 1000 mg/L to 32 000 

mg/L), there is a marked increase in the viable titres compared to that of the 500 mg/L 
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group, with the greatest titres of up to 3.75 × 104 CFU/mL present in the biofilms 

challenged with vancomycin at 16 000 mg/L and 32 000 mg/L (Figure 12A). No colonies 

were formed in the titration of biofilms that were challenged by vancomycin at 64 000 

mg/L, suggesting that the biofilm was completely eradicated at this concentration (Figure 

13A). These results show that in order to achieve a 3-log reduction of biofilm numbers, 

500 mg/L of vancomycin is sufficient. In order to completely eradicate a biofilm, 

however, 64 000 mg/L of vancomycin would have to be used.  

E. coli BW25113 biofilms were also challenged against a furazolidone dilution series 

ranging from 1250 mg/L to 4.875 mg/L (Figure 13B). When the biofilms are challenged 

with furazolidone at the MBIC concentration (19.5 mg/L), the biofilm cell count was 

reduced down to 1.82 × 105 CFU/mL (Figure 13B). Unlike with vancomycin, 

furazolidone did not display an increase in cell numbers at greater concentrations. At 

concentrations of 39 mg/L and above the biofilm was completely eradicated (Figure 

13B). These findings overall show that the MBEC was 39 mg/L for furazolidone against 

BW25113. Like vancomycin, it was far less effective at clearing biofilms in comparison 

to the planktonic cells. It is worth mentioning that the time-kill curve analysis with 

planktonic cells showed that at higher concentrations, killing almost eradicates bacteria 

over 6 hours, however, extended incubation results in the outgrowth of a small number 

of surviving cells that presumably became resistant to the antibiotic. However, in 

contrast to the biofilm, this behaviour was observed in planktonic cultures challenged 

with furazolidone and combinations of vancomycin and furazolidone. High 

concentrations of antibiotics, however, were not analysed in the planktonic culture time-

kill assays. 

To investigate how effective the antibiotic combination is against biofilms, a 

checkerboard kill assay was performed BW25113 biofilms using the peg lid system. 

Similar to the single antibiotic tests, the biofilms were exposed to the vancomycin and 

furazolidone combination for 24 hours at 30°C. Higher concentrations than the MBEC 

for both vancomycin and furazolidone were analysed in this experiment as it was 

plausible that the interaction may potentially act antagonistically in a biofilm-based 

setting as opposed to the planktonic setups tested previously. Vancomycin at 

concentrations 4000 mg/L, 2000 mg/L and 1000 mg/L which showed an increased titre 

of surviving cells growth when challenged alone completely eradicated the biofilms 

when combined with the furazolidone dilutions (Figure 14). Vancomycin at 500 mg/L, 
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when combined with furazolidone at all concentrations with the exception of 9.75 mg/L, 

was successful in eradicating the biofilms (Figure 14). Interestingly, the combination 

containing 500 mg/L of vancomycin and 9.75 mg/L of furazolidone had a biofilm cell 

count of 3.6 × 102 CFU/mL which was higher than vancomycin at 500 mg/L alone, 8.0 × 

101 CFU/mL (Figure 14). When sub-inhibitory concentrations of vancomycin (250 

mg/L) was combined with furazolidone at concentrations above its MBEC, no viable 

cells were detected. When vancomycin at 250 mg/L was combined with sub-inhibitory 

concentrations of furazolidone, while more effective than either of these antibiotics 

alone, it was relatively ineffective at eradicating biofilms. This is observed when 

vancomycin at 250 mg/L was combined with furazolidone at 19.5 mg/L and 9.75 mg/L, 

the biofilm cell counts were found to be 2.0 × 103 CFU/mL and 2.56 × 103 CFU/mL 

respectively (Figure 14). The most prominent benefit of the combination is the 

elimination of long-term bacterial outgrowth at vancomycin concentrations above 500 

mg/mL. 
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(A) 

 

(BB) 

 
Figure 13: Susceptibility of E. coli BW25113 biofilms against vancomycin and 
furazolidone. 

E. coli BW25113 at 1 × 107 CFU/mL was inoculated on to a 96-well plate containing a 
peg lid at 37 °C. The peg lid containing the biofilm was challenged with (A) vancomycin 
and (B) furazolidone dilutions for 24 hours at 30°C. Following exposure, the biofilm was 
centrifuged at 2000 rpm for 20 minutes to dislodge it on to 2xYT media and was titred 
and grown at 37 °C in order to determine the CFU/mL. The biofilm with no exposure to 
any antibiotics was used as the negative control and no bacteria was used as the sterility 
control. Error bars represent the standard deviation of the mean.  
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3.7 Addition of DOC to the vancomycin-furazolidone combination 

In order to see if it is possible to reduce the concentration of vancomycin to sub-nephrotoxic 

levels, DOC was added into the vancomycin-furazolidone antibiotic combination. Strain 

BW25113 was further used in experiments to look at the effects on synergy from the 

addition of DOC into the vancomycin-furazolidone combination. From strain BW25113, 2 × 

106 CFU/mL was challenged with concentrations of vancomycin and furazolidone (500 

mg/L – 3.9 mg/L for vancomycin and 2.5 mg/L – 0.078 mg/L for furazolidone) in the 

presence of DOC at 5 g/L, 2.5 g/L and 1.25 g/L respectively. By itself the MICs for 

vancomycin when combined with DOC at 5 g/L, 2.5 g/L and 1.25 g/L was 500 mg/L for all 

three of the different concentrations. The MICs for furazolidone when combined with DOC 

at 5 g/L, 2.5 g/L and 1.25 g/L was 1.25 mg/L, 2.5 mg/L and 2.5 mg/L respectively which 

suggests that DOC is not synergistic with either vancomycin or furazolidone against strain 

BW25113. When compared to the double vancomycin-furazolidone combination, the triple 

combination at all three concentrations of DOC appeared to be more synergistic based on the 

lower concentrations of vancomycin and furazolidone required for inhibiting bacterial 

growth. When DOC is added at 5 g/L, in the presence of furazolidone at 0.156 mg/L and 

0.3125 mg/L, vancomycin at 31.25 mg/L and 15.6 mg/L was found to inhibit bacterial 

growth. Vancomycin at 31.25 mg/L and 15.6 mg/L was found to inhibit strain BW25113 

when combined with 0.3125 mg/L of furazolidone and 2.5 g/L of DOC. The addition of 

DOC at 1.25 g/L proved efficacious so that vancomycin at 15.6 mg/L was still enough to 

inhibit bacterial growth, however, higher concentrations of furazolidone up to 0.625 mg/L 

was required. Overall these results show that the addition DOC to the vancomycin-

furazolidone combination is more synergistic and it allows for vancomycin to be used at sub-

nephrotoxic concentrations (at concentrations below 30 mg/L). 
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4 Discussion 
Emerging antibiotic resistant Gram-negative bacteria are becoming more and more 

common and are difficult to treat, so the use of antibiotic combinations is garnering 

interest. Traditionally Gram-negative bacteria have always been highly resistant to the 

potent and successful antibiotic, vancomycin (Delcour, 2009, Yarlagadda et al., 2016). 

This thesis has explored the possibility of potentially using vancomycin against Gram-

negative bacteria in combination with furazolidone. This was based on unpublished work 

by J. Rakonjac’s group that demonstrated synergy between several nitrofurans and 

vancomycin on growth inhibition of E. coli K-12 strains, which was corroborated by a 

published study that reported synergy between vancomycin and a nitrofuran, 

nitrofurantoin (Zhou et al., 2015). 

This study set out to explore possible mechanisms of synergy between vancomycin and 

the nitrofuran, furazolidone against E. coli. Furthermore, the effect of this antibiotic 

combination on E. coli biofilms was investigated. 

 

4.1 Synergy between vancomycin and furazolidone 

In this study, the MIC breakpoints of furazolidone, vancomycin and their combinations 

were characterised through the use of the broth microdilution method. Consistent with 

findings from other studies of E. coli, the MICs for vancomycin found in this study (500 

mg/L) is in agreement with the known intrinsic resistance of Gram-negative bacteria to > 

600 Da hydrophilic antibiotics (Zhou et al., 2015) (Table 3) due to the presence of the 

outer membrane. The porin channels in the outer membrane only allow the diffusion of 

molecules that are 600 Da into the E. coli periplasm. The molecular weight of 

vancomycin is 1486 kDa which means that vancomycin cannot simply diffuse through 

the porins and reach its target, the peptidoglycan synthesis machinery (Delcour, 2009, 

Yarlagadda et al., 2016).  

Prior studies have found that in E. coli mutations involving defects in the 

lipopolysaccharide core resulted in increased susceptibility to vancomycin through the 

destabilisation of LPS, the outer leaflet of the outer membrane which maintains the 

resilience of this envelope layer (Shlaes et al., 1989, Nikaido, 2005). Furthermore, 

mutations in the gate of the large outer membrane channels of the secretin family, 
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reported reduced MICs of vancomycin, comparable to that of the MICs reported for 

Gram-positive bacteria (Spagnuolo et al., 2010). 

Furazolidone, however, was observed to inhibit the growth of Gram-negative bacteria at 

significantly lower concentrations than vancomycin.  Having a molecular weight of   

225.16 Da, furazolidone can diffuse freely through the porin channels and exert its effect 

on the cell (Walzer et al., 1991). 

It is thought in general that when two bactericidal or two bacteriostatic drugs work in 

combination, that the interaction will be synergistic (Mitosch and Bollenbach, 2014). A 

recent study has shown that vancomycin was proven to interact synergistically with the 

nitrofuran, nitrofurantoin (Zhou et al., 2015). Despite being different, due to the high 

structural similarities between nitrofurantoin and furazolidone, it was predicted that 

furazolidone would also interact with vancomycin in a synergistic manner (Khong et al., 

2004). In this thesis, the synergy between vancomycin and furazolidone was 

characterised through the use of checkerboard assays and FICI scores (Table 4, Figure 

5). 

A key limitation that is associated with the checkerboard growth inhibition assay used to 

determine whether synergy was present is that the limit of detection by optical density is 

about 106 bacterial cells per mL of culture, equivalent to the starting titre in the growth 

inhibition experiment. It was therefore not possible to determine, using optical density 

measurements, whether this combination acts in a bactericidal or in a bacteriostatic 

manner. It is important to distinguish whether the combinations act in a bactericidal or in 

a bacteriostatic manner because some medical conditions such as meningitis and 

endocarditis require bactericidal treatments whereas bacteriostatic treatments are 

superior for treating toxic shock syndrome (Pankey and Sabath, 2004). A time-kill assay 

was performed in intervals over a 24-hour period. As both combinations were chosen 

based on their FICI scores and were bactericidal, it was hypothesised that both 

combinations would display consistent bactericidal activity throughout the whole 24 

hours (Table 5). This, however, was not the case for one of the combinations which, 

while it reduced bacterial cell numbers, it could not maintain its bactericidal effect for 

the whole duration of the 24-hour period (Figure 6). This contradicts with the titrations 

of the checkerboard cultures where no surviving cells remained after 24 hours at the 

same concentration of antibiotics. Unexpectedly furazolidone displayed a similar trend 
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despite having a concentration at twice the MIC required to kill E. coli in the preliminary 

titration of the checkerboard cultures (Table 5). It is plausible that while 1 × 106 

CFU/mL bacteria were challenged by the antibiotics in the experiments, because the 

volume used in the time-kill assay was 20-fold greater and so the probability of the 

emergence of potential antibiotic-tolerant of mutants or cells emerging would be greater. 

Alternatively, better aeration of the time-kill experiment culture could have resulted in 

the emergence of tolerant mutants.  

The combination comprised of vancomycin at 62.5 mg/L and furazolidone at 1.25 mg/L 

showed bactericidal activity throughout the full 24-hour period, consistent with the 

findings from the titrations from the checkerboard assay (Figure 7). Prior studies have 

shown that when two bactericidal drugs are used in combination, the effect will be 

bactericidal (Ocampo, 2014).  

Overall the results obtained from the checkerboard assays and the time-kill assays 

support the hypothesis that both vancomycin and furazolidone interact synergistically 

and show that the synergistic effect is bactericidal. While the concentration of 

vancomycin in combination may be still too high to treat patients, other applications such 

as the treatment and the prevention of biofilms in urinary tract catheters may be a 

possibility. 

 

4.2 Investigation of the mechanisms of synergy 

4.2.1 Efflux pump system 

It was hypothesised that the TolC efflux pump system may be involved in the interaction 

between vancomycin and furazolidone. As it is known that vancomycin cannot enter E. 

coli cells through the outer membrane, it was thought that this antibiotic could 

potentially enter the cell through the TolC channel while it is in its open state 

conformation, due to its wide diameter (3 nm); (Augustus et al., 2004). As the efflux 

pump system is powered by the proton motive force, it was thought that one of the 

intermediates formed when furazolidone was activated by the nitroreductases would be 

nitric oxide (NO) (Korobko et al., 2014). It has been reported that NO can inhibit some 

components of the electron transport chain which would decrease generation of the 

proton motive force (pmf) that acts as an energy source for the efflux pumps 
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(McCollister et al., 2011, Yu et al., 1997). This disruption of the efflux pumps would 

potentially divert vancomycin to the periplasm after entry through the TolC channel.  

Previous studies found that the deletion of the TolC channel had no effect on the cell 

susceptibility to vancomycin. In contrast, mutants containing the TolC deletion were 

reported to be more sensitive to nitrofurantoin (Liu et al., 2010). It was hypothesised and 

confirmed in this study that the same principle extends to furazolidone (Table 6). Studies 

have reported in ΔtolC mutants, there is an accumulation of waste metabolites such as 

cysteine and porphyrins which have been noted to induce oxidative stress within cells 

which in turn, leads to the upregulation of the stress response systems: MarA, SoxS, 

Rob, Bae and CpxR (Rosner and Martin, 2013, Zgurskaya et al., 2011). While the MarA, 

Rob, Bae and CpxR are involved in the upregulation of the efflux pump systems, the 

SoxRS regulon includes the nfsA gene that encodes for the NADPH-depenen 

nitroreductase, NfsA in E. coli, which is upregulated in response to oxidative stress 

(Paterson et al., 2002). As more of the NfsA nitroreductase is present, this would result 

in greater activation of furazolidone, hence explaining why ΔtolC mutants are more 

sensitive to furazolidone (Chatterjee et al., 1983, Martinez-Puchol et al., 2015).  

When comparing the effects of the kanamycin resistance cassette in the ΔtolC vs 

ΔtolC::kan, isobologram, it was observed that the deletion of the kanamycin resistance 

does not change the synergy or the level of individual resistance to furazolidone or 

vancomycin (Table 6). This suggests that the three genes downstream of tolC in the same 

operon, ygiA, ygiB and ygiC (Appendix 1), have no role in resistance to these antibiotics. 

None of these three genes are involved in the role of the efflux pumps or in the outer 

membrane structure (Keseler et al., 2013) .  

This thesis also demonstrated a minor decrease in synergy when vancomycin and 

furazolidone were challenged against the mutant strain lacking the TolC channel 

compared to the wild-type strain (Figure 8). This suggests while there is a decrease in 

synergy, the TolC channel is only a minor, if any, a determinant of the synergy between 

vancomycin and furazolidone. Given the minor differences in synergy and no difference 

in the vancomycin MIC between the wild-type and ΔtolC mutant this may hint that 

vancomycin does not enter the periplasm through the TolC channel. Due to the deletion 

of the TolC channel and the previous studies have suggested that vancomycin may 

induce oxidative stress, this may act additively with the oxidative stress generated from 
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the accumulation of toxic metabolites to increase the activation of furazolidone through 

the upregulation of the NfsA nitroreductases through the SoxS stress response system 

(Zhou et al., 2015). Overall based on the findings of this thesis, it could be concluded 

that the TolC channel may have only a minor involvement in vancomycin-furazolidone 

synergy.  

Similarly to the TolC mutants, it was reported that ΔacrA mutants displayed a similar 

trend whereby the absence of the AcrA subunit caused no effect on the sensitivity or 

resistance of vancomycin and that the mutants were more susceptible to nitrofurantoin 

(Liu et al., 2010). Unexpectedly the results presented in this thesis demonstrated that 

both the furazolidone and vancomycin MIC decreased when tested individually forthe 

ΔacrA mutant. This suggests that AcrA may play a role in the expulsion rather than 

internalisation of vancomycin (Table 6). The AcrA subunit has been reported to be 

crucial for the cycling between the open and closed state of the TolC channel (Augustus 

et al., 2004). It was therefore hypothesised that the AcrA subunit would be required for 

the expulsion of vancomycin through the wild-type TolC outer membrane channel. 

While not a crucial component of the mechanism of action, the findings from this study 

suggests that the AcrA may be involved in the interaction between the two antibiotics 

used in this study (Figure 9).  

Unlike with ΔtolC::kan vs. ΔtolC, that had a nearly identical isobologram, there was a 

noticeable decrease in the drug synergy in ΔacrA relative to ΔacrA::kan and showing a 

“reverse” polar effect on the downstream gene expression  (Baba et al., 2006) (Figure 8). 

Upon closer inspection of the operon containing acrA (Appendix 2), it was found that the 

acrB gene was immediately downstream of acrA. While acrB encodes the AcrB subunit 

of the AcrAB-TolC efflux system, it works with AcrA in its efflux role thus suggesting 

that differences in the drug synergy between ΔacrA and ΔacrA::kan were most likely due 

to experimental variation. This is further supported by the notion that when comparing 

the ΔacrA to ΔacrA::kan, no changes in the MICs for both vancomycin and furazolidone 

was observed similarly to the ΔtolC mutants (Table 6).  

It is known that the TolC channel serves as the outer membrane component for 8 other 

inner membrane efflux pump systems besides AcrAB. Of those, mutations of genes 

encoding the macAB and mdtEF efflux pumps result in decrease of vancomycin, but not 

furazolidone MIC, when the two antibiotics are tested individually (Table 6). Based on 
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the results found in this thesis, given the minor differences in the decrease in the synergy 

between the ΔtolC and ΔacrA mutants, suggests that the other efflux pump systems such 

as MacAB-TolC are not involved in the interaction between vancomycin and 

furazolidone. 

 

4.2.2 Enterobactin synthesis and transport 

Enterobactin is a siderophore that is synthesised and excreted into the medium by E. coli 

in response to iron starvation; it serves to sequester iron when it is present in the medium 

at a very low concentration. Due to their large size (716 Da), enterobactin molecules 

cannot diffuse through the porins and are exported from the periplasm through the TolC 

channels (Bleuel et al., 2005, Vega and Young, 2014). Prior work has found that in TolC 

mutants, enterobactin accumulates in the periplasm and is unable to internalise iron, 

which results in altered physiological states and growth inhibition (Adler et al., 2014). It 

has also been reported that the synthesis of enterobactin is induced under the condition of 

oxidative stress. The synthesis and export of enterobactin, as well as the import of iron-

loaded enterobactin, may be used by the enzymes in the reactions that detoxify oxidative 

stress (Adler et al., 2014, Cornelis et al., 2011, Peralta et al., 2016). Consistent with what 

was observed in previous studies, mutants containing deletion of a gene encoding the 

enzyme that catalyses the first committed step in enterobactin biosynthesis EntC, were 

found to be more sensitive to vancomycin in comparison to the wild-type parent (Table 

7). This hints at a potential secondary mechanism of vancomycin action wherein it 

induces oxidative stress in addition to disrupting peptidoglycan synthesis, resulting in 

enterobactin synthesis (Zhou et al., 2015). Interestingly, the ΔentC mutant did not 

display any differences in the MIC for furazolidone (Table 7), contradicting the findings 

that furazolidone may induce oxidative stress (Chatterjee et al., 1983). It is important to 

note that while enterobactin may act as a protector against oxidative stress, it cannot 

induce expression of the oxidative stress response genes such as superoxide dismutase 

and catalase, hence this is possibly why there were no profound effects on the reported 

MICs. It was hypothesised by (Adler et al., 2014) that the role of enterobactin protection 

of E. coli from oxidative stress would only be applicable at lower cell densities of less 

than 103 CFU/mL. This hypothesis was supported by the results obtained in this study 

where the starting cell titre was 106 CFU/mL at which there was no reported increased 

sensitivity to furazolidone in the ΔentC mutant.  
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Prior work has demonstrated that in response to oxidative stress, transcription and 

biosynthesis of enterobactin is upregulated even in the presence of excess iron (Bleuel et 

al., 2005, Peralta et al., 2016, Vega and Young, 2014). It was proposed that both 

furazolidone and vancomycin would induce oxidative stress in the E. coli cells, hence 

upregulating enterobactin biosynthesis. The increased levels of enterobactin in the cell 

would allow for the export of enterobactin through the TolC channel (Augustus et al., 

2004, Bleuel et al., 2005, Vega and Young, 2014).  

In the terms of the synergy, a slight decrease in the synergy of the ΔentC mutant without 

the kan cassette was observed in this thesis compared to that of the wild- type strain 

(Figure 10), although the MICs of the two strains were identical for both antibiotics. 

These findings suggest that enterobactin was marginally it at all involved in the 

mechanism of the vancomycin-furazolidone interaction. A double ΔtolC ΔentC mutant 

was constructed and was subsequently challenged by the vancomycin-furazolidone 

combination. The double mutant displayed little to no difference in the synergy 

compared to that of the wild-type strain, BW25113 (Figure 11). The ΔtolC and ΔentC 

mutants individually showed minor decrease of the synergy of the vancomycin-

furazolidone combination which suggests that while these two different components in 

E. coli may individually be involved in the interaction between the two antibiotics, they 

may cancel each other’s effect on synergy.  

Disparities in the results between the ΔentC with and without the kanamycin resistance 

cassette (Figure 10) were hard to reconcile with biological explanations given above. 

They could either be due to sample variability or differences in the polar effects on the 

expression of downstream genes in the operons.  

EntC catalyses isomerisation of chorismate to isochorismate, the first step in the 

enterobactin synthesis pathway. However, EntC is not the only chorismate isomerase in 

E. coli; the second one (MenF) catalyses the same reaction in the menaquinone 

biosynthesis pathway (Buss, 2001, Sridharan et al., 2010). Given that the entC open 

reading frame is at the 5’ end of the enterobactin biosynthesis operon, entCEBAH, the 

kan cassette may prevent the production of downstream genes (Appendix 3). This would 

result in the channelling of chorismate into menaquinone synthesis, while the kan 

cassette removal could increase the expression of four downstream genes in the 

enterobactin synthesis operon (entEBAH), thus resulting in less menaquinone synthesis. 
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Therefore, the kan cassette presence vs. removal may result in more or less menaquinone 

production in the cells, converse to the less or more enterobactin, respectively. 

Interestingly small amounts of “crosstalk” of isochorismate between the enterobactin and 

menaquinone biosynthesis pathways have been reported, of which 1.9% of enterobactin 

is produced from MenF and 4% of menaquinone is produced from EntC. This shows that 

despite the deletion of the entC gene, residual amounts of enterobactin is still being 

produced (Buss, 2001). Nevertheless, it is hard to rationalise a stronger effect of “clean” 

entC deletion relative to the one containing the kan insert. The opposite activity of the 

double ΔtolC ΔentC vs ΔtolC ΔentC::kan in terms of the effect of the kan cassette, 

relative to the effect of the kan cassette in the single ΔentC mutant is again hard to 

rationalise and argues in favour of experimental variability.   

 

4.2.3 DNA as a target 

Bacteria face many threats to their DNA and so they possess several DNA repair systems 

in order to mitigate the damage. In E. coli, the UvrABC nucleotide excision repair (NER) 

system is a key DNA repair system which can eliminate DNA lesions without 

introducing errors in the sequence (Pakotiprapha et al., 2012, Smith et al., 2002). As 

previous studies have shown that furazolidone exhibits its antibacterial effects by 

targeting DNA and that vancomycin may cause DNA damage through oxidative stress, it 

was hypothesised in this thesis that vancomycin and furazolidone may synergise by 

enhancing each other’s effect on DNA damage (Chatterjee et al., 1983). In order to 

explore this hypothesis, a mutant lacking the UvrA protein of the UvrABC NER pathway 

was tested against the antibiotic combination. Consistent with previous studies, our 

results showed increased sensitivity to both vancomycin (2-fold decrease in MIC) and 

furazolidone (8-fold decrease in MIC). As expected, this mutant was especially sensitive 

to furazolidone given its primary target is DNA. In a reported Keio collection mutant 

screen (Ayhan et al., 2016, Liu et al., 2010), it was found that there was no effect in the 

deletion of the UvrA subunit against vancomycin. Findings in this thesis contradict the 

screen cited above and support the hypothesis that vancomycin induces DNA damage 

through oxidative stress as a secondary action. 

Continuing on from the MICs, it was thought that there would be a large effect on the 

synergy for the ΔuvrA mutant, however, the results from the checkerboard assay showed 
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DNA repair mechanisms were not involved at all in the mechanism of synergy (Figure 

12). This does not necessarily disprove the hypothesis, but rather points to the synergistic 

effect on other responses, e.g. base excision repair (BER), DNA mismatch repair (MMR) 

or the SOS response in contrast to the UvrABC repair pathway. Both vancomycin and 

furazolidone have been reported to induce the SOS response. While vancomycin may 

induce the SOS response via peptidoglycan disruption, which was found to be one of the 

SOS-inducing signals (Kreuzer, 2013, Rahman et al., 1993), furazolidone is expected to 

induce the SOS response through its effect on DNA. The SOS response system is 

regulated by RecA (inducer of the SOS response) and LexA (repressor of the SOS 

response) proteins. During normal growth conditions, the LexA protein represses the 

SOS system, however, in response to DNA damage, RecA is upregulated and cleaves 

LexA, thus inducing the SOS response (Kreuzer, 2013, Zgur-Bertok, 2013). The 

induction of the SOS response, in turn activates pathways for the cells such as cell 

division arrest, cell death or induce viable but non-cultivable state (McKenzie et al., 

2000, Zgur-Bertok, 2013). As both antibiotics are inducers of SOS at the sub-lethal 

concentrations, it is possible that their synergistic effect may be downstream of the SOS 

response system mentioned above. This involvement of complex physiological responses 

is hinted by the time-kill curves where both the drug combination and furazolidone 

treatment alone resulted in a drop of the titre within 6 hours, followed by an increase 

after a 24-hour incubation (Figure 7).  

In order to determine whether and what pathways of SOS-dependent cell death are 

induced by the vancomycin-furazolidone combination it is necessary to expand the 

analysis to the mutants of the key proteins of the SOS and associated pathways that 

trigger the cell cycle arrest, non-culturable state or death of E. coli in order to identify the 

points at which the two antibiotics synergise. The use of specific inhibitors to block the 

SOS response could determine whether the vancomycin-furazolidone interaction is truly 

due to the downstream effects of the SOS response. However, complications may arise if 

these molecules were to interact with vancomycin and furazolidone in an SOS-unrelated 

manner (Baharoglu and Mazel, 2014, Mo et al., 2016). 

Furthermore, while the isobologram implied that DNA was not a target of the 

vancomycin-furazolidone combination, we cannot completely eliminate the hypothesis 

that DNA is a target. While DNA may not be the point at which vancomycin and 

furazolidone interact synergistically, it is possible that they could both be co-targeting 
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DNA. A key limitation in the use of isobolograms is that they cannot distinguish the co-

targeting of the two antibiotics (Breitinger, 2012) and so it would be impossible to 

determine whether DNA is a target or if the point of synergy is downstream of the SOS 

response. 

 

4.3 Biofilms 

The presence of biofilms poses problems to many different fields such as in hospitals or 

in industries. Primarily this is due to the biofilms’ remarkable resistance to antibiotics in 

comparison to that of planktonic bacteria and as such is far more difficult to eliminate 

(Dufour, 2010, Dunne, 2002, Vasudevan, 2014). Antibiotics are usually much less 

effective at treating the biofilm-based infections in comparison to those that involve 

planktonic cells. In order to eliminate biofilms, very high concentrations beyond the 

planktonic MICs have to be used, reaching the levels that are often toxic to the patients 

(Abedon, 2015). In agreement with these biofilm properties, the concentrations required 

to inhibit the growth and cause eradication (killing) of E. coli in biofilms observed in this 

thesis work are greater than those of planktonic bacteria. Interestingly, vancomycin 

displayed a bimodal curve for its biofilm eradication (killing) activity, with a peak 

(maximum eradication) at 500 mg/L; with the survival increasing at higher 

concentrations (1000 – 32000 mg/L) after 24 hours incubation (Figure 13A). Bacteria 

were eradicated to below the detection level only at 64 000 mg/L. It is possible that there 

was a positive selection for vancomycin-resistant mutants due to vancomycin not 

eradicating completely the biofilm in the early hours of incubation at those 

concentrations and providing high enough selective pressure. Induction of mutagenic 

SOS DNA repair has been found to induce an increase in mutation rate, resulting in the 

emergence of resistant bacteria in Staphylococcus (Cirz et al., 2007, Dufour, 2010, 

Vasudevan, 2014). The significance of the bimodal behaviour of vancomycin-treated 

biofilms remains to be investigated.  

For furazolidone, the MBIC and MBEC were higher by a factor of ~10 in the biofilms 

relative to the planktonic state. However, unlike vancomycin, there was no bimodal 

behaviour in the MBEC dose-response analysis (Figure 13B). Consistent with our 

findings, another study demonstrated similar MICs for nitrofurantoin against E. coli 

biofilms (Gandee et al., 2015). The analysis in this thesis showed that the furazolidone 

MIC was not much decreased by vancomycin (two-fold at 500 mg/L).  
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Therefore, furazolidon-vancomycin antibiotic combination is far less effective against 

biofilm-based system as opposed to planktonic culture. These findings are to be expected 

as it is known that bactericidal drugs such as vancomycin and furazolidone are far more 

effective against fast growing cells as opposed to the slow growing cells within the 

biofilm (Stewart, 2015). In addition to the difference in the physiological states, other 

factors such as penetration of the biofilm and antibiotic depletion would have also 

contributed to the decreased efficacy (Stewart, 2015). Based on the findings from the 

biofilm eradication assay, it was suggested that the eradicating vancomycin and 

furazolidone concentration combination was not suitable for the treatment of E. coli 

infections due to the vancomycin concentration (62 mg/L) that is above nephrotoxic 

level (30 mg/L). The biofilm eradicating vancomycin concentration in the most effective 

combination with furazolidone was 250 mg/L in combination with 39 mg/L 

furazolidone, as for the planktonic cultures. This vancomycin concentration required to 

eradicate biofilms are much higher in comparison to the toxic dose and are not suitable 

for systemic use on humans (Figure 14).  

Although too toxic to use as a systemic treatment, this antibiotic combination could 

potentially be used as a viable option for the coating of catheters in a hospital setting. 

Strategies that are currently used for prevention of the biofilm formation on catheters 

include the coating with silver or antibiotics (Chen et al., 2013, Trautner and Darouiche, 

2004). The use of silver to coat the surface of biofilms while successful at preventing E. 

coli biofilm formation at high concentrations, it is toxic to humans and has been linked to 

increased risks of thrombosis (Roe et al., 2008, Jena et al., 2012, Stevens et al., 2009). 

Besides the silver, antibiotics that are used for the treatment of catheter surfaces from 

biofilms include, quinolones, fusidic acid, nitroimidazole, triclosan and a nitrofuran, 

nitrofurazone (Wu et al., 2015, Soto, 2014, Williams and Stickler, 2008). While they are 

successful at protecting against biofilms, due to the extensive use of these antibiotics, it 

was thought that resistances to these antibiotics may emerge. Furthermore, it was 

reported that, once bacteria acquire partial resistance to therapeutic doses, and possibly 

even promote the induction of new biofilms (Soto, 2014, Hoffman et al., 2005). While 

the use of antibiotic combinations was successful in eradicating biofilms, there is a 

possibility that the use of antibiotic combinations may speed up the emergence of 

resistant mutants by developing resistance to both antibiotics in a stepwise manner 

(Hegreness et al., 2008, Pena-Miller et al., 2013). This could be possible to mitigate by 
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using increased antibiotic concentrations within the combination (Pena-Miller et al., 

2013).  

 

4.4 Effects of DOC on the vancomycin-furazolidone synergy 

In this thesis, a triple antibiotic combination containing vancomycin, furazolidone and 

DOC was characterised against the wild-type strain, BW25113. Based on the lower 

concentrations of vancomycin and furazolidone required to inhibit bacterial growth, we 

can infer that in the presence of DOC at all three concentrations used stimulates the 

vancomycin and furazolidone combination. Previous studies were done to characterise 

the synergy between furazolidone and DOC against strain BW25113 found that there this 

strain was highly resistant to high concentrations of DOC (Vuong Le, unpublished data). 

Based on the observations in this thesis, the addition of DOC enhances the interaction 

between vancomycin and furazolidone. It has been proposed that DOC exhibits it 

antibacterial effects through DNA damage and it has been reported that DOC induces the 

SOS response in E. coli (Kandell and Bernstein, 1991, Merritt and Donaldson, 2009). 

Based on this it could be deduced, in terms of synergy with vancomycin and 

furazolidone, that the interaction may occur downstream of the SOS response. 

At the lowest concentration of DOC added (1.25 g/L) to the vancomycin-furazolidone 

combination, this thesis showed even sub-nephrotoxic levels of vancomycin (< 30 mg/L) 

could inhibit the growth of E. coli cells. This opens up many different applications as to 

where this triple combination could be used. Normally vancomycin is taken orally in 

order to treat bacterial infections that occur in the intestines. While successful at treating 

infections caused by Gram-positive bacteria, is largely ineffective against Gram-negative 

bacteria such as the foodborne pathogen E. coli O157:H7 at safe sub-nephrotoxic 

concentrations (Alvarez et al., 2016, Isaac et al., 2017). Even when combined with 

furazolidone, the concentration of vancomycin in combination was considered to be too 

high and to be too risky for use in humans, however in the presence of DOC which is 

normally found in the gut, this treatment may be a viable option (Shefer et al., 1995). As 

there is already a very high concentration of 40 mM of bile salts found in the human 

hepatic bile, adding more DOC into patients without bile salts synthesising disorders 

could be dangerous due to its carcinogenic activity at high concentrations (Begley et al., 

2005, Bernstein et al., 2011). However, the addition of DOC at lower concentrations 

along with vancomycin and furazolidone could potentially be used as an effective 
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treatment against Gram-negative intestinal infections for patients that have disorders in 

synthesising bile salts. 
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5 Conclusions 
In agreement with the primary hypothesis, this study has confirmed that there is a 

synergistic interaction between vancomycin and furazolidone against E. coli which may 

allow for potential applications of vancomycin against Gram-negative bacteria. It was 

also shown that by adding DOC at 2.5 g/L, the concentration of vancomycin that inhibits 

E. coli is reduced to sub-toxic concentrations. In terms of the bacterial proteins involved 

in the interaction between vancomycin and furazolidone, there is evidence that the TolC 

channel plays a minor role, whereas the main synergy mechanism remains to be 

elucidated. It is possible that this interaction could incorporate many different 

mechanisms as opposed to one main mechanism. While too toxic for use as a treatment 

against biofilm-based infections, this combination may be a plausible coating of 

catheters to prevent the formation of biofilms. Additionally, the use of the triple 

combination consisting of vancomycin, furazolidone and DOC displayed greater synergy 

and potentially opens up potential treatments for more practical applications in the 

future. 
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6 Future directions 
6.1 Synergy 

This work only confirmed vancomycin-furazolidone synergy in E. coli K-12 laboratory 

strains BW25113 and K1508. Previous unpublished work showed that this combination 

is also synergistic in growth inhibition of pathogenic E. coli strains including 

uropathogenic strains and E. coli O157:H7, as well as Salmonella and Citrobacter natural 

isolates. The synergy was not observed in Klebsiella isolates or P. aeruginosa (Carel 

Jobsis and Jasna Rakonjac, unpublished). Synergy against other Gram-negative 

pathogens such as Acinetobacter baumanii, Francisella tularensis, Vibrio cholerae and 

Campylobacter remains to be investigated. Doing so would allow for assessment of more 

practical applications for this combination. 

Given that the concentration of DOC used in this work is quite high, future analysis will 

be required to determine minimal DOC concentration that will allow sub-nephrotoxic 

vancomycin application for E. coli growth inhibition in triple combination. The relatively 

high DOC concentration is tolerated for topical and oral applications, the latter for the 

treatment of enteric infections. Furthermore, to determine whether the triple combination 

could be used in wound dressings or for the coating of catheters would have to be tested 

against biofilms. 

 

6.2 Furazolidone mechanism of action 

In order to fully elucidate the mechanism of interaction between vancomycin and 

furazolidone, it is necessary to characterise the mechanism of action for furazolidone. 

While is it known that furazolidone is reduced by the nitroreductases, NfsA and NfsB, 

the current targets and the exact mechanism are not fully understood. It was proposed by 

(Grigor'ev, 1999) that all nitrofurans can produce NO as a by-product of their reduction. 

By assessing the generation of NO through the reduction of furazolidone, we can gain 

further insights into potential targets. One can test for NO production by overexpressing 

the Hmp gene which encodes a flavohaemoglobin which possesses nitric oxide 

dioxygenase activity which detoxifies NO during aerobic conditions (Gardner and 

Gardner, 2002, Gardner, 2012). If a decrease in synergy is observed, this would indicate 

that NO is produced during the reduction of furazolidone.  
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6.3 Inhibition of biofilms 

Given the problems posed by the presence of biofilms on catheters, it would be important 

to gain insights into the inhibition of biofilm on catheters (Gandee et al., 2015). As found 

in this study, concentrations of vancomycin and furazolidone required to eradicate 

biofilms are higher than those that are effective against the planktonic cultures. If the 

strategy is applied to coat the catheters containing this antibiotic combination before 

biofilm formation, then it may be possible to prevent the seeding of the biofilm. The 

inhibition of bacterial growth and biofilm formation by coating of catheters will have to 

be assayed in the future, as described by Gandee et al. (2015).  
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