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Abstract 

Ciprofloxacin is one of the few drugs still effective against Salmonella infections. 

Ciprofloxacin binds the A subunit of type II topoisomerase enzymes, primarily 

GyrA (DNA gyrase) in Gram-negative bacteria and ParC (topoisomerase IV) in 

Gram-positive bacteria. Interaction of ciprofloxacin with topoisomerases disrupts 

enzyme function resulting in double stranded breaks in the chromosome, 

relaxation of DNA supercoiling, and the cessation of DNA replication. We tested 

the growth of Salmonella enterica SL1344 and mutants, fis, crp and rpoS, in LB 

containing 0%, 0.5% and 1% NaCl and sublethal concentrations of the 

antibiotics novobiocin, nalidixic acid, and ciprofloxacin. We observed that a 

Salmonella enterica mutant lacking the cyclic AMP receptor protein (crp) gene 

was less susceptible to ciprofloxacin than wild type. We tested two hypotheses 

to explain this antibiotic resistance phenotype: I) a ∆crp mutant has reduced 

permeability to small molecule antibiotics, or II) a ∆crp mutant is pre-adapted to 

the ciprofloxacin challenge by virtue of having a decreased level of drug target. 

The first hypothesis was addressed by testing if the ∆crp mutant was also 

resistant to the ribosome-targeting antibiotics tetracycline and kanamycin. There 

was no difference in susceptibility between ∆crp and wild type to either drug. 

Quantitative PCR revealed that expression of the major porin, ompC, was 

unchanged in the ∆crp mutant, but ompA and ompF decreased. Expression of 

the drug efflux pump acrB was also found to increase in the mutant. Using two-

dimensional chloroquine gel analysis, we determined that DNA supercoiling was 

more relaxed in the ∆crp mutant than in wild type, supporting the second 
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hypothesis. Although DNA gyrase (gyrA and gyrB) and topoisomerase I (topA) 

expression was similar in both the ∆crp mutant and wild type, the secondary 

topoisomerase genes, parC and parE, were more highly expressed in the ∆crp 

mutant. We also observed that wild-type cells treated with ciprofloxacin had a 

filamentous phenotype after 12 h, while cell division in ∆crp cells was unaffected. 

Filamentous growth is suggestive of the SOS response and has been observed 

in cells treated with ciprofloxacin. Therefore, we verified expression levels of two 

SOS response proteins, sulA and ftsA. Although we observed the filamentous 

phenotype in wild-type cells, sulA and ftsA expression did not conclusively 

indicate that the SOS response had been initiated in wild type. Together, these 

data support a model in which ∆crp mutants are resistant to the effects of 

ciprofloxacin due to DNA relaxation arising from increased expression of 

topoisomerase IV (parCE), reduced permeability (ompA and ompF) and 

increased efflux of ciprofloxacin (acrB). 
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1.1 Introduction 

We are in the midst of a global crisis due to the rise of antibiotic resistant 

organisms and the shortage of new antibiotics (Fischbach & Walsh, 2009; 

Spellberg et al., 2008). With the decline of effective antibiotics it is paramount 

not only to find new treatment options and antimicrobial compounds, but also to 

understand how the organisms we are trying to combat respond to antibiotic 

treatment. 

The aim of this chapter is to provide background information on antibiotic 

resistance, Salmonella enterica, and antibiotics important to this study. As well, 

this chapter introduces gene regulation and environmental responses in 

bacteria, specifically the roles of the SOS response, DNA supercoiling, and 

global regulatory proteins. 

1.2 Antibiotic Resistance 

Unfortunately, due to the misuse and overuse of antibiotics, resistance has 

become one of the most serious health threats to date (CDC, 2013). The crisis 

we now face is the result of a combination of two problems. First, bacteria are 

becoming resistant to all existing antibiotics notably, Gram-negative rods 

including Salmonella, which have resistance to nearly all existing antibiotics 

(Coates, 2012; Carlet et al., 2012). Second, discovery and development of new 

antimicrobials has nearly come to a complete stop (Hughes, 2011). The lack of 

useful antibiotics will prevent us from treating not only infectious diseases, but 

also patients with complications from surgical procedures and chemotherapy. 
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Antibiotic resistance occurs naturally in bacteria to defend against antibiotics 

produced by competitor bacteria or fungi. Resistance arises from changes in the 

bacterial genome as the result of de novo mutation or horizontal gene transfer 

(Martínez, 2012). If the resistant bacterial population is subsequently exposed to 

antibiotic stress, cells equipped with resistance mutations or new resistance 

genes are able to grow in the presence of the antibiotic. 

Bacteria are often thought to be either resistant or susceptible to antibiotics, but 

in reality there is a gradient of resistance that depends on the concentration of 

antibiotic present. The minimum inhibitory concentration (MIC) is defined as the 

lowest concentration of antibiotic that can prevent growth in vitro. When bacteria 

are exposed to concentrations of antibiotics below the MIC their likelihood of 

developing resistance increases (Andersson & Hughes, 2014). This is because 

bacteria continue to grow and adapt to environmental challenges, like antibiotic 

pressures. Further, low levels of antibiotics can alter the global transcription of a 

bacterium (Goh et al., 2002). Sublethal concentrations of antibiotics are those 

that are below the MIC, and these levels are found in many environments. 

Sublethal antibiotic concentrations occur in patients and livestock due to the 

compartmentalization of antibiotics in organs and tissues. As well, sublethal 

concentrations occur from dilution of antibiotics in wastewater and drinking water 

(Hermsen et al., 2012).  

1.3 Salmonella 

Salmonella enterica subsp. enterica serovar Typhimurium (S. Typhimurium) is a 

clinically relevant Gram-negative intracellular pathogen and a close relative of 
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Escherichia coli (E. coli) (Clark & Pazdernik, 2013; Piddock, 2006). S. 

Typhimurium caused 3.4 million cases of invasive non-typhoidal Salmonella 

infections and over 680,000 deaths in 2010 (Ao et al., 2015). While the majority 

of cases recover without antibiotic treatment, small children, the elderly, and 

persons with compromised immune systems are at greater risk for developing 

severe infections and require treatment (Gal-Mor et al., 2014). Furthermore, S. 

Typhimurium has been listed as “serious” in terms of its threat to health as an 

antibiotic resistance pathogen (CDC, 2013).  

1.4 Antibiotics 

Sulfonamide drugs were invented in 1935 and were the first therapeutics used to 

treat microbial infections (Jeśman et al., 2011). Since then, antibiotics have 

revolutionized medicine and microbiology. We use antibiotics to prevent and 

treat bacterial infections and as powerful tools that facilitate genetic manipulation 

in the laboratory (Clardy et al., 2009). However, in the last few decades very few 

new and useful antibiotics have been discovered or synthesized, and 

simultaneously antibiotic resistance has been on the rise. 

Antibiotics can be subdivided in a few ways; two major divisions are whether a 

drug is bacteriostatic or bactericidal, or whether it is broad or narrow spectrum. 

Bacteriostatic antibiotics prevent the continued growth of bacteria, while 

bactericidal antibiotics kill bacteria. Although this distinction is clear in vitro in the 

laboratory, it is less important when considering treatment options for patients 

(Pankey & Sabath, 2004). Broad-spectrum antibiotics act on a wide variety of 

infections, caused by both Gram-positive and Gram-negative bacteria. Broad-
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spectrum drugs are very useful, especially when doctors do not know what type 

of bacteria is causing an infection. Conversely, narrow spectrum antibiotics are 

only effective against a few organisms, which could be limited to a single Gram-

positive or Gram-negative genera or species (Fischbach & Walsh, 2009). 

Antibiotics can also be classified by their mechanism of action. Generally, 

antibiotics inhibit enzymes required for essential cell functions like cell wall 

synthesis, cell membrane permeability, DNA synthesis, and protein synthesis 

(Kohanski et al., 2010). These diverse targets have driven the evolution of 

diverse mechanisms of antibiotic resistance. 

1.4.1 Mechanisms of resistance 

There are many antibiotic resistance mechanisms, including but not limited to, 

drug efflux pumps, inhibition of drug uptake, drug-inactivating enzymes, and 

modification of drug targets (Lin et al., 2015). The outer membrane that defines 

Gram-negative bacteria, like S. enterica, provides an additional barrier to drug 

entry. Most important to this study and described here are drug efflux pumps and 

the inhibition of drug uptake involved in resistance to fluoroquinolones, a 

clinically relevant group of antibiotics described in detail in section 1.4.2 below. 

Efflux pumps are located in the cytoplasmic membrane of the cell and actively 

export molecules out of the cytoplasm. These pumps can be extremely effective 

at decreasing intracellular concentrations of antibiotics even at low 

concentrations (Li et al., 2009). There are many types of efflux pumps; some rely 

on ATP while others take advantage of electrochemical potential gradients. 

Many efflux pumps can only transport specific molecules or drugs, while others 
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can accommodate multiple molecules of a given size or polarity (Nikaido & 

Pagès, 2012). In addition to playing major roles in antibiotic resistance, efflux 

pumps are involved in general stress responses, virulence and cell 

communication (Li et al., 2009; Piddock, 2006; Webber, 2002).  

AcrB is a representative multi-drug efflux pump located in the cytoplasmic 

membrane of Gram-negative bacteria (Huguet et al., 2013; Piddock, 2006). This 

drug efflux pump has been linked to ciprofloxacin (cipro) resistance. AcrB 

expression is increased 26% in cipro-resistant E. coli compared to their 

susceptible counterparts (Huguet et al., 2013), and Salmonella acrB expression 

increases with exposure to ciprofloxacin (Galiana et al., 2014). Overexpression 

of acrB has also been linked to multidrug resistance in S. Typhimurium (Piddock, 

2006). In addition to contributing to antibiotic resistance, AcrB is important for S. 

Typhimurium pathogenesis as ∆acrB mutants are unable to adhere to 

macrophages and poorly colonize the guts of chickens (Buckley et al., 2006). 

Bacteria can resist the effects of antibiotics by altering drug channels in the outer 

or cytoplasmic membranes to prevent entry into the cell (Hopkins et al., 2005). 

Outer membrane proteins called porins allow the passage of small hydrophilic 

molecules through the cell membrane. Therefore decreasing or eliminating 

porins from membranes can restrict some antibiotics from entering the 

cytoplasm (Hirai et al., 1986). 

OmpC is one of three major porins found in E. coli and S. Typhimurium (Dorman 

et al., 1989). It is a trimeric porin that allows the diffusion of small molecule 
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antibiotics, and has been found allow passage of fluoroquinolones, including 

ciprofloxacin at a rate of 3 ± 0.3 molecules/s (Mahendran et al., 2010). It is highly 

expressed through exponential phase, and drops through stationary phase 

(Kröger et al., 2013). It has also been shown that in E. coli, ompC expression 

decreases by 30% in cipro-resistant strains versus susceptible strains, 

suggesting its involvement in antibiotic resistance (Huguet et al., 2013).  

OmpF is another abundant porin in E. coli and S. Typhimurium (Dorman et al., 

1989). It is very similar to OmpC in size and structure; however, it is differentially 

expressed. OmpF is most highly expressed in early stationary phase (Kröger et 

al., 2013). It allows passage of fluoroquinolone antibiotics even faster than 

OmpC (7 ± 0.8 molecules/s), as it has a slightly larger opening (Mahendran et 

al., 2010). Huguet, et al suggest that because of a greater decrease in ompF 

expression than ompC in cipro-resistant E. coli (50% and 30% respectively), 

OmpF may contribute more to fluoroquinolone resistance than OmpC (Huguet et 

al., 2013). 

OmpA is the third major porin found in E. coli and S. Typhimurium. Although 

similar in structure and size to both OmpC and OmpF, OmpA has less size-

specificity for the diffusion of small molecules, and the passage of molecules 

through the channel is 50-fold slower than in OmpF (Sugawara & Nikaido, 1992). 

Moreover, OmpA can assume a closed conformation that blocks diffusion 

(Sugawara & Nikaido, 1994).  
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1.4.2 Gyrase-targeting antibiotics 

Gyrase is an excellent target for antibiotics as it is an essential enzyme present 

in all bacteria (Maxwell, 1999). Gyrases maintain DNA supercoiling, which is 

explained in detail in section 1.5 below. Two types of antibiotics, coumarins and 

quinolones, specifically target gyrases (Collin et al., 2011). Quinolones can be 

very effective at low concentrations against a broad spectrum of bacterial 

infections thus are more clinically relevant than coumarins (Cheng et al., 2013; 

Drlica & Malik, 2003). Coumarins such as novobiocin have lower activity against 

Gram-negative bacteria and can be toxic to eukaryotic cells (Maxwell, 1999).  

Novobiocin was the first coumarin antibiotic, and is a natural product isolated 

from Streptomyces. It targets the B subunit of DNA gyrase to block the DNA 

supercoiling activity of the enzyme (Zechiedrich et al., 2000). It does this by 

competitively inhibiting the ATPase reaction catalyzed by GyrB (Drlica & Snyder, 

1978). As mentioned above, novobiocin is not clinically relevant, but it is used in 

the present study because we have great understanding of the mechanism of 

action (Maxwell, 1999).  

Nalidixic acid is a first generation synthetic quinolone and a small hydrophobic 

molecule. Its high relative hydrophobicity reduces passage through the 

lipopolysaccharide (LPS) layer but may allow it to permeate the phospholipid 

bilayer in addition to porins (Hirai et al., 1986). Surprisingly, nalidixic acid has 

paradoxical toxicity in bacteria in that lower concentrations result in a bactericidal 

effect, while concentrations above approximately 400 μg/mL are only 

bacteriostatic (Crumplin & Smith, 1975). 
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The broad-spectrum antibiotic ciprofloxacin is a modified quinolone, called a 

fluoroquinolone. Fluoroquinolones are derived from quinolone antibiotics by 

replacing the eighth carbon with a nitrogen and by adding fluorine in the sixth 

position (Redgrave et al., 2014). These modifications make these antibiotics 

more potent at lower concentrations and provide a wider spectrum of activity 

than their quinolone predecessors (Bauernfeind & Petermüller, 1983; Redgrave 

et al., 2014). Ciprofloxacin is a small, hydrophilic molecule with low relative 

hydrophobicity. These properties permit passage through the LPS but prevent 

diffusion through the phospholipid bilayer. It enters the cell through outer 

membrane porins, thus mutant porins can block entry (Hirai et al., 1986). 

Ciprofloxacin resistance arises primarily from mutations in the gyrase or topo IV 

subunits, yet multiple mutations are required to provide resistance to clinically 

acceptable concentrations (Sanders, 2008). Mustaev et al. recently found that E. 

coli gyrase has two potential sites where ciprofloxacin can bind, one on the GyrA 

subunit, and the other on GyrB (Mustaev et al., 2014). It appears that the 

antibiotic can bind either subunit of gyrase or topo IV with its C-7 ring structure to 

form a fluoroquinolone-enzyme-DNA complex (Drlica & Malik, 2003; Mustaev et 

al., 2014; Smith, 1986; Wolfson & Hooper, 1985). This complex prevents the 

progression of DNA polymerase and causes double stranded DNA breaks. Two 

alternative consequences of DNA breakage are proposed to cause cell death. In 

one scenario, cleavage of the fluoroquinolone-enzyme-DNA complex results in 

double stranded breaks with free DNA ends; alternatively, enzyme subunit 

dissociation from one another while remaining complexed to the DNA prevents 
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DNA repair mechanisms from resealing the DNA break. Both outcomes can 

trigger the SOS response and result in relaxation of chromosomal DNA 

supercoiling (Drlica & Zhao, 1997). 

1.5 Environmental response and regulation 

1.5.1 SOS response 

When the cell detects elevated levels of DNA damage it induces an emergency 

DNA repair system termed the SOS response. The SOS response blocks cell 

division and induces an error-prone DNA repair mechanism that results in 

elevated mutation rates (Michel, 2005). The SOS response is induced by 

antibiotics that cause DNA damage, such as ciprofloxacin (Michel, 2005; Power 

& Phillips, 1992). There are two predominant proteins involved in this response; 

the repressor LexA and inducer RecA (Benson et al., 2000). 

RecA is a highly conserved and constitutively expressed protein (Miller & 

Kokjohn, 1990). It binds single stranded DNA in order to form a nucleoprotein 

filament. This filament can either invade homologous DNA strands to initialize 

recombination or it can initiate the SOS response by inducing LexA self-

cleavage (Michel, 2005). During normal growth, LexA represses the DNA repair 

polymerases and other SOS response genes (Aksenov, 1999). When triggered 

by RecA, LexA self-cleaves and releases the 20 bp DNA sites to which it is 

normally bound (Anderson & Kowalczykowski, 1998). Genes will be sequentially 

de-repressed as LexA cleavage progresses and promoters with a weaker affinity 

for LexA are expressed first. This includes lexA and recA, which initiate 

nucleotide excision repair in response to low levels of DNA damage. If further 
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DNA damage is detected, LexA is cleaved from higher affinity promoters such as 

sulA (Michel, 2005). SulA can then bind to FtsZ to block cell division. FtsA is 

required to recruit FtsZ to the cell membrane during the cell division process, 

therefore altered levels of FtsA can block cell division and cause filamentation 

(Benson et al., 2000; Chen et al., 2012). 

1.5.2 DNA supercoiling 

Bacterial chromosomes and plasmids are much longer than a cell. DNA 

supercoiling aids in the task of compacting DNA molecules, but has the 

consequence of simultaneously altering gene expression (Dorman, 2006; Smith, 

1986). Typically bacterial DNA is maintained in a negatively supercoiled state, 

meaning that the DNA is under-wound (Dorman, 2006). The under-winding of 

DNA provides energy that assists in separation of the DNA double helix for 

replication or transcription (Sinden, 1994). Indeed, DNA can be melted purely by 

the superhelical stress generated by underwinding the DNA molecule (Sheridan 

et al., 1998). The topology, or 3D shape, of a segment of DNA can also affect 

the ability of transcription factors to bind to that region (Wagner, 2000), thus 

DNA supercoiling presents a level of control over DNA replication and gene 

expression. Supercoiling is neither evenly distributed nor static across a 

chromosome; in fact it changes dynamically in response to environmental 

stresses (Webber et al., 2013). In response to changes experienced by the cell, 

levels of DNA supercoiling are controlled by enzymes called topoisomerases 

that can either under-wind or over-wind the DNA double helix (Figure 1) 

(Dorman, 2006; Reyes-Dominguez et al., 2003). 
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Topoisomerases alter DNA superhelicity by breaking strands of DNA, passing 

strands through the break, and resealing. There are four different 

topoisomerases that fall into two distinct groups, type I and type II (Champoux, 

2001). Topoisomerase I and III (topo I and topo III), encoded by topA and topB 

respectively, are type I topoisomerases (Champoux, 2001). These enzymes cut 

a single strand of a DNA double helix to relax DNA by removing negative 

supercoils (Zechiedrich et al., 2000). Topo I is the dominant type I 

topoisomerase, but topA deletion mutants remain viable even in the absence of 

compensatory mutations (Stupina & Wang, 2004).  

Topo II (also called DNA gyrase) and topo IV are type II topoisomerases 

(Champoux, 2001), and both can be bound by the gyrase-targeting antibiotics 

ciprofloxacin, nalidixic acid, and novobiocin (Hardy & Cozzarelli, 2003; Mustaev 

et al., 2014; Smith & Davis, 1967). Unlike the type I topoisomerases, both of 

these enzymes are essential (Hardy & Cozzarelli, 2003). Also unlike the type I 

topoisomerases, DNA gyrase and topo IV are tetrameric proteins made up of 

two A and two B subunits, gyrA and gyrB, and parC and parE respectively 

(Dorman, 2006). Both enzymes alter supercoiling by introducing double stranded 

breaks in DNA. Of all the topoisomerases, only DNA gyrase can introduce 

negative supercoils (Raji et al., 1985; Zechiedrich et al., 2000). Topo IV relaxes 

negative DNA supercoils and its primary role is to separate daughter 

chromosomes following DNA replication (Hardy & Cozzarelli, 2003). 

Nevertheless, topo IV’s ability to relax DNA allows overexpression of the topo IV 

genes, parC and parE, to compensate for the loss of topo I (McNairn et al., 
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1995), and this overexpression results in relaxation of DNA supercoiling as other 

topoisomerases continue to function (Drlica & Snyder, 1978). 

The type II topoisomerases require ATP hydrolysis to introduce double strand 

breaks and to reseal DNA (Mizuuchi & O'Dea, 1978). The ratio of ATP to ADP is 

also linked to the level of supercoiling, with a high ratio resulting in highly 

supercoiled DNA and a low ratio culminating in relaxed DNA (Drlica, 1992; Hsieh 

et al., 1991). Conversely, type I topoisomerases do not rely on ATP to perform 

their function; instead, they use the high-energy phosphodiester bonds in DNA to 

catalyze their activity (Chen et al., 1994; Liu & Wang, 1978). 

1.5.3 Global regulatory proteins 

Bacterial genomes are made up of thousands of genes. While some genes are 

required at all times, most are only needed under specific conditions. Global 

gene regulation is important for ensuring the correct balance of gene expression 

within the cell. Periodically, cells will be exposed to extremely stressful 

conditions, and when this occurs a rapid shift in gene expression is required for 

survival (Neidhart, 1996). Protein transcription factors play a central role in the 

global control and coordination of gene expression (Thieffry et al., 1998). Three 

proteins in S. enterica and E. coli sit near the top of the gene-regulatory 

hierarchy, CRP, FIS, and RpoS. These proteins are highly conserved across the 

Gammaproteobacteria as they are important for normal functioning of the cell. 

The ability of each protein to bind its DNA targets is affected by DNA 

supercoiling, but the interplay between these proteins and the dynamics of DNA 

supercoiling is poorly understood.  
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Figure 1. Diagram representing how topoisomerases alter DNA supercoiling. 
DNA exists in multiple topological states from relaxed to supercoiled. Gyrase 
(gyrA and gyrB) can add supercoils to DNA. Topoisomerase I (topA) and 
topoisomerase IV (parC and parE), relax DNA supercoils. Gyrase and 
topoisomerase IV require ATP to alter DNA supercoiling. 
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The archetypal transcriptional regulator, cyclic AMP Receptor Protein (CRP), is 

responsible for the regulation of over 100 operons (Grainger et al., 2005; 

Robison et al., 1998; Zheng, 2004). The DNA-binding activity of CRP is activated 

by the allosteric effector cAMP (Zubay et al., 1970). The CRP protein regulates 

genes involved in the catabolism of secondary carbon sources, osmoregulation, 

stringent response, virulence, multi-drug antibiotic resistance, and DNA 

supercoiling (Balsalobre et al., 2006; Deutscher, 2008; Fic et al., 2009; Hirakawa 

et al., 2006; Johansson et al., 2000; Nishino et al., 2008; Rimsky & Travers, 

2011). Some notable genes important in this study that are directly regulated by 

CRP are gyrA, ompF and ompA (Gibert & Barbe, 1990; Gomez-Gomez et al., 

1996). 

The Factor for Inversion Stimulation (FIS) is an important global regulator of 

gene expression and chromosome structure (Finkel & Johnson, 1992; Wang et 

al., 2013). However, the relationship between FIS and DNA supercoiling appears 

to differ between bacterial species (Cameron et al., 2011). Expression of fis 

during exponential growth is high then declines sharply to undetectable levels as 

growth decreases and cells enter stationary phase (Cameron et al., 2013). FIS 

directly binds DNA, modulates the production of DNA gyrase (gyrA and gyrB) 

and topoisomerase I (topA), as well as other nucleoid-associated proteins 

including CRP and H-NS (Schneider et al., 1999; Schneider & Travers, 2000; 

Weinstein-Fischer & Altuvia, 2007). The fis promoter is auto-repressed (Ball et 

al., 1992), is induced by high levels of DNA supercoiling, and expression is 
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sustained throughout the growth phases under non-aerated conditions 

(Cameron et al., 2013).  

The gene rpoS encodes the RNA polymerase sigma S protein (RpoS). This 

sigma factor regulates many genes important for the transition from exponential 

growth to stationary phase, stationary phase survival, and general stress 

responses (Battesti et al., 2011). RpoS levels are low in exponential phase, and 

substantially higher in stationary phase, altering the expression of up to 10% of 

the E. coli genome, including genes involved in metabolism, regulation, 

transport, membranes, stress adaptation (Weber et al., 2005). This allows the 

cell to survive changing environmental conditions and prepares it for future 

stresses (Dong & Schellhorn, 2009).  

While we have a vast knowledge of global regulators and many of the genes 

they regulate and the regulatory networks in which they are involved, how these 

proteins can contribute to antibiotic resistance is not well understood. 

1.6 Thesis Objectives 

This thesis seeks to understand how global regulators of gene expression 

(transcription factors and DNA supercoiling) contribute to antibiotic resistance in 

Salmonella Typhimurium. We specifically wanted to know how the deletion of the 

global regulatory protein CRP resulted in ciprofloxacin resistance, and what 

mechanism(s) were involved. After collecting preliminary growth and 

supercoiling data we were able to test two major hypotheses. I) a ∆crp mutant 

has reduced permeability to small molecule antibiotics, or II) a ∆crp mutant is 
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pre-adapted to the ciprofloxacin challenge by virtue of having a decreased level 

of drug target. 
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Chapter 2 Materials and Methods 
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2.1 Chemicals and growth media 

2.1.1 Chemicals, reagents and supplies 

All chemicals or reagents used in this study were obtained from one of the 

following suppliers: BioBasic, Fisher Scientific, Sigma, Bio-Rad, New England 

Biolabs, Thermo Scientific, Sarstedt, MP Biomedicals, Enzo Life Sciences, and 

Eurofins Scientific.  

2.1.2 Growth media 

Growth media were made using reverse osmosis water (RO) and autoclaved on 

a liquid cycle at 120 ºC for a minimum of 30 min. 

2.1.2.1 Lysogeny broth and agar 

Strains were routinely grown in lysogeny broth (LB) or LB agar plates. Broth was 

made using 1% tryptone, 0.5% yeast extract and varying amounts of NaCl (0%, 

0.5% or 1%). LB agar was always made with 1% NaCl and 1.5% agar and 

cooled to 60 ºC prior to the addition of antibiotics. 

2.1.2.2 Green agar 

Green agar plates were used to identify phage-cured transductants from 

pseudolysogens following infection of Salmonella by P22 bacteriophage. The 

excess glucose in this media is fermented by Salmonella and causes them to 

produce an excess of acid. This acid is expelled from lysed cells in 

pseudolysogenic colonies and the pH indicators (alazarin yellow and analine 

blue) cause the colonies to become dark green while phage-cured colonies 

appear light green. The green base was made with 0.8% tryptone, 0.1% yeast 
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extract, 0.5% NaCl, and 1.5% agar. Alazarin yellow was added to the green agar 

base prior to melting (62.5 mg per 100 mL of base), and after cooling the molten 

agar to 60 ºC, 330 μL of 2% (w/v) analine blue and 4.2 mL of 20% (v/v) glucose 

(per 100 mL), and appropriate antibiotics were added. 

2.1.3 Antibiotics 

Antibiotic solutions were made at 1000 x concentration in water or 100% ethanol 

and stored in 100 μL aliquots at -20 ºC, except novobiocin, which was stored as 

5 mg aliquots at -20 ºC and suspended in sterile water. Solutions made with 

water were filter sterilized using 0.20 μm filters (Sarstedt). Antibiotics used 

include ampicillin (50 μg/mL and 100 μg/mL) ciprofloxacin (15 and 25 ng/mL), 

novobiocin (15 and 25 μg/mL), nalidixic acid (1.5 and 2.5 µg/mL), chloroquine 

(2.5 and 25 μg/mL), tetracycline (10 μg/mL, 250 µg/mL, and 500 µg/mL), 

kanamycin (50 μg/mL, 8 µg/mL, and 16 µg/mL) and chloramphenicol (35 μg/mL) 

(Enzo, Sigma). 

2.2 Bacterial strains and culture conditions 

2.2.1 Bacterial strains 

All strains were derivatives of Salmonella enterica subspecies enterica serovar 

Typhimurium strain SL1344. Strains used were wild type and knock-out mutants 

of crp (crp::cat), fis (fis::kan) and rpoS (rpoS::kan). For chloroquine analysis 

these strains were transformed with the pUC19 plasmid. 
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2.2.2 Bacterial culture conditions 

Bacteria were grown in LB (0%, 0.5% or 1% NaCl) at 37°C at 200 rpm in either 

16 x 150 mm tubes, 250 mL flasks, or 96-well plates.  

2.3 Plasmids, bacteriophage, and oligonucleotides 

2.3.1 Plasmids 

In this study, the plasmid pUC19 was used for all supercoiling assays. Plasmid 

stocks and samples were maintained in TE buffer (pH 8.0). 

2.3.2 Bacteriophage 

Bacteriophage P22 HT 105/1 int-201 was used for all transductions. 

2.3.3 Oligonucleotides 

All oligonucleotides used in this study are listed in Table 1. Each oligonucleotide 

was designed using the Salmonella enterica subsp. enterica serovar 

Typhimurium SL1344 genome (Kröger et al., 2012). 

2.4 Genetic techniques 

2.4.1 Transduction with bacteriophage p22 HT 105 

Phage P22 is a virus of S. Typhimurium that is used to transduce mutations in 

the laboratory because of its ability to package DNA (Susskind & Botstein, 

1978). P22 lysates from the Dorman Lab (Trinity College Dublin) were used to 

introduce desired mutations linked to antibiotic markers. Transductions were 

performed by serially diluting 100 μL of phage to 10-2. 100 μL of stationary phase 

S. Typhimurium SL1344 was then added to each dilution and were incubated at 
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37°C for 1 h without shaking. Controls included SL1344 without phage and P22 

phage without the recipient strain. This was to ensure there were no mutations in 

the recipient SL1344 and no bacterial contamination in the phage stock. 

Following incubation, the mixtures were plated on LB agar containing the 

appropriate antibiotic for the selection marker and grown overnight. If possible, 

colonies were chosen from plates with the lowest phage dilution to prevent the 

occurrence of double transductants. To eliminate the possibility of phage 

contamination or the presence of pseudolysogens, colonies were streaked on 

green agar two times (See section 2.1.2.2). 

2.4.2 Transformation of Salmonella with plasmid DNA 

All transformations were performed in Salmonella using electroporation. Cells 

were cultured in 10 mL of LB in a 250 mL flask at 37°C and 200 rpm to OD ~0.5 

and harvested by centrifugation at 4000 rpm at 4°C for 10 min. Cells were then 

washed 5 times in 1 mL of ice-cold 10% glycerol. Cells were either stored for 

later use at -80°C or were transferred to pre-chilled electroporation cuvettes with 

0.2 cm gaps (Bio-Rad) for immediate use. Approximately 100 to 500 ng of 

plasmid DNA was used per transformation. Electroporations were performed 

using the E. coli Pulser (Bio-Rad) at 1.8 kV from a 25 μF capacitor with a Pulse 

Controller resistance of 200 Ω (Sheng et al., 1995). Cultures were recovered in 

LB at 37°C and 200 rpm for 1 h. Following the recovery period, 100 μL of culture 

was plated on LB agar with the appropriate antibiotics and allowed to grow 

overnight at 37°C. A no-plasmid control was also performed for each strain to 

ensure there were no unwanted mutations in the original culture. 
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Table 1. Table of oligonucleotide sequences 

Name Sequence (5’-3’) Reference 

ftsA.Se.qPCR.F  GACCTTGAGTCAGTGGTGAAA This work 

ftsA.Se.qPCR.R  CCGGAAAGCGCCAGATATAC This work 

sulA.Se.qPCR.F  GGTCTTCGTGGTAGACAACTTC This work 

sulA.Se.qPCR.R  TGCAAATCGTTCTTCGTCATTTC This work 

Se.arcB.RT.F  ACCTGGAAGTAAACGTCGTTAG This work 

Se.arcB.RT.R GTCTATCCCGTTCTCCGTAATG This work 

Se.parC.RT.F TGTACGTGATCATGGATCGTGCGT This work 

Se.parC.RT.R TAAATTTAGCGGTGGCGTTCAGCC This work 

Se.parE.RT.F TATCTGGGATCGCTGCGCTTATGT This work 

Se.parE.RT.R CATCTTTCACCACGCCGGAAACAA This work 

gyrA.RT.F TGATTGAAGTGAAACGCGATGCGG Cameron, 2011 

gyrA.RT.R GTGATGCAGCGCCACCATGTTAAT Cameron, 2011 

gyrB.RT.F ATATGAGATCCTGGCGAAACGCCT Cameron, 2011 

gyrB.RT.R GATCTTCTTTGCCATCGCGCTTGT Cameron, 2011 

ompC.RT.F CGTAACTACGGCGTAACCTATG This work 

ompC.RT.R TACCACGCTGCTGCATAAA This work 

ompF.RT.F GGTCAGTGGGAATACCGTACTA This work 

ompF.RT.R GAACCCACTTCCGCGTATTT This work 

topA.RT.F ATGAAGTGCTGCCCGGTAAAGAGA This work 

topA.RT.R TTGCGAGATAGATGTGGTCGGCTT This work 

ompA.RT.F GTTAACCCGTATGTTGGCTTTG This work 

ompA.RT.R CTGAACGCCCTGAGCTTTAT This work 
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2.5 Spectrophotometric Assays 

2.5.1 Bacterial growth curves 

To measure optical density at 600 nm (OD600) in the Synergy HT Microplate 

Reader (Biotek) cells were grown overnight in 3 mL of LB, subcultured into 3 mL 

of fresh LB and grown to OD600 of 0.2-0.3. Cells were equalized to OD600 0.005 

in each well of a 96-well plate and absorbance readings were taken every 10 

min for 24 h with continuous shaking. 50 μL of light mineral oil was overlaid on 

each well to prevent desiccation. 

2.5.2 Minimum inhibitory concentration assay 

Minimum inhibitory concentration (MIC) was determined using the Synergy HT 

Microplate Reader (Biotek). Cultures were inoculated into LB with 1% NaCl with 

varying levels of antibiotic and measured in the plate reader for 24 h. After 24 h 

cultures were serially diluted and plated onto solid LB and grown overnight at 

37°C to determine if treatments were bacteriostatic or bactericidal. 

2.5.3 ATP/ADP assay 

Cells were lysed by using a FastPrep-24™ homogenizer with Lysing Matrix B 

tubes (MP Biomedicals). The extract was centrifuged at 10,000 rpm for 10 min at 

4 ºC. ATP and ADP measurements were determined using the bioluminescent 

ADP/ATP Ratio Assay Kit (Abcam) according to the manufacturers instructions 

in white walled U-bottom Nunc™ 96-Well Polypropylene MicroWell™ Plates 

(Thermo Scientific) using the Synergy™ HT Microplate Reader (Biotek). Cells 
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were plated on LB before and after lysis to determine CFU/mL for normalization 

of data and percentage of cells lysed. 

2.5.4 Nucleic acid concentration measurements 

The measurement of all nucleic acids was done using the Nanodrop 1000 

(Thermo Scientific) according to the manufacturers instructions. 

2.6 Isolation of chromosomal DNA, plasmid DNA and RNA 

2.6.1 Isolation of chromosomal DNA 

All chromosomal DNA was isolated from 2 mL stationary phase culture using the 

EZ-10 Spin Column Bacterial DNA Mini-Preps Kit (BioBasic). 

2.6.2 Isolation of plasmid DNA 

Plasmids were isolated from 96 well plates (250 μL) stationary or exponential 

phase culture, 2 mL of stationary phase culture in tubes, or 50 mL of exponential 

phase culture from flasks using the BioBasic Plasmid Miniprep Kit (BioBasic). 

Stationary phase cultures were grown for 12 h and exponential phase cultures 

were grown to OD600 0.1, inoculated with antibiotic and grown for an additional 

40 min before plasmid isolation. 

2.6.3 Isolation of total RNA 

Total RNA was fixed using 5% phenol 95% ethanol solution. Total RNA was 

isolated from cultures using the EZ-10 Spin Column Total RNA Mini-Preps Super 

Kit (BioBasic). 
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2.7 Manipulation of RNA in vitro 

2.7.1 Reverse transcription (RT) of RNA 

For each sample, 2 μg of total RNA was DNase treated in a 50 mL reaction 

using the Turbo DNA-free® kit (Ambion), and cDNA templates were synthesized 

by random priming 200 ng of RNA in a 20 ml reaction using the Verso cDNA 

Synthesis Kit (Thermo Scientific). 

2.8 Manipulation of DNA in vitro 

2.8.1 Determination of DNA quantity by quantitative PCR (qPCR) 

qPCR primers are listed in Table 1. PCR reactions were carried out in duplicate 

with each primer set on the StepOne™ System (Applied Biosystems®) using 

PerfeCTa SYBR Green FastMix®, ROX™ (Quanta Biosciences). Standard 

curves were included in every qPCR run and melt curves were performed at 

least once with each primer set. Standard curves were generated for each 

primer set using six serial 10-fold dilutions of chromosomal DNA. 

2.9 Gel electrophoresis 

2.9.1 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to verify the purity and quantity of plasmid 

DNA prior to running chloroquine gels. All electrophoresis was conducted with 

1% agarose gels with 1X TE buffer as gel and running buffer. 6x Blue Gel 

Loading Dye, 100 bp Ladder and 1 kb Ladder (New England BioLabs) were 

used. 
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2.9.2 Chloroquine gel electrophoresis 

All electrophoresis was conducted in 20-cm-long 1% agarose gels with 2X Tris 

Borate EDTA (TBE) as gel and running buffer. Approximately 1-2 μg of DNA (10-

20 μL) was loaded into each well using 4 μL of 6x Blue Gel Loading Dye (New 

England BioLabs) diluted to 1x with 100% glycerol. Gels were run in one- and 

two-dimensions. Electrophoresis was run at 3 V/cm for 16 h for the first 

dimension, then if the gel was run in a second dimension, it was rotated 90° and 

run for 1.5 V/cm for 8 h. The concentration of chloroquine was 2.5 μg/mL for the 

first dimension and equilibrated to 25 μg/ml for the second. After electrophoresis, 

chloroquine was removed by washing in water for 2 h, with fresh water every 20-

30 min. Gels were subsequently stained with 1 μg/ml ethidium bromide for at 

least 1 h, then briefly washed with water and visualized under UV light. 

2.9.2.1 Quantification of topoisomers 

Topoisomer distribution was determined by calculating the interquartile range of 

each lane. First total monomer plasmid DNA was quantified by densitometry, 

then summed and divided into quartiles. Then these data were compared using 

boxplots.  

2.10  Microscopy 

2.10.1 Image capture 

Samples where cultured as previously indicated (See section 2.2.2) and 

sampled after 12 h. 10 μL of culture was transferred to a plastic slide and 

covered with a plastic coverslip. Cells were visualized with oil immersion at 
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1000x total magnification and captured with Infinity Capture (Lumenera 

Corporation). 

2.10.2 Quantification of filamentous phenotype 

Cell length was measured in pixels in ImageJ using the segmented line tool. A 

hemocytometer was photographed as in section 2.10.1, and then a 50 µm 

square was measured in pixels in ImageJ and used to convert cell lengths to µm. 

2.11 Data manipulation 

2.11.1 Statistical analysis and figure building 

All graphical figures were created using Prism GraphPad. Microscopy photos 

were enhanced by brightness and contrast using Adobe Photoshop CS5. All 

statistical analysis was done in Prism GraphPad. All data and details from 

statistical tests can be found in Appendix A.  
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Chapter 3 Results 
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3.1 Growth of Salmonella with antibiotics  

It was previously observed that S. Typhimurium ∆fis mutants grow to higher 

density in a shorter amount of time than wild type (WT) cells when exposed to 

sublethal concentrations of novobiocin (15 µg/mL and 25 µg/mL) in LB (Andrew 

Cameron, personal communication).  This led me to test whether ∆fis, ∆rpoS, 

and ∆crp mutants grow better than wild type in the presence of antibiotics that 

target topoisomerases, novobiocin, nalidixic acid and ciprofloxacin (Sanders, 

2008; Smith & Davis, 1967). Of these, ciprofloxacin is currently the most 

clinically relevant (CDC, 2013). 

3.1.1 Minimum inhibitory concentrations 

Cameron et al., 2011 previously used novobiocin at subinhibitory concentrations 

15 µg/mL and 25 µg/mL. However, the MICs of nalidixic acid or ciprofloxacin 

were not known for S. Typhimurium SL1344. To determine this, MIC assays 

were performed by culturing wild-type cells over a range of antibiotic 

concentrations in a plate reader. Concentration ranges were decided by 

consulting literature where MICs of other strains of susceptible S. Typhimurium 

and E. coli and were found to range from 10 ng/mL to 120 ng/mL for 

ciprofloxacin (Hsueh et al., 2004; Mustaev et al., 2014; Sanders, 2008; Webber 

et al., 2013) and 2 µg/mL to 16 µg/mL for nalidixic acid (Bauernfeind & 

Petermüller, 1983; Wolfson & Hooper, 1985). The MICs for nalidixic acid and 

ciprofloxacin were 4 µg/mL and 45 ng/mL respectively (Figure 2). Surprisingly, 

we observed a small amount of growth at 5 µg/mL in 2 samples, while there was 

no growth at 4 µg/mL. 
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Figure 2. Minimum inhibitory concentrations of S. Typhimurium after 24 h of 
exposure in (A) nalidixic acid and (B) ciprofloxacin. (A) OD600 of S. Typhimurium 
with exposure to nalidixic acid grown in LB with 1% NaCl at 37 ºC with shaking in 
a plate reader. (B) As in A with exposure to ciprofloxacin. Error bars represent a 
95% confidence interval. nalidixic acid data was collected by Steven West. 

  



 

32 
 

3.1.2 Increased resistance of mutants to at sublethal antibiotic 

concentrations  

We set out to test ∆fis, ∆crp, and ∆rpoS in novobiocin and antibiotics with a 

similar target, nalidixic acid and ciprofloxacin. Using the MICs from Figure 2, and 

information from Cameron et al, 2011, we evaluated the effects of sublethal 

concentrations for novobiocin, nalidixic acid, and ciprofloxacin on bacterial 

growth. Cameron et al., 2011 demonstrated that the amount of NaCl in culture 

media can have a large impact the level of supercoiling in E. coli, but the effect is 

less dramatic in S. enterica (Cameron et al., 2011). Since these antibiotics target 

topoisomerases and therefore alter DNA supercoiling, we also wanted to 

evaluate the effect of different NaCl concentrations on growth. Wild-type, ∆crp, 

∆rpoS, and ∆fis cells were cultured in LB containing 0%, 0.5%, and 1% NaCl 

without antibiotic and with two sublethal concentrations for each of novobiocin 

(15 and 25 µg/mL), nalidixic acid (1.5 and 2.5 µg/mL), and ciprofloxacin (15 and 

25 ng/mL) (Figure 3 - Figure 5).  

3.1.2.1 Growth in novobiocin 

Novobiocin targets the ATPase activity of B subunit of type II topoisomerases 

and has a bacteriostatic action of stopping DNA replication and relaxing the 

chromosome from its normally negatively supercoiled state (Drlica & Snyder, 

1978; Zechiedrich et al., 2000). Exponentially growing cultures were subcultured 

into 96 well plates, and grown in the plate reader without antibiotics and with 

sublethal concentrations of 15 µg/mL and 25 µg/mL novobiocin and allowed to 

grow for 24 h at 37 ºC with shaking. Figure 3 shows the optical density at 600 
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nm (OD600) after 6 h of growth under the described conditions. Figure 3A and 

Figure 3D show that at 0% and 0.5% NaCl respectively that ∆crp was less 

susceptible to novobiocin at both 15 µg/mL and 25 µg/mL than the wild type, 

however when NaCl was increased to 1% (Figure 3G) this effect was nullified. 

Virtually the same effect was seen in the rpoS knockout mutant, with ∆rpoS 

attaining a slightly higher cell density than ∆crp at 25 µg/mL (Compare Figure 

3A, D or G to Figure 3B, E or H). The ∆fis mutant showed a similar pattern, 

however replicates did not consistently attain a higher OD600 than wild type, with 

many data points falling within the same range at 95% confidence (Figure 3C, F 

and I). 

3.1.2.2 Growth in nalidixic acid 

Nalidixic acid creates a quinolone-enzyme-DNA complex to interfere with 

progression of DNA polymerase and the ligation of double stranded DNA in 

breaks created by the activity of the topoisomerase. This action can be lethal 

because DNA synthesis stops and the chromosome relaxes (Drlica et al., 2009). 

Cultures were prepared using the same procedure as Figure 3, except the 

treatments were 1.5 µg/mL and 2.5 µg/mL of nalidixic acid (Figure 4). Figure 4 

compares ∆crp, ∆rpoS, and ∆fis respectively to wild type growth in nalidixic acid. 

The OD600 at 6 h showed that exposure to nalidixic acid resulted in no 

differences between wild type and all three mutant strains. Curiously, at 1.5 

µg/mL nalidixic acid, biological replicates were extremely variable at 0.5% and 

1% NaCl (Figure 4D, E, F, G, H, and I). The values ranged from approximately 

OD600 of 0.6, the same as without antibiotic treatment, to below OD600 of 0.2, the 
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same as the 2.5 µg/mL nalidixic acid treatment. Growth of all three mutants and 

the wild type in 0% NaCl at 1.5 µg/mL nalidixic acid grouped more closely with 

the 2.5 µg/mL nalidixic acid treatment (Figure 4A, B, and C). 

3.1.2.3 Growth in ciprofloxacin 

Like nalidixic acid, ciprofloxacin is a quinolone antibiotic that forms a quinolone-

enzyme-DNA complex. However, unlike nalidixic acid, complexes containing 

ciprofloxacin can be cleaved by cellular proteins or can dissociate leaving 

irreversible and irreparable double stranded DNA breaks (Mustaev et al., 2014). 

Cultures were again prepared according to the protocol used for the novobiocin 

assays, with treatments of 15 ng/mL and 25 ng/mL ciprofloxacin. When 

compared to the wild type, the ∆crp mutant was less susceptible to ciprofloxacin 

at all three NaCl concentrations and both 15 ng/mL and 25 ng/mL ciprofloxacin 

(Figure 5A, D, and G). At 15 ng/mL and 25 ng/mL ciprofloxacin at 0% and 0.5% 

NaCl, ∆crp attained cell density even higher than untreated cells (Figure 5A and 

B). Growth in 1% NaCl and 15 ng/mL ciprofloxacin also yielded a higher cell 

density than cells grown without antibiotic. Treatment of ∆crp with 25 ng/mL 

ciprofloxacin did inhibit growth, but not to the same extent as with wild type 

(Figure 5G). This result was not observed in treatment of ∆rpoS or ∆fis (Figure 

5B, C, E, F, H, and I). ∆rpoS and wild-type cells were equally susceptible to both 

ciprofloxacin concentrations at all salt concentrations (Figure 5B, E, and H). The 

∆fis mutant also grew similarly to wild type with the exception of obtaining a 

slightly higher cell density than wild type at 0% NaCl and 25 ng/mL ciprofloxacin  
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Figure 3. Effect of novobiocin on growth of (A) ∆crp (B) ∆rpoS and (C) ∆fis in LB 
with 0% NaCl, (D) ∆crp (E) ∆rpoS and (F) ∆fis in LB with 0.5% NaCl, and (G) 
∆crp (H) ∆rpoS and (I) ∆fis in LB with 1% NaCl. OD600 of S. Typhimurium strains 
with exposure to novobiocin grown at 37 ºC with shaking in a plate reader. 
Novobiocin and NaCl concentrations were as indicated. Error bars represent a 
95% confidence interval. 
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Figure 4. Effect of nalidixic acid on growth of (A) ∆crp (B) ∆rpoS and (C) ∆fis in 
LB with 0% NaCl, (D) ∆crp (E) ∆rpoS and (F) ∆fis in LB with 0.5% NaCl, and (G) 
∆crp (H) ∆rpoS and (I) ∆fis in LB with 1% NaCl. OD600 of S. Typhimurium strains 
with exposure to nalidixic acid grown at 37 ºC with shaking in a plate reader. 
Nalidixic acid and NaCl concentrations were as indicated. Error bars represent a 
95% confidence interval. Nalidixic acid data was collected by Steven West. 
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Figure 5. Effect of ciprofloxacin on growth of (A) ∆crp (B) ∆rpoS and (C) ∆fis in 
LB with 0% NaCl, (D) ∆crp (E) ∆rpoS and (F) ∆fis in LB with 0.5% NaCl, and (G) 
∆crp (H) ∆rpoS and (I) ∆fis in LB with 1% NaCl. OD600 of S. Typhimurium strains 
with exposure to ciprofloxacin grown at 37 ºC with shaking in a plate reader. 
Ciprofloxacin and NaCl concentrations were as indicated. Error bars represent a 
95% confidence interval.
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and a lower cell density than wild type at 1% NaCl and 15 ng/mL ciprofloxacin 

(Figure 5C, F, and I). 

3.2 DNA Supercoiling 

Novobiocin, nalidixic acid and ciprofloxacin are all antibiotics that relax the 

chromosome. Therefore, knowing the overall supercoiling state of the DNA prior 

to and following antibiotic treatment is useful information for determining if the 

sublethal antibiotic concentrations are having a negative effect on the cell. Here 

we used plasmid DNA to infer the supercoiling state of the chromosome. This is 

done by using chloroquine gel analysis, where electrophoretic separation of 

plasmid DNA is conducted in an agarose gel containing chloroquine. 

Chloroquine intercalates with DNA and causes the double strand to separate, 

which relaxes negative supercoiling and allows plasmids to be separated 

electrophoretically based on the degree to which they were supercoiled in the 

cell. One-dimensional chloroquine gels can be used to differentiate between 

relaxed and supercoiled DNA. More supercoiled DNA is more compact and thus 

has a faster electrophoretic migration than relaxed DNA, which moves more 

slowly. Figure 6A explains how quartile analysis can be used to quantify the 

range in electrophoretic migration of plasmid topoisomers. The box represents 

the range of topoisomers from the 25th to 75th percentile, with the centerline 

indicating the median distance migrated. Therefore, a long box indicates a wide 

range of topoisomers. If the box is further right, it indicates that the plasmid DNA 

is supercoiled, and if it is further left, it indicates more relaxed DNA (Figure 6A). 

We hypothesized that mutants that were less susceptible to novobiocin and 
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ciprofloxacin had more relaxed DNA than wild type prior to antibiotic treatment. 

This also predicts that novobiocin or ciprofloxacin would cause less DNA in 

mutants compared to wild type. One dimensional chloroquine gels were used to 

analyze supercoiling in wild type, ∆crp, ∆rpoS and ∆fis mutants grown in LB with 

0.5% NaCl after exposure to novobiocin, and wild type and ∆crp after exposure 

to ciprofloxacin. None of the plasmids isolated from ∆fis mutants showed clear 

banding on chloroquine gels, preventing analysis of DNA supercoiling in the ∆fis 

mutant. Wild-type DNA was more supercoiled than ∆crp and ∆rpoS mutants. 

Unexpectedly, novobiocin appeared to increase supercoiling in both mutants 

(Figure 6B). Similarly, after exposure to ciprofloxacin, wild-type and ∆crp DNA 

was more supercoiled than untreated (Figure 6C). 

While positive DNA supercoiling is rare in nature, extremely relaxed DNA can be 

pushed into positive supercoils by chloroquine. Positive supercoiled DNA has 

increased density and can migrate quickly like negative supercoiled DNA, 

thereby confounding results in one-dimensional chloroquine analysis. When this 

occurs, two-dimensional chloroquine gels are used to separate positive and 

negative supercoils by relaxing the negative supercoils and further coiling 

positive supercoils so that they migrate at different speeds. Figure 7A shows the 

location of positive and negative supercoils and banding of a two-dimensional 

chloroquine gel. We used this technique to verify that wild-type DNA was more 

negatively supercoiled than DNA from ∆crp mutants (Figure 7B & C). Because of 

the striking ∆crp growth in ciprofloxacin and supercoiling results, subsequent 
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experiments were focused on the differences between wild-type and ∆crp mutant 

cells and exposure to ciprofloxacin in LB with 0.5% NaCl (Figure 5B). 

3.3 [ATP]/[ADP] ratio 

The ratio of ATP concentration to ADP concentration has an effect on the level 

of supercoiling in the cell, with a higher ratio correlating to more negatively 

supercoiled DNA because DNA gyrase works in an ATP dependent manner 

(Hsieh et al., 1991). We hypothesized that ∆crp mutants have a lower 

[ATP]/[ADP] ratio than wild-type cells. Using a luminescent assay we found that 

the [ATP]/[ADP] ratio was higher in both cell types when growing exponentially 

(DNA extracted at 2 h) compared to cells in stationary phase (extracted at 12 h). 

Using an analysis of variance with multiple comparisons we determined that 

samples taken at 2 h were not significantly different from each other. In samples 

taken at 12 h, ciprofloxacin treatment and cell type were found to be statistically 

significant. Specifically, untreated wild-type cells had a significantly lower 

[ATP]/[ADP] ratio than untreated ∆crp cells, and untreated ∆crp cells had a 

significantly higher ratio than treated wild-type cells (p < 0.01) (Figure 8). These 

results indicate that ∆crp cells have more ATP than wild type during stationary 

phase, the opposite of what was hypothesized. 
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Figure 6. One-dimensional supercoiling of wild-type, ∆crp, and ∆rpoS cells. 
Cells containing the pUC19 plasmid were grown in LB with 0.5% NaCl at 37 ºC 
with shaking in a plate reader for 12 h, then plasmids were extracted and run in 
a chloroquine gel. (A) Diagram of how interquartile analysis relates to 
electrophoretic migration. The box represents the range of topoisomers from the 
25th to the 75th percentile, the centerline represents the 50th percentile. More 
supercoiled DNA is further right. (B) Untreated cells compared to novobiocin 
treated (25 µg/mL). (C) Untreated cells compared to ciprofloxacin treated (25 
ng/mL).  
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Figure 7. Two-dimensional chloroquine of wild-type and ∆crp cells. Cells 
containing the pUC19 plasmid were grown in LB with 0.5% NaCl at 37 ºC with 
shaking in a plate reader for 12 h, then plasmids were extracted and run in a 
chloroquine gel in two dimensions as illustrated in (A). Locations of positive (+) 
and negative (–) supercoils, and uncharacterized SL1344 DNA (*) are labelled. 
(B) wild-type S. Typhimurium. (C) ∆crp S. Typhimurium.  
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Figure 8. [ATP]/[ADP] ratio of wild-type and ∆crp cells. Cells were grown in LB 
with 0.5% NaCl at 37 ºC with shaking in a plate reader for the indicated times. 
[ATP]/[ADP] ratio was measured using luminescent assay in a plate reader. 
Open shapes indicate untreated cells, filled shapes indicate cells treated with 25 
ng/mL ciprofloxacin. wild-type cells are shown as blue circles, and ∆crp cells are 
shown as red squares. Error bars represent a 95% confidence interval. A two-
way ANOVA with Tukey’s multiple comparisons test (α = 0.01) was performed 
using Prism GraphPad, significant results are indicated. 
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3.4 Permeability to small molecule antibiotics 

A simple way for bacteria to gain resistance to antibiotics is to prevent antibiotics 

from penetrating the cell envelope or to expel antibiotics from inside the cell 

using efflux pumps. In order to test the hypothesis that ∆crp mutants are less 

permeable to small molecule antibiotics than wild type, we treated cells with 

kanamycin and tetracycline, which must penetrate the cell envelope to reach 

ribosomes targets in the cytoplasm. We then used reverse transcriptase 

quantitative polymerase chain reaction (RT-qPCR) to determine the expression 

of three outer membrane porins (ompA, ompC, and ompF) and an efflux pump 

linked to ciprofloxacin resistance (acrB). 

3.4.1 Growth in kanamycin and tetracycline 

Kanamycin and tetracycline were originally isolated from Streptomyces and 

inhibit protein synthesis by blocking ribosome function, yet each belongs to a 

different antibiotic group as they have different modes of action. Kanamycin is an 

aminoglycoside that binds the ribosomal 30S subunit irreversibly. This prevents 

ribosome translocation during protein synthesis and introduces numerous errors 

into nascent polypeptide chains (Pestka, 1974). Tetracycline is a polyketide 

antibiotic that prevents the aminoacyl-tRNA from associating with the ribosome 

thus preventing the addition of amino acids onto nascent polypeptide chains 

(Chopra & Roberts, 2001). Kanamycin and tetracycline were selected for our 

experiments because they both must enter the cell to reach their targets, but 

neither is expected to interfere with DNA supercoiling. The MICs of kanamycin 

and tetracycline were 32 µg/mL and 1 µg/mL respectively (Figure 9A and B). 
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Wild-type and ∆crp cells were equally susceptible to sublethal concentrations of 

kanamycin and tetracycline (8 µg/mL and 16 µg/mL, and 250 ng/mL and 500 

ng/mL respectively) (Figure 10). 

3.4.2 Decreased expression of outer membrane porins 

Decreased expression and deletion of porins has been shown to result in 

resistance to ciprofloxacin (Hooper et al., 1987; Karczmarczyk et al., 2011; Kishii 

& Takei, 2009), because ciprofloxacin requires porins to enter the cell 

(Mahendran et al., 2010). We used RT-qPCR to test whether changes in porin 

gene expression could explain the resistance phenotype of ∆crp. OmpA is a 

large porin that allows slow diffusion of molecules at a rate 50 times slower than 

OmpF (Nikaido, 2003). Using RT-qPCR, we found that after 2 h of growth, ompA 

expression was the same in wild-type and ∆crp cells both untreated and treated 

with 25 ng/mL ciprofloxacin. After 12 h, ompA expression decreased under both 

treatments, and expression in ∆crp was significantly lower than in wild type (p < 

0.001) (Figure 11A & B). The porins OmpC and OmpF have been linked to 

ciprofloxacin resistance (Mahendran et al., 2010). The expression of ompC was 

the same in wild type and ∆crp at 2 h under both treatments. At 12 h, only 

treated cells were significantly different with lower ompC expression in ∆crp 

compared to wild type (p <0.01) (Figure 11C & D). In untreated cells, expression 

of ompF was significantly lower in ∆crp mutants than wild type at 2 h and 12 h (p 

< 0.01, p <0.001) (Figure 11E). When treated with 25 ng/mL ciprofloxacin, ompF 

expression was the same in wild type and ∆crp at 2 h, but significantly lower in 

∆crp at 12 h (p < 0.001) (Figure 11F). These data suggest that CRP activates 
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ompA and ompF, especially during stationary phase, and that these porins may 

contribute to ciprofloxacin resistance in ∆crp. Expression of the ompC porin is 

likely not regulated by CRP and not a contributor to resistance. 

3.4.3 Increased expression of the AcrB efflux pump 

We also tested whether an efflux pump that contributes to ciprofloxacin 

resistance had increased expression in our ∆crp mutant. RT-qPCR revealed that 

the presence of ciprofloxacin had no effect on expression of acrB, and after 2 h 

of growth both wild-type and ∆crp expression was the same. However, during 

stationary phase at 12 h, both wild-type and ∆crp expression decreased, and 

wild-type was significantly lower than ∆crp expression (p < 0.001) (Figure 12A & 

B). For full results of t-tests, see Appendix A. These data suggest that CRP is an 

activator of acrB in stationary phase, and that the AcrB efflux pump may 

contribute to the ciprofloxacin resistance of ∆crp. 
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Figure 9. Minimum inhibitory concentrations of S. Typhimurium after 24 h of 
exposure in (A) kanamycin and (B) tetracycline. (A) OD600 of S. Typhimurium 
with exposure to kanamycin grown in LB with 1% NaCl at 37 ºC with shaking in a 
plate reader for 24 h. (B) As in A with exposure to tetracycline. Error bars 
represent a 95% confidence interval. Kanamycin and tetracycline MIC data was 
collected by Laura Stewart. 
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Figure 10. Effect of (A) kanamycin and (B) tetracycline on growth of S. 
Typhimurium wild-type and ∆crp cells. Cells were grown in LB with 1% NaCl at 
37 ºC with shaking in a plate reader for 12 h. (A) wild-type and ∆crp grown in 
kanamycin (8 µg/mL and 16 µg/mL) (B) wild-type and ∆crp grown in tetracycline 
(250 ng/mL and 500 ng/mL). wild-type is shown as blue circles, and ∆crp is 
shown as red squares. Error bars represent a 95% confidence interval. 
Kanamycin data was collected by Laura Stewart.  
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Figure 11. RT-qPCR log2 expression of (A and B) ompA, (C and D) ompC, and 
(E and F) ompF untreated and treated with 25 ng/mL ciprofloxacin. Cells were 
grown in LB with 0.5% NaCl at 37 ºC with shaking in a plate reader for the 
indicated times. Open shapes indicate untreated cells, filled shapes indicate 
cells treated with 25 ng/mL ciprofloxacin. wild-type cells are shown as blue 
circles, and ∆crp cells are shown as red squares. Error bars represent a 95% 
confidence interval. All points are expressed relative to wild-type 2 h of untreated 
cells. Error bars represent a 95% confidence interval. Multiple t-tests were 
performed using Prism GraphPad, significant results are indicated.  
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Figure 12. RT-qPCR log2 expression of acrB (A) untreated and (B) treated with 
25 ng/mL ciprofloxacin. Cells were grown in LB with 0.5% NaCl at 37 ºC with 
shaking in a plate reader for the indicated times. Open shapes indicate untreated 
cells, filled shapes indicate cells treated with 25 ng/mL ciprofloxacin. wild-type 
cells are shown as blue circles, and ∆crp cells are shown as red squares. Error 
bars represent a 95% confidence interval. All points are expressed relative to 
wild-type 2 h of untreated cells. Error bars represent a 95% confidence interval. 
Multiple t-tests were performed using Prism GraphPad, significant results are 
indicated. 
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3.5 Filamentation and the SOS response 

Subinhibitory concentrations of ciprofloxacin are predicted to cause cellular 

stress, thus we sought to determine if wild-type and ∆crp cells experience 

different degrees of stress from ciprofloxacin treatment. The SOS response is 

initiated in stressed cells when LexA is cleaved from genes with an “SOS box” 

such as sulA. Expression of sulA blocks cell division and can result in 

filamentation, whereby cells become elongated. Filamentation has long been 

recognized as an indicator of DNA damage and induction of the SOS response, 

and can be initiated by numerous stresses including exposure to ciprofloxacin 

(Lewin et al., 1989). 

3.5.1 Filamentation in ciprofloxacin-treated cells 

Cells were examined under a compound microscope at 1000 x magnification, 

and cell lengths were quantified (Figure 13A). Untreated wild-type and ∆crp cells 

were very similar in size (Figure 13B & D). After 12 h of treatment with 25 ng/mL 

ciprofloxacin, wild-type cells were elongated and filamentous while ∆crp cells 

were not (Figure 13C & E). The length of the treated wild-type cells was 

significantly longer than untreated cells (p < 0.001) (Figure 13A). These data 

suggest that wild-type cells were under high stress from ciprofloxacin, while ∆crp 

mutants were not.  

3.5.2 Expression of SOS response genes 

Since ciprofloxacin can induce the SOS response, and filamentation of cells is 

an indicator of the SOS response, we used RT-qPCR to detect whether the SOS 

response was activated by ciprofloxacin treatment. Two LexA-repressed genes 
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(sulA and ftsA) are not constitutively expressed, allowing us to detect up-

regulation from triggering the SOS response. Cells were grown untreated and 

treated with 25 ng/mL ciprofloxacin. There was no significant difference in 

expression of sulA between wild type and ∆crp when untreated or after 2 h of 

ciprofloxacin treatment (p > 0.05) (Figure 14A). At 12 h, expression of sulA was 

found to be significantly lower in treated ∆crp cells than in both treated and 

untreated wild-type cells as well as untreated ∆crp cells (p < 0.001) (Figure 14B). 

There was no significant difference in ftsA expression between untreated wild 

type and ∆crp at 2 h or 12 h. Expression was significantly increased by 

ciprofloxacin treatment at both time points (p < 0.001) (Figure 14C and D). 

Expression of ftsA at 2 h was significantly higher ∆crp than wild type (p < 0.01), 

but at 12 h, wild type had significantly higher expression than ∆crp (p < 0.01). 

For full ANOVA tables see Appendix A. The filamentation data suggest that the 

wild-type cells are under stress from ciprofloxacin treatment, but according to our 

RT-qPCR results, the filamentation we observed is not likely due to the SOS 

response. 

  



 

54 
 

 

Figure 13. (A) Quantified cell length and images of cells untreated and treated 
with 25 ng/mL ciprofloxacin in (B and C) wild-type and (D and E) ∆crp. Cells 
were grown in LB with 0.5% NaCl at 37 ºC with shaking in a plate reader for 12 h 
then observed under a microscope at 1000 x. (A) Cell length in µm. Open 
shapes indicate untreated cells, filled shapes indicate cells treated with 25 ng/mL 
ciprofloxacin. Wild-type cells are shown as blue circles, and ∆crp cells are shown 
as red squares. Error bars represent a 95% confidence interval. Multiple t-tests 
were performed using Prism GraphPad, significant results are indicated. Scale 
bars on images are 50 µm.   
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Figure 14. RT-qPCR log2 expression of (A and B) sulA and (C and D) ftsA 
untreated and treated with 25 ng/mL ciprofloxacin. Expression of sulA at (A) 2 h 
and (B) 12 h, and of ftsA at (C) 2 h and (D) 12 h. Data points are shown as 
expression relative to untreated cells. Cells were grown in LB with 0.5% NaCl at 
37 ºC with shaking in a plate reader for the indicated times. Open shapes 
indicate untreated cells, filled shapes indicate cells treated with 25 ng/mL 
ciprofloxacin. Wild-type cells are shown as blue circles, and ∆crp cells are shown 
as red squares. Error bars represent a 95% confidence interval.  
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3.6 Expression of topoisomerases 

3.6.1 DNA gyrase expression 

Topoisomerases are the enzymes responsible for maintaining supercoiling in the 

cell and are also the targets for ciprofloxacin, thus my next step was to 

determine their expression levels in wild-type and ∆crp cells. DNA gyrase is the 

primary target of ciprofloxacin in Gram-negative bacteria, leading us to 

hypothesize that ∆crp mutants may be pre-adapted to ciprofloxacin challenge by 

having a decreased amount of target, which would also explain the more relaxed 

DNA.  To test this hypothesis we used RT-qPCR to determine the expression 

levels of gyrA and gyrB. Expression of both genes decreased between 2 h and 

12 h, yet we observed no difference in expression of either gyrase subunit 

between untreated wild-type and ∆crp cells (Figure 15A & C). When the same 

cells were exposed to 25 ng/mL ciprofloxacin, gyrA was slightly downregulated 

while gyrB was slightly upregulated, except for the ∆crp mutant at 12 h that had 

decreased expression (Figure 15B & D). These data suggest that the relaxed 

DNA found in ∆crp is not due to differential expression of gyrase subunits. Thus, 

DNA relaxing topoisomerases were examined. 

3.6.2 Expression of DNA relaxing topoisomerases 

We then measured the expression of topoisomerase I (topA) and topoisomerase 

IV (parC and parE) as both enzymes can relax DNA supercoils and could 

explain the relaxed supercoiling state observed in the ∆crp mutant. RT-qPCR 

revealed that there was no significant difference in expression of topA between 

untreated wild-type and ∆crp cells regardless of sampling time (Figure 16A). 
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Exposure to 25 ng/mL ciprofloxacin caused nearly 8-fold decrease expression in 

both cell types at 2 h. By 12 h, the decrease in expression caused by 

ciprofloxacin was less severe, but the ∆crp mutant had significantly lower topA 

expression after 12 h of treatment than did the wild type (Figure 16B). These 

data do not implicate differential topA expression as the cause of reduced DNA 

supercoiling in the ∆crp mutant. 

The topoisomerase IV subunits parC and parE showed differential expression 

between wild type and ∆crp at 12 h. While there was no significant difference 

between wild type and ∆crp at 2 h, parC expression was significantly higher in 

∆crp than wild type at 12 h in untreated and ciprofloxacin treated cells (p < 

0.001) (Figure 17A and B). Expression of parE in ∆crp mutants was not 

significantly higher than in wild type at 2 h in untreated cells. Expression was 

significantly higher in ∆crp at 12 h in untreated cells (p < 0.001), and in 

ciprofloxacin treated cells at 2 h (p < 0.01) and 12 h (p < 0.001) (Figure 17C and 

D). Expression of parC and parE was downregulated in ∆crp at 12 h due to 

slowed growth. These data suggest that CRP is an inhibitor of parC and parE 

and implicate topoisomerase IV as the most likely candidate for the cause of 

relaxed DNA in ∆crp mutants.  
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Figure 15. RT-qPCR log2 expression of (A and B) gyrA, and (C and D) gyrB 
untreated and treated with 25 ng/mL ciprofloxacin. Cells were grown in LB with 
0.5% NaCl at 37 ºC with shaking in a plate reader for the indicated times. Open 
shapes indicate untreated cells, filled shapes indicate cells treated with 25 ng/mL 
ciprofloxacin. Wild-type cells are shown as blue circles, and ∆crp cells are shown 
as red squares. Error bars represent a 95% confidence interval. All points are 
expressed relative to wild-type 2 h of untreated cells. Error bars represent a 95% 
confidence interval. Multiple t-tests were performed using Prism GraphPad, 
significant results are indicated.  
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Figure 16. RT-qPCR log2 expression of topA (A) untreated and (B) treated with 
25 ng/mL ciprofloxacin. Cells were grown in LB with 0.5% NaCl at 37 ºC with 
shaking in a plate reader for the indicated times. Open shapes indicate untreated 
cells, filled shapes indicate cells treated with 25 ng/mL ciprofloxacin. Wild-type 
cells are shown as blue circles, and ∆crp cells are shown as red squares. Error 
bars represent a 95% confidence interval. All points are expressed relative to 
wild-type 2 h of untreated cells. Error bars represent a 95% confidence interval. 
Multiple t-tests were performed using Prism GraphPad, significant results are 
indicated. 
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Figure 17. RT-qPCR log2 expression of (A and B) parC, and (C and D) parE 
untreated and treated with 25 ng/mL ciprofloxacin. Cells were grown in LB with 
0.5% NaCl at 37 ºC with shaking in a plate reader for the indicated times. Open 
shapes indicate untreated cells, filled shapes indicate cells treated with 25 ng/mL 
ciprofloxacin. Wild-type cells are shown as blue circles, and ∆crp cells are shown 
as red squares. Error bars represent a 95% confidence interval. All points are 
expressed relative to wild-type 2 h of untreated cells. Error bars represent a 95% 
confidence interval. Multiple t-tests were performed using Prism GraphPad, 
significant results are indicated 
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Chapter 4 Discussion 
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4.1 Discussion 

Typically, antibiotic resistance is the product of a specific mutation in a target 

protein or the acquisition of resistance genes through horizontal gene transfer 

(Lin et al., 2015). However, this thesis shows that global regulation by 

transcription factors, sigma factors, and DNA supercoiling is capable of changing 

diverse aspects of physiology to ultimately result in antibiotic resistance. Instead 

of a single change, or acquisition of one gene, the resistance observed here is 

the result of a collection of resistance mechanisms. Understanding these 

mechanisms, and identifying new types of resistance will help to inform scientists 

in the production of new antibiotics, while mechanistic knowledge can prolong 

the efficacy of our existing therapeutics. My thesis research sought to 

characterize how global regulators of gene expression (transcription factors and 

DNA supercoiling) contribute to antibiotic resistance in S. Typhimurium. 

4.2 Global regulatory mutations contribute to antibiotic 

resistance 

From the data presented in this thesis, we developed a unified model to explain 

why ∆crp mutants are more resistant to ciprofloxacin than wild-type S. 

Typhimurium. The model presented in Figure 18 incorporates influx (porins), 

efflux (acrB), and DNA supercoiling data. Decreased porin gene expression in 

the mutant may decrease the rate at which ciprofloxacin molecules enter the 

cell, as this antibiotic requires porins to cross the membrane (Hirai et al., 1986). 

OmpF has been implicated as the most important porin for ciprofloxacin 

resistance (Huguet et al., 2013), thus the significant decrease in ompF 



 

63 
 

expression observed in the ∆crp mutant is consistent with increased 

ciprofloxacin resistance (Figure 11). The efflux pump, AcrB, has also been linked 

to ciprofloxacin resistance (Paltansing et al., 2013), and we saw an increase in 

acrB in the ∆crp mutant (Figure 12). However, because the ∆crp mutant was not 

also resistant to antibiotics that do not alter DNA supercoiling (Figure 10), we 

believe that the relaxed state of the chromosome may serve as a pre-adaptation 

to the relaxation caused by ciprofloxacin (Figure 7). In other words, ∆crp mutant 

cells already live in a state of relaxed DNA supercoiling, which prevents 

ciprofloxacin from causing further DNA relaxation. In wild-type cells, the dramatic 

relaxation of DNA supercoiling by ciprofloxacin has a greater potential to perturb 

gene expression and cause detrimental effects like DNA strand breakage. 

Reduced stress in ciprofloxacin treated ∆crp cells is also evident when we 

consider the filamentous phenotype observed in wild-type cells that is absent in 

the ∆crp mutant (Figure 13). The relaxed DNA in ∆crp did not evolve for the 

function of resisting ciprofloxacin treatment, yet our observations suggest that 

this mutation could allow ∆crp mutants to persist in nature on the presence of 

ciprofloxacin treatment. 

We did not observe differential gene expression in gyrase or topo I (Figure 15 

and Figure 16), suggesting that the observed relaxed DNA phenotype in the 

∆crp mutant is caused by increased topo IV expression (Figure 17). 

Consequently, we believe it is the combination of decreased porin expression, 

increased drug efflux, and increased topo IV expression leading to relaxed DNA 

that contribute to the resistance of ∆crp S. Typhimurium to ciprofloxacin (Figure 
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18). Like ciprofloxacin, novobiocin requires porins to cross the outer membrane 

of Gram-negative bacteria (Ryan, 1979), and we see similar levels of 

supercoiling when cells are treated with novobiocin and ciprofloxacin (Figure 6B 

and C). Therefore, our resistance model may also explain novobiocin resistance 

in the ∆crp mutant. We would require additional RT-qPCR to confirm expression 

of porins and efflux pumps that may be more relevant to novobiocin resistance to 

corroborate this claim.  

4.3 Growth in antibiotics 

4.3.1 Minimum inhibitory concentrations 

To study genetic responses to antibiotic challenges, I first needed to identify 

growth conditions that permit the detection of elevated resistance phenotypes 

and allow subsequent characterization of gene expression and cell physiology in 

resistant mutants.  Sub-inhibitory concentrations of the antibiotic novobiocin 

have been previously determined for gene expression studies in S. Typhimurium 

(Cameron et al., 2011). The MICs found for ciprofloxacin and nalidixic acid in this 

work fall within the range observed in the literature (Figure 2). The growth 

observed at 5 µg/mL nalidixic acid but not at 4 µg/mL may be attributed to the 

paradoxical nature of nalidixic acid. Crumplin and Smith explain that lower 

concentrations of nalidixic acid function in a bactericidal fashion, while higher 

concentrations can be bacteriostatic. Nucleases are involved in removal of 

nalidixic acid from quinolone-enzyme-DNA complexes, which cause DNA 

breakage and prevent DNA synthesis. They hypothesize that because of 

inhibition of RNA and protein synthesis at higher concentrations, synthesis of  
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Figure 18. Model for increased antibiotic resistance in ∆crp mutants. The wild-
type cell is shown in blue and ∆crp cell is shown in red. OmpF and OmpA are 
shown in light blue and green respectively, and AcrB is shown in magenta. 
Topoisomerase IV is shown in purple and the chromosomal DNA is shown in 
black. Ciprofloxacin molecules are shown as yellow circles. 
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DNA is blocked due to the quinolone-enzyme-DNA complexes remaining intact 

on the chromosome, instead of being fatally cleaved by nucleases (Crumplin & 

Smith, 1975). Although the concentrations they suggest for this effect are much 

higher than 5 µg/mL (approximately 400 µg/mL), their experiments were 

conducted in culture tubes and consequently cells had more aeration than in our 

plate reader experiments in 250 µL of broth overlaid with mineral oil. We 

confirmed that cultures grow to higher optical densities in a tube or flask 

compared to a plate reader, likely due to improved aeration. Whether low 

aeration conditions increase cell sensitivity to nalidixic acid remains to be tested. 

4.3.2 Resistance to novobiocin 

Novobiocin inhibits DNA replication by specifically targeting the GyrB subunit of 

DNA gyrase (Gellert et al., 1976; Shen & Pernet, 1985). Thus, conditions that 

increase GyrB concentrations are expected to reduce sensitivity to novobiocin. 

In our experiment we treated ∆crp, ∆rpoS, ∆fis, and wild-type cells with 15 µg/mL 

and 25 µg/mL novobiocin and measured their growth over 24 h. ∆crp and ∆rpoS 

were less susceptible to novobiocin when compared to wild type, despite the fact 

that CRP and RpoS are not known to directly regulate gyrB (Figure 3A, B, D, 

and E). Curiously, this elevated resistance was only observed at 0% and 0.5% 

NaCl. At 1% NaCl, growth of the mutants and wild type were almost the same 

(Figure 3C and F). Although salt concentration has been shown to have a 

minimal effect on supercoiling in S. Typhimurium (Cameron et al., 2011), the 

increased NaCl concentration allowed wild type to grow normally in the presence 

of novobiocin. FIS is the only known direct repressor of gyrB (Schneider et al., 
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1999), meaning a ∆fis mutant is predicted to have elevated GyrB levels. Yet ∆fis 

mutants grew only slightly better than wild type at 0% NaCl (Figure 3C), while at 

0.5% NaCl we observed that both wild type and ∆fis were equally susceptible to 

novobiocin. 1% NaCl restored both cells type to normal growth in the presence 

of novobiocin (Figure 3F and I). The ability of increased salt concentration to 

counteract novobiocin could act through two mechanisms: a downregulation of 

OmpF and a concomitant change in gyrase activity (Dupont et al., 2007; Hsieh et 

al., 1991; Huguet et al., 2013; Kishii & Takei, 2009; Mahendran et al., 2010). 

Similarly, the absence of CRP and RpoS may alter the global regulation in such 

a way that cells lose some ability to respond to changes in osmolarity, and this 

may in turn alter DNA supercoiling levels. DNA supercoiling in the ∆fis mutant 

has been shown to be nearly identical to that of wild type (Cameron et al., 2011), 

which may in part explain why the growth of ∆fis and wild type are so similar at 

higher salt levels in the presence of novobiocin. 

4.3.3 Susceptibility to nalidixic acid  

Nalidixic acid targets the GyrA subunit of DNA gyrase. FIS is a direct repressor 

and CRP is a direct activator of gyrA (Gomez-Gomez et al., 1996; Schneider et 

al., 1999). Nevertheless, mutant and wild-type cells were equally susceptible to 

sublethal concentrations of nalidixic acid (1.5 µg/mL and 2.5 µg/mL) (Figure 4A-

I). Nalidixic acid is a quinolone precursor to ciprofloxacin, but the two antibiotics 

differ in two major ways. First, nalidixic acid does not require porins in order to 

enter the cell (Hirai et al., 1986), thus, a decrease in porin expression is not 

expected to interfere with the ability of the antibiotic to enter the cell. Second, 
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high concentrations of nalidixic acid prevent the synthesis of RNA and protein, 

which does not occur with ciprofloxacin. Without the nucleases that cleave 

quinolone-gyrase-DNA complexes, cells cannot grow but they do remain viable 

(Crumplin & Smith, 1975).  

Curiously, growth in 1.5 µg/mL nalidixic acid was extremely variable irrespective 

of NaCl concentration or cell type (Figure 4A-I). We speculate that this variability 

may be due to bistability of a central genetic network that results in a 

heterogeneous population by switching from a completely on to completely off 

state (Dubnau & Losick, 2006). In this model, 1.5 µg/mL nalidixic acid is very 

near a tipping point at which a cell commits to one regulatory program or the 

other, and causes the cell to be either sensitive or not sensitive to the antibiotic. 

Because nalidixic acid is known to induce the SOS response (Lewin et al., 

1989), we speculate that this could be the bistable system. Due to stochastic 

differences in bacterial cultures before exposure to the antibiotic, 1.5 µg/mL of 

nalidixic acid may have no effect on the culture, it may tip all cells to an inhibited 

state, or only a fraction of the culture will be inhibited to result in an intermediate 

growth phenotype. Treatment with 2.5 µg/mL was adequate to inhibit growth of 

an entire population. These data also show that changes in porins or DNA 

supercoiling due to changes in osmolarity do not alter the effectiveness of 

nalidixic acid (Figure 4A-I), in contrast to what was observed with novobiocin.  

4.3.4 Resistance to ciprofloxacin 

Although ciprofloxacin has a similar mode of action to nalidixic acid, it is more 

potent at lower concentrations (Smith, 1986). We treated wild type, ∆crp, ∆rpoS, 
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and ∆fis to 15 ng/mL and 25 ng/mL ciprofloxacin and observed that ∆crp mutants 

were more resistant than wild type, irrespective of the salt concentration (Figure 

5A, D, and G). The ∆rpoS and ∆fis mutants did not show the same resistance 

(Figure 5B, C, E, F, H, and I). As with nalidixic acid, these data show that 

changes in osmolarity did not alter the effectiveness of ciprofloxacin.  

4.4 DNA supercoiling 

4.4.1 DNA supercoiling in wild-type and mutant cells 

GyrA and B together form a functional gyrase, yet gyrA and gyrB are regulated 

by different transcription factors, indicating that titration of subunits is another 

level of control over gyrase activity. CRP is a known transcriptional activator of 

gyrA in E. coli (Gomez-Gomez et al., 1996), which is why we predicted 

decreased gyrase enzyme could cause relaxed DNA in ∆crp mutants. While our 

hypothesis concerning decreased gyrase was refuted (Figure 15), we did 

observe relaxed DNA in the ∆crp mutant (Figure 7C). In stationary phase the 

sigma factor RpoS is responsible for initiating transcription of gyrB (Lelong et al., 

2007; Maciag et al., 2011). Therefore in ∆rpoS we would expect decreased 

transcription of gyrB and fewer gyrase enzymes, leading us to hypothesize that 

∆rpoS mutants have more relaxed DNA than wild-type cells. To test this 

hypothesis, chloroquine gels were performed on cells growing in stationary 

phase and 0.5% NaCl. Both ∆crp and ∆rpos cells were found to have more 

relaxed DNA than wild-type cells (Figure 6B & C). When we tested the 

supercoiling of ∆rpoS and ∆crp in the presence of novobiocin and of ∆crp in the 

presence of ciprofloxacin, the DNA appeared to be more supercoiled. This 
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contradicts what is known about novobiocin and ciprofloxacin treatments 

(Cameron et al., 2011; Smith, 1986; Wolfson & Hooper, 1985), and thus 

suggests the presence of positive supercoiling. DNA extracted from novobiocin-

treated cells has been shown to be in a state of positive supercoils when 

analyzed by chloroquine gel electrophoresis (Lockshon & Morrs, 1983). 

Chloroquine can cause extremely relaxed DNA to become positively 

supercoiled, which cannot be distinguished from negatively supercoiled DNA on 

a one-dimensional chloroquine gel. We confirmed that ∆crp DNA was relaxed 

and wild-type DNA was negatively supercoiled using a two-dimensional 

chloroquine gel (Figure 7). Two-dimensional chloroquine gel analysis of 

plasmids from cells treated with ciprofloxacin would be beneficial to identify 

positive supercoils that we suggest are present in the one-dimensional gels. 

4.4.2 The [ATP]/[ADP] ratio does not explain relaxed DNA 

Increases in the [ATP]/[ADP] ratio in a cell can cause DNA to become more 

supercoiled (Hsieh et al., 1991). Both gyrase and topo IV have analogous 

structures and require the energy from ATP hydrolysis to perform their 

respective functions. Elevated [ATP]/[ADP] ratio increases DNA supercoiling by 

driving gyrase activity, however it is unknown how this ratio affects topo IV 

activity. Because we found that ∆crp mutant had more relaxed DNA than wild 

type, we hypothesized that wild-type cells may have an increased [ATP]/[ADP] 

ratio when compared to ∆crp. For both wild type and ∆crp, 2 h samples had a 

higher ratio than 12 h samples. This decrease from 2 h to 12 h was expected as 

ATP levels tend to decrease as cells enter stationary phase (Chapman et al., 
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1971; Ingraham et al., 1983; Siegele & Kolter, 1992). Samples taken at 2 h were 

not significantly different from each other (Figure 8). However, ciprofloxacin 

treatment and cell type were found to be significant factors for samples taken at 

12 h (p < 0.01), indicating that ciprofloxacin can significantly alter the 

[ATP]/[ADP] ratio and that ∆crp mutants have a higher ratio than wild type prior 

to treatment (Figure 8).  These results indicate that ∆crp cells have more ATP 

than wild type during stationary phase, the opposite of what was hypothesized. 

Because we do not see an increase in gyrase activity, in reference to the 

observed relaxed DNA, we speculate that the higher [ATP]/[ADP] ratio in ∆crp 

mutants may contribute to increased topo IV activity. 

4.5 Permeability of small molecule antibiotics 

4.5.1 Mutants and wild type had equal susceptibility to kanamycin and 

tetracycline 

We hypothesized ∆crp has decreased permeability to all small molecule 

antibiotics. A good indication that this was not the case was that ∆crp mutants 

were not more resistant to nalidixic acid (Figure 4A, D, and G). Yet because 

nalidixic acid diffuses across membranes, we tested the susceptibility of the 

mutants and wild-type cells to kanamycin and tetracycline. These antibiotics 

were chosen because they have a cytoplasmic target (ribosomes) that is not 

related to DNA supercoiling. Wild-type and ∆crp cells were equally susceptible to 

sublethal concentrations of kanamycin and tetracycline (Figure 10). These data 

suggest the resistance of ∆crp to novobiocin and ciprofloxacin may be more 
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directly linked to DNA supercoiling as opposed to cell permeability or antibiotic 

efflux. 

4.5.2 Altered expression of porins and efflux pump 

Studies have shown that changes in permeability and efflux can increase the 

MIC of ciprofloxacin in Gram-negative species by 4- to 8-fold (Drlica & Malik, 

2003; Redgrave et al., 2014). However, these studies used knockout mutants of 

the porins and efflux pumps in question. Figure 11 shows the change in 

expression of ompA, ompC, and ompF in wild-type and ∆crp cells. ompA and 

ompF expression in ∆crp was found to be significantly lower than wild type at 12 

h (p < 0.001) (Figure 11A & E). This was not surprising as CRP is a known direct 

activator of both ompA and ompF (Gibert & Barbe, 1990; Mendoza-Vargas et al., 

2009). CRP is not known to directly regulate ompC and expression of ompC was 

significantly lower (p < 0.01) in ∆crp than wild type after exposure to 25 ng/mL 

ciprofloxacin (Figure 11D). Although ciprofloxacin can enter through these 

porins, OmpF makes the greatest contribution to ciprofloxacin resistance. Kishii 

and Takei found that in E. coli some ciprofloxacin resistant clinical isolates had 

decreased ompF expression but no mutations in any of gyrA, gyrB, parC, or 

parE (Kishii & Takei, 2009). Additionally, Huguet et al. report that ciprofloxacin 

resistant E. coli had decreased expression of both ompF (–50%) and ompC (–

30%) (Huguet et al., 2013). Our data suggest that the reduced expression of 

porins, in particular ompF, may be responsible for increased ciprofloxacin 

resistance in the ∆crp mutant. 
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Studies also report that the AcrB efflux pump can play an important role in 

ciprofloxacin resistance (Galiana et al., 2014; Huguet et al., 2013; Paltansing et 

al., 2013; Webber, 2002). Hopkins et al. also found that inactivity of acrB made 

E. coli hyper susceptible to fluoroquinolones (Hopkins et al., 2005). We found 

that acrB expression was significantly upregulated in ∆crp cells during stationary 

phase when compared to wild type, both without and with the presence of 

ciprofloxacin (p <0.001, p <0.01) (Figure 12). These data indicate that the 

increased acrB expression may also be contributing to increased ciprofloxacin 

resistance in ∆crp mutants. 

4.6 Expression of topoisomerases 

4.6.1 No change in gyrase or topoisomerase I gene expression 

While our hypothesis that ∆crp mutants have more relaxed DNA was supported 

by chloroquine gel analysis (Figure 7) our RT-qPCR data suggested that this 

was not due to a decrease in gyrA or gyrB expression. Expression of gyrase 

subunits was not significantly decreased in ∆crp (Figure 15). The only observed 

significant difference between wild type and ∆crp in gyrase subunits was a 

decrease in gyrB in ciprofloxacin treated ∆crp cells (p < 0.01). This 

downregulation may be explained by indirect transcriptional regulation. While 

CRP is not a direct regulator of gyrB, it does regulate fis expression, and FIS is a 

direct inhibitor of gyrB. Thus we hypothesize that in the ∆crp mutant there is no 

CRP to inhibit fis expression, which allows elevated levels of FIS to inhibit gyrB, 

in turn causing gyrB expression to decrease as we observed. A complication for 
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this scenario is that CRP can be both an activator and inhibitor of FIS, but it 

remains to be tested whether CRP inhibits fis in our growth condition.  

There was no significant difference in topA expression between cell types prior 

to treatment with ciprofloxacin (Figure 16A). After treatment, expression in both 

wild type and ∆crp decreased during exponential growth, consistent with the 

previously characterized repression of the topA promoter by DNA relaxation 

(Tse-Dinh & Beran, 1988). In only one condition, 12 h after ciprofloxacin 

treatment, topA expression was modestly yet significantly lower in ∆crp 

compared to wild-type cells (p < 0.01). Thus a hypothesized increase in topA 

expression in the ∆crp mutant was incorrect. 

4.6.2 Topoisomerase IV may be responsible for relaxed DNA 

The primary role of topo IV is to decatenate chromosomes, yet the enzyme can 

also relax DNA supercoiling (Drlica & Zhao, 1997; Zechiedrich et al., 2000), 

which could explain the more relaxed DNA we observed in ∆crp. We used RT-

qPCR to examine the level of topoisomerase IV (parC and parE) expression, 

and observed increased expression of parC and parE in ∆crp compared to wild 

type, which could explain the more relaxed DNA we observed in ∆crp. 

Expression of both parC and parE was significantly higher in ∆crp when 

compared to wild type at 12 h (p < 0.001) (Figure 17A & C). This elevated 

expression was maintained in cells treated with ciprofloxacin, and parE 

expression was also significantly higher (p <0.01) in ∆crp cells at 2 h after 

treatment (Figure 17B & D). As we did not observe altered expression of gyrase 
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or topo I genes in the ∆crp mutant, topo IV activity is a good candidate for 

causing the relaxation of chromosomal DNA in ∆crp.  

4.7 Filamentation and the SOS response 

Ciprofloxacin is known to induce the SOS response, which can prevent cells 

from dividing and so cause a filamentation phenotype (Benson et al., 2000; 

Michel, 2005; Power & Phillips, 1992). We used light microscopy to compare 

wild-type and ∆crp cells after 12 h of growth with and without ciprofloxacin. As 

expected, ∆crp mutants were nonmotile (Chilcott & Hughes, 2000). Most 

importantly we observed that after exposure to 25 ng/mL ciprofloxacin, ∆crp 

remained the same length while wild-type cells were filamentous (Figure 13B & 

C). Treated wild-type cells were quantified and found to be significantly longer (p 

< 0.001) than untreated wild-type cells as well as ciprofloxacin-treated ∆crp 

mutant cells (Figure 13A). Thus, we hypothesized that the SOS response was 

not activated in ciprofloxacin-treated ∆crp cells. 

We used RT-qPCR to measure expression of two SOS-repressed genes, sulA (a 

cell division inhibitor) and ftsA (an essential cell division protein), to determine if 

the SOS response was activated in wild-type and ∆crp cells. We predicted that 

the SOS response would not be triggered in ∆crp, meaning sulA expression and 

ftsA expression would remain unchanged after ciprofloxacin treatment. At 2 h, 

wild type and ∆crp showed not difference in sulA expression (Figure 14A), 

suggesting the SOS response was not triggered in either cell type. Unexpectedly 

after treatment at 12 h, sulA expression in wild type remained the same as 

untreated cells, while expression in ∆crp decreased (Figure 14B). While sulA 
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expression in ∆crp did not remain static as expected, a decrease in this cell 

division inhibitor is consistent with continued cell proliferation. Also, because 

expression did not increase in wild-type cells, this indicates that the SOS 

response was not triggered. 

Expression of ftsA increased in both wild-type and ∆crp cells after 2 h of 

treatment (Figure 14C), and increased further after 12 h, suggesting cells were 

continuing to divide in both cell types after ciprofloxacin treatment. Wild-type 

expression of ftsA was significantly higher than in ∆crp at 12 h (p < 0.01) (Figure 

14D). Some studies have found that for cell division to occur, FtsA and another 

essential cell division protein FtsZ, must be at a ratio of 1:100 or 1:10 (Dai & 

Lutkenhaus, 1992; Dewar et al., 1992; Rueda et al., 2003). Without the 

expression data of FtsZ, it may not possible to correctly interpret our results. 

Alternatively, Wang et al. suggest that an overproduction of FtsA can cause the 

inhibition of septation (Wang & Gayda, 1990). If we consider this information, the 

increased expression of ftsA in ciprofloxacin treated wild-type cells may 

contribute to the filamentous phenotype that we observed. Thus, the data 

provided by RT-qPCR suggests that the cause of the filamentous phenotype is 

likely not the SOS response. 

4.8 Implications 

The complete loss of a global regulatory protein has not previously been shown 

to result in antibiotic resistance. Instead, it is normally the activity of regulatory 

proteins, including CRP, that results in resistance (Nishino et al., 2008). Our 

findings are surprising because global regulatory gene deletions are 
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disadvantageous to cells under most conditions. The deletion of crp in particular 

is deleterious because the CRP protein is responsible for the regulation of over 

100 genes in Salmonella, including many genes for catabolism of secondary 

carbon sources (Deutscher, 2008). Mutants lacking the CRP protein therefore 

would have difficulty growing in the presence of many sugars. Our data suggest 

that instead of a classic resistance mechanism, the loss of a global regulatory 

protein alters cell physiology to allow for resistance. This modification of 

physiology allows cells to persist and grow relatively undisturbed in sublethal 

antibiotic concentrations, allowing for the potential for further development of 

antibiotic resistant mutations. These findings are important as they provide a 

broad view of multiple mechanisms and physiological states that contribute to 

antibiotic resistance.  

 



78 

List of References 

Aksenov, S. V. (1999). Dynamics of the inducing signal for the SOS regulatory 
system in Escherichia coli after ultraviolet irradiation. Mathematical 
Biosciences 157, 269–286. 

Anderson, D. G. & Kowalczykowski, S. C. (1998). Reconstitution of an SOS 
response pathway: derepression of transcription in response to DNA breaks. 
Cell 95, 975–979. 

Andersson, D. I. & Hughes, D. (2014). Microbiological effects of sublethallevels 
of antibiotics. Nature Reviews Microbiology 12, 465–478.  

Ao, T. T., Feasey, N. A., Gordon, M. A., Keddy, K. H., Angulo, F. J. & Crump, 
J. A. (2015). Global burden of invasive nontyphoidal Salmonella disease, 
2010. Emerging Infectious Diseases 21, 941–949. 

Ball, C. A., Osuna, R., Ferguson, K. C. & Johnson, R. C. (1992). Dramatic 
changes in Fis levels upon nutrient upshift in Escherichia coli. Journal of 
Bacteriology 174, 8043–8056. 

Balsalobre, C., Johansson, J. & Uhlin, B. E. (2006). Cyclic AMP-dependent 
osmoregulation of crp gene expression in Escherichia coli. Journal of 
Bacteriology 188, 5935–5944. 

Battesti, A., Majdalani, N. & Gottesman, S. (2011). The RpoS-mediated 
general stress response in Escherichia coli. Annual Review of Microbiology 
65, 189–213. 

Bauernfeind, A. & Petermüller, C. (1983). In vitro activity of ciprofloxacin, 
norfloxacin and nalidixic acid. European Journal of Clinical Microbiology 2, 
111–115. 

Benson, N. R., Wong, R. M. & McClelland, M. (2000). Analysis of the SOS 
response in Salmonella enterica serovar typhimurium using RNA 
fingerprinting by arbitrarily primed PCR. Journal of Bacteriology 182, 3490–
3497. 

Buckley, A. M., Webber, M. A., Cooles, S., Randall, L. P., La Ragione, R. M., 
Woodward, M. J. & Piddock, L. J. V. (2006). The AcrAB-TolC efflux system 
of Salmonella enterica serovar Typhimurium plays a role in pathogenesis. 
Cell Microbiology 8, 847–856. 

Cameron, A. D. S., Kröger, C., Quinn, H. J., Scally, I. K., Daly, A. J., Kary, S. 
C. & Dorman, C. J. (2013). Transmission of an oxygen availability signal at 
the Salmonella enterica serovar Typhimurium fis promoter. PLoS ONE 8, 
e84382. 

Cameron, A. D. S., Stoebel, D. M. & Dorman, C. J. (2011). DNA supercoiling is 
differentially regulated by environmental factors and FIS in Escherichia coli 
and Salmonella enterica. Molecular Microbiology 80, 85–101. 

Carlet, J., Jarlier, V., Harbarth, S., Voss, A., Goossens, H., Pittet, D. & 
Forum, T. (2012). Ready for a world without antibiotics? The Pensières 
Antibiotic Resistance Call to Action. Antimicrobial Resistance and Infection 
Control 1, 11. BioMed Central Ltd. 

CDC. (2013). Antibiotic resistance threats in the United States, 2013. Centers for 
Disease Control and Prevention (CDC). 



 

79 
 

Champoux, J. J. (2001). DNA topoisomerases: structure, function, and 
mechanism. Annual Review of Biochemistry 70, 369–413. 

Chapman, A. G., Fall, L. & Atkinson, D. E. (1971). Adenylate energy charge in 
Escherichia coli during growth and starvation. Journal of Bacteriology 
108,1072-1086. 

Chen, H., Bjerknes, M., Kumar, R. & Jay, E. (1994). Determination of the 
optimal aligned spacing between the Shine-Dalgarno sequence and the 
translation initiation codon of Escherichia coli mRNAs. Nucleic Acids 
Research 22, 4953–4957. 

Chen, Y., Milam, S. L. & Erickson, H. P. (2012). SulA inhibits assembly of FtsZ 
by a simple sequestration mechanism. Biochemistry 51, 3100–3109. 

Cheng, G., Hao, H., Dai, M., Liu, Z. & Yuan, Z. (2013). Antibacterial action of 
quinolones: From target to network. European Journal of Medicinal 
Chemistry 66, 555–562.  

Chilcott, G. S. & Hughes, K. T. (2000). Coupling of flagellar gene expression to 
flagellar assembly in Salmonella enterica serovar typhimurium and 
Escherichia coli. Microbiology and Molecular Biology Reviews 64, 694–708. 

Chopra, I. & Roberts, M. (2001). Tetracycline antibiotics: Mode of action, 
applications, molecular biology, and epidemiology of bacterial resistance. 
Microbiology and Molecular Biology Reviews 65, 232–260. 

Clardy, J., Fischbach, M. A. & Currie, C. R. (2009). The natural history of 
antibiotics. Current Biology 19, 437–441. 

Clark, D. P. & Pazdernik, N. J. (2013). Molecular Biology. Elsevier. 
Coates, A. (2012). Antibiotic Resistance. Springer. 
Collin, F., Karkare, S. & Maxwell, A. (2011). Exploiting bacterial DNA gyrase 

as a drug target: current state and perspectives. Applied Microbiology and  
Biotechnology 92, 479–497. 

Crumplin, G. C. & Smith, J. T. (1975). Nalidixic acid: an antibacterial paradox. 
Antimicrobial Agents and Chemotherapy 8, 251–261. 

Dai, K. & Lutkenhaus, J. (1992). The proper ratio of FtsZ to FtsA is required for 
cell division to occur in Escherichia coli. Journal of Bacteriology 174, 6145–
6151. 

Deutscher, J. (2008). The mechanisms of carbon catabolite repression in 
bacteria. Current Opinion in Microbiology 11, 87–93. 

Dewar, S. J., Begg, K. J. & Donachie, W. D. (1992). Inhibition of cell division 
initiation by an imbalance in the ratio of FtsA to FtsZ. Journal of Bacteriology 
174, 6314–6316. 

Dong, T. & Schellhorn, H. E. (2009). Global effect of RpoS on gene expression 
in pathogenic Escherichia coli O157:H7 strain EDL933. BMC Genomics 10, 
349. 

Dorman, C. J., Chatfield, S., Higgins, C. F., Hayward, C. & Dougan, G. 
(1989). Characterization of porin and ompR mutants of a virulent strain of 
Salmonella typhimurium: ompR mutants are attenuated in vivo. Infection and 
Immunity 57, 2136–2140. 

Dorman, C. J. (2006). DNA supercoiling and bacterial gene expression. Science 
Progress 89, 151–166.  



 

80 
 

Drlica, K. (1992). Control of bacterial DNA supercoiling. Molecular Microbiology 
6, 425–433. 

Drlica, K. & Snyder, M. (1978). Superhelical Escherichia coli DNA: relaxation by 
coumermycin. Journal of Molecular Biology 120, 145–154. 

Drlica, K., Hiasa, H., Kerns, R., Malik, M., Mustaev, A. & Zhao, X. (2009). 
Quinolones: action and resistance updated. Current Topics in Medical 
Chemistry 9, 981–998. 

Drlica, K. & Malik, M. (2003). Fluoroquinolones: action and resistance. Current 
Topics in Medical Chemistry 3, 249–282. 

Drlica, K. & Zhao, X. (1997). DNA gyrase, topoisomerase IV, and the 4-
quinolones. Microbiology and Molecular Biology Reviews 61, 377.  

Dubnau, D. & Losick, R. (2006). Bistability in bacteria. Molecular Microbiology 
61, 564–572. 

Dupont, M., James, C. E., Chevalier, J. & Pages, J. M. (2007). An early 
response to environmental stress involves regulation of OmpX and OmpF, 
two enterobacterial outer membrane pore-forming proteins. Antimicrobial 
Agents and Chemotherapy 51, 3190–3198. 

Fic, E., Bonarek, P., Gorecki, A., Kedracka-Krok, S., Mikolajczak, J., Polit, 
A., Tworzydlo, M., Dziedzicka-Wasylewska, M. & Wasylewski, Z. (2009). 
cAMP receptor protein from Escherichia coli as a model of signal 
transduction in proteins; A Review. Journal of Molecular Microbiology and 
Biotechnology 17, 1–11. 

Finkel, S. E. & Johnson, R. C. (1992). The Fis protein: it's not just for DNA 
inversion anymore. Molecular Microbiology 6, 3257–3265. 

Fischbach, M. A. & Walsh, C. T. (2009). Antibiotics for emerging pathogens. 
Science 325, 1089–1093. 

Gal-Mor, O., Boyle, E. C. & Grassl, G. A. (2014). Same species, different 
diseases: how and why typhoidal and non-typhoidal Salmonella enterica 
serovars differ. Frontiers in Microbiology 5, 391. 

Galiana, A., Sánchez-Guillén, L., Rodríguez, J. C., Cremades, R., 
Santibañez, M., Ferrari, R., Ruiz-García, M., López, P. & Royo, G. (2014). 
[Characterization of gene expression associated with both the AcrAB/TolC 
system and the membrane permeability, in Salmonella spp isolates with and 
without gyrA mutation]. Revista Española de Quimioterapia 27, 239–243. 

Gellert, M., O'Dea, M. H., Itoh, T. & Tomizawa, J. (1976). Novobiocin and 
coumermycin inhibit DNA supercoiling catalyzed by DNA gyrase. 
Proceedings of the National Academy of Sciences 73, 4474–4478. 

Gibert, I. & Barbe, J. (1990). Cyclic AMP stimulates transcription of the 
structural gene of the outer-membrane protein OmpA of Escherichia coli. 
FEMS Microbiology Letters 56, 307–311. 

Goh, E.-B., Yim, G., Tsui, W., McClure, J., Surette, M. G. & Davies, J. (2002). 
Transcriptional modulation of bacterial gene expression by subinhibitory 
concentrations of antibiotics. Proceedings of the National Academy of 
Sciences 99, 17025–17030. 

 
 



 

81 
 

Gomez-Gomez, J. M., Baquero, F. & Blazquez, J. (1996). Cyclic AMP receptor 
protein positively controls gyrA transcription and alters DNA topology after 
nutritional upshift in Escherichia coli. Journal of Bacteriology 178, 3331–
3334. 

Grainger, D. C., Hurd, D. & Harrison, M. (2005). Studies of the distribution of 
Escherichia coli cAMP-receptor protein and RNA polymerase along the E. 
coli chromosome. Proceedings of the  National Academy of Sciences 102, 
17693–17698 

Hardy, C. D. & Cozzarelli, N. R. (2003). Alteration of Escherichia coli 
topoisomerase IV to novobiocin resistance. Antimicrobial Agents and 
Chemotherapy 47, 941–947. 

Hermsen, R., Deris, J. B. & Hwa, T. (2012). On the rapidity of antibiotic 
resistance evolution facilitated by a concentration gradient. Proceedings of 
the National Academy of Sciences 109, 10775–10780. 

Hirai, K., Aoyama, H., Irikura, T. & Iyobe, S. (1986). Differences in 
susceptibility to quinolones of outer membrane mutants of Salmonella 
typhimurium and Escherichia coli. Antimicrobial Agents and Chemotherapy 
29, 535-538. 

Hirakawa, H., Inazumi, Y., Senda, Y., Kobayashi, A., Hirata, T., Nishino, K. & 
Yamaguchi, A. (2006). N-acetyl-D-glucosamine induces the expression of 
multidrug exporter genes, mdtEF, via catabolite activation in Escherichia coli. 
Journal of Bacteriology 188, 5851–5858. 

Hooper, D. C., Wolfson, J. S., Ng, E. Y. & Swartz, M. N. (1987). Mechanisms 
of action of and resistance to ciprofloxacin. American Journal of Medicine 82, 
12–20. 

Hopkins, K. L., Davies, R. H. & Threlfall, E. J. (2005). Mechanisms of 
quinolone resistance in Escherichia coli and Salmonella: Recent 
developments. International Journal of Antimicrobial Agents 25, 358–373. 

Hsieh, L. S., Rouviere-Yaniv, J. & Drlica, K. (1991). Bacterial DNA 
supercoiling and [ATP]/[ADP] ratio: changes associated with salt shock. 
Journal of Bacteriology. 

Hsueh, P.-R., Teng, L.-J., Tseng, S.-P., Chang, C.-F., Wan, J.-H., Yan, J.-J., 
Lee, C.-M., Chuang, Y.-C., Huang, W.-K. & other authors. (2004). 
Ciprofloxacin-resistant Salmonella enterica Typhimurium and Choleraesuis 
from pigs to humans, Taiwan. Emerging Infectious Diseases 10, 60–68. 

Hughes, J. M. (2011). Preserving the lifesaving power of antimicrobial agents. 
The Journal of the American Medical Association 305, 1027–1028. 

Huguet, A., Pensec, J. & Soumet, C. (2013). Resistance in Escherichia coli: 
variable contribution of efflux pumps with respect to different 
fluoroquinolones. Journal of Applied Microbiology 114, 1294–1299. 

Ingraham, G. L., Maaloe, O. & Maaloe, O. (1983). Growth of the bacterial cell. 
Sinauer Associates, Inc. 

Jeśman, C., Młudzik, A. & Cybulska, M. (2011). [History of antibiotics and 
sulphonamides discoveries]. Polski Merkuriusz Lekarski 30, 320–322. 

 
 



 

82 
 

Johansson, J., Balsalobre, C., Wang, S. Y., Urbonaviciene, J., Jin, D. J., 
Sondén, B. & Uhlin, B. E. (2000). Nucleoid proteins stimulate stringently 
controlled bacterial promoters: a link between the cAMP-CRP and the 
(p)ppGpp regulons in Escherichia coli. Cell 102, 475–485. 

Karczmarczyk, M., Martins, M., Quinn, T., Leonard, N. & Fanning, S. (2011). 
Mechanisms of fluoroquinolone resistance in Escherichia coli isolates from 
food-producing animals. Applied and Environmental Microbiology 77, 7113–
7120. 

Kishii, R. & Takei, M. (2009). Relationship between the expression of ompF and 
quinolone resistance in Escherichia coli. Journal of Infection and 
Chemotherapy 15, 361–366. 

Kohanski, M. A., Dwyer, D. J. & Collins, J. J. (2010). How antibiotics kill 
bacteria: from targets to networks. Nature Reviews Microbiology 8, 423–435. 

Kröger, C., Colgan, A., Srikumar, S., Händler, K., Sivasankaran, S. K., 
Hammarlöf, D. L., Canals, R., Grissom, J. E., Conway, T. & other 
authors. (2013). An infection-relevant transcriptomic compendium for 
Salmonella enterica serovar Typhimurium. Cell Host and Microbe 14, 683–
695.  

Kröger, C., Dillon, S. C., Cameron, A. D. S., Papenfort, K., Sivasankaran, S. 
K., Hokamp, K., Chao, Y., Sittka, A., Hébrard, M. & other authors. (2012). 
The transcriptional landscape and small RNAs of Salmonella enterica 
serovar Typhimurium. Proceedings of the National Academy of Sciences 
109, E1277–86. 

Lelong, C., Aguiluz, K., Luche, S., Kuhn, L., Garin, J., Rabilloud, T. & 
Geiselmann, J. (2007). The Crl-RpoS regulon of Escherichia coli. Molecular 
and Cellular Proteomics 6, 648–659. 

Lewin, C. S., Howard, B. M., Ratcliffe, N. T. & Smith, J. T. (1989). 4-
quinolones and the SOS response. Journal of Medical Microbiology 29, 139–
144. 

Li, M., Diep, B. A., Villaruz, A. E., Braughton, K. R., Jiang, X., DeLeo, F. R., 
Chambers, H. F., Lu, Y. & Otto, M. (2009). Evolution of virulence in 
epidemic community-associated methicillin-resistant Staphylococcus aureus. 
Proceedings of the National Academy of Sciences 106, 5883–5888. 

Lin, J., Nishino, K., Roberts, M. C., Tolmasky, M., Aminov, R. I. & Zhang, L. 
(2015). Mechanisms of antibiotic resistance. Frontiers in Microbiology 6, 34. 

Liu, L. F. & Wang, J. C. (1978). DNA-DNA gyrase complex: the wrapping of the 
DNA duplex outside the enzyme. Cell 15, 979–984. 

Lockshon, D. & Morrs, D. R. (1983). Positively supercoiled plasmid DNA is 
produced by treatment of Escherichia coli with DNA gyrase inhibitors. 
Nucleic Acids Research 11, 2999–3017 

Maciag, A., Peano, C., Pietrelli, A., Egli, T., De Bellis, G. & Landini, P. (2011). 
In vitro transcription profiling of the σS subunit of bacterial RNA polymerase: 
re-definition of the σS regulon and identification of σS-specific promoter 
sequence elements. Nucleic Acids Research 39, 5338–5355. 

 
 



 

83 
 

Mahendran, K. R., Kreir, M., Weingart, H., Fertig, N. & Winterhalter, M. 
(2010). Permeation of antibiotics through Escherichia coli OmpF and OmpC 
porins: screening for influx on a single-molecule level. Journal of 
Biomolecular Screening 15, 302–307. 

Martínez, J. L. (2012). Natural antibiotic resistance and contamination by 
antibiotic resistance determinants: the two ages in the evolution of resistance 
to antimicrobials. Frontiers in Microbiology 3,1–3. 

Maxwell, A. (1999). DNA gyrase as a drug target. Biochemical Society 
Transactions 27, 48–53. 

McNairn, E., Ni Bhriain, N. & Dorman, C. J. (1995). Overexpression of the 
Shigella flexneri genes coding for DNA topoisomerase IV compensates for 
loss of DNA topoisomerase I: effect on virulence gene expression. Molecular 
Microbiology 15, 507–517. 

Mendoza-Vargas, A., Olvera, L., Olvera, M., Grande, R., Vega-Alvarado, L., 
Taboada, B., Jimenez-Jacinto, V., Salgado, H., Juárez, K. & other 
authors. (2009). Genome-wide identification of transcription start sites, 
promoters and transcription factor binding sites in E. coli. PLoS ONE 4, 
e7526. 

Michel, B. (2005). After 30 years of study, the bacterial SOS response still 
surprises us. PLoS Biology 5, e255 

Miller, R. V. & Kokjohn, T. A. (1990). General microbiology of recA: 
environmental and evolutionary significance. Annual Review of Microbiology 
44, 365–394. 

Mizuuchi, K. & O'Dea, M. H. (1978). DNA gyrase: subunit structure and ATPase 
activity of the purified enzyme. Proceedings of the National Academy of 
Sciences 75, 5960-5963. 

Mustaev, A., Malik, M., Zhao, X., Kurepina, N., Luan, G., Oppegard, L. M., 
Hiasa, H., Marks, K. R., Kerns, R. J. & other authors. (2014). 
Fluoroquinolone-gyrase-DNA complexes: two modes of drug binding. 
Journal of Biological Chemistry 289, 12300–12312. 

Neidhart, F. C. E. (1996). Escherchia coli and Salmonella, 2nd edn. Oxford, UK: 
Blackwell Science Ltd. 

Nikaido, H. (2003). Molecular basis of bacterial outer membrane permeability 
revisited. Microbiology and Molecular Biology Reviews 67, 593–656. 

Nikaido, H. & Pagès, J.-M. (2012). Broad-specificity efflux pumps and their role 
in multidrug resistance of Gram-negative bacteria. FEMS Microbiology 
Reviews 36, 340–363. 

Nishino, K., Senda, Y. & Yamaguchi, A. (2008). CRP regulator modulates 
multidrug resistance of Escherichia coli by repressing the mdtEF multidrug 
efflux genes. Journal of Antibiotics 61, 120–127. 

Paltansing, S., Tengeler, A. C., Kraakman, M. E. M., Claas, E. C. J. & 
Bernards, A. T. (2013). Exploring the contribution of efflux on the resistance 
to fluoroquinolones in clinical isolates of Escherichia coli. Microbial Drug 
Resistance 19, 469–476. 

 
 



 

84 
 

Pankey, G. A. & Sabath, L. D. (2004). Clinical relevance of bacteriostatic 
versus bactericidal mechanisms of action in the treatment of Gram-positive 
bacterial infections. Clinical Infectious Diseases 38, 864–870. 

Pestka, S. (1974). The use of inhibitors in studies on protein synthesis. Methods 
in Enzymology 30, 261–282. 

Piddock, L. J. V. (2006). Multidrug-resistance efflux pumps - not just for 
resistance. Nature Reviews Microbiology 4, 629–636. 

Power, E. G. & Phillips, I. (1992). Induction of the SOS gene (umuC) by 4-
quinolone antibacterial drugs. Journal of Medical Microbiology 36, 78–82. 

Raji, A., Zabel, D. J., Laufer, C. S. & Depew, R. E. (1985). Genetic analysis of 
mutations that compensate for loss of Escherichia coli DNA topoisomerase I. 
Journal of Bacteriology 162, 1173–1179. 

Redgrave, L. S., Sutton, S. B., Webber, M. A. & Piddock, L. J. V. (2014). 
Fluoroquinolone resistance: mechanisms, impact on bacteria, and role in 
evolutionary success. Trends in Microbiology 1–8. 

Reyes-Dominguez, Y., Contreras-Ferrat, G., Ramirez-Santos, J., Membrillo-
Hernandez, J. & Gomez-Eichelmann, M. C. (2003). Plasmid DNA 
supercoiling and gyrase activity in Escherichia coli wild-type and rpoS 
stationary-phase cells. Journal of Bacteriology 185, 1097–1100. 

Rimsky, S. & Travers, A. (2011). Pervasive regulation of nucleoid structure and 
function by nucleoid-associated proteins. Current Opinion in Microbiology 14, 
136–141. 

Robison, K., McGuire, A. M. & Church, G. M. (1998). A comprehensive library 
of DNA-binding site matrices for 55 proteins applied to the complete 
Escherichia coli K-12 genome. Journal of Molecular Biology 284, 241–254. 

Rueda, S., Vicente, M. & Mingorance, J. (2003). Concentration and assembly 
of the division ring proteins FtsZ, FtsA, and ZipA during the Escherichia coli 
cell cycle. Journal of Bacteriology 185, 3344–3351. 

Ryan, M. J. (1979). Mechanism of Action of Antibacterial Agents (F. E. Hahn, 
Ed.). Springer Science & Business Media. 

Sanders, C. C. (2008). Ciprofloxacin: in vitro activity, mechanism of action, and 
resistance. Reviews of Infectious Diseases 10, 516–527. 

Schneider, R. & Travers, A. (2000). The expression of the Escherichia coli fis 
gene is strongly dependent on the superhelical density of DNA. Biochimie 
83, 213–217 

Schneider, R., Travers, A., Kutateladze, T. & Muskhelishvili, G. (1999). A 
DNA architectural protein couples cellular physiology and DNA topology in 
Escherichia coli. Molecular Microbiology 34, 953–964. 

Shen, L. L. & Pernet, A. G. (1985). Mechanism of inhibition of DNA gyrase by 
analogues of nalidixic acid: the target of the drugs is DNA. Proceedings of 
the National Academy of Sciences 82, 307–311. 

Sheng, Y., Mancino, V. & Birren, B. (1995). Transformation of Escherichia coli 
with large DNA molecules by electroporation. Nucleic Acids Research 23, 
1990–1996. 

 
 



 

85 
 

Sheridan, S. D., Benham, C. J. & Hatfield, G. W. (1998). Activation of gene 
expression by a novel DNA structural transmission mechanism that requires 
supercoiling-induced DNA duplex destabilization in an upstream activating 
sequence. Journal of Biological Chemistry 273, 21298–21308. 

Siegele, D. A. & Kolter, R. (1992). Life after log. Journal of Bacteriology 174, 
345–348. 

Sinden, R. R. (1994). DNA Structure and Function. San Diego: Academic Press. 
Smith, D. H. & Davis, B. D. (1967). Mode of action of novobiocin in Escherichia 

coli. Journal of Bacteriology 93, 71–79. 
Smith, J. T. (1986). The mode of action of 4-quinolones and possible 

mechanisms of resistance. Journal of Antimicrobial Chemotherapy 18, 21–
29. 

Spellberg, B., Guidos, R., Gilbert, D., Bradley, J., Boucher, H. W., Scheld, 
W. M., Bartlett, J. G., Edwards, J.the Infectious Diseases Society of 
America. (2008). The epidemic of antibiotic-resistant infections: a call to 
action for the medical community from the Infectious Diseases Society of 
America. Clinical Infectious Diseases 46, 155–164. 

Stupina, V. A. & Wang, J. C. (2004). Viability of Escherichia coli topA mutants 
lacking DNA topoisomerase I. Journal of Biological Chemistry 280, 355–360. 

Sugawara, E. & Nikaido, H. (1992). Pore-forming activity of OmpA protein of 
Escherichia coli. Journal of Biological Chemistry 267, 2507-2511. 

Sugawara, E. & Nikaido, H. (1994). OmpA protein of Escherichia coli outer 
membrane occurs in open and closed channel forms. Journal of Biological 
Chemistry 269, 17981–17987. 

Susskind, M. M. & Botstein, D. (1978). Molecular genetics of bacteriophage 
P22. Microbiology Reviews 42, 385–413. 

Thieffry, D., Huerta, A. M., Pérez-Rueda, E. & Collado-Vides, J. (1998). From 
specific gene regulation to genomic networks: a global analysis of 
transcriptional regulation in Escherichia coli. Bioessays 20, 433–440. 

Tse-Dinh, Y. C. & Beran, R. K. (1988) Multiple promoters for transcription of the 
Escherichia coli DNA topoisomerase I gene and their regulation by DNA 
supercoiling. Journal of Molecular Biology 202, 735–742. 

Wagner, R. (2000). Transcription Regulation in Prokaryotes. Oxford: Oxford 
University Press. 

Wang, H. C. & Gayda, R. C. (1990). High-level expression of the FtsA protein 
inhibits cell septation in Escherichia coli K-12. Journal of Bacteriology 172, 
4736–4740. 

Wang, H., Liu, B., Wang, Q. & Wang, L. (2013). Genome-wide analysis of the 
Salmonella Fis regulon and its regulatory mechanism on pathogenicity 
islands. PLoS ONE 8, e64688. 

Webber, M. A. (2002). The importance of efflux pumps in bacterial antibiotic 
resistance. Journal of Antimicrobial Chemotherapy 51, 9–11. 

Webber, M. A., Ricci, V., Whitehead, R., Patel, M., Fookes, M., Ivens, A. & 
Piddock, L. J. V. (2013). Clinically relevant mutant DNA gyrase alters 
supercoiling, changes the transcriptome, and confers multidrug resistance. 
mBio 4, e00273–13. 



 

86 
 

Weber, H., Polen, T., Heuveling, J., Wendisch, V. F. & Hengge, R. (2005). 
Genome-wide analysis of the general stress response network in 
Escherichia coli: σS-dependent genes, promoters, and sigma factor 
selectivity. Journal of Bacteriology 187, 1591–1603. 

Weinstein-Fischer, D. & Altuvia, S. (2007). Differential regulation of 
Escherichia coli topoisomerase I by Fis. Molecular Microbiology 63, 1131–
1144. 

Wolfson, J. S. & Hooper, D. C. (1985). The fluoroquinolones: structures, 
mechanisms of action and resistance, and spectra of activity in vitro. 
Antimicrobial Agents and Chemotherapy 28, 581–586. 

Zechiedrich, E. L., Khodursky, A. B., Bachellier, S., Schneider, R., Chen, D., 
Lilley, D. M. & Cozzarelli, N. R. (2000). Roles of topoisomerases in 
maintaining steady-state DNA supercoiling in Escherichia coli. Journal of 
Biological Chemistry 275, 8103–8113. 

Zheng, D. (2004). Identification of the CRP regulon using in vitro and in vivo 
transcriptional profiling. Nucleic Acids Research 32, 5874–5893. 

Zubay, G., Schwartz, D. & Beckwith, J. (1970). Mechanism of activation of 
catabolite-sensitive genes: a positive control system. Proceedings of the 
National Academy of Sciences 66, 104–110. 

 
 



87 

A
ppendix A

 

Statistical A
nalysis 

R
T-qPC

R
 Expression D

ata 

M
ultiple T-Tests - Topoisom

erases 
Statistical significance determ

ined using the Holm
-Sidak m

ethod, w
ith alpha=1.000%

. 
G

ene 
Tim

e (h) 
Significant? 

P value 
M

ean1 
M

ean2 
D

ifference 
SE of difference 

t ratio 
df 

topA
 

2 
 

0.070538 
-0.0095362 

-0.219295 
0.209759 

0.105695 
1.98456 

12.0 
12 

 
0.860458 

-0.46729 
-0.486273 

0.0189836 
0.105695 

0.179607 
12.0 

topA
 cipro 25 ng/m

L 
2 

 
0.013971 

-2.92838 
-3.32848 

0.400098 
0.139187 

2.87453 
12.0 

12 
** 

0.000182 
-0.801382 

-1.54177 
0.740388 

0.139187 
5.31936 

12.0 
gyrA

 
2 

 
0.346187 

-0.00604805 
-0.188266 

0.182218 
0.185839 

0.980517 
12.0 

12 
 

0.312901 
-2.68349 

-2.87926 
0.195765 

0.185839 
1.05341 

12.0 
gyrA

 cipro 25 ng/m
L 

2 
 

0.295399 
-0.422014 

-0.276656 
-0.145358 

0.13286 
1.09407 

12.0 
12 

 
0.012031 

-0.888404 
-1.44818 

0.559777 
0.13286 

3.93012 
12.0 

gyrB
 

2 
 

0.289156 
-0.0170366 

-0.19739 
0.180353 

0.162625 
1.10901 

12.0 
12 

 
0.113134 

-3.0438 
-3.32174 

0.27795 
0.162625 

1.70914 
12.0 

gyrB
 cipro 25 ng/m

L 
2 

 
0.201171 

0.539079 
0.78271 

-0.243631 
0.180142 

1.35244 
12.0 

12 
** 

0.000113 
0.498321 

-0.513034 
1.01135 

0.180142 
5.61421 

12.0 
parC

 
2 

 
0.060339 

-0.00466399 
-0.213827 

0.209163 
0.100886 

2.07325 
12.0 

 
12 

** 
1.605362e-010 

-2.16054 
-0.16697 

-1.99357 
0.100886 

19.7605 
12.0 

parC
 cipro 25 ng/m

L 
2 

 
0.846741 

0.0971036 
0.0787315 

0.0183721 
0.0930226 

0.197502 
12.0 

12 
** 

1.063563e-009 
-2.31154 

-0.749651 
-1.56189 

0.0930226 
16.7905 

12.0 
parE  

2 
 

0.178146 
-0.0178717 

0.218467 
-0.236339 

0.165236 
1.43031 

12.0 
12 

** 
2.403684e-009 

-3.10629 
-0.521592 

-2.58469 
0.165236 

15.6424 
12.0 

parE cipro 25 ng/m
L 

2 
* 

0.003626 
-0.26683 

0.451985 
-0.718815 

0.199507 
3.60295 

12.0 
12 

** 
8.900301e-005 

-2.92248 
-1.77161 

-1.15087 
0.199507 

5.76858 
12.0 

  
 



88 

 M
ultiple T-Tests – Porins &

 Efflux Pum
ps 

Statistical significance determ
ined using the Holm

-Sidak m
ethod, w

ith alpha=1.000%
. 

G
ene 

Tim
e (h) 

Significant? 
P value 

M
ean1 

M
ean2 

D
ifference 

SE of difference 
t ratio 

df 
om

pA
 

2 
 

0.75752 
-0.00318755 

-0.0364359 
0.0332484 

0.105256 
0.31588 

12.0 
12 

** 
1.372859e-006 

-0.913262 
-1.84118 

0.927915 
0.105256 

8.81577 
12.0 

om
pA

 cipro 25 
ng/m

L 
2 

 
0.456146 

-0.786728 
-0.94961 

0.162882 
0.211513 

0.770079 
12.0 

12 
** 

0.000112869 
-1.26375 

-2.45203 
1.18828 

0.211513 
5.61797 

12.0 
om

pC
 

2 
 

0.528607 
-0.00125968 

-0.0667477 
0.065488 

0.100917 
0.648931 

12.0 
12 

** 
0.000186398 

-1.63063 
-2.16613 

0.5355 
0.100917 

5.30636 
12.0 

om
pC

 cipro 25 
ng/m

L 
2 

 
0.616717 

-0.291389 
-0.217175 

-0.0742139 
0.14444 

0.513806 
12.0 

12 
** 

0.000185533 
-1.36156 

-2.12842 
0.766861 

0.14444 
5.30921 

12.0 
om

pF 
2 

* 
0.00140219 

-0.00409546 
-0.653348 

0.649253 
0.157306 

4.12732 
12.0 

12 
** 

3.716862e-005 
-0.116077 

-1.11346 
0.997387 

0.157306 
6.34043 

12.0 
om

pF cipro 25 
ng/m

L 
2 

 
0.283299 

-0.906892 
-1.17878 

0.27189 
0.242055 

1.12325 
12.0 

12 
** 

5.035423e-006 
-0.0539431 

-1.93569 
1.88175 

0.242055 
7.77403 

12.0 
acrB

 
2 

 
0.407149 

-0.00749281 
-0.104252 

0.0967594 
0.112636 

0.859044 
12.0 

 
12 

** 
6.967936e-007 

-1.90994 
-0.851288 

-1.05866 
0.112636 

9.39889 
12.0 

acrB
 cipro 25 

ng/m
L 

2 
 

0.25661 
-0.128667 

0.0243468 
-0.153014 

0.128455 
1.19118 

12.0 
12 

** 
9.924063e-005 

-2.08601 
-1.35391 

-0.732105 
0.128455 

5.6993 
12.0 

  
 



89 

[A
TP]/[A

D
P] R

atio  

2h A
TP/A

D
P 

 
 

 
 

 
Tw

o-w
ay A

N
O

VA
 

O
rdinary 

 
 

 
 

A
lpha 

0.01 
 

 
 

 
 

 
 

 
 

 
Source of Variation 

%
 of total variation 

P value 
P value sum

m
ary 

Significant? 
 

Interaction 
0.3325 

0.8441 
ns 

N
o 

 
C

ipro Treatm
ent 

31.25 
0.0845 

ns 
N

o 
 

C
ell Type 

3.907 
0.5061 

ns 
N

o 
 

 
 

 
 

 
 

A
N

O
VA

 table 
SS 

D
F 

M
S 

F (D
Fn, D

Fd) 
P value 

Interaction 
0.01032 

1 
0.01032 

F (1, 8) = 0.04124 
P

 = 0.8441 
C

ipro Treatm
ent 

0.9695 
1 

0.9695 
F (1, 8) = 3.876 

P
 = 0.0845 

C
ell Type 

0.1212 
1 

0.1212 
F (1, 8) = 0.4845 

P
 = 0.5061 

R
esidual 

2.001 
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0.2501 
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Tukey's m
ultiple com

parisons test 
M

ean D
iff. 

99%
 C

I of diff. 
Significant? 

Sum
m

ary 
U

ntreated:W
T vs. U

ntreated:∆crp 
-0.2596 

-2.051 to 1.532 
N

o 
ns 

U
ntreated:W

T vs. Treated:W
T 

-0.6271 
-2.418 to 1.164 

N
o 

ns 
U

ntreated:W
T vs. Treated:∆crp 

-0.7695 
-2.561 to 1.022 

N
o 

ns 
U

ntreated:∆crp vs. Treated:W
T 

-0.3675 
-2.159 to 1.424 

N
o 

ns 
U

ntreated:∆crp vs. Treated:∆crp 
-0.5098 

-2.301 to 1.281 
N

o 
ns 

Treated:W
T vs. Treated:∆crp 

-0.1424 
-1.934 to 1.649 
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o 

ns 
 

 



90 

12h A
TP/A

D
P 

 
 

 
 

 
Tw

o-w
ay A

N
O

VA
 

O
rdinary 

 
 

 
 

A
lpha 

0.01 
 

 
 

 
 

 
 

 
 

 
Source of Variation 
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P value 
P value sum
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Significant? 
 

Interaction 
6.259 

0.1173 
ns 

N
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C

ipro Treatm
ent 

32.32 
0.0040 

** 
Y
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C
ell Type 

45.17 
0.0015 

** 
Y
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SS 

D
F 
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S 

F (D
Fn, D

Fd) 
P value 

Interaction 
0.01333 

1 
0.01333 

F (1, 8) = 3.080 
P

 = 0.1173 
C

ipro Treatm
ent 

0.06883 
1 

0.06883 
F (1, 8) = 15.90 

P
 = 0.0040 

C
ell Type 

0.09619 
1 

0.09619 
F (1, 8) = 22.23 

P
 = 0.0015 

R
esidual 

0.03462 
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0.004328 
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Tukey's m
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M
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iff. 
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 C

I of diff. 
Significant? 

Sum
m

ary 
U

ntreated:W
T vs. U

ntreated:∆crp 
-0.2457 

-0.3913 to -0.1001 
Y

es 
** 

U
ntreated:W

T vs. Treated:W
T 

0.08481 
-0.06082 to 0.2304 

N
o 

ns 
U

ntreated:W
T vs. Treated:∆crp 

-0.02759 
-0.1732 to 0.1180 

N
o 

ns 
U

ntreated:∆crp vs. Treated:W
T 

0.3305 
0.1849 to 0.4762 

Y
es 

** 
U

ntreated:∆crp vs. Treated:∆crp 
0.2181 

0.07250 to 0.3638 
N

o 
* 

Treated:W
T vs. Treated:∆crp 

-0.1124 
-0.2580 to 0.03322 

N
o 
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Source of Variation 

%
 of total variation 

P value 
P value sum

m
ary 

Significant? 
 

Interaction 
8.045 

0.2903 
ns 

N
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C

ipro Treatm
ent 

5.174 
0.3924 

ns 
N
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C
ell Type 

7.900 
0.2945 

ns 
N
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 table 
SS 

D
F 

M
S 

F (D
Fn, D

Fd) 
P value 

Interaction 
0.01924 

1 
0.01924 

F (1, 12) = 1.224 
P

 = 0.2903 
C

ipro Treatm
ent 

0.01238 
1 

0.01238 
F (1, 12) = 0.7870 

P
 = 0.3924 

C
ell Type 

0.01890 
1 

0.01890 
F (1, 12) = 1.202 

P
 = 0.2945 

R
esidual 

0.1887 
12 

0.01572 
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Tukey's m
ultiple com

parisons test 
M

ean D
iff. 

99%
 C

I of diff. 
Significant? 

Sum
m

ary 
0:W

T (2 h) vs. 0:∆crp (2 h) 
0.0006291 

-0.3443 to 0.3456 
N

o 
ns 

0:W
T (2 h) vs. 25:W

T (2 h) 
0.01374 

-0.3312 to 0.3587 
N

o 
ns 

0:W
T (2 h) vs. 25:∆crp (2 h) 

-0.1244 
-0.4693 to 0.2206 

N
o 

ns 
0:∆crp (2 h) vs. 25:W

T (2 h) 
0.01311 

-0.3318 to 0.3580 
N

o 
ns 

0:∆crp (2 h) vs. 25:∆crp (2 h) 
-0.1250 

-0.4699 to 0.2200 
N

o 
ns 

25:W
T (2 h) vs. 25:∆crp (2 h) 

-0.1381 
-0.4830 to 0.2068 

N
o 

ns 
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Source of Variation 

%
 of total variation 

P value 
P value sum
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ary 

Significant? 
 

Interaction 
39.57 

0.0002 
*** 

Y
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C

ipro Treatm
ent 

6.219 
0.0616 

ns 
N
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C
ell Type 

36.66 
0.0003 

*** 
Y
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SS 
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F (D
Fn, D

Fd) 
P value 

Interaction 
Interaction 

1.542 
1 

1.542 
F (1, 12) = 27.06 

C
ipro Treatm

ent 
C

ipro Treatm
ent 

0.2423 
1 

0.2423 
F (1, 12) = 4.252 

C
ell Type 

C
ell Type 

1.428 
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F (1, 12) = 25.07 

R
esidual 
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Significant? 
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m
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0:W
T (12 h) vs. 0:∆crp (12 h) 
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N
o 

ns 
0:W

T (12 h) vs. 25:W
T (12 h) 

-0.3747 
-1.031 to 0.2819 

N
o 
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T (12 h) vs. 25:∆crp (12 h) 
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0:∆crp (12 h) vs. 25:W
T (12 h) 
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-1.008 to 0.3052 

N
o 

ns 
0:∆crp (12 h) vs. 25:∆crp (12 h) 
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0.2103 to 1.524 

Y
es 

** 
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T (12 h) vs. 25:∆crp (12 h) 
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0.5617 to 1.875 
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es 
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%
 of total variation 

P value 
P value sum
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Significant? 
 

Interaction 
8.043 

0.0019 
** 
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ell Type 

7.746 
0.0022 

** 
Y
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 table 
SS 

D
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S 

F (D
Fn, D

Fd) 
P value 

Interaction 
0.3645 

1 
0.3645 

F (1, 12) = 15.67 
P

 = 0.0019 
C

ipro Treatm
ent 

3.538 
1 

3.538 
F (1, 12) = 152.1 

P
 < 0.0001 

C
ell Type 

0.3511 
1 
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F (1, 12) = 15.10 
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 = 0.0022 

R
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Significant? 

Sum
m

ary 
0:W

T (2 h) vs. 0:∆crp (2 h) 
0.005622 

-0.4139 to 0.4251 
N

o 
ns 

0:W
T (2 h) vs. 25:W

T (2 h) 
-0.6385 

-1.058 to -0.2190 
Y

es 
*** 

0:W
T (2 h) vs. 25:∆crp (2 h) 

-1.237 
-1.656 to -0.8172 

Y
es 

**** 
0:∆crp (2 h) vs. 25:W

T (2 h) 
-0.6442 

-1.064 to -0.2247 
Y

es 
*** 

0:∆crp (2 h) vs. 25:∆crp (2 h) 
-1.242 

-1.662 to -0.8228 
Y

es 
**** 

25:W
T (2 h) vs. 25:∆crp (2 h) 

-0.5981 
-1.018 to -0.1786 
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es 

*** 
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%
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P value 
P value sum
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Significant? 
 

Interaction 
4.964 

0.0015 
** 
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ipro Treatm
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< 0.0001 
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5.334 
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Y
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Fd) 
P value 

Interaction 
1.080 

1 
1.080 

F (1, 12) = 16.87 
P

 = 0.0015 
C

ipro Treatm
ent 

18.75 
1 

18.75 
F (1, 12) = 292.8 

P
 < 0.0001 

C
ell Type 

1.161 
1 
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F (1, 12) = 18.13 

P
 = 0.0011 

R
esidual 

0.7685 
12 
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0.01902 

-0.6771 to 0.7152 
N

o 
ns 

0:W
T (12 h) vs. 25:W

T (12 h) 
-2.685 

-3.381 to -1.989 
Y

es 
**** 

0:W
T (12 h) vs. 25:∆crp (12 h) 

-1.627 
-2.323 to -0.9304 

Y
es 

**** 
0:∆crp (12 h) vs. 25:W

T (12 h) 
-2.704 

-3.400 to -2.008 
Y

es 
**** 

0:∆crp (12 h) vs. 25:∆crp (12 h) 
-1.646 

-2.342 to -0.9494 
Y

es 
**** 

25:W
T (12 h) vs. 25:∆crp (12 h) 

1.058 
0.3623 to 1.755 

Y
es 

*** 
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