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I. Introduction 

I.i. Review of Literature 

 Antibiotic resistance in bacteria has become an increasing problem in the treatment of 

infectious diseases. As more bacteria are becoming resistant, it is of the utmost importance that 

their mechanisms of resistance be understood so that new antibiotic therapy regimens can be 

created. It has been globally observed that the susceptibility rates for multiple species of bacteria 

have been steadily declining while the list of species with resistant strains has been rising (File, 

1999; Pfaller et al., 1998). There are two common ways in which bacteria can become resistant. 

The first occurs when new strains obtain resistant genes through conjugation, transduction, or 

transformation and is most commonly related to transposon elements (Tenover, 2006). The 

second way resistant strains can arise is the accidental development of resistant mutations in the 

chromosome amplified by the introduction of antibiotic selective pressure (Kolar, 2001). Both 

factors account for the steady increase of resistant bacteria.    

 There are many ways in which bacteria show resistance to antibiotics, mainly the 

alteration of the antibiotic target site, the upregulation of enzymes that inactivate the antibiotic, 

the regulation or alteration of the outer membrane protein channel that the drug needs in order to 

enter the cell, and the removal of drugs from the cell by means of upregulating pumps (review 

Tenover, 2006). An example of an upregulating pump is an efflux pump. This study used 

Escherichia coli, a gram-negative strain that contains efflux pumps. The role of the pump is to 

remove the threat of death, whether it be antibiotics, toxic dyes, or other biocides. There are five 

resistance-nodulation-division (RND) drug exporter systems, all of which require the outer 

membrane protein TolC (Fralick, 1996; Nishino and Akihito, 2002). The efflux pump consists of 

a RND family transporter, an outer membrane protein (TolC), and a membrane fusion protein, as 
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Figure 1: Diagram of the components of an efflux pump 
(http://journals.iucr.org/f/issues/2005/03/00/vr5026/vr5026fig1.ht
ml) 

shown in Figure 1. Powered by a proton motive force, a drug is directly transported out of the 

cell into the medium before it is able to bind to the target site and cause cell death (Zgurskaya et 

al., 1999). The removal of the drug through 

the protein channel, combined with the 

gram-negative selectively permeable outer 

cell membrane, allows for high levels of 

resistance in E. coli. The AcrAB efflux 

system is the most dominant efflux pump in 

E. coli resistance (Okusu et al., 1996). 

However, the goal of this study was to 

observe the MdtEF efflux system, an 

alternative RND efflux pump that confers 

resistance in absence of AcrAB (Nishino 

and Yamaguchi, 2002). As MdtEF is only 

expressed in absence of AcrAB, strains 

without the arcAB gene were used in this experiment.   

There are twenty known genes that encode for various drug transporters with different 

specificities toward the various antibiotics in E. coli (Nishino and Yamaguchi, 2004). Since the 

expression of efflux systems is controlled by gene expression, factors that control gene 

expression play a vital role in resistance. An abundant topology regulator within the cell is the 

histone-like nucleoid structuring (HNS) protein. HNS affects 5% of genes and/or their proteins 

within a cell, most of which are related to virulence or adaptation to environmental conditions 

(Hommais et al., 2001). HNS acts directly as a transcriptional repressor after binding to AT rich 
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curved areas of the DNA (Ueguchi et al., 1993). Rather than expressing genes, HNS causes 

genes to “turn off” in response to environmental stresses. These stressors include changes in 

osmolarity, temperature, growth phase, and pH level (Atlung and Ingmer, 1997; Hommais et al. 

2001). HNS also controls genes that encode for virulence (Nishino and Yamaguchi, 2004). It was 

found that multidrug resistance caused by the deletion of the hns gene was caused by the 

increased expression of TolC dependent drug transporters (Nishino et al., 2004). Thus, HNS can 

directly be linked to expression of RND transporter pumps found in E. coli and the resistance 

associated with it.  

        Another topology regulation system is that of DNA supercoiling controlled by DNA 

gyrase and topoisomerase I. Within the cell, DNA is in a highly compact state, due to negative 

supercoiling (Dorman, 1991). This negative supercoiling provides the necessary energy for the 

DNA strand-separating processes, such as transcription and replication.  DNA gyrase utilizes the 

energy from ATP hydrolysis to introduce negative supercoiling into relaxed DNA (Gellert et al., 

1976).  Its expression requires the relaxation of DNA.  The enzyme topoisomerase I relaxes the 

DNA, by removing global and localized negative supercoils so that vital cellular processes can 

take place at optimal rates (Zechiedrich et al., 2000). The expression of the topA gene (which 

encodes for topoisomerase I) is also regulated by supercoiling (Tse-Dinh, 1988). It is more 

highly expressed when DNA is negatively supercoiled.  It has been proposed that supercoiling as 

a mechanism of gene expression regulation is caused by an adjustment of the promoter activity. 

This theory, supported by results from DNA microarray studies, suggests that supercoiling works 

with nucleoid-associated proteins (such as HNS) and transcription factors to adjust to varying 

environmental conditions (Dorman, 2006). Thus HNS and topoisomerase I, through its 
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regulation of supercoiling, have the ability to regulate the gene expression, including that of the 

various efflux pump genes in E. coli.   

 The expression of a subset of efflux pump genes, including the mdtEF genes, is growth-

phase dependent, meaning that there are different susceptibility levels during logarithmic and 

stationary growth phases (Kobayashi et al., 2006). As a bacterium enters into stationary phase, a 

wide variety of genes need to be expressed or repressed in order to adapt to the changing 

environmental circumstances. Many such genes are regulated by the sigma factor RpoS (Lange 

et al., 1991). Among the genes regulated by RpoS is yhiUV (renamed mdtEF), which is 

homologous to AcrAB and results in a membrane-bound complex that transports a wide-variety 

of deleterious compounds (Schellhorn et al., 1998). The expression of HNS varies during growth 

phases as well, with there being a higher expression during the exponential phase (Azam et al., 

1999). RpoS is more highly expressed during the entrance of stationary phase and late 

logarithmic phase (Schellhorn et al., 1998). However, there is a strong relationship between these 

two regulators. In a recent study, it was found that HNS represses RpoS and DsrA (a small 

regulatory RNA that increases RpoS levels at low temperatures (Sledjeski et al., 1996)) to adjust 

RpoS-dependent gene expression (White-Ziegler et al., 2009). Additionally, it was found that the 

transcription of RpoS is inhibited by a high level of supercoiling (Bordes et al.), relating 

topoisomerase I and RpoS genes. Stewart et al. observed how the RpoS and GAD acid resistance 

system’s genes are affected by topoisomerase I and HNS. These results led researchers to 

conclude that topoisomerase I may be needed in order to overcome the repression of acid 

resistant genes by HNS, by expressing the genes that HNS had suppressed. Clearly HNS and 

topoisomerase I are closely related and often work together in the cell to express the necessary 

genes for resistance.  
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The MdtEF efflux system has been found to be growth-phase dependent and to be 

controlled by the RpoS-GadY-GadX signaling pathway (Kobayashi et al., 2006). It can be 

predicted that factors regulating RpoS expression will also regulate the expression of mdtEF. The 

goal of this research is to observe how the topology regulators HNS and topoisomerase I affect 

growth-phase dependent drug tolerance expression of mdtEF in E. coli. 

 

I.ii. Hypothesis  

1. HNS is responsible for suppression of a subset of efflux pump genes in logarithmic phase 

via suppression of RpoS. 

2. TopA is required for activation of these RpoS-dependent genes suppressed by HNS 

during stationary stage 

 

If the hypotheses are true, then during the experiments one would expect to see: 

1. In hns mutants, drug resistance in logarithmic phase is increased 

2. In topA mutants, drug resistance in stationary phase is decreased 

3. In hns mutants, TopA is no longer needed to relieve suppression of HNS 
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II. Methods  

II.i. Chemicals, Dyes, and Plates  

 Crystal violet was purchased from USB Corporation (Cleveland, Ohio).  Erythromycin 

was purchased from Sigma Aldrich (St. Louis, Missouri).   

 Growth media used includes Lysogeny broth (LB). LB medium is prepared by dissolving 

15.5 g LB powder and 9.5 g NaCl in 1 L of water. YT agar plates are required for the survival 

assay experiments. YT plates were made with 8 g bacto tryptone, 5 g yeast extract, and 5 g NaCl 

per 1 L distilled water.  

 

II.ii.Bacterial Strains  

 

 Because this study wanted to observe the growth phase dependent MdtEF efflux system, 

bacteria lacking the AcrAB-TolC efflux system needed to be used so as not to arrive at 

inaccurate conclusions (Table 1). Strains were prepared using the P1 Transduction method.   P1 

Table 1: Bacterial strains used in this study 
Strain Genotype Source or Reference 

N43 ∆acrA 
E. coli Genetic Stock 
Center 

N43∆hns ∆acrA, hns::Cmr P1  

RFM445tolC tolC, gyrase mutation to compensate for topA deletion 
Dr. Tse-Dinh, New 
York Medical College 

RFM445tolChns tolC, ∆hns::Cm, gyrase mutation  P1 

RFM475tolC tolC, gyrase mutation and topA deletion 
Dr. Tse-Dinh, New 
York Medical College 

BSN1 ∆hns::Cmr 

Dr. Bernt Eric Uhlin, 
Umeå University, 
Sweden 

VSIII-K2 ∆topA::Cmr 
Yale E. coli Genetic 
Stock Center 
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phages were prepared using BSN1 (hns::Cmr) and VS111-K2 (topA:: Cmr).  Transductants are 

selected on LB plates with 30 mg/L chloramphenicol.   

These phages were then used to create the following strains: 

  N43 ∆hns:: Cmr 

 RFM445 ∆hns::Cmr 

 

Unfortunately, transduction attempts involving transfer of the topA gene deletion into strain N43 

were not successful, possibly due to effect of the topA gene deletion on viability in this genetic 

background.  

 

II.iii. Drug Tolerance Assay 

Overnights were grown in LB medium at 370C with shaking to an OD600 reading of 6.5 

for stationary phase experiments. Logarithmic phase cells were then prepared by dilution of the 

overnight culture by 1:100 and growth to an OD600 reading of 0.8. Both logarithmic and 

stationary phase cells were then diluted to an OD600 reading of 0.1 for the drug tolerance assay.  

The microplate was prepared by pipetting 100 µL of diluted cells into each well. 1 µL of either 

erythromycin or crystal violet was then added to the appropriate well in various concentrations 

using autoclaved water as a control for experiments involving crystal violet and ethanol in 

experiments using erythromycin. Microplates were placed in the Perkin Elmer HTS 7000 Plus 

plate reader preheated to 370C, programmed to shake before reading every 20 minutes and 

during a cycle, and on absorbance at OD600 setting for 49 cycles, equaling 16 hours. Methods 

adapted from Kobayashi et al., 2006. 
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II.iv. Survival Assay 

Overnights were grown in 370C to an OD600 reading of 6.5 for stationary phase 

experiments. The culture was diluted to OD600 reading of 0.6. For logarithmic phase 

experiments, overnights were diluted 1:100 and allowed to grow to OD600 reading of 0.6. Then 5 

mL of cells were pipetted into test tubes. Either 0, 12.5, 25, or 50 µL 20 mg/mL crystal violet 

was added into the test tubes. Test tubes were placed in 370C shaker for 30 minutes. Next, 10-2, 

10-4, and 10-6 dilutions were created in 3 mL of LB in test tubes. Finally, 100 µL of the dilutions 

were plated on YT agar plates using a glass spreader. Plates were placed in 370C incubator 

overnight. The individual colonies were counted the following day and the survival rate was 

calculated by dividing the number of colonies from drug treated cultures by the number of 

colonies from the control untreated culture. Methods adapted from Kobayashi et al., 2006. 
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Figure 2: Logarithmic Growth Phase of hns and control strains. (A) N43 
Logarithmic Phase (B) N43∆hns Logarithmic Phase. The red line indicates a 
concentration of 1.2 mg/L Crystal Violet and most clearly demonstrates the 
difference in resistance levels. 

III. Results and Analysis 

III.i. HNS is responsible for suppression of a subset of efflux pumps in logarithmic phase (a 

qualitative and quantitative analysis).  

Since the expression of the MdtEF efflux pump is linked to the sigma-factor RpoS, it 

exhibits growth phase dependence (Kobayashi et al., 2006). The effect of MdtEF expression on 

drug resistance is evident 

only in the absence of the 

AcrAB efflux pump 

activity.  To prove that 

HNS is responsible for the 

suppression of the MdtEF 

efflux pump in the 

logarithmic phase, a drug 

tolerance assay was 

preformed with crystal 

violet (CV). The resulting 

growth curves show that 

the ∆hns mutant 

derivative of N43 is more 

resistant in the 

logarithmic phase than the 

control (Figure 2). In addition to having a lower final growth rate, N43 growth only began in the 

last phase of growing while N43∆hns grew consistently from the beginning until it leveled off. 
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Comparing the 1.2 mg/L crystal violet concentrations, the variation between the hns mutants is 

the most apparent. The N43∆hns strain was able to grow to an OD600 reading between 0.4 and 

0.5, while the control N43 strain was only able to grow to an OD600 reading of less than 0.2. In 

order to verify the results of the graphs with quantifiable evidence, a survival assay was run 

(Figure 3).  

 

 

 

 

 

 

 

 

 

 

 

When a 2-sample-t-test was run using the averaged percentage of resistance, a p-value of .009 

was calculated. With a p-value this low, the tested hypothesis (in this case that the resistance 

levels of N43 and of N43∆hns in logarithmic stage are equal) is highly unlikely to be true. Thus, 

there is a significantly higher resistance level in N43∆hns mutants than in N43. Since there is a 

higher level of HNS expression in the logarithmic phase, it follows that there is also a high 

degree of gene suppression during the logarithmic phase. 

 

 
Figure 3: Survival assay results for N43 and N43∆hns in both stationary and logarithmic 
growth phases.  
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To verify that the hns mutation caused the change in logarithmic phase, drug tolerance 

levels in the stationary phase were examined. Again, growth curves were created using the N43 

and the N43∆hns mutant cultures (Figure 4). The 0.8 mg/L CV concentration is above 0.6 for 

N43, while the N43∆hns value for the same concentration is close to 0.5. It should also be noted 

that the control for N43∆hns was lower due to the hns mutation’s affect on growth. However 

even with this, the N43 is more resistant than the N43∆hns, the opposite of what was found in 

logarithmic phase. These findings support the hypothesis that hns is responsible for suppression 

of a subset of efflux pumps in the logarithmic growth phase.  

 

 

 

 

 

 

 

 

 

There is a small amount of disparity within the results. The tolerance assay showed that 

the resistance in the stationary phase of N43 and N43∆hns differed slightly, while the t-test run 

from the survival assay concluded that there is no difference between these two strains in 

stationary phase. Another difference in the data is that the growth curves show there is no 

difference within the hns mutant stationary and logarithmic phase, however t-test run on the 

survival assay resulted in a p-value of .00027. Besides these two anomalies, the results for the 

Figure 4: Growth curves for (A) N43 Stationary phase culture and (B) N43∆hns Stationary culture treated with 
Crystal Violet concentrations of 0.8 mg/L and 1.2 mg/L.  
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Figure 5: Growth curves for (A) N43 Logarithmic phase and (B) 
N43∆hns Logarithmic phase. Both graphs are represented for the 
8mg/L, 16mg/L, and 20 mg/L concentrations of erythromycin.  
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N43 based tests were consistent with each other. Even with these two discrepancies, the results 

that directly prove the hypothesis that HNS suppressing a subset of drug efflux pumps in 

logarithmic phase are in agreement.  

These tests were also run with erythromycin, although the survival assay did not work 

because this drug is bacteriostatic instead of bactericidal (Figure 5). Comparing the levels of 

resistance at the 8 mg/L, 16 

mg/L, and 20 mg/L 

concentrations of 

erythromycin, it is clear the 

N43∆hns mutant has a higher 

level of resistance than N43 in 

the logarithmic growth phase. 

For 8 mg/L erythromycin, the 

final growth is for N43∆hns is 

between .4 and .5, while it is 

only at .4 for N43. It should 

also be noted that the control 

for N43∆hns grew less than the 

control for N43. For the hns 

mutant to growth more than the 

nonmuntant in the presence of 

antibiotics shows that it is the 
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Figure 6: Growth curves for (A) 445tolC Stationary phase, (B) 445tolC Logarithmic phase, (C) 475tolC 
Stationary phase, and (D) 475tolC Logarithmic phase.  

effect of the mutation that causes increased resistance. These results further support the 

hypothesis that a subset of efflux pumps is controlled by hns in the logarithmic phase.  

 

III.ii. TopA has been shown previously to be required for activation of some of the RpoS-

dependent genes suppressed by HNS during stationary phase (Stewart et al., 2006).   

Since the topA mutation could not be introduced into the strain N43 by P1 transduction, 

strains with tolC backgrounds that have mutations to the topA gene were used. Unfortunately, 

only the tolerance essay could be run, due to the fact that the survival assay did not produce 

consistent viable counts.  

The two strains used were RFM445tolC (with gyrase mutations necessary to compensate 

the topo I deletion) and RFM475tolC (with gyrase mutations and topo I topA gene deleted). The 

growth curves show that the data for both 445 growth phases has a gap between 0.8 mg/L and 

1.2 mg/L, while there is no gap for the 475 strains (Figure 6). In order for the hypothesis to be 
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Figure 7: 445tolC and 445tolChns logarithmic growth curves 

true, there would be a decrease in drug resistance in the stationary phase. However, when 

looking at the growth curves there is almost no difference within each strain between stationary 

and logarithmic growth phases. Therefore the regulation of growth phase dependent drug 

resistance cannot be studied in this genetic background. Unfortunately, there is not enough 

evidence to concretely conclude anything regarding the second part of the hypothesis. 

Another strain that was studied in this experiment was 445tolChns. By looking at the 

growth curves (Figure 7), it is obvious that this strain had difficulty growing, even in the absence 

of drugs. Compared to 445tolC, which had a control that grew to over an OD600 reading of 1.0, 

the 445tolChns only grew to an OD600 reading of less than 0.8. This growth difference of 

controls makes judging the effect of the hns mutation very difficult because it is unclear whether 

the hns mutation’s effect on the efflux system or the hns mutation’s effect on growing ability 

caused the dramatic decrease in susceptibility.  
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IV. Conclusion 

This study observed how the growth-phase dependent mdtEF efflux system expression is 

controlled by topology regulators. In the N43∆acrA background, it was found that HNS controls 

for the expression of the efflux genes in logarithmic phase, in support of the hypothesis. Both the 

tolerance assay and survival assay results show increased resistance in the N43∆hns mutant 

compared to N43 in the logarithmic phase. These results hold true for experiments with both 

crystal violet (for both the tolerance and survival assays) and erythromycin (for the tolerance 

assay).  These results prove that hns suppresses efflux pump MdtEF expression in the 

logarithmic phase. However, results were inconclusive for the experiments relating to the topA 

mutation because the topA+ strain RFM445tolC did not exhibit increased drug tolerance in 

stationary phase. Thus, the effect of topA mutation cannot be tested under the conditions of this 

experiment.  

Further research, with modified methods or strains with different genetic background, should 

be conducted in order to better understand how the topology regulator topoisomerase I influences 

efflux pump expression and regulation. Since topoisomerase I is a target for novel drugs, 

understanding all of its connections with drug resistance will be vital in finding new antibiotics. 

It is paramount that society figures out new ways to target resistant bacteria to prevent and 

control disease as more bacteria are becoming more resistant to antibiotics on a daily basis.  
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