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1. Abstract  
 

Antimicrobial resistance is an increasing problem worldwide and it is therefore important to 

monitor resistance trends by surveillance. To collect phenotypic information is the standard 

method today, although genotypic surveillance has recently received more attention. To be 

implemented, knowledge about how to correctly interpret sequencing data needs to be 

complemented. In the AcrAB-TolC efflux regulator marR this is an issue. Mutations in marR 

can lead to a reduced susceptibility to various drugs, including ciprofloxacin. To address this 

issue we did a comprehensive mutational analysis of the gene marR, in order to identify the 

missense mutations that contribute to resistance to ciprofloxacin. Selections for mutants at 

low levels of ciprofloxacin and subsequent analysis of the mutation frequency at each position 

of marR using Illumina sequencing were performed. 24 independent selections revealed in 

total 25 unique missense mutations, with the majority located in the DNA-binding region of 

marR. However, none of the missense mutations matched previously sequenced clinical 

isolates, suggesting that we may be selecting on a too high concentration of ciprofloxacin.  In 

conclusion, our selection experiment and subsequent analysis of the mutation frequencies in 

marR show that marR missense mutations can be generated by this method. The selections 

need to be further optimized in order to find clinically relevant marR missense mutations.  

 

Key words: Antimicrobial resistance; ciprofloxacin; efflux regulator genes; marR 
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2. Popular scientific summary  
 

What changes in the marR gene give resistance to ciprofloxacin? 

 

Untreatable infections caused by antimicrobial resistant bacteria are an increasing problem all 

around the world. If the development of antimicrobial resistance is not stopped, people will in 

the future eventually die from simple infections like urinary tract infection (UTI). 

Surveillance of the trends in resistance is an important tool for being able to set up guidelines 

of antibiotic treatment. The surveillance method used today is based on the bacteria’s visual 

characteristics (i.e. phenotype). Information about genetic characteristics of the bacteria (i.e. 

genotype) has recently received more attention since it has the possibility to give information 

about in what way the bacteria can become resistant. More data on how to correctly interpret 

the genetic characteristics is badly needed in order for this method to be used for surveillance. 

Mutations (i.e. changes in a gene sequence) in genes that are not necessary for survival of the 

bacteria, but have the possibility to give resistance, are especially missing important 

information. One gene, where this is an issue, is marR. Mutations in this gene have the 

possibility to reduce susceptibility to multiple antibiotics. The kind of mutations that reduces 

the susceptibility, and how to interpret them, is at this point not fully known. The function of 

the specific gene of interest in our study is to regulate a pump in the bacteria that pumps out 

toxic substances such as antibiotics. If marR acquires mutations, the number of pumps each 

cell possesses will be increased and pump out more antibiotic, which leads to that the bacteria 

becoming less susceptible.  

 

The aim of this project was to answer what kind of mutations in the gene marR can reduce 

susceptibility to the antibiotic ciprofloxacin in the bacteria Escherichia coli. Ciprofloxacin is 

a common drug for treatment of UTI, which are frequently caused by E. coli. The approach 

for answering this question was to expose the bacteria to ciprofloxacin at different 

concentrations and then measure how many of the bacteria survived. The surviving bacteria 

were analysed to determine if any had acquired mutations in marR. In this study we found in 

total 25 different mutations. When comparing them to previously identified marR mutations 

found in bacteria from patients with an infection, none of them matched exactly. In 

conclusion, our experiments need to be optimized to identify clinically relevant marR 

mutations present in bacteria that cause an infection. Our method did however detect 

mutations in marR and is thus a useful approach for finding marR mutations.  
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3. Introduction  
 

Increasing antimicrobial resistance (AMR) has been observed worldwide during recent 

decades and is a threat to our ability to effectively treat infectious diseases (1). In Europe, it is 

estimated that 25 000 deaths yearly are linked to infections caused by resistant bacteria (2). 

The development of AMR is forcing us to re-think and optimize how we should use the 

antibiotics still available today (1).   

3.1 Fluoroquinolones: Mechanism of action and resistance  

 

The widespread use of fluoroquinolones, an important group of antibiotics commonly used 

for treatment of urinary tract infections (UTI), has led to increased resistance to these 

compounds in Escherichia coli, which is the most frequent cause of UTI (3). Ciprofloxacin is 

one of the most commonly utilized fluoroquinolones worldwide and is frequently prescribed 

for treatment of UTI. Its mode of action is to target two essential enzymes involved in 

bacterial DNA synthesis: DNA gyrase and topoisomerase IV. Positive superhelical twists are 

continually accumulated in front of the replication fork in the replication process and need to 

be removed to avoid stalling of the replication fork. The function of DNA gyrase is to remove 

these by convert them into negative superhelical twists. The genes encoding for the 

monomeric subunits of DNA gyrase are gyrA and gyrB. The function of the enzyme 

topoisomerase IV is to remove the interlinking between the two daughter chromosomes, 

which facilitates segregation of the daughter cells after replication. The genes encoding for 

topoisomerase IV are parC and parE, which encode two monomeric subunits respectively. 

Fluoroquinolones interact with a complex of DNA and one of these essential enzymes (DNA 

gyrase or topoisomerase IV), which leads to conformational changes that inhibit the normal 

activity of the enzyme. The result is double-strand breaks in the DNA, leading to bacterial cell 

death.  In E. coli, DNA gyrase is the primary target of fluoroquinolone activity (4) (5).  

 

The main mechanism of resistance to ciprofloxacin in E. coli is by spontaneous mutation of 

DNA gyrase. Mutations in the gyrA subunit are more frequently observed than mutations of 

gyrB, and the mutations are clustered in a region called the quinolone-resistance-determining 

region (QRDR). The QRDR of GyrA is located between the amino acid positions 67 and 106. 

Amino acid changes in this region have been shown to alter the site of fluoroquinolone 

binding resulting in reduced affinity. Mutations in the genes encoding the subunits of 

topoisomerase IV have also been shown to contribute to resistance to ciprofloxacin. Although, 

this is only the case when a mutation in gyrA already is present (5). Several mutations are 

required for E. coli to become resistant (i.e. reach the clinical breakpoint of 0.5 mg/L). Amino 

acid substitutions at certain positions of GyrA and ParC are more frequent than others and are 

highly associated with clinical resistance to fluoroquinolones. Point mutations within the 

QRDR at the residues S83 and D87 in GyrA and the residues S80 and E84 in ParC are 

commonly found in clinical isolates. The genotype gyrA S83L D87N parC S80I in E. coli has 

recently been shown to be the most frequently observed genotype in clinical isolates. In 

addition to mutations in gyrA and parC, it has also been shown that plasmid-borne resistance 

genes and mutations causing an upregulation of efflux pumps contribute to reduced 

susceptibility to ciprofloxacin (6). Mutations in genes which regulate the multidrug resistance 

(MDR) efflux pump AcrAB-TolC cause a reduction of the concentration of the drug in the 

cytoplasm of the bacteria and thus reduced susceptibility (7). Mutations in the efflux regulator 

genes have frequently been found as a fourth additional mutation (in addition to the three 
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target mutations described above) causing resistance in clinical isolates of E. coli. A high 

level of resistance is generally seen in isolates with both target mutations and mutations 

related to increased expression of efflux pumps (6).  

3.2 Regulation of the multidrug efflux pump AcrAB-TolC 

 

For ensuring cellular homeostasis for the bacterial cell, membrane transport systems play an 

important role as they regulate essential processes i.e. efflux of toxic compounds and influx of 

nutrients. There are numerous families of transporters and the main ones related to 

antimicrobial resistance are resistance-nodulation-division (RND), major facilitator 

superfamily (MFS), multidrug and toxic compound extrusion (MATE), small multidrug 

resistance (SMR) and ATP-binding cassette (ABC) families. All but one of the families 

mentioned above are either secondary transporters or proton/drug antiporters utilizing proton 

motive force as an energy source. The exception is the ABC family of transporters, which use 

hydrolysis of ATP. The MDR AcrAB-TolC efflux pump, belonging to the RND superfamily, 

is one of the major efflux system in E. coli. It consists of a tripartite complex that spans the 

inner membrane (IM), the periplasm and the outer membrane (OM). The membrane 

transporter protein AcrB is located in the IM and interacts with the periplasmic adaptor 

protein AcrA and the outer membrane channel TolC. Since compounds effluxed by the 

AcrAB-TolC pump are pumped entirely outside of the cell, the effluxed compounds may not 

re-enter the bacterial cell again without crossing the OM.  Because of this, the AcrAB-TolC 

efflux pump is an important contributor to reducing the susceptibility to several antibiotics 

(8). An increase in expression of MDR AcrAB-TolC efflux pumps contributes to resistance to 

various antimicrobial compounds, e.g. dyes, detergents and antibiotics such as 

fluoroquinolones, tetracyclines and chloramphenicol.  

 

Several regulatory proteins regulate the expression of AcrAB and TolC (Fig.1). Mutations 

resulting in decreased function of one or several of these regulatory proteins leads to 

increased expression of the MDR AcrAB-TolC efflux pump and thus reduced susceptibility to 

the drug. The regulatory protein MarR represses the expression of MarA, a transcriptional 

activator of acrAB and tolC. MarR and MarA are both transcribed from the marRAB operon 

and both have binding sites within the operator region of the marRAB operon (marO). The 

marO region has several binding sites for regulatory proteins within and around the promoter 

and is located between marC and marR. When MarR binds to its regulatory site, it not only 

represses marA, it also represses its own expression. MarA is not only a transcriptional 

activator of the genes expressing acrAB and tolC, it is also activates its own expression. MarA 

does this by binding to a site with the marO region, upstream of the marRAB promoter, called 

the marbox. Another regulatory protein is AcrR, which is a part of the acrRAB operon and is a 

repressor of acrAB. It also represses its own transcription (9).  
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Figure 1. Regulatory proteins determining the expression of AcrAB-TolC efflux pump. MarA is a 

transcriptional activator of acrAB, tolC and of the marRAB operon. MarR is a repressor of marA and 

also for its own transcription. The expression of acrAB is controlled by acrR, a regulator belonging to 

the same operon as acrAB (9). 

3.3 Surveillance 

 

An important tool in order to detect and monitor resistance trends in clinical bacterial isolates 

is surveillance. The approach for surveillance today is to collect phenotypic information i.e. 

minimal inhibitory concentration (MIC) and species. However, information about the 

genotypes of isolates has recently begun to receive more attention since it has the advantage 

of potentially determining if a pathogen has a specific resistance mechanism. The use of 

sequencing technologies is increasing in clinical laboratories and whole-genome sequencing 

(WGS) has been suggested as the future method for determination and surveillance of 

antimicrobial resistance. Quality controls and common principles internationally need to be 

harmonized in order to use WGS as a tool for surveillance. Knowledge about how to correctly 

interpret sequencing data is insufficient and needs to be complemented. In cases where 

resistance depends on different mechanisms and/or mutations in genes it is important to have 

sufficient data to be able to identify what mutations correspond to which resistance. (10) 

 

To address this issue we did a comprehensive mutational analysis of the gene marR, an 

important regulator of the efflux pump AcrAB-TolC, in order to identify the missense 

mutations that contribute to resistance to ciprofloxacin. Selections for mutants at a low level 

of ciprofloxacin and subsequent analysis of the mutation frequency at each position of marR 

by using Illumina sequencing were performed. 
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4. Materials and methods 

4.1 Bacterial strains  

 

The bacterial strains used in this study were isogenic with E. coli K-12 MG1655. A complete 

strain list with genotypes is listed in Table 1. The strains used for selections have the 

genotypes: gyrA S83L D87N parC S80I (further referred to as triple mutant) and gyrA S83L 

(further referred to as single mutant).  

 

Two bacterial strains were constructed for the purpose of selection. A duplication of the gene 

acrRAB with a kan-sacB-amilCP cassette (CH3998) at the duplication junction was 

introduced in to an E. coli MG1655 background by duplication-insertion recombineering as 

previously described (11). A second strain was constructed with a duplication of the gene 

acrR and a small portion of acrA (acrRA') with a kan-sacB-amilCP cassette into E. coli 

MG1655, to serve as a control in the selection experiment. The strains were selected on LA 

containing kanamycin at 50 mg/L. Constructed duplications were moved into three genetic 

backgrounds: MG1655 (LM179), CH5741 (triple mutant) and CH4980 (single mutant) by P1 

transduction. MIC was measured by diffusion assays on strains containing the duplication of 

acrRAB and acrRA'. 

 

 Table 1. Strain list with genotypes. The strains are isogenic with E. coli MG1655.  

4.2 Media and growth conditions 

 

The strains were routinely grown in Luria Broth (LB) or on Luria agar (LA, LB supplemented 

with 1.5% agar) and incubated at 37°C overnight unless otherwise stated. Cultures grown in 

LB were aerated by shaking at 180-200 rpm. The media used for determinations of MIC was 

Mueller Hinton II agar (MH-II agar; Becton Dickinson & Company, France) or Mueller 

Hinton II broth (MH-II broth; Becton Dickinson & Company, France) and MIC assays were 

incubated at 37°C for 16-20h.  

 

Strain Genotype 

CH4312 gyrA S83L D87N marR K62R 

CH4313 gyrA S83L D87N marR R73G 

CH4314 gyrA S83L D87N marR D76G 

CH4315 gyrA S83L D87N marR L78M 

CH4316 gyrA S83L D87N marR V79I 

CH6289 gyrA S83L D87N marR T72P 

CH6290 gyrA S83L D87N marR V84G 

CH6292 gyrA S83L D87N marR I65fs 

CH6294 gyrA S83L D87N marR V84E 

CH6301 

CH5741 

CH4980 

CH1940 

CH3998 

gyrA S83L D87N marR ΔI18  
gyrA S83L D87N parC S80I 

gyrA S83L 

pSIM5-tet 

amilCP-kan-sacB 
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4.3 Antibiotics and susceptibility testing  

 

A stock solution of ciprofloxacin (Sigma Aldrich, Stockholm, Sweden) with the concentration 

10 mg/mL was prepared by dissolving in 0.1M HCl. Ciprofloxacin was added to the media at 

concentrations described in the text. A final concentration of 50 mg/mL kanamycin (Sigma 

Aldrich, Stockholm, Sweden) was used for selection of strains with the resistance marker kan-

sacB-amilCP. MIC for ciprofloxacin were analysed either by diffusion assay using M.I.C.E 

valuator strips (Oxoid, Basingtoke, UK) on MH-II agar according to the manufacturers 

instructions, or by broth microdilution with MH-II broth in a 96-well plate at concentrations 

stated in the text.  

4.4 PCR and local DNA sequencing  

 

Primers for amplification and local sequencing of marR and acrR were designed using the 

genome sequence of MG1655 (Table 2). PCR amplifications for local sequencing were run in 

a S1000 Thermal Cycler (Bio-Rad Laboratories, Berkley, California, USA) according to the 

following protocol: 95°C for 2 min followed by 35 cycles of 95°C for 30 seconds, 60°C for 

30 seconds, 72°C for 1 min and ending with 72°C for 10 min before cooling down to 4°C. 

The DNA amplification was performed using Taq PCR Master mix (Thermo Scientific, 

Walham, USA) according to the manufacturer’s protocol with 1μL template DNA and 0.5μM 

forward and reverse primers. Agarose gel electrophoresis was used for visualisation of the 

PCR products with GelRed staining to assess the gene fragments’ sizes. Local sequencing of 

marR and acrR was performed at Macrogen Europe, Amsterdam, The Netherlands. CLC 

Main Workbench 6.6.2 (CLCbio, Qiagen, Denmark) was used for analysis of the sequences.  

 

Table 2. Primers used for amplification and local sequencing of marR and acrR  

Gene Primer name Sequence  

marR 

 

marR_F 

marR_R 

TGCAACTAATTACTTGCCAGGGCAAC 

CGTCAGTATTGCGTCTGGACATCG 

acrR acrR_F 

acrR_R 

GCTGCGTTTATATTATCGTCGTGCTATGG 

CAGAATAGCAACGACGAAAATGTCCAGG 

marR 

 

marR_Seq F 

marR_Seq R 

GGCGTGTATTACTCCGGTTG 

AGTTTTACCAGTACGCCGCG 

4.5 Optimization of selection 

 

The selections were performed on LA plates containing concentrations of ciprofloxacin that 

were 1.5 to 3-fold higher than the MIC of the parental strain. The strains and ciprofloxacin 

concentrations used are listed in Table 3. The principle of a selection was to grow the parental 

strain overnight in LB, serially dilute the resultant cultures in 0.9% NaCl, plate 100 μL 

aliquots of the dilutions on each concentration of ciprofloxacin and incubate overnight at 

37°C. Additionally the 10
-6

 and 10
-7

 dilutions were plated on LA plates to assess the viable 

count. The number of mutants was counted and the frequencies of resistance were calculated. 

Follow-up tests (i.e. MIC measurements, local sequencing of marR, WGS) were performed on 

the mutants as annotated in Table 3.  

 

A two-step selection experiment was performed on the single mutant strain by initially 

selecting on ciprofloxacin, the resulting colonies were collected, pooled, and grown without 
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selection. This population was then once again selected against ciprofloxacin. From the initial 

selection the colonies were scraped from the plate and diluted in 1 mL 0.9% NaCl. These 

suspensions were diluted and 1 μL aliquots from the dilutions 10
-1 

to 10
-3

 were transferred to 1 

mL LB and grown overnight. The over night cultures were diluted and 100 μL aliquots of the 

dilutions 10
-5

 to 10
-7

 were plated on the same concentration of ciprofloxacin and incubated 

overnight at 37°C. Cells were recovered from each selection step and subjected to amplicon 

sequencing for marR.  

 

Table 3. List of strains, ciprofloxacin concentrations and follow-up tests of the performed 

selections in this study. The follow-up tests were measurements of minimal inhibitory 

concentration (MIC) of ciprofloxacin, whole genome sequencing (WGS), local sequencing of 

marR and acrR and amplicon sequencing of marR by using Illumina sequencing.  

Selection/ 

Two-step 

selection 

Strain Ciprofloxacin 

concentration 

(μg/mL) 

Follow-up tests 

Selection E.coli MG1655  

gyrA S83L D87N parC S80I 

16, 20, 24, 28, 

32, 40 

MIC measurement 

(broth microdilution) 

Local sequencing of 

marR and acrR 

WGS 

 

Selection E.coli MG1655 gyrA S83L 0.5, 0.75, 1.25, 

1.5, 2 

Local sequencing of 

marR 

 

Selection E.coli MG1655 gyrA S83L 0.55, 0.65, 

0.75, 0.85, 

0.95 

Local sequencing of 

marR MIC 

measurement (broth 

microdilution) 

 

Two-step 

selection 

 

E.coli MG1655 gyrA S83L 0.55, 0.65, 

0.75 

Amplicon sequencing 

of marR 

Selection E.coli MG1655 gyrA S83L 0.65 Amplicon sequencing 

of marR 

    

Selection Duplication acrRAB with a kan-

sacB-amilCP cassette (E. coli 

MG1655 background) 

Duplication acrRA' with a kan-sacB-

amilCP cassette (E. coli MG1655 

background) 

E. coli MG1655 

E. coli ATCC 29255 

 

0.015, 0.03, 

0.045, 0.06, 

0.09 

Re-streak on LA-

Sucrose (5%) 

MIC measurements 

(diffusion assay) 
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4.6 Whole Genome Sequencing (WGS)  

 

Preparation of genomic DNA from the samples was performed using a MasterPure DNA 

Purification Kit (Epicentre, Illumina Inc., Madison, Wisconsin). Resuspension of the isolated 

gDNA was done in EB-buffer. Genomic DNA was diluted to a concentration of 0.2 ng/mL in 

water (Sigma-Aldrich, Sweden) and measured in a Qubit 2.0 Fluorometer (Invitrogen via 

Thermofisher Scientific). Preparation of the samples for WGS was done according to Nextera 

XT DNA Library Preparation Guide (Illumina Inc., Madison, Wisconsin). The Miseq
TM

 

desktop sequencer was used for sequencing, according to the instructions by the manufacturer 

(Illumina Inc., Madison, Wisconsin). CLC Genomics Workbench version 8.0.3 (CLCbio, 

Qiagen, Denmark) was used for alignment and analysis of the sequencing data.  

 

4.7 Amplicon sequencing 

 

Genomic DNA was prepared from the bacterial cells chosen for amplicon sequencing, by 

using the MasterPure DNA Purification Kit (Epicentre, Illumina Inc., Madison, Wisconsin). 

EB-buffer was used for resuspension of final DNA. The resuspended genomic DNA was 

digested with BamHI (Thermo Scientific, Walham, USA) by mixing 10μL of DNA with 30μL 

water (Sigma-Aldrich, Sweden), 5μL FastDigest Buffer and 5μL FastDigest BamHI and 

incubate 37°C for 5 minutes and thereafter 80°C for 5 minutes. The digested DNA was 

diluted to 5 ng/mL in water (Sigma-Aldrich, Sweden) and measured in a Qubit 2.0 

Fluorometer (Invitrogen via Thermofisher Scientific). The diluted DNA was subjected to 

Amplicon sequencing according to the 16S Metagenomic Sequencing Library preparation 

protocol (Illumina Inc., Madison, Wisconsin). The Miseq
TM

 desktop sequencer was used for 

the sequencing, according to the instructions by the manufacturer (Illumina Inc., Madison, 

Wisconsin). The forward and reverse primers with barcodes used for amplificon sequencing 

of marR are listed in Table 4 and 5. CLC Genomics Workbench version 8.0.3 (CLCbio, 

Qiagen, Denmark) was used for analysis of the sequencing data.  

 

In order to determine the frequency of mutations associated with resistance to ciprofloxacin 

and to be able to differentiate them from the background error rate of the method, mock 

experiments were conducted with 10 different marR mutants spiked into a wild-type 

population at known frequencies.  The frequency of these known marR mutations in the 

population at different concentrations was determined with amplicon sequencing of marR. 

Ten E. coli strains with different mutations in marR (Table 1) and the E. coli MG1655 strain 

containing a wild-type marR were grown over night in LB. The 10 marR mutants were pooled 

together at equal amounts to yield a population with 10% representation of each mutant. The 

10% pool was mixed with the E. coli MG1655 strain to get concentrations of 1% 0.5%, 

0.25%, 0.1% and 0.05% of the 10 marR mutants with the balance of each population having a 

wild-type marR allele. These five concentrations were centrifuged for 1 minute at maximum 

speed in a microcentrifuge and the supernatant was discarded. The pellet from each 

concentration was subjected to marR amplicon sequencing.  
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Table 4. Forward and reverse primer for amplicon sequencing of marR. The barcode is 

annotated NNNN.  

Primer name Sequence  

marR_F 

 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

NNNN TGCAACTAATTACTTGCCAGGGCAAC 

marR_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 

NNNN CGTCAGTATTGCGTCTGGACATCG 

 

Table 5. The forward and reverse barcodes used for amplicon sequencing of marR 

Forward primer Barcode  Reverse primer Barcode 

marR_F B1 ATAC marR_R BA CAGT 

marR_F B2 CGAC marR_R BB ACGT 

marR_F B3 TAAC marR_R BC TGGT 

marR_F B4 GCAC marR_R BD GTGT 

marR_F B5 TCGC marR_R BE CTCT 

marR_F B6 ATCA marR_R BF AGCT 

marR_F B7 CGCA   

marR_F B8 TACA   

5. Results 

5.1 Determination of the frequencies of known marR mutations by amplicon sequencing  

 

The threshold (i.e. level of mutation frequency) at which resistance mutations could be 

differentiated from the background error rate of the amplicon sequencing method was 

determined by performing a mock experiment with ten different marR mutants. The 

experiment was conducted in order to set a threshold of the mutation frequency of a 

potentially real mutation conferring resistance to ciprofloxacin. The individual marR mutants 

were represented at the concentrations of 1%, 0.5%, 0.25%, 0.1% and 0.05% of the total 

population. At 1% (Figure 2) and 0.5% the marR mutants could be differentiated from the 

error rate of the method, but at the lower concentrations (0.25%, 0.1% and 0.05%) is was not 

possible.  

 

 
Figure 2. Identification of ten marR mutants at a target representation of 1% in a population mixed 

with a wild-type strain by amplicon sequencing of marR. The grey line represents the average 

observed mutation frequency (1.28%) of all the ten marR mutants.   
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5.2 Selections of gyrA S83L D87N parC S80I 

 

Initial selections on ciprofloxacin were performed with the E. coli MG1655 gyrA S83L D87N 

parC S80I strain (Table 5). The selection was predicted to select for mutations in efflux 

regulator genes, since these mutations have been seen as a fourth mutation in the evolution of 

resistance to ciprofloxacin. Selected mutants were restreaked non-selectively and sent for 

local sequencing for marR and acrR.  None of the isolates were observed to have mutations in 

these genes. The measured MIC on the same isolated mutants showed no increase in MIC 

relative to the MIC of the parental strain (i.e. 16 mg/mL). The isolated colonies did not have 

uniform colony sizes, which could indicate costly and unstable mutations (duplications) in the 

genome. In order to investigate this further, colonies from each concentration of ciprofloxacin 

selected on, were restreaked on LA plates with the same concentration. The measured MIC 

showed an increase between 2-fold to 8-fold in comparison to the parental strain. To explore 

what mutations were responsible for the increase in resistance to ciprofloxacin, 14 mutants 

were subjected to WGS. The majority of the mutants (13/14) had chromosomal duplications 

or amplifications, which explains the observed loss of resistance when colonies were 

restreaked on LA without ciprofloxacin. Duplications are easily acquired, but they often have 

significant fitness costs for the bacteria, so they are usually lost rapidly when not under 

selective pressure for maintenance of the duplication. All of the observed amplifications and 

duplications included the region of the chromosome where the acrRAB operon is located. Due 

to the complications that these duplications in the triple-mutant strain present for the selection 

of missense mutations, E. coli MG1655 gyrA S83L was chosen for subsequent selections. 

 

Table 5. A characteristic table of the number of mutants and frequency of resistance from a 

selection. The present data are from a selection of E. coli MG1655 with the genotype: gyrA 

S83L D87N parC S80I. The left column represents the ciprofloxacin concentrations (μg/mL) 

the parental strain was selected on and the top row corresponds to the dilutions plated. Only 

when the number of mutants was >10 the frequency of resistance was calculated.  

 10
-1 

10
-2 

10
-3 

10
-4 

10
-5 

10
-6 

16 Lawn Lawn Lawn Lawn Lawn 99 

20 Lawn Lawn Lawn 60 6 1 

24 Lawn Lawn 97 10 0 0 

28 Lawn 168 31 0 0 0 

32 Lawn 74 15 0 0 0 

40 10 2 0 0 0 0 

 

 10
-1 

10
-2 

10
-3 

10
-4 

10
-5 

10
-6 

16 Lawn Lawn Lawn Lawn Lawn 7,28x10
-2 

20 Lawn Lawn Lawn 4.41x10
-4 

6* 1* 

24 Lawn Lawn 7.13x10
-5 

10* 0 0 

28 Lawn 1.24x10
-5 

2.20x10
-5 

0 0 0 

32 Lawn 5.44x10
-6

 1.10x10
-5 

0 0 0 

40 10* 2* 0 0 0 0 

* Number of colonies ≤10 is excluded from frequency of resistance calculation.  
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5.3 Selections of gyrA S83L 

 

Initial selections on the E. coli MG1655 gyrA S83L strain were performed. The reason for 

choosing to proceed with the single mutant strain and not a wild type E. coli was the high 

probability of acquiring mutations in gyrA instead of mutations in marR. Mutants from the 

initial selections from the two lowest concentrations (0.5 and 0.75μg/mL) were restreaked on 

the same concentration of ciprofloxacin as they were selected on and sent for local sequencing 

of marR. Due to the need of optimization of the selection method, we didn’t go further with 

analysis of acrR, only marR. The local sequencing showed that one of the mutants selected on 

0.75 μg/mL had a mutation in marR: E31* (where * represents a translation nonsense 

mutation). Selections with the same strain were repeated, but with lower concentrations (0.55-

0.95 μg/mL) to further optimize the selection. Mutants, isolated from the three lowest 

concentrations (0.55, 0.65 and 0.75 μg/mL) were sent for local sequencing of marR and two 

out of 22 had a mutation (K62Δ and H19Δ). The measured ciprofloxacin MIC on the same 

isolated mutants showed a 2-fold to 8-fold increase relative to the MIC of the parental strain. 

The local sequencing showed a low frequency of mutations, leading to the concern that 

duplications of the genome still were a remaining issue.   

 

The calculated frequencies of resistance in relationship with the x-fold MIC of the selected 

parental strains (triple and single mutant) show comparable results of the frequency of 

resistance (Figure 3). The concentration of ciprofloxacin selected on was higher for the single 

mutant than for the triple mutant strain.  

  

 
Figure 3.  A comparison of the frequencies of resistance versus x-fold parental minimal inhibitory 

concentration (MIC) of three separate selections against ciprofloxacin. The red slope represents 

selections with E. coli MG1655 gyrA S83L D87N parC S80I and the orange and the green slopes 

represent selections with E. coli MG1655 gyrA S83L at different ciprofloxacin concentrations. 

 

A two-step selection was performed on E. coli MG1655 gyrA to increase the possibility of 

getting an accumulation of marR mutants. Mutants were initially selected on ciprofloxacin 

and collected, pooled, and then grown without selection. This new population was then, once 

again, selected against ciprofloxacin. The theoretical prediction was that this procedure 

should lower the frequency of duplications and accumulate missense mutations. In order to 

confirm this, mutants were collected and pooled from the first and the second selection step 

and subjected for amplicon sequencing of marR. The experiment was done in duplicate with 

three ciprofloxacin concentrations: 0.55, 0.65 and 0.75 μg/mL. From the amplicon sequencing 
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of marR, the number of missense mutations was counted for each selection step and 

concentration, only including missense mutations with an observed frequency of >0.1% 

(Figure 4). The majority of the selections (5/6) did not show an increase of the number of 

missense mutations after the second selection, which was the prediction. The selection at a 

ciprofloxacin concentration of 0.65 μg/mL resulted in six missense mutations, which was the 

highest amount detected in this experiment. The results from two-step selection did not show 

an accumulation of missense mutations after the second selection step and we choose 

therefore to proceed with selections on the single mutant strain at the concentration giving the 

largest amount of missense mutations (0.65 μg/mL) and subject mutants for amplicon 

sequencing of marR.  

 

 
Figure 4. The number of missense mutations in marR detected with amplicon sequencing of marR of 

a two-step selection on ciprofloxacin of an E. coli MG1655 gyrA S83L strain. The experiment was 

done in duplicate for three concentrations of ciprofloxacin: 0.55, 0.65, 0.75 μg/mL. Missense 

mutations with frequency values of >0.1% is included. 

 

Amplicon sequencing of marR was performed on recovered cells from 24 independent 

selections with the single mutant strain on LA plates with 0.65 μg/mL ciprofloxacin. The total 

number of mutations, detected with a frequency of >0.1%, was 53 and the number of 

missense mutations was 25 (47%) (Figure 5). The number of missense mutations detected in 

each replicate was between three and eleven. After 24 selections, new missense mutations 

continued to be accumulated, indicating that not all have been detected in this experiment. 

The prediction is that eventually new missense mutations should stop coming up after a 

certain amount of replicates (due to saturation).  

 

 
Figure 5. The number of missense mutations in marR detected with amplicon sequencing from 24 

independent selections with E. coli MG1655 gyrA S83L on LA plates with 0.65 μg/mL ciprofloxacin. 

The number of missense mutations detected at each specific replicate is annotated with orange bars. 

The green bars represent the missense mutations that are accumulated during each replicate and the 

red bars represent new missense mutations detected at each replicate. Missense mutations detected 

with a frequency of >0.1% were included.  
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To determine the location of the 25 missense mutations and be able to tell something about 

their significance, the locations were annotated on an available crystal structure of marR. The 

majority of the missense mutations were clustered in the DNA-binding region, indicating that 

they probably have an effect on the binding of MarR protein to marO.  

5.4 Selection of constructed strains with duplication of acrRAB or acrRA' 

 

Strains were constructed, containing a duplication of acrRAB and acrRA' with three different 

genetic backgrounds (Table 6). The purpose of constructing the strains was to perform 

selections on ciprofloxacin to investigate if a strain that already has a duplication of acrRAB 

gains additional amplifications or chromosomal mutations. The measured MIC of the strains 

containing a duplication of acrRAB was increased 2-fold in relative to the MIC of the genetic 

background. The MIC of the control strains containing a duplication of acrRA' was not 

increased. These results indicate that a duplication of acrRAB gives a reduced susceptibility to 

ciprofloxacin.  

 

Selections were performed on the constructed duplication strains with E. coli MG1655 

background and with wild-type E. coli MG1655 and E. coli ATCC 29255 as controls. 

Mutants of the strain containing a duplication of acrRAB, selected on LA plates with 0.045 

and 0.06 μg/mL ciprofloxacin, were restreaked on LA plates containing the same 

concentration ciprofloxacin as they were selected from and then restreaked on LA- SUC, to 

counterselect the kan-sacB-amilCP cassette and the duplication. Subsequent MIC 

measurement of the mutants selected on 0.06 μg/mL showed an increase of 2-fold relative to 

the parental strain, but the mutants selected on 0.045 μg/mL showed no increase or lower 

MIC relative to the parental strain. These results indicate that the mutants selected on 0.06 

μg/mL ciprofloxacin have gained chromosomal mutations that are responsible for the increase 

in MIC.  

 

Table 6. The MIC measured on constructed strains with a duplication of acrRAB or acrRA' 

with the three different genetic backgrounds: E. coli MG1655 gyrA S83L D87N parC S80I, 

E. coli MG1655 gyrA S83L and E. coli MG1655.  

Strain (background) MIC 
MIC 

Background 

Duplication acrRAB 0.03 0.015 

Duplication acrRAB (E. coli MG1655 gyrA S83L D87N parC S80I) >32 16 

Duplication acrRAB (E. coli MG1655 gyrA S83L) 0.5 0.25 

Duplication acrRAB (E. coli MG1655) 0.03 0.015 

Duplication acrRA' 0.015 0.015 

Duplication acrRA' (E. coli MG1655 gyrA S83L D87N parC S80I) 16 16 

Duplication acrRA' (E. coli MG1655 gyrA S83L) 0.25 0.25 

Duplication acrRA' (E. coli MG1655) 0.015 0.015 

6. Discussion  
 

Overexpression of the MDR AcrAB-TolC efflux pump is one of several factors contributing 

to resistance to ciprofloxacin in E. coli. The efflux regulator marR represses expression of 

marA, a transcriptional activator of the pump. A mutation that knocks out the function (i.e. an 
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inactivating mutation) of marR leads to an increased expression of marA and thus 

overexpression of acrAB and tolC (9). Mutations in marR have frequently been found in 

isolates of E. coli with an overexpression of AcrAB-TolC efflux pump. However, mutations 

in efflux regulators occur at the late stages of resistance evolution, after mutations in the 

target enzymes. These mutations, in combination with target mutations have been shown to 

give rise to a high level of resistance to ciprofloxacin (6).  

 

In this study, our aim was to detect missense mutations in marR that contribute to resistance 

to ciprofloxacin, by selecting for mutants of E. coli at a low level of ciprofloxacin and 

subjecting them to amplicon sequencing of marR. The initial selections were performed with 

an E. coli MG1655 gyrA S83L D87N parC S80I strain with the prediction to select for 

mutations in marR, since these mutations have been seen as additional mutations in the 

evolution of resistance to ciprofloxacin. However, the selected mutants did not show any 

mutations in marR when sent for local sequencing. One feature noticed was that the isolated 

mutants did not show uniform colony sizes, which could be an indication of unstable, costly 

mutations (duplications) in the genome. WGS of 14 mutants showed that the majority had 

chromosomal duplications or amplifications mutations that were responsible for the increase 

in resistance to ciprofloxacin. Amplification of genes is a common mechanism in bacteria in 

response of various toxic substances, including antibiotics (12). The acrRAB operon was 

amplified in all mutants containing duplications. Overproduction of efflux pumps because of 

gene amplifications has been shown to confer resistance, but in most cases causes a reduced 

fitness of the bacteria (12). In this selection experiment the bacteria gain amplifications when 

under selective pressure of ciprofloxacin and then lose them when the selective pressure is 

removed, suggesting that these amplifications confer a high fitness cost. 

 

The E. coli MG1655 gyrA S83L strain was chosen for subsequent selections, due to the 

complications that the duplications in the triple-mutant strain present for the selection of 

missense mutations. The reason for choosing to proceed with the single mutant strain and not 

a wild type E. coli was the high probability of acquiring mutations in gyrA instead of 

mutations in marR. Mutations in gyrA have been shown to be the initial step in the evolution 

of resistance to ciprofloxacin. Previously performed experiments on measurement of the 

mutation rate on the single mutant strain resulted in mutants acquiring mutations in genes 

encoding for AcrAB-TolC efflux pumps regulators, including mutations affecting marR (6). 

These results indicate that selections with the same strain should select for mutants with 

mutations in efflux regulators, including marR. The initial selection results in mutants with a 

low frequency of marR mutations and an increased MIC, indicating that amplifications of the 

genome could still be a remaining complication. A two-step selection was performed on the 

single mutant strain to increase the possibility of getting an accumulation of marR mutants 

and to lower the degree of amplifications. The approach was to initially select on 

ciprofloxacin and collect resultant colonies, pool them, and grow overnight without selection, 

and once again select the population against ciprofloxacin. Amplicon sequencing of marR 

was performed of selected mutants from three ciprofloxacin concentrations (0.55, 0.65 and 

0.75 μg/mL) from the first and the second selection step. The majority of the replicates did 

not show an increase of the number of missense mutations after the second selection, 

indicating that a step with growth without selective pressure does not give an increase of 

missense mutations. The highest frequency of missense mutations was detected at a 

concentration of 0.65 μg/mL ciprofloxacin (2,6-fold MIC of the parental). The results from 
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the two-step selection did not show an accumulation of missense mutations after the second 

selection step and we therefor choose to proceed with single-step selections at the 

concentration giving the largest amount of missense mutations (0.65 μg/mL) and subject 

pooled mutants for amplicon sequencing of marR.  

 

From 24 independent selections with the single mutant strain at 0.65 μg/mL ciprofloxacin and 

subsequent amplicon sequencing of marR, 25 missense mutations were detected with a 

frequency of >0.1%. New missense mutations, not detected in the other replicates, were still 

accumulated after 24 selections indicating that more missense mutations could be detected 

with a repeated experiment. The prediction is that new missense mutations should not be able 

to be detected after a certain amount of replicates. The 25 missense mutations, annotated on a 

crystal structure of marR showed that the majority was clustered in the DNA-binding region. 

Mutations in the DNA binding region of marR can prevent the protein from binding to marO 

and thereby not be able to repress the expression of marA (13). The fact that the missense 

mutations are located in the DNA binding region and could have a negative effect on the 

function of marR suggest that they most likely confer resistance to ciprofloxacin. The 25 

missense mutations were compared to previously sequenced marR missense mutations from 

clinical isolates (mostly of UTI origin) and mutants from in vitro selections to ciprofloxacin. 

Three missense mutations had previously been identified from in vitro selections, but none 

out of the 25 missense mutations was present in the sequenced clinical isolates. These results 

indicate that we are not selecting for marR missense mutations that are present in clinical 

isolates. Mutations in marR in clinical isolates have been shown to be biased towards those 

conferring a low fitness cost and only modest reductions in susceptibility, whereas in vitro 

selected marR mutations are biased towards those which confer a high fitness cost and a high 

increase in resistance. (14) Our data suggest that we are selecting for marR mutations at a too 

high selection pressure of ciprofloxacin, giving us marR mutations that would not be present 

in clinical isolates. Our selection experiments are performed under optimal conditions in vitro 

and may not reflect the situation present when the resistance evolves in an infection in a 

urinary tract, for example. This may be one of the reasons for not detecting clinically 

important marR missense mutations. Our selections against ciprofloxacin may also be 

selecting for other regulators of the AcrAB-TolC efflux pump (i.e. acrR and soxR), which we 

would not detect in our analysis. Mutations in acrR and soxR have previously been shown to 

upregulate the AcrAB-TolC efflux pump and thus a reduced susceptibility to ciprofloxacin 

(6).  

 

Strains were constructed containing a duplication of acrRAB and acrRA' with the three 

different genetic backgrounds for the purpose of selection. The aim of the selection was to 

investigate what happens when you subject a strain that already has a duplication of acrRAB 

to selection against ciprofloxacin. The question is whether the strain gains additional 

amplifications or chromosomal mutations. The constructed duplication strains (wild type 

background) were selected on ciprofloxacin and mutants of the acrRAB duplication were 

investigated further to determine the mechanism responsible for the increase in MIC. From 

the concentration 0.06 μg/mL (2-fold MIC of the parental), mutants showed an increase of the 

MIC relative to the parental strain when counter-selected on sucrose. These results indicate 

that the selected mutants in this concentration may have gained chromosomal mutations. 

Further experiments are needed for determination of the mechanisms.  
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In conclusion our selection experiments and subsequent amplicon sequencing of marR show 

that marR missense mutations can be generated and detected by this method. However, the 

selection process needs to be further optimized in order to find clinically relevant marR 

missense mutations.  
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