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Abstract 
 
QepA is a plasmid-mediated efflux pump found in Escherichia coli (E. coli) clinical isolates, 
elevating the resistance towards ciprofloxacin (CIP) significantly. The pump shows 
similarities with several 14-TMS major facilitator superfamily transporters with bacteria of 
the order Actinomycetales, indicating its acquisition through horizontal gene transfer (HGT). 
The qepA coding sequence is located on a 10 kb segment flanked by insertion sequences IS26 
as well as several other antibiotic resistance genes, such as blaTEM-1, rmtB and a fragment of 
dfr2. QepA efflux pump alone is not enough to make bacteria resistant towards CIP, therefore 
clinical isolates usually harbor several antibiotic resistance genes, either acquired through 
gene mutations or by acquisition through HGT, leading to highly resistant bacteria. Here, 
qepA was amplified from an E. coli clinical isolate from Pakistan and inserted into the 
chromosome of an E.coli wild type strain and susceptibility towards CIP was tested 
performing a broth micro dilution minimal inhibitory assay (MIC-assay). Inserting just the 
qepA into the E. coli chromosome could not increase the resistance, but a 3.2 kb fragment 
harboring also upstream and downstream sequences of qepA increased the MIC 8-fold. Using 
the λ-Red recombineering method, variants of the 3.2 kb fragment were made, by deleting 
parts or introducing antibiotic cassettes, to identify possible genes or regulatory elements 
involved in qepA expression. A putative promoter driving expression was found upstream of 
qepA. Furthermore, DNA regions up- and downstream of qepA are necessary for the MIC 
increase, either because expression of additional genes is required or because they contain 
genetic information involved in post-transcriptional gene regulation. 
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Uncovering regulation of a resistance mechanism of E. coli 
 
Antibiotics are powerful weapons in the fight against bacterial infections. However, it is an 
arms race with bacteria, as they evolve quickly and develop mechanisms which diminish or 
even inhibit antibiotic action. While researchers need decades to develop safe and effective 
antibiotics, bacteria evolve mechanism against them rapidly. Worldwide overuse of 
antibiotics increases the speed of acquiring resistance mechanism even more. 
Fluoroquinolones are one of the mostly used antibiotic classes worldwide, as they are 
effective against a broad range of bacteria. According to the European Centre for Disease 
Prevention and Control (ECDC), 21 % of Escherichia coli (E.coli) isolates in Europe were 
resistant to fluoroquinolones in 2016. Ciprofloxacin is the most popular one among the 
quinolones since its introduction to the market in the 1980s. It targets the genetic machinery 
and prevents bacterial chromosome replication. However, bacteria developed several 
strategies to prevent ciprofloxacin action. The most common one is the alteration of the drug 
target, meaning the enzyme ciprofloxacin is interacting with is mutated, so the antibiotic 
cannot bind to it anymore. A second strategy of bacteria is the down-regulation of influx and 
up-regulation of efflux of ciprofloxacin by altering the channels compounds. A third 
mechanism is by acquiring plasmids expressing resistance genes from other bacteria, even 
from different species. Plasmids are small circular DNA molecules, which are highly mobile 
and often carry genes improving pathogenicity or conferring antibiotic resistance. The quite 
recently found efflux pump qepA is found on one of those plasmids, acquired from another 
bacterial species. The qepA gene comes along with some additional antibiotic resistance genes 
on the same mobile DNA segment. Due its actuality, this work aims to understand the 
mechanism regulating qepA expression in E. coli.  
A clinical isolate from Pakistan, harboring a plasmid was the source of the qepA gene used in 
the experiments. By using an amplification method, the qepA gene was isolated from that 
isolate and put on the chromosome of a ciprofloxacin susceptible E. coli strain. The 
susceptibility was tested by exposing that constructed strain to different concentrations of 
ciprofloxacin. Interestingly the strain showed the same susceptibility towards ciprofloxacin as 
before, which led us to assume that important regulatory elements must be located outside the 
coding sequence of the qepA gene. Using a recombineering method, variants of the segment 
harboring qepA were produced by disrupting DNA sequences surrounding the qepA coding 
sequence.  
We were able to reveal a putative point of initiation, the starting point for qepA production. 
Furthermore we got a closer insight into the importance of the region immediately in front of 
and immediately following the qepA coding sequence. These sequences might be involved 
into expression regulation, or play a role in the stability of intermediate genetic molecules. 
Understanding how bacteria regulate the expression of resistance mechanisms is valuable 
information that we can exploit in our fight against antibiotic resistance, as it helps to predict 
bacterial answers to our most important instrument in the war against infections. 
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Introduction 
 
Antibiotic resistance is one of the many challenges the world community has to face in the 
21st century. Globalization and the growing number of people travelling worldwide provide 
perfect conditions for the spread of infectious diseases and for epidemics to arise. In many 
parts of the world no prescription is needed to purchase antibiotics [1]. Inappropriate use of 
antibiotics in agriculture and human medicine has led to the development of resistance 
mechanisms in bacteria, resulting in multidrug resistance and even untreatable infections [2]. 
The discovery of new antibiotics is complicated and takes time. This makes it important to 
maintain our current antibiotics as long as possible and to understand the mechanisms of 
resistance development in bacteria. 

Fluoroquinolones 
Quinolones are among the most prescribed antibiotics worldwide [3][4] since they are highly 
effective against a broad spectrum of Gram-positive and Gram-negative bacteria. The broad 
and effective antimicrobial activity of quinolones is used to treat many infectious diseases in 
humans like urinary tract infections (UTIs), infectious diarrhea, hospital- and community- 
acquired pneumonia and typhoid fever [5]. The first quinolone discovered in the early 1960s 
was nalidixic acid, effective against Gram-negative bacteria such as Escherichia coli, 
Klebsiella species and Proteus species [6] and was primarily used to treat urinary tract 
infections caused by enteric bacteria [7]. Nalidixic acid was replaced by the first generation of 
fluoroquinolones in the 1970s [7] in part because resistance arose quickly, and also because of 
its poor activity against Gram-positive bacteria and side effects on patients [8]. In the 1980s 
the second generation fluoroquinolones were introduced, including norfloxacin, ofloxacin and 
ciprofloxacin, compounds that displayed improved pharmacokinetics and pharmacodynamics 
[7]. An important difference relative to nalidixic acid is the presence of a fluorine at the C6-
position, leading to the compound class being called fluoroquinolones (FQs). Ciprofloxacin 
(CIP) displayed high activity against Gram-negative and improved activity against Gram-
positive bacteria [9]. CIP is listed on the WHO list of essential medicines as it is safe and 
effective, and is recommended as a first choice medicine against acute invasive bacterial 
diarrhea/dysentery, low-risk febrile neutropenia, and pyelonephritis or prostatitis [10]. 
However, excessive usage of FQs in agriculture and human medicine resulted in a rising 
number of resistant bacteria. Since the 1990s the use of FQs increased drastically, in parallel 
the resistance towards them increased. In the US, between 1997-2011 more than 10 % of 
enteric bacteria were resistant to CIP [11]. In a hospital in Beijing even higher rates of 
resistances were observed; around 60 % of E. coli isolates were resistant to CIP [12]. 
According to the European Centre for Disease Prevention and Control (ECDC), 21 % of E. 
coli isolates in Europe were resistant to fluoroquinolones in 2016 [13]. 

Fluoroquinolones target the topoisomerase IV and DNA gyrase 
The topoisomerase IV and DNA gyrase are enzymes belonging to the type-II topoisomerases 
that are involved in regulating the supercoiling of bacterial DNA during replication, thus 
crucial for DNA synthesis. The topoisomerase IV and the DNA gyrase are homologous A2B2 
heterotetramers each consisting of two subunits: GyrA and GyrB form the gyrase [14], ParC 
and ParE form topoisomerase IV [15]. Both enzymes drive a reaction that is a balance 
between DNA strand breaks and re-ligation. The DNA gyrase introduces negative supercoils 
into the unreplicated DNA and relaxes the positive supercoils that accumulate in front of the 
replication fork [14][16]. Like the DNA gyrase, topoisomerase IV relaxes supercoils within 
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the bacterial chromosome and is responsible for separating the replicated daughter 
chromosomes prior to their segregation into different cells [16].  

Mechanism of fluoroquinolone action 
Antimicrobials are often classified according to their target, which can include cell wall 
synthesis, protein synthesis, mRNA transcription, metabolism, and DNA synthesis. 
Fluoroquinolones target DNA gyrase and the topoisomerase IV, thus directly inhibiting DNA 
synthesis and chromosome replication. FQs bind to the enzyme-DNA complex and disrupt the 
cleavage/ligation balance, which turns the enzymes into “topoisomerase toxins” or “catalytic 
inhibitors”, with bactericidal effects. The inncreased number of DNA breaks caused by FQs 
binding to DNA gyrase of topoisomerase IV, results in chromosome fragmentation, which at 
low levels triggers repair systems such as the SOS response, but at high levels leads to cell 
death. Increased ligation on the other hand inhibits the catalytic function of the 
topoisomerases, leading to slow growth and mitotic failure [17][18][19]. Furthermore the 
complex forms a barrier at the replication fork [20] inhibiting DNA polymerase [21] and 
DNA helicase action [22].  

Mechanism of resistance of fluoroquinolones 
According to EUCAST the clinical breakpoint for CIP resistance in Enterobacteriaceae is 
>0.5mg/L [23]. Acquisition of CIP resistance, however, is a multifactorial process; the 
mechanisms that are known to contribute to resistance include mutations that alter the FQ 
targets or increase drug efflux, and various mechanisms associated with genes carried on 
plasmids. 

Drug target-mediated quinolone resistances 
Target site mutations are the most common quinolone resistance mechanism, elevating the 
MIC towards quinolones drastically [24]. Mutations in the DNA gyrase and topoisomerase IV 
inhibit the interaction between quinolones and the DNA-enzyme complex. MIC increase can 
vary between 10 – 100-fold depending on the mutation and whether one or both enzymes are 
affected [25]. Usually mutations occur in specific regions of the gyrA and the parC, also 
called the “quinolone-resistance-determining region”, QRDR [17]. 

Efflux-mediated quinolone resistances 
Influx and efflux are important mechanisms for the maintenance of the bacterial cell. Porin 
channels control the permeability of the membranes in Gram-negatives and efflux pumps 
remove noxious agents from the cytoplasm and periplasm. Quinolones target DNA synthesis 
in the cytoplasm, thus they enter the cell via porin channels and diffusion across the 
membrane. Mutations in different regulator proteins encoded on the bacterial chromosome 
can cause a decrease in quinolone accumulation within the cell through down-regulation of 
porins and up-regulation of efflux pumps [17][18]. Common drug efflux pumps encoded on 
the E. coli chromosome belong to the RND family (AcrAB-TolC) and MATE family (NorE), 
which provide low-level resistance against quinolones. Resistant E. coli normally harbor 
mutations up-regulating efflux pumps and mutations altering the drug target site [26].  

Plasmid-mediated quinolone resistances 
QnrA, found in Klebsiella pneumoniae [27], was the first plasmid-mediated quinolone 
resistance determinant (PMQR) discovered, followed by qnrB, qnrC, qnrD, qnrS and qnrVC 
[18]. Qnr genes elevate resistance against FQs by binding both subunits of the gyrase and the 
topoisomerase IV, which protects them from FQ action[27]. A second class of plasmid-borne 
gene providing FQ resistance is a variant of the aminoglycoside acetyltransferase AAC(6’)-Ib, 
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which provides resistance against aminoglycosides. The variant AAC(6’)-Ib-cr acetylates 
ciprofloxacin thus inactivating it [28]. AAC(6’)-Ib-cr differs from AAC(6’)-Ib through two 
amino acid substitutions [29] and is usually found on multidrug resistance plasmids. The most 
recently discovered plasmid-borne resistance determinant is qepA, encoding an efflux pump.  

Efflux pump qepA 
QepA was the first plasmid-borne FQ efflux pump and was discovered in E. coli clinical 
isolates 2007 in Japan (E. coli C316 on the pHPA-plasmid) [30] and in Belgium (E. coli 1540 
on the pIP1206-plasmid) [31]. By transforming the pHPA-plasmid into a highly susceptible 
strain the MIC for ciprofloxacin increased 16-fold. Similar results where shown for other FQ 
such as Norfloxacin, Enrofloxacin and Tosufloxacin. The qepA coding sequence was shown 
to be within a 3.2 kb SacI-SACII fragment on pHPA (Figure1). This 3.2 kb fragment was 
cloned onto a plasmid cloning vector and transformed into susceptible E. coli strain, where it 
increased MIC 32-fold [30].  
 

 
Figure 1. Scheme of the 10 kb fragment as annotated previously [30] found on the pHPA plasmid of the E. coli 
clinical isolate C316. QepA is flanked by two IS26 mobility elements. Upstream of qepA a truncated dfr2 and a 
truncated integrase int1 are annotated. Furthermore tnpR, blaTEM-1 and tmtB are located downstream of qepA. 
Transforming the 3.2 kb SacI-SacII fragment raised the resistance towards ciprofloxacin significantly.  

QepA was acquired by horizontal gene transfer 
Sequencing revealed a codon usage bias and G+C-content of 72%, that suggested that qepA is 
not adapted to E. coli and most likely has been acquired through horizontal gene transfer. 
Codon usage and nucleotide sequence indicate homologies with transporters found in 
Nocardia farcinica, Streptomyces globisporus, and Streptomycetes clavuligerus [30]. On the 
protein level it shows significant similarities with several 14-transmembrane-segment proton-
dependent major facilitator superfamily (MFS) transporters of Nocardia farcinica, 
Streptomyces globisporus, Streptomycetes clavuligerus [30], Polaromonas spp., 
Nitrosomonas eutropha and Leptospira interrogans, with 45 to 56 % amino acid identity and 
61 to 70% similarity [31]. Due to its close similarity with transporters from bacteria of the 
order Actinomycetales, qepA most likely has its origin in Gram-positive bacteria [31].  

QepA is genetically linked with several antibiotic resistance genes 
QepA is a 1,536 bp sequence, starting with ATG, translated into a 511 amino acid protein 
with a mass of 53,080 Da [31]. Upstream of qepA within the 3.2 kb sequence is a truncated 
dfr2 gene which in its active form is associated with trimethoprim resistance [32], and a 
truncated integrase gene, int1, of a class 1 integron (Figure 1). In the study from Japan [30], 
the qepA region was flanked by two insertions sequences, called IS26, responsible for the 
mobility of the 10 kb sequence (Figure 1). IS26 is frequently found in association with 
antibiotic resistance genes in Gram-negative bacteria and plays a role in their dissemination 
[33][34]. The tnpR gene (Figure 1) encodes a resolvase, an enzyme which catalyzes site-
specific recombination, thus regulating the frequency of transposition [35]. The same 10 kb 
stretch also carries additional antibiotic resistance genes, rmtB and bla-TEM-1. The rmtB gene 
encodes a 16S rRNA methylase, which provides high-level resistance against 
aminoglycosides and was observed to be associated with qepA in many isolates [36]. Bla-
TEM-1 encodes a beta-lactamase, an enzyme which hydrolyses the beta-lactam bond thus 
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providing resistance against penicillins and some cephalosporins [37]. In conclusion, qepA is 
genetically linked on the same mobile genetic element, with additional genes that reduce 
susceptibility to other classes of antibiotic. 

Prevalence 
After qepA discovery in Japan and Belgium in 2007 [30][31] clinical isolates carrying that 
efflux pump were found all over the world, however with a low prevalence ranging from 0.6 
% [38] up to 11.6 % [39]. In 2008, a qepA variant was found in France with two nucleic acid 
changes (Ala99Gly and Val131Ile), and was named qepA2. The resistance phenotype of 
qepA2 is similar to qepA1 from Japan and Belgium, however in contrast to qepA1 it was not 
flanked by IS26 but by ISCR-like elements and it was not associated with rmtB [40]. 
However, qepA2 resulted not only in FQ resistance but also in a fitness cost, which could be 
compensated by a deletion within the marR gene [41]. Another qepA variant was found in an 
Enterobacter aerogenes clinical isolate in China [42], named qepA3, which was the first qepA 
found in another species than E. coli. The most recent variant qepA4 was found 2017 in 
Bangladesh, which showed eight nucleotide differences relative to qepA, all resulting in 
amino acid changes [43]. In 2010, clinical isolates from Pakistan were scanned for antibiotic 
resistance genes, and qepA was found in 11.6 % of them [39].  
 
In this study, qepA was amplified from the E. coli clinical isolate CH459 from Pakistan and 
transformed on a wild type E. coli behind the pBAD promoter, resulting in no MIC increase 
towards CIP. However, the 3.2 kb fragment increased the MIC significantly, raising the 
question which other sequences and regulatory elements are necessary to drive qepA 
expression. 
 

Aims 
 

• To clone a segment with qepA, which increases the MIC towards ciprofloxacin 
• To understand why qepA alone is not sufficient for MIC increase 
• To identify regulatory elements of qepA expression 
• To uncover possible additional genes or sequences, which are needed for qepA to 

increase MIC 
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Materials and Methods 

Methodology 
The 3.2 kb fragment harboring qepA was found in the E. coli clinical isolate CH459 plasmid 
[39]. Beside qepA, the fragment harbored the insertion sequence IS26, a truncated int1 and a 
truncated dfr2. The sequence was amplified from CH459 and transformed into an E. coli 
MG1655 strain. Placing it onto the chromosome behind the pBAD promoter of the arabinose 
operon, to create strains CH7753 (Supplementary Table 2). The pBAD promoter can be 
regulated by adding arabinose to the growth medium in different concentrations, to control 
qepA expression.  
Variants of CH7753 (Table 2. Supplementary) were made by λ-Red recombineering. In short, 
DNA was introduced into competent E. coli strains (harboring the pSIM5 plasmid) by 
transformation. Susceptibility towards CIP of those constructed strains was tested by 
performing broth microdilution minimal inhibitory concentration assays (MIC) (Figure 2). 
Further qepA mRNA expression levels between the clinical isolate and the E. coli strain 
harboring the 3.2 kb fragment were compared by qPCR. 
 

 
Figure 2. The 3.2 kb fragment was amplified from the E. coli clinical isolate CH459 and transformed into an E. 
coli wild type which harbors the pSIM5-tet plasmid, which is required for λ-red-mediated recombination. The 
fragment was recombined into the chromosome behind the pBAD promoter of the arabinose operon. Variants of 
the 3.2 kb fragment were made by λ-Red recombineering, and were tested for their susceptibility towards CIP 
using broth microdilution minimal inhibitory concentration assays (MIC). 

Growth media and growing conditions 
Bacteria were grown in Luria-broth (LB); a nutrient-rich medium composed of 10 g/L 
Tryptone, 5 g/L Yeast extract and 10 g/L NaCl. Bacteria were grown overnight or overday by 
dispersing a bacterial colony in 2 ml of LB-medium and shaking with 200 rpm at 37°C. 
Strains with the temperature-sensitive pSIM5-plasmid were grown at 30°C. Luria agar (LA) 
was used as a solid growth medium and was prepared by adding 15 g/L Agar to the LB-
medium recipe. For selection, the media were supplemented with appropriate antibiotics or 
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sucrose (without NaCl). Mueller Hinton II broth was used for microdilution minimum 
inhibitory concentration (MIC) assays, which was supplemented with Ciprofloxacin (CIP) or 
arabinose and glucose when needed. 

Polymerase Chain Reaction 
PCR was used to amplify linear DNA for the λ-Red recombineering and for validation, 
followed by PCR amplicon size analysis (agarose gel) and local sequencing. For the reaction, 
Phusion High Fidelity PCR MM w/HF Buffer (New England Biolabs Massachusetts, USA), 
sterile water, 100 % DMSO (New England Biolabs Massachusetts, USA), forward and 
reverse primer and the template were mixed according to Table 1 and added to a PCR tube. 
To prepare DNA template, a colony was picked from an agar plate and dispersed in 100 µl of 
sterile water in a tube. The tube was microwaved for two minutes and vortexed afterwards. 
All primers were ordered from Sigma-Aldrich (Supplementary Table 1). 
For PCR the S1000™ Thermal Cycler (Bio-Rad Laboratories, California, USA) was used 
with a standard program according to Table 2. Elongation time was adjusted depending on 
amplification product size (for 1000 basepairs (bps) 1 minute). Due to the high G+C-content 
of qepA the annealing temperature was set to 70°C to decrease the formation of secondary 
structures and to allow the primers to bind. 
 
Table 1. PCR master mix 
PCR master mix, 20 µl 
Phusion High Fidelity 
PCR MM w/HF Buffer 

10 µl 

Primer F 1 µl 
Primer R 1 µl 
DMSO 2 µl 
Sterile water 5 µl 
Template 1 µl 
 
Table 2. PCR protocol 
Temperature Time Cycles 
98°C 0.3 minutes  
98°C 0.1 minutes  

35x 55°C a 0.3 minutes 
72°C 1-4 minutes b 

72°C 7 minutes  
4°C ∞  
a changed to 70°C if G+C-content was high 
b depending on product size; around 1 minute to amplify 1000 basepairs 

Gel electrophoresis 
Gel electrophoresis was performed to validate PCR products. 6 µl of the PCR product was 
mixed with 1 µl of 6x TriTrack DNA Loading Dye (Thermo Scientific, Massachusetts, USA). 
The samples were run with 90 V using the PowerPac™ (Bio-Rad Laboratories, California, 
USA) on a 1 % agarose gel supplemented with 1:10 000 GelRed. In parallel with the 
GeneRuler 1 kb DNA ladder (Thermo Scientific, Massachusetts, USA) serving as a reference.  
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PCR and Gel purification  
PCR products were purified with the QIAquick PCR purification kit (Qiagen, Germany) by 
using a microcentrifuge, Centrifuge 5415D (Eppendorf, Germany). Five times volume PB 
buffer was added to one volume of PCR reaction. The mix was added into a provided column 
and centrifuged for one minute at around 13 000 rpm. Flow-through was discarded and the 
column was put back into the tube. Then, 750 µl of PE buffer was added and the tube was 
centrifuged for one minute. Flow-through was discarded and tube was centrifuged for one 
more minute. Then the column was put into a new 1.5 ml Eppendorf tube and 30 µl of sterile 
water was used for elution. The tube was centrifuged for one minute at 13 000 rpm. The DNA 
concentration was measured (in µg/µl) with the NanoDrop1000 (Saveen Werner, Sweden). 
 
PCR products were purified from agarose gels with the QIAquick Gel purification kit 
(Qiagen, Germany) using a microcentrifuge, Centrifuge 5415D (Eppendorf, Germany). The 
part of the gel containing the correct band was cut out and put into a 1.5 ml Eppendorf tube. 
The weight of the gel piece was determined and three volumes of QG buffer were added to 
one volume of gel piece (100 mg equivalent 100 µl). To dissolve the gel piece, the tube was 
incubated at 50 °C for about 10 minutes. One gel volume of isopropanol was added and the 
whole mix was transferred into a provided spin column. The tube was centrifuged for 1 
minute and the flow-through was discarded. Another washing step with 500 µl was done. 750 
µl of Buffer PE was added to the column, the tube was centrifuged for 1 minute, and flow-
through was discarded. The tube was centrifuged for 1 more minute to remove all the 
residuals. The column was placed into a new 1.5 ml tube and 30 µl of sterile water was added 
to elute the DNA. Tube was centrifuged for 1 minute and DNA-content was determined again 
(in µg/µl) by using the NanoDrop1000 (Saveen Werner, Sweden). 

λ-Red recombineering 
The λ-Red recombineering protocol was used to make specific alterations in the E. coli 
chromosome by introducing linear DNA using transformation. The recipient E. coli strain 
requires the recombination system derived from a defective λ prophage, which codes for three 
proteins essential for the recombineering process – gam, exo and beta [44]. 
E. coli strains carrying the pSIM5-plasmid (Supplementary Table 2) were used as a recipient 
strain as the plasmid encodes the three genes required for recombination. Before the actual 
recombination, an overnight culture of the recipient strain was started. The culture was grown 
at 30°C to amplify the temperature sensitive plasmid. Therefore LB medium with 15µg/ml 
tetracycline as a selective marker was used as the plasmid carries a tetracycline resistance 
gene. To avoid disturbances during electroporation the medium used was salt-free. 
Then, 50ml salt-free LB with 15µg/ml tetracycline were added to a baffled Erlenmeyer flask 
plus 500 µl of the overnight culture and incubated in a 30°C water bath until OD600 reached 
0.25-0.4 which is the phase of exponential growth. The culture was transferred to a 43°C 
waterbath for 15 minutes to induce expression of gam, exo and beta, followed by cooling 
down on ice to stop growth.  
 
In order to remove the medium the cells were centrifuged at 5000 rpm for 10 minutes at 4°C. 
Supernatant was discarded and the pellet was re-suspended in 30 ml sterile water by mixing 
with a plastic loop. This washing step was repeated once. After the last washing step, the 
required amount of water was added and the pellet was re-suspended. Then, 50µl washed cells 
were mixed with 5µl of the DNA to be introduced. The transformation was done by 
electroporation with the BioRad Gene Pulser Xcell at 1800 V and 200 Ω. The transformed 
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cells were immediately transferred to 1 ml of fresh LB medium and recovered overnight at 
37°C. 
Recovered cells were plated on agar containing the appropriate selection marker. Here 
selection was based on sucrose+chloramphenicol, chloramphenicol (DIRex method [45]), or 
kanamycin.  
For selection on sucrose and chloramphenicol plates, a strain containing the catsacB cassette 
was used as the recipient E. coli strain. The catsacB cassette provides sucrose sensitivity and 
chloramphenicol resistance, thus it should grow on chloramphenicol but not on sucrose. By 
using the λ-Red method, the catsacB cassette is exchanged by the desired DNA, leading to 
bacteria, which can grow on sucrose but not on chloramphenicol. 
Possible important structures for qepA expression were revealed by inserting kanamycin 
cassettes in various locations within the 3.2 kb fragment. The kanamycin cassettes were 
amplified by using primers containing homologies of the region of insertion on the E. coli 
chromosome as well as the primer binding sites of the cassette. By using the λ-Red protocol 
the cassette was inserted precisely into the targeted region [46]. 
For making scarfree deletions the Direct and Inverted Repeat stimulated excision-method 
(DIRex) was used by introducing a catsacB-amilCP cassette into E. coli, providing sucrose 
sensitivity and chloramphenicol resistance. Blue colonies were picked on chloramphenicol 
containing plates and re-streaked on sucrose. The loss of catsacB-amilCP generates sucrose 
resistance and chloramphenicol sensitivity, selected by picking the white colonies.[45].  

Minimum inhibitory concentration assay (MIC) 
Ciprofloxacin (CIP) susceptibility of E. coli strains (Supplementary Table 2) was determined 
by performing broth microdilution MIC assays. The minimum inhibitory concentration is 
defined as the lowest concentration of an antibiotic that can inhibit bacterial growth.  The 
MIC assay was performed in a 96-well plate using Mueller Hinton II broth. A CIP stock of 2x 
working concentration (2 µg/ml) was prepared and 100 µl was added to the first column of the 
plate. Columns two to twelve were filled with 50 µl of Mueller Hinton II broth. For the 
dilution 50 µl of the first column were transferred into the second one and mixed. From there 
50 µl were transferred to the next column and so on until column eleven, resulting in a CIP 
dilution ranging from 1 µg/ml to 0,002 µg/ml. Strains of interest were streaked out from 
frozen strain stocks kept at -80°C, onto LA-plates the day before use and grown at 37°C 
overnight. With a plastic loop bacteria were taken up and dispersed in 5 ml of 0.9 % NaCl 
solution and mixed by vortexing. The density of bacteria was estimated with the Sensititre™ 
Nephelometer (Thermo Scientific, Massachusetts, USA) calibrated with the 0.5 McFarland 
standard and adjusted to 108 CFU/ml. The bacterial NaCl-solution was mixed 1:100 with MH 
II broth to get a density of 106 CFU/ml. 50 µl was added into columns one to eleven, one row 
per strain in two biological replicates. The plate was incubated at 37°C for 18 hours. For the 
induction of the pBAD promoter, different levels of arabinose (0.1 %, 0.01 % and 0.001 %) or 
glucose (0.5 %) were added. The MIC value was determined by visual examination of the 
bacterial growth. 

Sequencing 
All strains constructed were sent for local sequencing to Macrogen Europe Laboratory 
(Amsterdam. Netherlands), 5 µl of a PCR product was mixed with 5 µl of forward or reverse 
primer in a 1.5 ml tube. Sequencing data was analyzed with CLC Main Workbench 8. 
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RNA isolation 
Overnight cultures of each strain were prepared in three biological replicates. The following 
day 100 µl of the cultures were added to 10 ml of new media and grown until an OD600 of 
0.25-0.4 was reached. 500 µl of the culture was mixed with 1 ml RNA Protection Bacteria 
Reagent (Qiagen, Germany), for each replicate in three tubes. The tubes were mixed by 5 
seconds of vortexing followed by an incubation time of 5 minutes at room temperature. Tubes 
were centrifuged 10 minutes at a speed of 5 000 x g, supernatant was discarded.  

Enzymatic Lysis and Proteinase K Digestion 
Per pellet, 200 µl TE-buffer (30mM Tris.Cl, 1 mM EDTA, pH 8.0) was prepared containing 
20 µl Proteinase K per tube and 15 mg/ml lysozyme. The pellets were mixed with 200 µl of 
the TE-buffer by pipetting and vortexing for 10 seconds each 2 minutes for 10 minutes 
incubation time. 700 µl of the lysis bufffer RLT (Quiagen, Germany) containing 10 µl/ml β-
mercaptoethanol were added to each tube and vortexed. 500 µl Ethanol (96-100 %) were 
added to each tube and mixed by pipetting.  

Purification of Total RNA from Bacterial Lysate 
For RNA Purification the RNeasy Mini Kit (Qiagen, Germany) was used, following the kit’s 
manual. 750 µl of the lysate were transferred into a provided spin column in a 2 ml tube. 
Tubes were centrifuged at least at 8000 x g for 15 seconds and flow-through was discarded. 
This step was repeated until all the lysate of each replicate passed through the spin column. 
700 µl of RW1 buffer was added to the spin column and centrifuged for 15 seconds at 8000 x 
g. Flow through was discarded and spin column was transferred to a new 2 ml tube. 500 µl 
buffer RPE were added to the spin column and the tubes were centrifuged for 2 minutes at 
8000 x g. The spin column was carefully transferred to a new 1.5 ml tube and 35 µl of RNase-
free water was added. Tubes were centrifuged for 1 minute at 8000 x g. The eluted RNA was 
stored at -20 °C. 

RNA quality control 
RNA content was determined with the NanoDrop and should be around 150-300 ng/µl. 2 µl of 
the purified RNA was mixed with 1 µl of Loading Dye and run for around 2 hours at 90 V in 
a 2 % Agarose gel. The equipment was washed carefully to prevent RNA degradation. 

DNAse treatment 
The TURBO-DNA-free kit (Invitrogen, USA) was used to get rid of any DNA and enzymes 
contaminating the purified RNA. 3 µg RNA per sample was added into PCR tubes and diluted 
to 44 µl with RNAse-free water. 0.1 volume of 10x TURBO DNAse Buffer was added and 
mixed. 1 µl of DNAse enzyme was added and incubated at 37°C for 20-30 minutes. 5 µl of 
DNAse Inactivation Reagent as added and tubes were incubated at room temperature for 5 
minutes and mixed. Tubes were centrifuged three times for 30 seconds and supernatant was 
transferred to new microfuge tubes. RNA content was determined with the NanoDrop1000 
(Saveen Werner, Sweden). 

cDNA reaction 
The purified RNA was converted into cDNA by using the high capacity cDNA reverse 
transcription kit (Applied Biosystems, USA). 500 ng RNA per sample were diluted with 10 µl 
RNAse-free water. For the 2x Master Mix 10x RT buffer, 25x dNTP Mix, 10x RT Random 
Primers, Reverse Transcriptase and Nuclease-free water was added to a final volume of 10 µl 
per sample according to Table 3. The 10 µl RNA were mixed with 10 µl of the 2x Master 
Mix, whereas two controls were prepared - one without reverse transcriptase and one without 
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RNA sample. The reverse transcriptase reaction was done according to the protocol in Table 
4. 
 
 
 
 
 
 
Table 3. cDNA reverse transcription PCR Master mix 
cDNA 2xMaster mix, 10 µl 
10x RT buffer 2 µl 
25x dNTP Mix 0.8 µl 
10x RT Random Primers 2 µl 
Reverse Transcriptase 1 µl 
Nuclease-free water 4.2 µl 
 
Table 4. cDNA reverse transcription PCR protocol 
Temperature Time 
25°C 10 minutes 
37°C 120 minutes 
85°C 5 minutes 
4°C ∞ 
 

Real-Time PCR (qPCR) 
The cDNA samples were diluted 1:10, 1:100, and 1:1000, each in three replicates. The qPCR 
was performed with the Eco Real-Time PCR System (Illumina, USA), amplifying qepA and 
the housekeeping genes hcaT, idnT and cysG with corresponding primers (Supplementary 
Table 1). For the qPCR Master Mix SYBR green (light sensitive, kept on ice), reverse and 
forward primer, H2O, and cDNA were mixed to a final volume of 10 µl according to Table 5. 
The samples were added to the wells of the provided 48-well plates. The plate was 
centrifuged and covered with a foil. The PCR reaction was done according to Table 6. 
 
Table 5. qPCR Master mix 
qPCR Master mix, 10 µl 
SYBR green MM 6.25 µl 
Primer F 0.625 µl 
Primer R 0.625 µl 
H2O 2.5 µl 
cDNA 0.5 µl 
 
Table 6. qPCR protocol 
Temperature Time Cycles 
50°C 2 minutes  
95°C 10 minutes  
95°C 10 minutes 40 x 
60°C 0.30 minutes 
95°C 0.15 minutes  
55°C 0.15 minutes  
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95°C 0.15 minutes  
 
 
 
 
 
 

Bioinformatics 
 
Sequences and genomic information were obtained from NCBI (USA) and screening was 
done with blastx, NCBI (USA). CLC Main Workbench 8, Quiagen Bioinformatics 
(Netherlands) was used to analyze all DNA sequences, predict open reading frames and 
predict secondary structures.  
BProm [47] and BDGP Promoter prediction [48] were used to predict promoter sequences.  
The statistics for the qPCR results were done using Graph-Pad choosing an unpaired t-test 
[49]. 
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Results 

The qepA coding sequence is not sufficient to increase MIC 
QepA, in the context of a 3.2 kb fragment from the original plasmid, was previously shown to 
increase the MIC towards CIP [30], [31]. Here we amplified the qepA coding sequence from 
E. coli CH459 [39] and transformed it into the chromosome of an E. coli MG1655 strain 
behind the pBAD promoter of the arabinose operon. Unexpectedly, the MIC did not increase, 
which raised the question, if other sequences up- or downstream of qepA are needed to 
increase the MIC value?  
In a previous study [30], the whole 3.2 kb SacI-SacII fragment was cloned into a cloning 
vector harboring the annotated IS26, the truncated Δint1, a truncated Δdfr2 and qepA as well 
as around 240 nt of downstream region (Figure 1). Here, the same fragment was isolated from 
the E. coli clinical isolate CH459 [39] and transformed into E. coli MG1655 strain behind 
pBAD (Figure 3). Susceptibility testing of E. coli harboring the 3.2 kb fragment (CH7753) 
towards CIP revealed an 8-fold increase in MIC (from 0.0078 to 0.0625 µg/ml) in comparison 
to the wild type (LG161) (Table 7).  
According to previous experiments [39] the E. coli clinical isolate CH459 showed a MIC of 
>32 µg/ml. This is in agreement with data generated here where it was found to have a MIC-
value of >64 µg/ml (Table 7). 
To figure out, which parts of the 3.2 kb fragment are crucial, partial deletions of the qepA 
upstream region were done by λ-red recombineering using the DIRex method (Figure 3). 
Deletion of IS26, Δint1 and Δdfr2 (LC39) decreased the MIC towards CIP to 0.0078 µg/ml. 
The same was observed when IS26 and Δint1 (LC42) were deleted (Table 7). However, 
deleting only the IS26 sequence (LC45) sustained the elevated MIC of 0.0625 µg/ml, 
suggesting that crucial regulatory elements must be located within Δint1 or Δdfr2. 
The initial idea of putting qepA behind the pBAD promoter, was to regulate expression by 
adding different concentrations of arabinose or glucose into media used for MIC-assays. 
QepA expression from the 3.2 kb fragment was not be induced through pBAD as the MIC 
values stay the same for all concentrations of arabinose and glucose (Table 8). That implies, 
that there must be a native qepA promoter driving expression.  
As a control, a kanR cassette was placed right into qepA (LC11), 752 nt after the start of the 
annotated sequence. As expected the MIC dropped from 0.0625 µg/ml down to 0.0078 µg/ml 
(Table 7) suggesting that the sequence annotated as qepA is important for the MIC increase. 
The qepA sequence was annotated previously with ATG as a start codon. However, six 
nucleotides upstream of ATG, an alternative start codon TTG was found 
(…TTGAGTATGTCCGCCACGCTCCAC…). An E. coli LC5 just harboring the qepA 
including TTG was constructed (Figure 3) and CIP susceptibility was tested. The MIC was 
not increased above the wild type level of 0.0078 µg/ml (Table 7).  
 

QepA mRNA expression of CH7753 vs. CH459 
The E.coli clinical isolate CH459 carries qepA on a plasmid, whereas on the CH7753 
construct, the 3.2 kb fragment harboring qepA was inserted into the E.coli chromosome. To 
test whether qepA expression levels were comparable a qPCR was performed. The results 
confirmed that qepA is expressed at similar levels, whereas the expression-levels for CH7753 
were slightly higher (Figure 4). The qPCR results have a p-value of 0.0037, thus are 
statistically relevant. 
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Table 7. MICs of E. coli strains towards CIP 
Name Description MIC (µg/ml) 
CH459 Clinical Isolate [39] > 64 
LG161 Wild type 0.0078 
CH7753 MG1655 harboring 3.2kb fragment 0.0625 
LC1 kanR cassette interrupting putative promoter 1 of qepA 0.0078 
LC3 kanR cassette interrupting putative promoter 2 of qepA 0.0625 
LC5 qepA with alternative start codon TTG, without 

downstream region of qepA 
0.0078 

LC6 kanR cassette 30nt in front of putative promoter of qepA 0.0625 
LC8 kanR cassette 30nt behind putative promoter of qepA 0.0078 
LC11 kanR cassette in middle of qepA 0.0078 
LC20 kanR cassette 115 nt downstream of qepA  0.0078 
LC39 Deletion of IS26, int1, dfr2  0.0078 
LC42 Deletion of IS26, int1 0.0078 
LC45 Deletion of IS26 0.0625 
LC48 KanR cassette 234 nt downstream qepA 0.0625 
LC58 KanR downstream qepA right behind an ORF ("ORF3") 0.0625 
LC64 Deletion of ORF1 upstream qepA  0.0625 
LC66 Deletion of ORF1 + ORF2 upstream qepA  0.0078 
LC68 KanR within ORF 3 downstream qepA 0.0078 
LC70 KanR within ORF 3 & 4 downstream qepA 0.0078 
 
 
 

 
Figure 3. The 3.2 kb fragment was amplified from CH459 and inserted into an E. coli MG1655 strain behind the 
pBAD promoter of the arabinose operon on the chromosome. The fragment includes an insertion sequence IS26, 
a truncated integrase Δint1, a truncated Δdfr2, the qepA as well as around 240 nt downstream of qepA. Triangles 
indicate kanamycin resistance cassette insertions; horizontal lines indicate deletions. A susceptible MIC value of 
0.0078 µg/ml is highlighted in red, the QepA-associated ‘resistant’ MIC value of 0.0625 µg/ml in green. 
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Table 8. MIC values of E. coli strains towards CIP using Mueller Hinton II (MH II) media supplemented with 
different concentrations of glucose (0.5 %) and arabinose (0.1 %, 0.01 %. 0.001 %), to shut down or induce the 
pBAD promoter. 
Name Description MIC (µg/ml) 
  MH II MH II + 

Glucose 
MH II + Arabinose 

   0.5 % 0.1 % 0.01 % 0.001 % 
LG161 Wild type 0.0078 0.0078 0.0078 0.0078 0.0078 
CH7753 MG1655-3.2kb fragment 0.0625 0.0625 0.0625 0.0625 0.0625 
LC39 Deletion IS26, int1, dfr2  0.0078 0.0078 0.0078 0.0078 0.0078 
LC42 Deletion IS26, int1 0.0078 0.0078 0.0078 0.0078 0.0078 
LC45 Deletion IS26 0.0625 0.0625 0.0625 0.0625 0.0625 

 
 

 
Figure 4. Relative mRNA expression of qepA of the E. coli clinical isolate CH459 versus wild type E. coli 
harboring the 3.2 kb fragment CH7753, p-value: 0.0037. 

Native promoter is located 466 nucleotides upstream of qepA 
The pBAD promoter did not seem to drive qepA expression  as the MIC values stay the same 
for all concentrations of arabinose added (Table 8), indicating that a native promoter might 
drive expression. Deletions of the upstream regions (LC39, LC42) decreased the MIC, 
presumably a promoter could be located within those regions. Screening with internet tools 
(BProm and BDGP Promoter prediction) revealed two putative promoters (Figure 3), which 
are both located within the int1 sequence, one 921 nt the other 466 nt upstream of the qepA 
coding sequence. A kanamycin resistance cassette was inserted into both putative promoters 
(Figure 3). The insertion into the promoter 921 nt upstream of qepA (LC1) did not decrease 
the MIC whereas the insertion into the promoter closer to qepA (LC3) did reduce MIC, 
suggesting that this is a native promoter for qepA expression. As a confirmation, further 
kanamycin cassettes were inserted 30 nt upstream (LC6) and 30 nt downstream (LC8) of this 
putative promoter (Figure 3). Insertion upstream of the sequence did not affect the MIC (LC8) 
but downstream of it decreased the MIC to the susceptible wild-type level (Table 7). These 
results support the hypothesis that the identified sequence 466 nt upstream of qepA could be 
the native promoter driving qepA expression. The promoter consists of a -35 region 
(TGGACAT) and a -10 region (TTGGTAAGCT) (Figure 5). 
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Figure 5. Sequence of the putative promoter driving qepA expression with -35 region TGGACAT and -10 
region TTGTAAGCT predicted by BProm and BDGP Promoter prediction. 

An ORF between native promoter and qepA could be crucial for expression 
Whether the sequence between the putative promoter (Figure 4) and qepA was significant for 
qepA expression, was tested by making partial deletions of this region. With CLC Main 
workbench 8 the sequence was screened for possible open reading frames (ORF). One was 
found right behind (1 nt downstream) the putative promoter and had a length of 261 nt, and 
was named ORF1. Blasting (blastx) that sequencing revealed a high similarity with an 
AAC(6’)-Ib gene (Figure 5) found in Salmonella enterica (Accession: AKN19287), associated 
with aminoglycoside resistance. However, ORF1 was much shorter than AAC(6’)-Ib (Figure 
5). A second ORF (ORF2) was found 13 nt downstream of ORF1, with a length of 189 nt, 
ending 2 nt upstream of qepA (Figure 3). Screening with blastx, revealed that ORF2 shows 
similarities to previously found proteins. However, those proteins were just annotated as 
“hypothetical proteins” found in species belonging to the Enterobacteriaceae family 
(WP_015389029.1) or (in reverse orientation) as a part of the dfr2 gene of various bacteria 
such as E. coli (WP_063844478.1), Pseudomonas spp. (AIX48203.1, WP_071846316.1) and 
Acetinobacter parvus (AIX48195.1). With λ-Red recombineering, deletions of the ORF1 
(LC64) and the ORF1 & ORF2 (LC66) were made (Figure 3). Deleting ORF2 including 
ORF1 (LC66) decreased the MIC to wild type level of 0.0078 µg/ml. However, deleting 
ORF1 alone (LC64) did not decrease MIC (Table 7). Conclusion, either ORF2 is important 
for qepA expression or within that region another crucial regulatory element is located. 
 
 

 
Figure 5. Alignment of the protein sequences of ORF1 and AAC(6’)-Ib (Accession: AKN19287). 
 

The downstream region is important for qepA expression 
A kanR cassette was placed 115 nt (LC20) and 234 nt (LC48) downstream of qepA to address 
whether the sequence downstream of qepA is involved in expression of the resistance 
phenotype (Figure 3). The insertion 234 nt downstream of qepA did not affect the MIC (still 
0.0625 µg/ml), but the insertion 115 nt downstream of qepA decreased the MIC to wild-type 
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level (0.0078 µg/ml). Screening for ORFs (CLC Main workbench 8) revealed two sequences, 
starting within qepA (Figure 3). ‘ORF3’ is 753 nt long and starts after 959 nt of qepA and 
ends 176 nt downstream of qepA. The insertion in LC20 disrupted ORF3, and thus this 
sequence might be important for expression. ‘ORF4’ is 312 nt long, starts after 1321 nt of 
qepA and ends 97 nt downstream of qepA. ORF4 should not be affected by the kanR insertion, 
however more insertions were made within and behind ORF3 and ORF4 to investigate 
whether one of them could be involved into expression (Figure 3). Insertions behind ORF3 
(LC58), within ORF3 (LC68) and within ORF3 and ORF4 (LC70) did not affect the MIC, 
which leads to the conclusion that the sequences as ORFs are not necessary for qepA 
expression. The MIC decrease of LC20, however, suggests that there might be a sequence 
element in this region that is crucial for qepA regulation or expression. 
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Discussion 
 
The recently discovered plasmid-mediated efflux pump qepA [30] elevates resistance towards 
ciprofloxacin in E. coli. However, expression of the qepA coding sequence is not sufficient to 
confer the ‘resistance’ phenotype. Here, we uncovered a putative promoter driving expression 
and got a closer insight into possibly important regions upstream and downstream of qepA. 
In this study, E. coli carrying the 3.2 kb fragment displayed a MIC value of 0.0625 µg/ml, 
which is a 8-fold increase of MIC towards ciprofloxacin in comparison to wild-type E. coli 
with a MIC value of 0.0078 µg/ml. According to EUCAST the clinical breakpoint for CIP in 
Enterobacteriaceae is >0.5mg/L [23], thus the E. coli construct with the 3.2 kb fragment is 
not defined as being clinically resistant. However, qepA was shown to come with many more 
resistance genes at the same transposable element (Figure 1), such as rmtB elevating 
aminoglycoside resistance and bla-TEM-1 increasing resistance against penicillins and 
cephalosporins. Resistance is usually a multifactorial process, meaning several antibiotic 
resistance genes have to be accumulated to provide resistance. The E. coli clinical isolate 
from Pakistan used in this study for isolation of the 3.2 kb fragment carrying qepA, is 
multiresistant towards several antibiotics [39] with a MIC towards ciprofloxacin of >32 
µg/ml. According to the clinical breakpoint definition of EUCAST, the clinical isolate is 
regarded as highly resistant. Genetic examinations [39] revealed that the isolate harbors 
several mutations in the DNA gyrase and topoisomerase IV genes, which are major 
contributor to ciprofloxacin resistance. Two main mechanisms to adapt to antimicrobials are 
known, which is either acquiring mutations in genes or by horizontal gene transfer (HGT). 
Codon usage, G+C-content and the insertion sequences IS26 flanking qepA indicate that the 
efflux pump was acquired by HGT, probably coming from Gram-positive species, as the 
sequence displays high similarities towards the 14-transmembrane-segment proton-dependent 
major facilitator superfamily (MFS) transporter of Nocardia farcinica, Streptomyces 
globisporus, Streptomycetes clavuligerus, Polaromonas spp., Nitrosomonas eutropha and 
Leptospira interrogans [30]. 
In this study, the 3.2 kb fragment was amplified from the E. coli clinical isolate from Pakistan 
and transformed behind the pBAD promoter on the E. coli chromosome. The MIC value 
towards ciprofloxacin increased from 0.0078 to 0.0625 µg/ml, which is a 8-fold increase in 
MIC. Previous studies [30] the same 3.2 kb fragment was inserted into a cloning vector and 
transformed into E. coli, which elevated the MIC from 0.004 to 0.125 µg/ml, which is a MIC 
increase of 31-fold. The difference in fold increase of the MICs in this and the previous study 
may be due to different expression levels between chromosomes and plasmids (however, 2-
fold differences in MIC are not regarded as significant: neither 0.004 versus 0.0078, and 
0.0625 versus 0.125 are significantly different. A MIC increase of 8-fold leads to a significant 
elevation of resistance towards ciprofloxacin indicating the need to investigate the regulation 
of qepA expression. 
An E. coli construct carrying the qepA coding sequence, inserted behind the pBAD promoter 
did not increase the MIC towards ciprofloxacin whereas the construct with the 3.2 kb 
fragment did. Hence, there must be regulatory elements located outside the qepA coding 
sequence that are important for expression of the resistance phenotype.  
Partial deletions of the region upstream of qepA revealed that the insertion sequence IS26 is 
not required for the resistance phenotype, but deletion of the integrase int1 and dfr2 decreased 
the MIC to the wild-type level of 0.0078 µg/ml; meaning that sequences located in these 
regions are important for the resistance phenotype.  
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Furthermore, expression of qepA in the context of the 3.2 kb fragment was not observed to be 
driven by the pBAD promoter located at one end of the fragment, since different 
concentrations of arabinose and glucose did not change the MIC-values (Table 8). Since the 
pBAD promoter did not affect the MIC, a native promoter for qepA was deduced to be 
present. Screening for promoters revealed two putative promoters, of which one was 
confirmed by kanamycin resistance cassette insertions. The putative qepA promoter is located 
466 nt upstream of qepA with a predicted -35 region (TGGACAT) and a -10 region 
(TTGGTAAGCT). Previously [40] another putative qepA promoter was found in a qepA2 
variant in France, located 24 nt upstream of qepA2 with a -35 region (ATGTCG) and a -10 
region (TGTCGT). This promoter was found in our isolate as well 36 nt upstream of qepA, 
however, with two nucleotide changes in the -10 region (TGCCTT). Thus, qepA expression 
might be driven by one or two promoters, depending on the particular plasmid. 
Deletions between the putative native promoter and qepA revealed that ORF2 possibly could 
be important for qepA expression. In previous studies [30], [31], [50] all cloned qepA 
fragments that expressed the resistance phenotype also contained the ORF2 sequence, which 
does not therefore conflict with our results. Comparing the ORF2 sequence to internet 
database (blastx) sequences no specific protein was found, as it was annotated as a 
hypothetical protein found in various species from the Enterobacteriaceae family 
(WP_015389029.1) or as a part of the dfr2 gene of bacteria such as E. coli 
(WP_063844478.1), Pseudomonas spp. (AIX48203.1, WP_071846316.1) and Acetinobacter 
parvus (AIX48195.1). Last one referring again to the acquisition of qepA from species of the 
order Actinomycetales. One possibility is that ORF2 codes for a protein necessary for qepA to 
increase MIC towards ciprofloxacin. Another possibility is, however, that ORF2 is actually 
not translated into a protein but regulates gene expression on an RNA level. Another 
hypothesis is that ORF2 is not even transcribed and harbors elements crucial for binding of 
regulatory proteins or RNAs. For instance small RNAs (sRNA), non-coding RNAs, which 
can bind close to ribosome binding sites, thus regulating translation [51]. Previously [40] a 
possible ribosome binding site (CGGAAG) was found closely located 8 nt upstream of the 
qepA coding sequence. Another explanation could be RNA-binding proteins (RBP) binding in 
the 5’UTR (untranslated region), regulating translation [51]. However, deleting ORF2 also 
deletes the previously identified putative promoter located 36 nt upstream of qepA, which 
might be crucial for expression. The next step would be to disrupt ORF2 by mutating the start 
codon and prevent translation. To test if the putative promoter, or other regulatory elements 
(like binding sites for RBPs or sRNAs) are necessary for MIC increase, further deletions or 
insertions will be done. 
Whether the downstream region of qepA is important for expression was tested by various 
kanamycin cassette insertions. Most of the insertions did not affect the MIC but one decreased 
the MIC from 0.0625 to 0.0078 µg/ml, suggesting that the sequences is not important as part 
of an ORF but that some regulatory element involved in qepA expression or mRNA stability 
might reside there. Like the 5’ UTRs, also the 3’UTR of genes is important for gene 
expression on a post-transcriptional level [52]. 3’UTRs can be cleaved by ribonucleases 
inducing mRNA decay [53]. Like the 5’UTR, also the 3’UTR can harbor sRNAs regulating 
post-transcriptionally. Furthermore 5’UTR and 3’UTR are able to interact with each other, 
which provides mRNA stability and induces translation [54].  
 
As mentioned above, further mutations have to be done, to figure out whether ORF2 or other 
elements such as RBP or sRNA binding sites or another promoter upstream of qepA is crucial 
for MIC increase. Furthermore, the importance of the qepA downstream should be 
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investigated by making mutations. Additionally, further qPCRs of more mutations will be 
done to determine difference in qepA expression. 
 
In conclusion, the qepA coding sequence was shown not to be sufficient, when placed behind 
an inducible promoter, to increase the MIC towards ciprofloxacin. We identified a putative 
native promoter driving qepA expression. In addition we identified a sequence upstream of 
qepA required for expression of resistance, and that insertion of a cassette into a particular 
sequence downstream of the gene abolished the resistance phenotype. 
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Table 1 Supplementary. List of oligos used. 

Name Sequence 5'-3' Application  Direction  
KB69 ACTGTTTCTCCATACCCGTTTT

TTTGGATGGAGTGAAACGTTG
AGTATGTCCGCCACGCT 

Amplification of qepA with 
alternative start codon TTG 

F 

KB42 AGCCTGGTTTCGTTTGATTGG
CTGTGGTTTTATACAGTCATC
AACCAGATGCGAGCGCTG 

Amplification of qepA with 
alternative start codon TTG 

R 

KB39 GCATCAGACATTGCCGTCAC Validation alternative start codon F 
KB40 CGCAGGCGCTTTTCGTAATT Validation alternative start codon. 

Validation of insertion of kanR 
cassette downstream native plasmid 
sequence 

R 

LC01 GTGGAAACGGATGAAGGCAC
GAACCCAGTGGACATAAGCC
CACACAACCACACCACACCAC 

Insertion of kanamycin cassette in 
putative promoter #1 located ~ 500 nt 
upstream of qepA 

F 

LC02 AGCGCATACGCTACTTGCATT
ACAGCTTACCAACCGAACATT
CTTAGACGTCAGGTGGCA 

Insertion of kanamycin cassette in 
putative promoter #1 located ~ 500 nt 
upstream of qepA 

R 

LC03 GCCCGTGCACGCGACAGCTGC
TCGCGCAGGCTGGGTGCCACA
CACAACCACACCACACCAC 

Insertion of kanamycin cassette in 
putative promoter #2 located ~ 940 nt 
upstream of qepA 

F 

LC04 AAGGGCTCCAAGGATCGGGC
CTTGATGTTACCCGAGAGCTT
TCTTAGACGTCAGGTGGCA 

Insertion of kanamycin cassette in 
putative promoter #2 located ~ 940 nt 
upstream of qepA 

R 

KB11 AGATCCTTGACCCGCAGTTG Validation putative promoters F 
KB12 AACAAGCCATGAAAACCGCC Validation putative promoters. 

Validation kanamycin cassette 
upstream/downstream putative 
promoter #1  

R 

LC05 AAATGCCTCGACTTCGCTGCT
GCCCAAGGTTGCCGGGTGACA
CACAACCACACCACACCAC 

Insertion of kanamycin cassette 30 nt 
upstream of putative promoter #1 

F 

LC06 TCCACTGGGTTCGTGCCTTCA
TCCGTTTCCACGGTGTGCGTT
CTTAGACGTCAGGTGGCA 

Insertion of kanamycin cassette 30 nt 
upstream of putative promoter #1 

R 

LC07 GCAAGTAGCGTATGCGCTCAC
GCAACTGGTCCAGAACCTTCA
CACAACCACACCACACCAC 

Insertion of kanamycin cassette 30 nt 
downstream of putative promoter #1 

F 

LC08 GAAAACCGCCACTGCGCCGTT
ACCACCGCTGCGTTCGGTCTT
CTTAGACGTCAGGTGGCA 

Insertion of kanamycin cassette 30 nt 
downstream of putative promoter #1 

R 

LC09 GGACAGAAATGCCTCGACTT Validation kanamycin cassette 
downstream putative promoter #1 

F 

LC10 ATCCGTGCACAGAACCTTG Validation kanamycin cassette 
upstream putative promoter #1 

F 

LC11 CCTCGATGGCTGCGCTGCTGG
CCGGGCTGGCGGTCGGGGCC
ACACAACCACACCACACCAC 

Insertion of kanamycin cassette into 
QepA 

F 

LC12 CAGCGGGTAGGCGATGTGGC
CCTGGCGGCGCAGGAACAGC
TTCTTAGACGTCAGGTGGCA 

Insertion of kanamycin cassette into 
QepA 

R 

KB03 TCTACGGGCTCAAGCAGTTG Sequencing kanamycin cassette 
within qepA 

F 
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LC13 AGCTGCAGGTACTGCGTCAT Sequencing kanamycin cassette 
within qepA 

R 

LC16 CTCTTCTGGCTGCGCGAGGTA
GACGGTCTGCGTCGGAAACCA
CACAACCACACCACACCAC 

Insertion of kanamycin  cassette 115 
nt downstream qepA 

F 

LC17 GCATCGGGCGCATCGTCGAGT
CGCATGGCGCCGAGATCGCTT
CTTAGACGTCAGGTGGCA 

Insertion of kanamycin  cassette 115 
nt downstream qepA 

R 

LC18 CGCTCGCATCTGGTTGAC Validation of insertion of kanamycin  
cassette 115 nt downstream qepA 

F 

KB17 GGGTCACCTTCCACGAGATC Validation of insertion of kanamycin  
cassette 115 nt downstream qepA 

R 

HP602 GCCGACATGGAAGCCATCAC cat-midR2, Amplification of Acat-
sac1 cassette for DIRex 

R 

HP601 CGACGATTTCCGGCAGTTTC cat-midF, Amplification of Acat-sac3 
cassette for DIRex 

F 

LC19 ACTGTTTCTCCATACCCGTTTT
TTTGGATGGAGTGAAACGGTC
GAAATGCGCGCGTTGCCGTGT
AGGCTGGAGCTGCTTC 

DIRex deletion IS26, int1 and dfr2 F 

LC20 AAGAATGCTTTAACGACGAA
GGCAACGCGCGCATTTCGACC
GTTTCACTCCATCCAAAAAGT
GTAGGCTGGAGCTGCTTC 

DIRex deletion IS26, int1 and dfr2 R 

LC23 ACTGTTTCTCCATACCCGTTTT
TTTGGATGGAGTGAAACGGG
ATGCCCGAGGCATAGACTGTG
TAGGCTGGAGCTGCTTC 

DIRex deletion IS26, int1 F 

LC24 GCGTAACGCGCTTGCTGCTTG
GATGCCCGAGGCATAGACTCG
TTTCACTCCATCCAAAAAGTG
TAGGCTGGAGCTGCTTC 

DIRex deletion IS26, int1  R 

LC25 ACTGTTTCTCCATACCCGTTTT
TTTGGATGGAGTGAAACGCTA
TTTGCAACAGTGCCGCCGTGT
AGGCTGGAGCTGCTTC 

DIRex deletion IS26 F 

LC26 TCCGCGCGCCGGGCATTCCTG
GCGGCACTGTTGCAAATAGCG
TTTCACTCCATCCAAAAAGTG
TAGGCTGGAGCTGCTTC 

DIRex deletion IS26 R 

LC27 CCAGAACCTTGACCGAACGCA
GCGGTGGTAACGGCGCAGTA
AATGAGACGTTGATCGGCACG 

Insertion of cat-sacB-amilCP cassette 
downstream putative promoter #1 

F 

LC28 CTGTACAAAAAAACAGTCATA
ACAAGCCATGAAAACCGCCA
CATCAAAGGGAAAACTGTCC
A 

Insertion of cat-sacB-amilCP cassette 
downstream putative promoter #1 

R 

LC29 CCAGAACCTTGACCGAACGCA
GCGGTGGTAACGGCGCAGTG
GCGGTTTTCATGGCTTGTTAT
GACTGTTTTTTTGTACAG 

Removing cat-sacB-amilCP cassette 
downstream putative promoter #1 

F 

LC30 CCAGAACCTTGACCGAACGCA
GCGGTGGTAACGGCGCAGTGT
TGCCGAGCTGGCGATAACCTA
AAACATTAAAAAGAGGT 

Removing cat-sacB-amilCP cassette 
+ part of 'ORF1' downstream putative 
promoter #1 

F 

LC31 CCAGAACCTTGACCGAACGCA
GCGGTGGTAACGGCGCAGTCC
TTCGTCGTTAAAGCATTCTTG

Removing cat-sacB-amilCP cassette 
+ part of 'ORF1' & 'ORF2' 
downstream putative promoter #1 

F 
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TCCCGGAAGTTTTGAGT 
LC32 ACCGGTAACCCCGCTTATTA Validation deletions IS26,int1,dfr2 / 

IS26,int1 / IS26 
F 

LC33 GTGAGGTCCATGGCGTAGA Validation deletion IS26,int1,dfr2  R 
LC34 CTGGTGAAGCCCAACTTTGT Validation deletion IS26,int1 R 
LC35 GCCTTGATGTTACCCGAGAG Validation deletion IS26 R 
LC36 ACACCGTGGTCTTGGTGAAGG

TGTAGACCATGATGTCCAGCA
CACAACCACACCACACCAC 

Insertion of kanamycin cassette 234 
nt downstream qepA  

F 

LC37 GTTTCGTTTGATTGGCTGTGG
TTTTATACAGTCAAGCTCGTT
CTTAGACGTCAGGTGGCA 

Insertion of kanamycin cassette 234 
nt downstream qepA  

R 

LC38 GATGCGCCCGATGCGCAGCA
GCACATCCTGCTTGATCTCGC
ACACAACCACACCACACCAC 

Insertion of kanamycin cassette 
downstream qepA behind ORF3 

F 

LC40 TCTACACCTTCACCAAGACCA
CGGTGTGGGTCACCTTCCATT
CTTAGACGTCAGGTGGCA 

Insertion of kanamycin cassette 
downstream qepA behind ORF3 

R 

LC41 GCCATGCGACTCGACGATGCG
CCCGATGCGCAGCAGCACAC
ACACAACCACACCACACCAC 

Insertion kanamycin cassette 166 nt 
downstream qepA (interrupt 'ORF3') 

F 

LC42 AGACCACGGTGTGGGTCACCT
TCCACGAGATCAAGCAGGATT
CTTAGACGTCAGGTGGCA 

Insertion kanamycin cassette 166 nt 
downstream qepA (interrupt 'ORF3') 

R 

LC43 CGGACCGCGCTGGATTCAGCG
CGCTGCTGGCGGGGCGGCTCA
CACAACCACACCACACCAC 

Insertion kanamycin cassette 52 nt 
downstream qepA (interrupt 'ORF3 & 
4') 

F 

LC44 TCGCGCAGCCAGAAGAGCCG
CCTGAGGCCATGCGACCTGCT
TCTTAGACGTCAGGTGGCA 

Insertion kanamycin cassette 52 nt 
downstream qepA (interrupt 'ORF3 & 
4') 

R 

LC45 GGCGCTGACCAGCGCGGCGCT
GCCCGGCCTGCCGGCCGACGC
GCTGCAGGCGGCCGGTGCGTG
TAGGCTGGAGCTGCTTC 

DIRex point mutation in start codon 
of 'ORF3' within qepA 

F 

LC46 GCACGGCGCCCCCGAGCGAG
GCACCGGCCGCCTGCAGCGCG
TCGGCCGGCAGGCCGGGCAG
TGTAGGCTGGAGCTGCTTC 

DIRex point mutation in start codon 
of 'ORF3' within qepA 

R 

LC47 GGCGCTGACCAGCGCGGCGCT
GCCCGGCCTGCCGGCCGACGC
GCTGCAGGCGGCCGGTGCGTG
TAGGCTGGAGCTGCTTC 

DIRex point mutation in start codon 
of 'ORF4' within qepA 

F 

LC48 GCACGGCGCCCCCGAGCGAG
GCACCGGCCGCCTGCAGCGCG
TCGGCCGGCAGGCCGGGCAG
TGTAGGCTGGAGCTGCTTC 

DIRex point mutation in start codon 
of 'ORF4' within qepA 

R 

LC49 GTGGAGACCGAAACCTTGC Validation deletions between putative 
promoter and qepA 

F 

LC50 CCAGCTCGGCAACTTGATAC Validation deletion of catsacB-Amil-
CP cassette downstream putative 
promoter #1 

R 

LC51 GCTTTAACGACGAAGGCAAC Validation deletion of catsacB-Amil-
CP cassette & 'ORF1 downstream 
putative promoter #1 

R 

LC52 CTGCAGTTCACGGCTGAG Validation deletion of catsacB-Amil-
CP & 'ORF1' & 'ORF2' downstream 
putative promoter #1 

R 
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LC53 CTCAGGCGGCTCTTCTGG Validation insertion kanamycin 
cassette 166 nt downstream qepA. 
Validation insertion of kanamycin 
cassette downstream qepA behind 
ORF3 

F 

LC54 GGTTTCGTTTGATTGGCTGT Validation insertion kanamycin 
cassette 166 nt downstream qepA. 
Validation insertion of kanamycin 
cassette downstream qepA behind 
ORF3 

R 

LC55 ATCCTGCTTGATCTCGTGGA Validation insertion kanamycin 
cassette 234 nt downstream qepA  

F 

LC56 CACGCTGAAAATCCATCAAA Validation insertion kanamycin 
cassette 234 nt downstream qepA  

R 

LC57 CGCTCGCATCTGGTTGAC Validation insertion kanamycin 
cassette 52 nt downstream qepA  

F 

LC58 AGTCAAGCTCGCTGGACATC Validation insertion kanamycin 
cassette 52 nt downstream qepA  

R 

LC59 CCAGAACCTTGACCGAACGCA
GCGGTGGTAACGGCGCAGTC
GCGCCTGAATGCGGATGGGTG
TTGCCATCGACGGCATGT 

Deletion half of 'ORF2' F 

KB42.1 GTCTACGCCATGGACCTCAC 
 

QepA amplification for qPCR F 

KB43 GTGCCCATGGTGATCAGGAA 
 

QepA amplification for qPCR R 

hcaT GCTGCTCGGCTTTCTCATCC Amplification housekeeping gene 
hcaT for qPCR 

F 

hcaT CCAACCACGCTGACCAACC Amplification housekeeping gene 
hcaT for qPCR 

R 

idnT CTGTTTAGCGAAGAGGAGATG
C 

Amplification housekeeping gene 
idnT for qPCR 

F 

idnT ACAAACGGCGGCGATAGC Amplification housekeeping gene 
idnT for qPCR 

R 

cysG TTGTCGGCGGTGGTGATGTC Amplification housekeeping gene 
cysG for qPCR 

F 

cysG ATGCGGTGAACTGTGGAATAA
ACG 

Amplification housekeeping gene 
cysG for qPCR 

R 
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Table 1 Supplementary. List of strains used.  
Name Organism Genotype Description Application 

CH459 E. coli See reference [39] Clinical Isolate Isolation of the 
3.2kb stretch 

CH6997 E. coli MG1655, 
araBAD::catsacB,araE-
J23106,araFGH 
deleted/pSIM5-tet;  

Harbors catsacB cassette 
and the pSIM5-tet 
plasmid 

λ-Red selection on 
suc & cam 

CH7753 E. coli MG1655, araBAD::IS26-
∆int1-∆dfr2-qepA 

Harbors 3.2 kb fragment MIC-assay positive 
control 

CH7754 E. coli MG1655, araBAD::IS26-
∆int1-∆dfr2-qepA, pSIM5-
tet 

Harbors 3.2 kb fragment 
and the pSIM5-tet 
plasmid 

λ-Red  

TH10832 Salmonella 
LT2 

HisA::Acatsac1 Template strain for 
amilCP-cat’ 
amplification 

DIRex 

TH10833 Salmonella 
LT2 

HisA::Acatsac3 Template strain for ‘cat-
sacB-amilCP 

DIRex 

LG161 E. coli MG1655 F-, lambda-, rph-1  Wildtype MIC-assay negative 
control 

LC1 E. coli MG1655, araBAD::IS26-
∆int1::kanR-∆dfr2-qepA 

kanR cassette 
interrupting putative 
promoter 1 of qepA 

MIC-assay 

LC3 E. coli MG1655, araBAD::IS26-
∆int1::kanR-∆dfr2-qepA 

kanR cassette 
interrupting putative 
promoter 2 of qepA 

MIC-assay 

LC5 E. coli MG1655,araBAD::TTG-
qepA 

qepA with alternative 
start codon TTG, without 
downstream region of 
qepA 

MIC-assay 

LC6 E. coli MG1655, araBAD::IS26-
∆int1::kanR-∆dfr2-qepA 

kanR cassette 30nt in 
front of putative 
promoter of qepA 

MIC-assay 

LC8 E. coli MG1655, araBAD::IS26-
∆int1::kanR-∆dfr2-qepA 

kanR cassette 30nt 
behind putative promoter 
of qepA 

MIC-assay 

LC11 E. coli MG1655, araBAD::IS26-
∆int1--∆dfr2-qepA::kanR 

kanR cassette in middle 
of qepA 

MIC-assay 

LC20 E. coli MG1655, araBAD::IS26-
∆int1--∆dfr2-qepA-
downstream::kanR 

kanR cassette 115 nt 
downstream of qepA  

MIC-assay 

LC39 E. coli MG1655, araBAD::qepA Deletion DIRex of IS26, 
int1, dfr2  

MIC-assay 

LC42 E. coli MG1655, araBAD::∆dfr2-
qepA 

Deletion DIRex of IS26, 
int1 

MIC-assay 

LC45 E. coli MG1655, araBAD::∆int1-
∆dfr2-qepA 

Deletion DIRex of IS26 MIC-assay 

LC48 E. coli MG1655, araBAD::IS26-
∆int1--∆dfr2-qepA-
downstream::kanR 

KanR cassette 234 nt 
downstream qepA 

MIC-assay 

LC52 E. coli MG1655, araBAD::IS26-
∆int1::catsacB-AmilCP-
∆dfr2-qepA 

catsacB-Amil-CP 
cassette downstream of 
native promoter of qepA 

Deletions between 
native promoter and 
qepA 

LC58 E. coli MG1655, araBAD::IS26-
∆int1--∆dfr2-qepA-
downstream::kanR 

KanR downstream qepA 
right behind an ORF 
("ORF3") 

MIC-assay 

LC62 E. coli MG1655, araBAD::IS26-
∆int1-∆dfr2-qepA 

Deletion of the catsacB-
Amil-CP cassette in 

MIC-assay 
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LC52 
LC64 E. coli MG1655, araBAD::IS26-

∆int1-∆dfr2-qepA 
Deletion of the catsacB-
Amil-CP cassette + 
ORF1 upstream qepA in 
LC52 

MIC-assay 

LC66 E. coli MG1655, araBAD::IS26-
∆int1-qepA 

Deletion of the catsacB-
Amil-CP cassette + 
ORF1 + ORF2 upstream 
qepA in LC52 

MIC-assay 

LC67 E. coli MG1655, araBAD::IS26-
∆int1-∆dfr2-qepA 

Deletion of the catsacB-
Amil-CP cassette + 
ORF1 + ORF2 upstream 
qepA in LC52 

MIC-assay 

LC68 E. coli MG1655, araBAD::IS26-
∆int1--∆dfr2-qepA-
downstream::kanR 

KanR within ORF 3 
downstream qepA 

MIC-assay 

LC70 E. coli MG1655, araBAD::IS26-
∆int1--∆dfr2-qepA-
downstream::kanR 

KanR within ORF 3 & 4 
downstream qepA 

MIC-assay 

 
 
 
 
 
 
 
 


