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Abstract 
Instead of planktonic growth in nature, many species of bacteria form biofilm to survive in 

harsh conditions. Although many chronic bacterial infections are caused by bacterial species in 

a biofilm lifestyle, previous research has focused on studying antibiotic resistance in planktonic 

growth. Here we used a modified MBEC assay, i.e. biofilm growth on pegs, to determine 

Escherichia coli biofilm inhibitory concentrations (BIC) of ciprofloxacin, streptomycin and 

rifampicin and to study the minimal selective concentration (MSC) for ciprofloxacin in E. coli 

biofilm. We could observe high inhibitory concentrations for all antibiotics in the biofilm pre-

formed in media without antibiotics compared to the biofilm formed in antibiotics. We also 

show preliminary result indicating that sublethal concentrations of ciprofloxacin lead to the 

selection of ciprofloxacin resistant mutants in biofilm and that the selection level is lower than 

what was observed in planktonic growing E. coli. With more knowledge in how the biofilm 

formation precedes in different antibiotic settings, the treatment for chronic biofilm infections 

used today could be evaluated and changed so that the infections could be eradicated. 
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Abbreviations 
 

MDR  Multi-drug resistant  

XDR  Extensively drug resistant 

HGT  Horizontal gene transfer 

UTI  Urinary tract infection 

MSC  Minimal selective concentration 

MIC  Minimal inhibitory concentration 

Sub-MIC Concentrations lower than the minimal inhibitory concentration 

IUPAC International Union of Pure and Applied Chemistry 

EPS  Extracellular polymeric substance    

ECM  Extracellular matrix 

eDNA  Extracellular DNA 

UPEC  Uropathogenic E. coli 

MBEC  Minimal biofilm eradication concentration 

BHI  Brain Heart Infusion 

LB  Luria-Bertani broth 

LA  Luria-Bertani agar 

kan  Kanamycin 

pSIM5-cam Plasmid expressing λ Red enzymes with chloramphenicol as selection marker 

cam  Chloramphenicol 

rpm  Rotations per minute 

OD  Optical density 

wt  Wild type 

PCR  Polymerase chain reaction 

YFP  Yellow fluorescent protein 

RFP  Red fluorescent protein 

BMD  Broth Micro Dilution 

CFU  Colony forming units 

CV  Crystal Violet 

BPC  Biofilm-prevention concentration 

MBIC  Minimal biofilm inhibitory concentration    

S-value Selection coefficient 
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Introduction 
 

Antibiotic resistance 

Antibiotics have revolutionized medicine since the discovery of Salvarsan, or 606 as it was 

called since it was the 606th compound tested, by Ehrlich and Sata in 1909. Salvarsan was 

soon after the discovery used to treat syphilis and it was followed by the discovery of many 

antibiotics, for example the well-known and important Penicillin, discovered by Fleming 

in 1928 (Zaffiri et al. 2012). However, already before Penicillin started to be used as a 

treatment for bacterial infections, Fleming’s team found a resistance mechanism in the 

form of an enzyme (β-lactamase) inactivating the antibiotic (Abraham and Chain 1940). 

When the antibiotic was extensively used in treatment, the resistance in the bacterial 

populations increased rapidly and new modified versions of penicillin had to be produced 

to try to cope with the spread of resistance (Davies and Davies 2010). 

 

The overuse and abuse of antibiotics has resulted in an increase of antibiotic resistant 

bacteria and multi-drug resistant (MDR) and even extensively drug resistant (XDR) 

bacteria, which have led to the fact that the public health is facing an immense threat (Roca 

et al. 2015, Mulani et al. 2019). Although the problem of increasing antibiotic resistance 

has been identified as a severe problem for a long time, the extent to which the burden of 

infections caused by resistant bacteria on public health has been hard to estimate. A newly 

published report (Cassini et al. 2019) showed that the deaths due to antibiotic-resistant 

infections in Europe more than doubled between the years 2007 and 2015. Another report 

has estimated that antimicrobial resistance will cause more deaths globally than cancer in 

2050 (O’Neill 2014). To be able to stop this development, new antibiotics or treatment 

alternatives need to be discovered.  

 

There are two main resistance strategies: the first leads to reduced intracellular antibiotic 

concentrations through different mechanisms, such as hydrolyzing enzymes as β-

lactamases that degrade the antibiotic, restricted influx and increased efflux of the 

antibiotic reducing the concentration of the antibiotic inside the cell and degradation of 

antibiotics inside the cell (Davies and Davies 2010, Blair et al. 2015); the second strategy 

utilizes mechanisms that modifies or alter the antibiotic cell target making the antibiotic 

unable to bind to its target (Blair et al. 2015). 

 

Antibiotic resistance can be divided into two genetic mechanisms: intrinsic and acquired 

resistance. The intrinsic resistance refer to chromosomal genes that the bacteria naturally 

carry, such as certain efflux pumps. Acquired resistance involves mutations of the 

antibiotic target gene or horizontal gene transfer (HGT) (Alekshun and Levy 2007). There 

are three processes for transfer of resistance genes; conjugation between bacteria, where 

plasmids and conjugative transposons are the genetic elements, transduction, by 

bacteriophages, and transformation, with an uptake of plasmids, chromosomal DNA and 

other free DNAs from the environment (Alekshun and Levy 2007, Davies and Davies 

2010). These processes commonly take place between bacteria within the same genus but 

there are cases where transfer has taken place between organisms with quite different 

genetic backgrounds, such as between Gram-negative and Gram-positive bacteria. 

Through these mechanisms, antibiotic resistance both develops and spreads fast in the 

bacterial community (Alekshun and Levy 2007). 
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Rifampicin, streptomycin and ciprofloxacin 

In the antibiotic group rifamycins we find rifampicin (also called rifampin), which binds to the 

β subunit of RNA polymerase, RpoB, and thereby interfere with bacterial transcription 

(Alekshun and Levy 2007). Resistance to rifampicin is acquired through alterations of the 

binding site in the target gene, rpoB, and drug efflux (Davies and Davies 2010). A combination 

of rifampicin and other antibiotics is often used for treatment of Mycobacterium tuberculosis 

infections (Alekshun and Levy 2007). 

Streptomycin is another antibiotic used to treat M. tuberculosis infections, however, it is also 

active against Gram-negative bacteria such as Escherichia coli. It belongs to the antibiotic 

group of aminoglycosides and it is a bactericidal antibiotic with an inhibitory effect on protein 

synthesis. Streptomycin binds to the bacterial ribosomes, specifically to the 16S rRNA of the 

30S subunit, which leads to misreading of the codons (Zaffiri et al. 2012). Alterated target, by 

mutations in the rpsL gene encoding the 30S ribosomal subunit protein S12, and drug efflux 

are the modes of resistance for streptomycin (Andersson and Hughes 2010, Davies and Davies 

2010). 

 

Ciprofloxacin belong to the antibiotic group called fluoroquinolones, which target DNA gyrase 

and topoisomerase IV. DNA gyrase is comprised of two subunits, GyrA and GyrB, and has an 

important role in the replication, separating the two DNA strands. By inhibiting DNA gyrase, 

ciprofloxacin inhibits cell division and is therefore a bactericidal antibiotic (Alekshun and Levy 

2007). Resistance to ciprofloxacin is acquired through mutations in gyrA or other target genes 

and drug efflux (Davies and Davies 2010). In urinary tract infections (UTIs) caused by E. coli, 

fluoroquinolones, such as ciprofloxacin, are the most common drugs used for treatment 

(Alekshun and Levy 2007).  

 

Minimal selective concentration (MSC) and fitness cost of resistance traits 

The use, overuse and abuse of antibiotics, in both health care and in food production, have led 

to a pollution of these drugs in the environment. This means that bacteria mainly present in 

wastewater treatment plants, river water and soil but also in other environments are exposed to 

low concentrations of antibiotics for long periods of time (Roca et al. 2015). Earlier, the focus 

on evolution of antibiotic resistance and the mechanisms behind it was at high concentrations 

of antibiotics, and it was thought that selection of resistant mutations only occurred at these 

concentrations (traditional selective window, Figure 1). The concentrations studied were above 

the minimal inhibitory concentration (MIC), a measurement of the highest concentration in 

which bacteria manage to grow. However, studies previously done in our group and other 

groups (Gullberg et al. 2011, Liu et al. 2011, Chow et al. 2015, Westhoff et al. 2017, Wistrand-

Yuen et al. 2018) have shown that the selection of resistance mutations can occur at 

considerably lower concentrations (sub-MIC) and the lowest concentration selecting for 

resistance mutants is called the minimal selective concentration (MSC) (Figure 1). The MSC 

can be as low as several hundred-fold below the MIC of the susceptible strain (Gullberg et al. 

2011) and the resistance mutations selected at these sub-MIC levels can differ from the 

resistance mutations selected at high concentrations. The sub-MIC selected resistance 

phenotypes can evolve through two different routes: through step-wise mutations, were each 

mutation have a lower fitness cost and resistance compared to resistant mutants selected above 

MIC leading to high-level resistance or through low-level fitness cost amplifications of 

resistance genes (Hjort et al. 2016, Wistrand-Yuen et al. 2018). Another factor that have been 

suggested to play a role in maintaining resistance at even lower antibiotic levels is the presence 

of heavy metals (Gullberg et al. 2014). Pollutions of heavy metals together with low 
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concentrations of antibiotics are common conditions in nature and antibiotic treated humans 

which makes these findings worrying in the aspect of fighting antibiotic resistance. 

 

 
Figure 1. Schematic figure showing growth rates of a susceptible strain (green line) and a resistant strain (purple 

line) as a function of antibiotic concentration. In the first antibiotic concentration interval (yellow) the susceptible 

strain grows faster than the resistant strain that has an increased fitness cost due to the resistance mechanism. The 

fitness cost for the resistance mechanism is higher than the fitness cost for the susceptible strain at this low 

antibiotic concentration. In the second (orange, sub-MIC selective window) and third (red, traditional selective 

window) concentration intervals the resistant strain survives better than the susceptible strain. The point of the 

minimal selective concentration (MSC) is indicated as well as the minimal inhibitory concentration (MIC) of the 

susceptible (susc) and resistant (res) strain. Figure source: Remodeled figure from Figure 1A in Gullberg et al. 

2011. 

 

Targets of antibiotics are usually found in the cells most important functions, such as protein 

and cell wall synthesis. Therefore, when the bacteria acquire resistance to antibiotics a fitness 

cost comes along with the resistance. This cost can often be observed as reduced growth rate 

for the bacterium, but this is relative to the environment the bacterium live in (Andersson and 

Hughes 2010). At low concentrations of the antibiotic, the fitness cost of the resistance 

mechanism is the factor that makes the susceptible bacteria outcompete the resistant strain 

(Figure 1). However, the resistant bacteria can reduce the fitness cost by compensatory 

mechanisms, such as mutations reducing the need of the affected function and gene 

amplifications. A high fitness cost together with a low compensation rate are therefore 

parameters that could be useful when evaluating which antibiotic to choose for treatment 

(Andersson and Hughes 2010). 

 

Biofilm 

Instead of free-living planktonic growth in the environment, many species of bacteria and other 

microorganisms, such as archaea, protozoa and fungi, form biofilms. This is not surprising since 

growth of many microorganisms takes place in hostile environments where protection, such as 

a community of cells with a protective matrix around them, can help the microorganism survive. 

This is also why many chronic bacterial infections are caused by bacterial species forming 

biofilms, which decreases the possibility for the immune system and antimicrobial drugs to 

eradicate the infection. Cells in biofilms prefer growth on inert surfaces and dead tissue. 

Therefore, they are often associated with nosocomial infections such as infections from urine 

catheters, orthopaedic devices and mechanical heart valves (Costerton et al. 1999).  
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A biofilm according to the IUPAC (International Union of Pure and Applied Chemistry) 

definition is an “aggregate of microorganisms in which cells that are frequently embedded 

within a self-produced matrix of extracellular polymeric substance (EPS) adhere to each other 

and/or to a surface” (Vert et al. 2012). Per definition, it suggests that a biofilm does not have 

to form on a substrate but can be cells clumping together forming mobile biofilms, or so-called 

“flocs”. One feature that defines a biofilm is the extracellular polymeric substance (EPS) or the 

extracellular matrix (ECM). The ECM consists of components giving structure and protection 

for cells in the biofilm, such as polysaccharides, proteins, lipids and extracellular DNA (eDNA). 

Other constituents of the ECM are flagella, curli, fimbriae, pili and cellulose where curli is the 

main structural component, together with cellulose, in E. coli biofilms. The main component 

overall is however water, and the ECM comprise of up to 97% (Flemming et al. 2016, Eberly 

et al. 2017).  

Biofilm formation is a process with several stages that begin with adhesion. In this stage the 

bacteria bind to a surface or to another cell, for example, E. coli adhesins encoded by fimH 

sitting at the tip of the pili initiates this stage. In the early developmental stage, cells start to 

divide and simultaneously produce the ECM which promotes the adhesion to other cells and to 

the surface. The maturation of the biofilm is the next stage. The ECM forms structures 

providing microenvironments that results in heterogeneity of the biofilm, for example, through 

active cells providing metabolic exchange between communities and other cells entering into 

dormancy. The ECM also give protection to the cells within the biofilm. Lastly, we have the 

late dispersal stage where the ECM takes new forms and cells leave the biofilm to go back to 

being free-living planktonic cells. Biofilm aggregates can also leave the biofilm. The different 

stages of biofilm formation are distinct and the knowledge about these stages could be used to 

develop better treatment strategies for infections with biofilm forming strains (Koo et al. 2017). 

Differences between planktonic bacteria and bacteria growing in biofilm 

A bacterium living in biofilm needs features adapted to the habitat that a free-living planktonic 

bacterium does not. The differences can be seen in both the cooperation between cells and the 

physiology of the cell as well as the extracellular protection of the bacteria (Flemming et al. 

2016). Biofilms can act as a fortress and protect bacteria from desiccation by skin formation on 

the ECM with hydrophobic molecules and production of ECM to enhance the protective layer 

and avoid evaporation. The biofilm can also lead to tolerance for otherwise susceptible bacteria 

by reducing the activity of antimicrobials through other cells that secret antibiotic degrading 

enzymes to the ECM or through chelation where metal ions in the ECM binds and inhibits 

antimicrobial molecules. The tolerance can also come as a consequence of the reduced growth 

rates and dormancy of many cells in the biofilm. Bacteria can also become resistant due to the 

enhanced HGT in biofilms. The eDNA in the ECM and the high cell densities facilitates binding 

and uptake of plasmid DNA which are factors that are believed to increase the resistance gene 

transfer in biofilms (Flemming et al. 2016, Frost et al. 2018). 

Due to the different gradients of nutrients, oxygen and pH in the ECM the diversity between 

cells is high in a biofilm. This also leads to cooperation between bacteria to lessen the collective 

metabolic burden. However, there is not only species helping each other, but also competition 

going on in a biofilm. This can be conducted through for example production of antibiotics, 

bacteriocins or vesicles containing enzymes that kill or hamper the growth of their neighbours 

(Flemming et al. 2016). The differences between planktonic growing bacteria and bacteria in 

biofilm are many, yet the treatments used today for bacterial infections are mainly based on 

studies on planktonic bacteria. If the biofilm infection is connected to the insertion of a catheter 

or another foreign body the material is removed and replaced in an attempt to treat the infection. 

However, if it is not connected to an insertion the treatment used is well-penetrating antibiotics 
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in high concentrations and for long periods of time (Wu et al. 2015). This means that by 

acquiring more knowledge about bacteria in biofilm, the treatments could be improved and 

become more effective against infections that today are classified as being chronic. 

The MBEC Assay  

In a paper from 1999, Ceri et al. described a system to grow biofilm in called the Calgary 

Biofilm Device. In this device different biofilm experiments could be conducted, for example 

measuring the minimal biofilm eradication concentrations (MBEC). The device is currently 

known as the MBEC assay and consists of a two-part system with a lid containing 96 pegs and 

a bottom component with either wells for each peg or an open base that the lid can be placed 

on (innovotech MBEC assay, Edmonton, Canada). On these pegs, biofilm can establish under 

conditions without flow of nutrients and then be extracted as single replicates (one replicate is 

one peg). In this study, we use a modified MBEC Assay (designed by Dr. Erik Wistrand-Yuen) 

(Figure 2) aimed to make it much more use-friendly in recovery of biofilms cultivated on the 

acrylic pegs. This was achieved by separating the peg from the lid without the need of breaking 

off each individual peg as opposed to the MBEC Assay, thereby reducing the number of 

contaminating replicates. The peg lid fits a purpose-built rack for easy transfer of the pegs to 

glass tubes and it fits the wells in a standard microtiter plate for cultivation of the biofilm. To 

be able to fit the rack for the glass tubes, the adapted version has space for 24 replicates (4 × 6 

pegs). The modified version was also re-usable, with the pegs being washable and re-attachable 

to the lid upon routine sterilization treatments, such that it holds them steady by a silicone mat.  

   

  
Figure 2. The modified version of the MBEC Assay created in our lab by Dr. Erik Wistrand-Yuen. In the picture 

on the upper left, the top of the lid is seen with the blue silicone mat and the 24 pegs. In the picture on the upper 

right, the pegs where the biofilm is grown are seen from the bottom view of the lid. In the pictures on the lower 

left and right, the set-up for transfer of pegs to glass tubes in the purpose-built rack are seen.  
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Urinary tract infections (UTIs) and E. coli CFT073 

Even though the urinary tract is protected by antibacterial properties and flow dynamics of 

urine, it is the most common site of infection in humans. The number of women getting one 

UTI during their lifetime is estimated to be as high as 40-50%. UTIs are caused by fecal 

contamination with a resulting infection ranging from being asymptomatic to, in the worst cases 

where bacteria reach the kidneys or further into the bloodstream, sepsis. E. coli is the most 

common cause of UTI infections. UTIs are also one of the most common infections to acquire 

in hospitals due to the use of urinary catheters on which biofilm easily forms (Bahrani-Mougeot 

et al. 2002, Forsyth et al. 2018).  

 

The strain we are working with in this study is an uropathogenic E. coli (UPEC) CFT073, which 

is a clinical biofilm-forming UTI causing strain. The genome size of CFT073 is approximately 

590,000 bp larger than that of the well characterized laboratory E. coli strain MG1655 

(approximately 4.64 Mbp). The genome does not contain a type III secretion system or any 

phage- or plasmid-encoded virulence genes (lacks plasmids), which are common features to be 

absent in uropathogenic strains. Instead the CFT073 genome contains 12 fimbrial adhesins 

specific to the strain with 2 belonging to the type IV pili. These adhesins are important for the 

biofilm formation of the strain. CFT073 also have autotransporters specific to the strain, which 

can export polypeptides that lyse bladder and kidney epithelial cells (Welch et al. 2002). 

 

Aim of the study 

Previous research on bacterial traits and in particular antibiotic resistance has focused on 

planktonic growth out of convenience rather than to reflect the natural environment. Bacteria 

causing infections often grows in a biofilm lifestyle that can differ a lot from planktonic 

growing bacteria in the physiology of the cell. We therefore wanted to study antibiotic 

resistance in E. coli biofilms with the focus on three main questions: 

 

What are the growth dynamics of the E. coli biofilm in the modified MBEC assay in 

regard of cell attachment, growth of the biofilm and formation of the ECM? 

 

At which concentrations of antibiotics is the E. coli biofilm formation prevented and 

what is the susceptibility of E. coli in a pre-formed biofilm? How does this relate to the 

planktonic growth of E. coli at different antibiotic concentrations?  

 

How does E. coli, susceptible and resistant to ciprofloxacin, compete in a mixed mature 

biofilm in the absence and presence of different low concentrations (sub-MIC) of 

ciprofloxacin? What is the fitness cost and antibiotic selection pressure in the biofilm 

and how does this relate to results with E. coli in planktonic growth? 
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Material and methods 
 

Bacterial strains, growth conditions and media  

Strains used in this study were derived from Escherichia coli CFT073 and are listed in Table 

1. The liquid and solid media used for bacterial growth were Brain Heart Infusion (BHI) broth 

(Oxoid Limited, UK), Luria–Bertani (LB) no salt, LB low salt and LB agar (LA) (Sigma-

Aldrich, USA). LB no salt was comprised of 9.9 g tryptone, 4.95 g yeast extract, 198 μl 5M 

NaOH, and 10 ml glucose per liter. LB low salt was comprised of 10 g tryptone, 5 g yeast 

extract, 5 g NaCl and 200 μl 5M NaOH per liter. Strains were grown at 37°C, unless otherwise 

noted, and planktonic growth were aerated by shaking while biofilm were grown standing still 

in plastic boxes to avoid evaporation of the liquid.  

Table 1. Bacterial strains used in construction of mutants, biofilm formation & cycling dynamics, determining 

MIC, BPC & MBIC and in competitions in low ciprofloxacin concentrations experiments. DA58419 & DA58420 

are used as wild type/susceptible strain in the experiments. DA64114-64119 were constructed in this study with 

the strains DA56709 & DA56711 as recipients. 

Strain Genotype Reference 

DA47111 E. coli UTI CFT073  ATCC700928 

DA58419 E. coli UTI CFT073 galK::kan-SYFP2 Strain collection 

DA58420 E. coli UTI CFT073 galK::kan- dTomato Strain collection 

DA56709 E. coli UTI CFT073 galK::kan-SYFP2 pSIM5-cam Strain collection 

DA56711 E. coli UTI CFT073 galK::kan-J23101-dTomato / 

pSIM5-cam 

Strain collection 

DA64114 E. coli UTI CFT073 galK::kan-J23101-SYFP2 / 

pSIM5-cam, rpoB S531L 

This study 

DA64115 E. coli UTI CFT073 galK::kan-J23101-dTomato / 

pSIM5-cam, rpoB S531L 

This study 

DA64116 E. coli UTI CFT073 galK::kan-J23101-SYFP2 / 

pSIM5-cam, gyrA S83F 

This study 

DA64117 E. coli UTI CFT073 galK::kan-J23101-dTomato / 

pSIM5-cam, gyrA S83F 

This study 

DA64118 E. coli UTI CFT073 galK::kan-J23101-SYFP2 / 

pSIM5-cam, rpsL K42N 

This study 

DA64119 E. coli UTI CFT073 galK::kan-J23101-dTomato / 

pSIM5-cam, rpsL K42N 

This study 

 

Strain construction  

The mutants were constructed with the E. coli UTI CFT073 (DA56709 & DA56711, Table 1) 

as recipients and constructions were performed with the λ red recombineering method using 

pSIM5-cam (cam=chloramphenicol) (Datsenko and Wanner 2000, Datta et al. 2006). The 

bacteria were grown overnight with 190 rpm shaking at 30°C in LB low salt with 12 mg/L 

chloramphenicol. A 1000-fold dilution of the overnight growth was done in LB no salt 

supplemented with 12.5 mg/L chloramphenicol and the cultures were grown with 190 rpm 

shaking at 30°C to an optical density at 600 nm (OD600) of 0.2. Then, to induce the λ red genes 

that are temperature-controlled, the cultures were transferred to a 42°C shaking water bath for 

30 min. After this the cultures were incubated on ice for 5 min followed by pelleting of the cells 
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and three washes (10 minutes centrifugation at 3500 rpm) of the cell pellets with 12 ml ice-cold 

10% glycerol. The last cell pellet was resuspended in 200 µl of 10% glycerol and the aliquoted 

competent cells were mixed with 2-3 μl of oligo (Supplementary material Table S1). The DNA 

oligos were single-stranded 80-nucleotide (nt) (Supplementary material Table S1) long 

containing the mutation in the middle of the oligo and homologous sequences to the genes 

(gyrA, rpsL and rpoB) upstream and downstream of the mutation to enable homologous 

recombination. 50 μl of the mixes were transferred to electroporation cuvettes (1-mm gap) and 

these were put in a Gene Pulser (Bio-Rad) performing the electroporations at 1.8 kV, 25 μF and 

200 ohm. The electroporated cells were transferred into 1 ml LB no salt with 12.5 mg/L 

chloramphenicol and recovered at 30°C with shaking (190 rpm) for 2 (rpoB S531L) or 24 h 

(gyrA S83F and rpsL K42N) (Knopp and Andersson 2018). After the 2 or 24 h recovery the 

cells were plated on LA containing either 0.05 mg/L ciprofloxacin (gyrA S83F), 200 mg/L 

streptomycin (rpsL K42N) or 100 mg/L rifampicin (rpoB S531L) and incubated at 30°C. All 

strains were verified by PCR (Supplementary material Table S1 and S2) and sequencing.  

  

Growth rate measurements 

Growth rates were measured at 37°C in BHI using a Bioscreen C Analyzer (Oy Growth Curves 

Ab Ltd, Helsinki, Finland). Overnight growth of a minimum of 8 biological replicates were 

diluted 1:1000 in BHI and 300 μl of each replicate were used to inoculate the Bioscreen 

honeycomb plate. The plate was incubated in the Bioscreen C Analyzer for around 24 h with 

continuous shaking and OD600 readings done in 4-min intervals. From the OD600 values, 

calculations of the generation time were done using the online tool BAT 2.0 

(http://www.mansthulin.se/applications/analyse-bioscreen-growth-curves-using-bat-2-0/). The 

results from the isogenic strains where the only difference was either the SYFP2 or dTomato 

genes, encoding for a yellow fluorescent protein (YFP) and red fluorescent protein (RFP), 

respectively, were combined giving us a minimum of 16 replicates. The wild type (DA58419 

& DA58420) generation time divided by the mutant (DA64114 & DA64115; DA64116 & 

DA64117; DA64118 & DA64119) generation time gave us the relative growth rate.  

 

MIC determination 

MICs were determined using Etest strips (bioMérieux, France) on Mueller-Hinton agar plates 

according to the manufacturer recommendation. MICs were also determined using the Broth 

Micro Dilution (BMD) method in a microtiter plate (Thermo Scientific, Sweden). 

Approximately 104 cells were inoculated in 200 μl BHI with two-fold dilutions of ciprofloxacin, 

streptomycin or rifampicin and the plate was transferred to static incubation at 37°C for 

approximately 20 h. A minimum of 2 biological replicates were measured. The antibiotic 

concentration without visible growth was determined as the MIC.  

 

Biofilm growth system and extraction of biofilm 

Biofilm was grown in a modified version of the MBEC Assay (Ceri et al.1999) (designed by 

Dr. Erik Wistrand-Yuen) (Figure 2), the microtiter plate and peg system, by inoculating the 

plate with 200 μl of a 10,000-fold diluted overnight culture in BHI of the E. coli cells. The 

biofilm was grown at 37°C in plastic boxes to avoid evaporation of the liquid. For biofilm with 

long incubations the media was changed to fresh BHI every 24 h. To extract the biofilm from 

the pegs, the pegs were washed by submerging them into 250 μl of PBS three times for 1 minute 

with change of PBS in between and subsequently the pegs were transferred to glass tubes with 

1 ml PBS and vortexed for 2 min. To measure the biofilm growth, the extracted biofilm was 

diluted and either 5 μl drops were spotted on LA plates and incubated at 30°C overnight or 100 
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μl extracted biofilm was plated with beads on LA plates and incubated at 37°C overnight 

followed by counting of colony forming units (CFUs). 

 

Crystal violet (CV) assay 

Biofilm of the wt strain (DA58419 or DA58420) was statically grown at 37°C in BHI in the 

microtiter plate and peg system for 24, 48 and 72 h with change of media every 24 h. Before 

the staining, the pegs were washed by submerging the pegs into 250 μl PBS three times for 1 

minute with change of PBS in between and afterwards the pegs in the plate lid were dried upside 

down on a tissue paper at 37°C for approximately 30 min. After the pegs had dried they were 

submerged into 250 μl of 0.1% (w/v) crystal violet (CV) and incubated at room temperature for 

20 min. The CV was discarded and the pegs were washed by rinsing with 1 ml PBS 3 times for 

each peg and excess liquid was removed by dipping the tip of the peg on a tissue paper (Figure 

3). The pegs were then air dried for 10 min and transferred to separate wells in a 96-well plate. 

200 μl of 95% EtOH was used to rinse the CV off the peg into the well of a 96-well plate (Figure 

3). The rinsed solution in the well were mixed by pipetting and measured in a Microplate 

Photometer (Multiskan FC, Thermo Scientific) to determine the OD540-readings. A peg 

incubated in BHI without any inoculated cells, stained and rinsed in the same way was used as 

negative control. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3. Crystal violet (CV) staining of the biofilm growth on the pegs. In the picture on the left, a peg with 

stained biofilm is seen. In the picture on the right, a microtiter plate with the CV stain from the pegs is seen together 

with the clean pegs in the outer wells. This microtiter plate was read in the Microplate photometer for OD540-

readings. 

 

Biofilm-prevention concentration (BPC) and minimal biofilm inhibitory concentration 

(MBIC) determination 

The first method used to determine the biofilm-prevention concentration (BPC) and the 

minimal biofilm inhibitory concentration (MBIC) was a method published by Macià et al. in 

2014. The overnight growth of the wt strain (DA58419 or DA58420) were diluted 1:10,000 in 

BHI and either directly inoculated in two-fold dilutions of ciprofloxacin, streptomycin or 

rifampicin for the BPC measurement or the cells were grown statically without antibiotic 

addition for 20 h at 37°C before the pegs were washed in 250 μl PBS three times for 1 minute 

and antibiotics was added for the MBIC measurement. Cells together with antibiotics were 

grown statically for 20 h at 37°C for both the BPC and MBIC measurements before extraction 

of the biofilm from the pegs. The pegs were washed in 250 μl PBS three times for 1 minute, 

transferred to glass tubes with 600 μl BHI and vortexed for 2 min to extract the biofilm. 150 μl 

of the extracted biofilm were transferred to microtiter plate and measured in a Microplate 

Photometer for OD650-readings to retrieve 0 h value. The extracted biofilm was then incubated 
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without antibiotics for 6 h standing still at 37°C. The OD650 was measured again in a Microplate 

Photometer. The BPC and MBIC were calculated as the lowest concentration of antibiotic that 

result in an OD650 difference of ≥10% of the mean of two positive control readings. The positive 

controls were biofilm growth in wells without antibiotics and the OD650 at 0 h were subtracted 

from the OD650 at 6 h. 

 

The second method used to determine BPC and MBIC was initially the same as the first method 

described above but instead of incubation of the extracted biofilm for 6 h the cells were directly 

diluted and spotted (5 μl drops) on LA plates that was incubated at 30°C overnight and CFU 

counts was obtained the day after. 

 

Cycling of biofilm and competition experiments 

Overnight cultures in BHI media of the two isogenic susceptible wild type strains with either 

YFP or RFP (DA58419 or DA58420) were mixed 1:1. The cell mixes were diluted 1:10,000 

and 200 μl were inoculated in the microtiter plate and peg system for biofilm formation grown 

statically at 37°C for either 24 or 48 h without ciprofloxacin. The media was changed every 24 

h. Ciprofloxacin at sub-MIC concentrations were added and the biofilm was grown for another 

24 h with antibiotics. The biofilm was extracted from the pegs by washing the pegs in 250 μl 

PBS three times for 1 minute followed by transferring the pegs to glass tubes with 600 μl BHI 

and vortexing for 2 min. Parts of the extracted biofilm was used to inoculate 200 µl of BHI for 

another cycle of growth in the microtiter plate and peg system, the procedure was repeated three 

times. The static planktonic growth in the wells was also vortexed for 2 min in 1.5 ml centrifuge 

tubes before measurements. The ratios of the resistant and susceptible cells in the population 

for both the extracted biofilm and the static planktonic growth was determined by flow 

cytometry (MACSQuant VYB, Germany) after every cycle. The selection coefficients were 

determined using the linear regression model s = [ln(R(t)/R(0))]/[t], as previously described by 

Dykhuizen (1990) where R is the ratio between resistant to susceptible cells. The fitness cost 

of strains carrying the YFP and RFP was determined by cycling without antibiotics (Figure 11A 

& B) and it was so low that the dye swap done in the experiment equalized the difference. The 

extracted biofilm was also diluted and spotted (5 μl drops) on LA plates, incubated at 30°C 

overnight and then CFU were counted. 

 

A competition assay was also done for cells in planktonic growth in 10 ml tubes that was 

shaking. The overnight cultures grown in BHI were mixed 1:1 and inoculated directly in 1 ml 

BHI containing ciprofloxacin for a 24 h incubation with shaking (190 rpm) at 37°C. The cycling 

was done three times (3 × 24 h) and the ratios of the resistant and susceptible cells in the 

population was determined by flow cytometry after every cycle.  
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Results 
 

Construction of E. coli CFT073 mutants gyrA(S83F), rpsL(K42N) and rpoB(S531L)  

To study biofilm formation and fitness cost of antibiotic resistance in biofilm for susceptible 

and resistant E. coli CFT073 we constructed three resistant mutants, ciprofloxacin (gyrA S83F), 

streptomycin (rpsL K42N) and rifampicin (rpoB S531L). The focus of our study was on 

ciprofloxacin resistance due to its clinical relevance in treating urinary tract infections.  

However, we also chose to study streptomycin and rifampicin resistance to get a view of 

different classes of antibiotics. The mutations that we worked with were selected due to their 

clinical relevance and that they have been well-studied, for example fitness costs for the 

mutations have been described by Knopp and Andersson (2018), which made it possible to 

compare our results with other studies. We used DNA oligos (Supplementary material Table 

S1) and Lambda Red enzymes encoded on the pSIM5-cam plasmid to transform wild type 

(fluorescently labeled) E. coli CFT073 (see Material and methods) (Datsenko and Wanner 

2000). To be able to calculate the fitness cost (growth rate) for the bacterium to carry the 

different mutations, OD600 was measured for the mutants and the wild type strain every 4 min 

for around 24 h in a Bioscreen (see Material and methods). From the growth curves the 

generation time could be calculated for each strain. The relative growth rate was obtained by 

dividing the generation time of the wild type with the generation time of the mutant (Figure 4). 

The wild type growth rate is set to 1 in the graph. The fitness of the bacterial strain with the 

gyrA S83F mutation (0.975 relative growth rate) was almost at the level of the wild type with a 

fitness cost of 2.5% while the fitness of the strains with the rpsL K42N (0.785 relative growth 

rate) and rpoB S531L (0.791 relative growth rate) mutations are lower with a fitness costs of 

21.5% and 20.9%, respectively. These fitness costs should be taken into consideration when 

analyzing experiments using these mutants. 
  

 
Figure 4. Relative fitness of the mutants with mutations in gyrA (S83F), rpsL (K42N) or rpoB (S531L) genes. 

Fitness is here presented as the relative growth rate compared to the wild type (wt) (set to 1). The error bars 

represent the standard deviation of a minimum of 16 biological replicates. 

 

The constructed mutants are known to give resistance to ciprofloxacin (gyrA S83F), 

streptomycin (rpsL K42N) and rifampicin (rpoB S531L) (Knopp and Andersson 2018). The 

level of resistance (MIC) was measured (Table 2) with the Broth Micro Dilution method (see 

Material and methods) and the MIC for the ciprofloxacin resistant mutant was 0.32-0.64 mg/L 
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with two replicates reading at 0.32 mg/L and two readings at 0.64 mg/L. For both the 

streptomycin and the rifampicin resistant mutants the MICs were above the highest 

concentration tested for each antibiotic (>1536 mg/L streptomycin and >768 mg/L rifampicin) 

for all four replicates tested. 

 
Table 2. MIC of the three mutants (gyrA S83F, rpsL K42N and rpoB S531L) for their respective antibiotic 

(ciprofloxacin, streptomycin and rifampicin) measured with the Broth Micro Dilution method.  

 gyrA S83F rpsL K42N rpoB S531L 

 Ciprofloxacin Streptomycin Rifampicin 

Broth Micro Dilution 

MIC (mg/L)a 0.32-0.64 >1536 >768 

a
 The MICs represent readings from four biological replicates. 

 

E. coli CFT073 biofilm formation 

To evaluate biofilm formation in the presence of different concentrations of antibiotics and how 

the formation differs between the susceptible and resistant strains, we first investigated the 

biofilm growth dynamics of our wild type strain. This was done by using microtiter plates and 

the peg system (see Material and methods). The peg-system was inoculated with two different 

amounts of cells (6 × 104 or 6 × 105 cells/well). The biofilm was extracted from the pegs at 

different time points (2, 4, 6, 12, 24 and 48 h) and both the extracted biofilm and the planktonic 

growth in the wells surrounding the pegs were plated and counted as colony forming units 

(CFUs) (Figure 5). The cell attachment and growth were already seen after 2 h of incubation 

and after 12 h the maximum number of cells per peg (around 1 × 107) was reached regardless 

of inoculum size. The planktonic growth in the wells have more cells than the biofilm but 

follows the same curve as the biofilm formation with a plateau after 12 h at around 1 × 109 

CFU/ml. 

 

 
Figure 5. Biofilm growth dynamics of the wild type E. coli CFT073 strain presented as the average of colony 

forming units (CFU) per peg for biofilm and per ml for static planktonic growth in the wells surrounding the pegs. 

Two different starting inoculums were used, 6 × 104 (red and dark blue squares and lines) and 6 × 105 (orange and 

light blue squares and lines). For the 48 h incubation the medium was changed to fresh BHI after 24 h. The 

CFU/peg is presented on a logarithmic scale. The error bars represent the standard deviation of 4 biological 

replicates.  
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To investigate if cells are growing and dividing on the pegs to form biofilm we did a similar 

experiment as in Figure 5 but with the difference that the media was removed after 2 h in the 

well and changed to fresh BHI media. We started with two different inoculum sizes (6 × 104 or 

6 × 105) and extracted the biofilm from the pegs after 2, 4, 6, 12, 24 and 48 h. The extracted 

biofilm was plated and the CFU counted (Figure 6). The dynamics of the biofilm formation was 

not changed by the removal of the planktonic growth in the wells after 2 h, the biofilm still 

reached around 1 × 107 CFU/peg after approximately 12 h and then plateau. Also, the number 

of cells already attached to the pegs were enough to continue dividing and to resume growth 

without cells from the well constantly attaching to the pegs. From the results of these two 

experiments (Figure 5 & 6), we decided to use the lower inoculum (6 × 104) for later 

experiments. The lower inoculum reaches the maximum number of cells in the biofilm at 

approximately the same time as the higher inoculum (6 × 105) and a lower inoculum decreases 

the risk of aggregation of the cells in the well with increased chance of biofilm formation on 

the peg. 

 

 
Figure 6. Biofilm growth dynamics of the wild type E. coli CFT073 strain after removal of planktonic growth from 

the well after 2 h, presented as the average of colony forming units (CFU) per peg. Two different starting 

inoculums were used; 6 × 104 (red squares and lines) and 6 × 105 (orange squares and lines). For the 48 h incubation 

the medium was changed to fresh BHI after 24 h. The CFU/peg is presented on a logarithmic scale. The error bars 

represent the standard deviation of 4 biological replicates. 

 

From these biofilm formation experiments (Figure 5 & 6) we could observe that the number of 

cells in the biofilm plateau between after approximately 12 h of incubation. However, we could 

not say anything about the formation and maturation of the extracellular matrix (ECM). To 

study the ECM, we grew biofilm of the wild type strain in microtiter plates with the peg system 

for 24, 48 and 72 h. At each time point four replicates of pegs were stained with crystal violet 

(CV) while four other replicates were harvested and plated for CFU counts (Figure 7). The CV 

stain was rinsed off the pegs and measured at OD540 (see Material and methods). The CFU/peg 

was stable at around 1 × 107 for the three time points, which was also observed in previous 

experiments on biofilm formation dynamics at the same time points, 24 and 48 h (Figure 5 & 

6). However, the CV/peg is increasing, with the highest OD540 measured at the 72 h incubation, 

which indicates that the ECM is increasing while the cell number in the biofilm is stable.  
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Figure 7. Biofilm growth dynamics and extracellular matrix formation of the wild type E. coli CFT073 presented 

as the average of OD540 measurements of crystal violet (CV) staining (blue squares and lines) and colony forming 

units (CFU) per peg (orange squares and lines). The left y-axis represents the CFU/peg on a logarithmic scale 

while the right y-axis represents the OD540 measurement of the CV staining. For the 48 and 72 h incubations the 

medium was changed to fresh BHI every 24 h. The error bars represent the standard deviation of 4 biological 

replicates. 

 

MIC, BPC and MBIC of ciprofloxacin, streptomycin and rifampicin for E. coli CFT073  

We needed to determine the Minimal Inhibitory Concentration (MIC) of the susceptible and 

resistant E. coli CFT073 strain to be able to determine the correct level of antibiotics to use 

when studying biofilm and planktonic growth in low concentrations of antibiotics and to be 

able to compare bacterial growth in liquid and biofilm. To measure the MIC of the antibiotics 

we used both ETEST® and the Broth Micro Dilution (BMD) method (see Material and 

Methods) (Table 3). The results from the MIC measurements were consistent between the 

different readings for each method (ETEST® or Broth Micro Dilution) but not between ETEST® 

and Broth Micro Dilution for ciprofloxacin (ETEST® 0.008 mg/L; BMD method 0.064 mg/L) 

and streptomycin (ETEST® 6 mg/L; BMD method 24 mg/L) (Table 3). However, the MIC for 

rifampicin was the same with both methods (12 mg/L). The MIC referred to in later experiments 

will be based on the results from the BMD measurements.  

 

We also wanted to measure biofilm-prevention concentration (BPC) and minimal biofilm 

inhibitory concentration (MBIC) of ciprofloxacin, streptomycin and rifampicin for the wt strain 

to determine if the initial biofilm formation or the mature biofilm changed the concentration 

needed to inhibit bacterial growth. To determine the BPC and MBIC we evaluated two different 

methods (see Material and Methods) (Table 3 and Figure 8, 9 & 10). We started with a 

published method (Macià et al. 2014), which uses the outgrowth after biofilm extraction as a 

measurement of BPC and MBIC. When measuring BPC, the antibiotics were added directly 

from the beginning of the biofilm growth and then the biofilm was grown in the microtiter 

plates with the peg system for 20 h before biofilm extraction. For the MBIC measurement the 

biofilm was first grown for 20 h without antibiotics and then the already formed biofilm was 

grown for an additional 20 h with antibiotics before extraction of the biofilm. The extracted 

biofilm was transferred directly into growth media without antibiotics for 6 h of growth 

recovery for the bacteria. After 6 h, the growth of the bacterial cells in the recovered extracted 

biofilm was measured in a Microplate Photometer (see Material and Methods) to determine, 

from the OD650-readings, at which antibiotic concentrations we observe growth. 
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The results obtained in the BPC and MBIC measurements proved to be difficult to interpret due 

to differences between replicates within the experiment and the reproducibility between 

experiments (Table 3). The results for the static planktonic growth in the wells surrounding the 

pegs in the BPC measurement (ciprofloxacin 0.032-0.064 mg/L; streptomycin 12-24 mg/L; 

rifampicin 12 mg/L) were the same as for the MIC measurement with BMD (ciprofloxacin 

0.064 mg/L; streptomycin 24 mg/L; rifampicin 12 mg/L). However, the static planktonic 

growth in the wells surrounding the pegs in the MBIC measurement are fluctuating between 

the different measurements and showed a higher inhibitory concentration (ciprofloxacin 0.256-

1 mg/L; streptomycin 48-96 mg/L; rifampicin 12-24 & 192 mg/L) compared to the BMD 

measurements. Ciprofloxacin has three readings that are much lower than the other replicates 

(0.032 mg/L). However, in these measurements a small pellet could be seen in ciprofloxacin 

concentrations up to 2 mg/L.  

 

For the biofilm grown directly in antibiotics (BPC) the results are the same as the MIC values 

measured with the BMD method for ciprofloxacin and streptomycin (ciprofloxacin 0.064 mg/L; 

streptomycin 24 mg/L) (Table 3). The biofilm grown in rifampicin had a higher BPC than the 

BMD MIC value (48-96 mg/L). The measurements done with pre-formed biofilm before 

addition of the antibiotics (MBIC) show increased inhibitory concentrations. For ciprofloxacin 

2 mg/L was the highest concentration used in the experiments and the MBIC was either 2 mg/L 

or above 2 mg/L (no inhibition visible). The MBIC for streptomycin was at 768-3072 mg/L, 

which is lower than the highest concentration used in the experiment (6144 mg/L) but much 

higher than the BPC (24 mg/L). For rifampicin the MBIC was above the highest concentration 

used in the experiment (>3072 mg/L). 

 
Table 3. MIC, BPC and MBIC for ciprofloxacin, streptomycin and rifampicin in wild type E. coli CFT073. BPC 

and MBIC were measured according to the method described by (Macià et al. 2014).  

 Wild type E. Coli CFT073 (DA58419 or DA58420) 

 

Ciprofloxacin  

(mg/L) 

Streptomycin 

(mg/L) 

Rifampicin 

(mg/L) 

MIC    

ETEST 0.008  6 12 

Broth Micro Dilution 0.064 (4) 24 (4) 12 (2) 

 

BPC 
   

Static growtha 0.032-0.064 (3) 12-24 (5) 12 (5) 

Biofilmb 0.064 (2) 24 (2) 48-96 (2) 

 

MBIC 
   

Static growtha 0.032 (3)*; 0.256-1 (10) 48-96 (7) 12-24 (5); 192 (2) 

Biofilmb 2 (3); >2 (3) 768-3072 (2) >3072 (2) 
aStatic growth is the same as planktonic growth in the wells surrounding the pegs.  
bBiofilm is the measurement of bacterial growth after extraction from the pegs and subsequent outgrowth for 6 h 

in growth media without antibiotics.  

() Number of measurements within parenthesis 

* Tiny pellet in all wells up to the highest concentration (2 mg/L) 

 

As a consequence of the fluctuations in results for replicates and in between experiments in the 

measurements using 6 h recovery for the cells in the biofilm (Table 3) we decided to change 

the experimental set-up to an experiment where we plated the extracted cells from the biofilm 

to get CFU counts for the BPC and MBIC measurements (Figure 8, 9 & 10). The biofilm was 

grown as before with addition of the antibiotics directly from the start for the BPC 
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measurements and after 20 h for the MBIC measurements followed by growth for 20 h with 

antibiotics before extraction. However, for this experiment the extracted biofilm was not 

recovered for 6 h but instead directly plated on LA plates for CFU counts.  

 

For ciprofloxacin the CFU/peg (Figure 8) follows the same pattern as the earlier measurements 

(BPC 0.064 mg/L) (Table 3) with a BPC at 0.064 mg/L. However, already at 0.032 mg/L the 

standard deviation shows that some of the replicates were below the detection limit. A BPC of 

0.064 mg/L was the same as the MIC obtained with the BMD method. A MBIC >2 mg/L for 

ciprofloxacin indicated by a residual growth in all measured concentrations was also in line 

with earlier measurements (2 & >2 mg/L). However, the CFU/peg drops from around 106-107 

for E. coli grown without ciprofloxacin to around 104 cells per peg at the highest ciprofloxacin 

concentration (2.05 mg/L). These measurements (Table 3 & Figure 8) shows that E. coli cells 

in the biofilm (MBIC) can survive higher concentrations of ciprofloxacin compared to cells in 

planktonic growth, but biofilm formation (BPC) are inhibited at the same concentrations as for 

cells in planktonic growth. The MBIC and BPC values combined with the MIC values for the 

strains (Table 2 & 3) were also used when deciding which concentrations to use in the 

competition experiments between the susceptible and resistant strains. 
 

 
Figure 8. Determination of BPC and MBIC for ciprofloxacin during biofilm growth of wild type E. coli CFT073 

presented as colony forming unit (CFU) per peg. BPC (orange squares and lines); MBIC (red squares and lines). 

The CFU/peg is presented as the average of 3 biological replicates on a logarithmic scale. The error bars represent 

the standard deviation of 3 biological replicates. The detection limit (dashed horizontal line) is set to 102 and the 

MIC value measured with the BMD method (0.064 mg/L) (dotted vertical line) is indicated in the figure. 

 

The CFU/peg measurements for streptomycin (Figure 9) also showed similar tendencies as 

earlier BPC and MBIC measurements (Table 3). However, several measurements have large 

variations between the replicates, which make them more difficult to interpret. For the BPC 

measurements, the CFU/peg goes below the detection limit at 48 mg/L. This is one-step higher 

concentration compare to the earlier BPC measurements and the MIC value determined with 

the BMD method (24 mg/L). The variation between the replicates at 24 mg/L is however large, 

showing that one replicate had no growth while one had a high CFU count. The same goes for 

the BPC measurement at the highest concentration (768 mg/L); one replicate had some growth 

while the other two replicates had no growth. For the streptomycin MBIC measurements 

(Figure 9), the curve shows growth at all tested concentrations which is in line with the MBIC 

measured earlier (768-3072 mg/L) (Table 3). However, the CFU/peg drops steadily from 
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around 106-107 cells per peg without streptomycin to around 104 at the highest concentration 

(768 mg/L). Then again, the standard deviations (for measurements done in 192 and 768 mg/L 

streptomycin) show large variation in growth between replicates. These measurements (Table 

3 & Figure 9) show that E. coli cells in the biofilm (MBIC) can survive higher concentrations 

of streptomycin compared to cells in planktonic growth but biofilm formation (BPC) are 

inhibited at approximately the same concentration as for cells in planktonic growth. 
 

 
Figure 9. Determination of BPC and MBIC for streptomycin during biofilm growth of wild type E. coli CFT073 

presented as colony forming units (CFU) per peg. BPC (orange squares and lines); MBIC (red squares and lines). 

The CFU/peg is presented as the average of 3 biological replicates on a logarithmic scale. The error bars represent 

the standard deviation of 3 biological replicates. The detection limit (dashed horizontal line) is set to 102 and the 

MIC value measured with the BMD method (24 mg/L) (dotted vertical line) is indicated in the figure. 

 

For rifampicin the CFU/peg measurements (Figure 10) differ from the results obtained for 

ciprofloxacin and streptomycin (Figure 8 & 9). All the BPC measurements are above the 

detection limit with values around 103-104 CFU/peg. This could explain why the earlier BPC 

measurements (48-96 mg/L) (Table 3) were higher than the MIC value obtained with the BMD 

method (12 mg/L), which were not seen for ciprofloxacin and streptomycin. However, for some 

of the concentrations (48, 96 and 192 mg/L) the standard deviations for the measurements were 

large, showing a huge variation in the growth between the replicates. We did not determine the 

CFU/peg for the lower concentrations (0, 6 and 12 mg/L) in the BPC measurement due to 

problems with the dilution series of the samples that showed invalid results. In the MBIC 

measurements for rifampicin (Figure 10) the result was in line with earlier measurements 

(>3072 mg/L) (Table 3) with the CFU/peg being above detection limit for all concentrations 

tested. However, for rifampicin the CFU/peg is stable at around 106-107 for most of the 

concentrations and only decreases slightly, to around 105, at the highest concentration (384 

mg/L) measured. Then again, some standard deviations (192 and 384 mg/L rifampicin) are 

large showing variation in growth between the replicates. These measurements (Table 3 & 

Figure 10) show that E. coli cells in the biofilm (MBIC) can survive higher concentrations of 

rifampicin compared to cells in planktonic growth, which is also true for the biofilm formation 

(BPC) but to a lesser extent. 
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Figure 10. Determination of BPC and MBIC for rifampicin during biofilm growth of wild type E. coli CFT073 

presented as Colony forming unit (CFU) per peg. BPC (orange squares and lines); MBIC (red squares and lines). 

The CFU/peg is presented as the average of 3 biological replicates on a logarithmic scale. The error bars represent 

the standard deviation of 3 biological replicates. The detection limit (dashed horizontal line) is set to 102 and the 

MIC value measured with the BMD method (12 mg/L) (dotted vertical line) is indicated in the figure. For the BPC 

the CFU/peg at 0, 6 and 12 mg/L were not determined. 

 

Cycling dynamics of the E. coli CFT073 biofilm 

To understand if the fitness cost and antibiotic selection pressure differes in biofilm compared 

to planktonic growth (shaking tubes) we needed to set up competition experiments between 

susceptible and resistant E. coli CFT073. First, we determine if competition experiments could 

be done in a biofilm model by competing two wild type E. coli CFT073 with different 

fluorophores (YFP and RFP) for detection of the two different cell populations. We also needed 

to determine if one of the fluorophores had a fitness cost that we needed to compensate for in 

the experiments. The competition experiment was done by mixing equal amounts of the two 

strains, E. coli CFT073 (YFP) and E. coli CFT073 (RFP), followed by growth in microtiter 

plates with the peg system for 48 h. The biofilm was then extracted from the pegs and parts of 

it were transferred to fresh medium for another 48 h incubation. The procedure was repeated a 

third time, in total 3 × 48 h. Both the static planktonic growth in the wells surrounding the pegs 

and the extracted biofilm were measured in a flow cytometer after every 48 h incubation to get 

the ratio between the two strains (Figure 11A & B). CFU was measured after extraction of the 

biofilm for every time point and the CFU/peg was around 1 × 107 cells per peg in all 

measurements (Figure 12). The ratios of the two strains are also kept stable for both the static 

planktonic growth and the extracted biofilm (Figure 11A & B). From the slopes of the plotted 

ratios of the 3 time points the selection coefficient (s-value) can be calculated and used to 

determine the fitness cost of the fluorophores (YFP and RFP). For both the planktonic growth 

and the biofilm the fitness cost lies with d-Tomato with 0.4% and 0.32%, respectively. These 

fitness costs can be neglected due to the fact that all strains are dye swapped in the competition 

experiments (see Material and methods), which will equalize such small costs. 
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Figure 11. Competition assay between the wild type E. coli CFT073 YFP and RFP labeled strains presented as the 

ratios of dTomato(RFP)/YFP on a logarithmic scale. The media was changed to fresh BHI every 24 h. The dotted 

lines show the trendlines for each replicate. Fig. A shows static planktonic growth (growth in the wells surrounding 

the pegs) and the different green and blue colored squares and lines represent the ratio between 

dTomato(RFP)/YFP for the 8 replicates that were cycled 3 × 48 h. The fitness cost calculated from the slopes of 

the lines was determined to 0.4% for RFP. Fig. B shows biofilm growth (extracted from the peg) and the different 

red and yellow colored squares and lines represent the ratio between dTomato(RFP)/YFP for the 8 replicates that 

were cycled 3 × 48 h. The fitness cost calculated from the slopes of the lines was determined to 0.32% for RFP.  

 

 
Figure 12. Cycling of biofilm (3 × 48 h) of the wild type E. coli CFT073 YFP and RFP labeled strains presented 

as colony forming unit (CFU) per peg on a logarithmic scale. The orange dots represent the 8 replicates and the 

black lines represent the average of the 8 replicates in each cycle. Every 24 h the media was changed to fresh BHI.  

 

 

Susceptible and resistant E. coli CFT073 biofilm formation and planktonic growth in the 

presence of low ciprofloxacin concentrations (sub-MIC) 

To determine if the selection pressure from sub-inhibitory concentrations of ciprofloxacin and 

the fitness cost of the resistant (gyrA S83F) mutant was different in mature biofilm compared 

to planktonic growth (shaking tubes) we set up competition experiments between susceptible 

and resistant E. coli CFT073. We competed the two fluorescently labelled (YFP and RFP) 

strains (wild type and gyrA S83F mutant) by mixing them and letting them grow biofilm on the 

same peg. The concentrations for ciprofloxacin used were lower than the MIC (sub-MIC) 

measured with the BMD method (0.064 mg/L) (Table 3) based on earlier experiments (results 

not presented) that showed that only the resistant strain was present in concentrations at or 
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above the MIC. The susceptible and resistant strains were mixed and grown in microtiter plates 

and the peg system for either 24 or 48 h before addition of ciprofloxacin. After the initial 24 or 

48 h of biofilm growth, ciprofloxacin was added and the biofilm was incubated an additional 

24 h before extraction. Parts of the extracted biofilm were transferred to a new cycle of growth 

without (24 or 48 h) and with ciprofloxacin (24 h) while some were measured in a flow 

cytometer to get the ratios of the resistant and susceptible strains (see Material and methods) 

(Figure 13B & C). The extracted biofilm was also plated to see if the different concentrations 

affected the CFU per peg (Figure 14A). The planktonic cell growth cycled and measured in the 

flow cytometer were either grown in shaking tubes for three times 24 h with ciprofloxacin added 

from the start (Figure 13A & 14B) or grown static in the wells surrounding the pegs with the 

same growth conditions as the biofilm on the pegs (Figure 14D & F). 

 

The slopes of the ratios of resistant:susceptible strains for the planktonic growth in the shaking 

tubes (Figure 13A) shows very small changes or are stable in the three cycles for all but the two 

highest concentrations (1/35=0.00183 mg/L & 1/20 MIC=0.0032 mg/L). At these 

concentrations the positive slopes show that the resistant strain was winning in the competition 

by growing faster than the susceptible strain. The barely visible negative slope for the 

planktonic growth in the shaking tubes without ciprofloxacin added is in line with the results 

obtained earlier for the fitness cost of the resistance trait (2.5% fitness cost for gyrA S83F) 

(Figure 4).  

 

For the biofilm grown for 24 h before addition of ciprofloxacin (Figure 13B), the slopes of the 

ratios in the lower concentrations (without ciprofloxacin and 1/200 MIC=0.00032 mg/L) are 

slightly negative, showing better growth (less fitness cost) for the susceptible bacteria than the 

resistant at these concentrations. The highest concentration of ciprofloxacin used in this 

experiment (1/20 MIC=0.0032 mg/L) shows a positive slope of the ratios indicating that the 

resistant strain grows better (less fitness cost) then the susceptible strain at these ciprofloxacin 

concentrations. While the two intermediate concentrations (1/100 MIC=0.00064 mg/L & 1/50 

MIC=0.00128 mg/L) show stable ratios in all cycles and a slightly negative slope (lower fitness 

cost for the susceptible bacteria than the resistant), respectively. For the biofilm grown for 48 

h before addition of ciprofloxacin (Figure 13C) the slopes of the ratios without ciprofloxacin 

and with 1/50 MIC (0.00128 mg/L) are slightly negative, showing a better growth (less fitness 

cost) of the susceptible strain than the resistant. For the other concentrations (1/100 

MIC=0.00064 mg/L, 1/35 MIC=0.00183 & 1/20 MIC=0.0032 mg/L) the slopes of the ratios 

are positive indicating that the resistant strain grows better (less fitness cost) than the 

susceptible one. However, some of the standard deviations are large for both the cycling’s of 

the biofilm (3 × 48 and 3 × 72 h), especially in the third cycle, indicating a larger variation in 

growth between the replicates.  

 

 



 24 

 
Figure 13. Competition experiments between resistant and susceptible E. coli CFT073 in low concentrations of 

ciprofloxacin presented as the ratios of resistant:susceptible on a logarithmic scale. The error bars represent the 

standard deviation of a minimum of 6 biological replicates. The dotted lines show the trendlines for each 

concentration. Fig. A shows planktonic growth in shaking tubes and the green and blue colored symbols and lines 

represent the different concentrations of ciprofloxacin expressed as fractions of MIC, biofilm cycled 3 × 48 h (24 

h without ciprofloxacin and 24 h with ciprofloxacin). Fig. B shows biofilm growth (extracted from the peg) and 

the different red and yellow colored symbols and lines represent the different concentrations of ciprofloxacin 

expressed as fraction of MIC. Fig. C shows biofilm growth (extracted from the peg) and the different red and 

yellow colored symbols and lines represent the different concentrations of ciprofloxacin expressed as fraction of 

MIC, biofilm cycled 3 × 72 h (48 h without ciprofloxacin and 24 h with ciprofloxacin). 

 

For the biofilm grown for 24 h without ciprofloxacin and an additional 24 h with ciprofloxacin, 

parts of the extracted biofilm were plated for CFU counts (Figure 14A) to determine if the 

concentration will decrease the amount of cells in the biofilm. The CFU/peg for the extracted 

biofilm were around 1 × 107 per peg for all cycles, which is the same amount observed 

previously in biofilm cycling without antibiotics for 3 × 48 h (Figure 12). However, for the first 

cycle the standard deviations indicates a larger variation in growth between the replicates. 

 

From the slopes of the ratios of resistant:susceptible strains plotted against incubation hours in 

different concentrations of ciprofloxacin, we could calculate the selection coefficients (s-

values). The s-values were then plotted against the ciprofloxacin concentrations and the second 

order polynomial trendline was calculated (Figure 14B-F). The Minimal Selective 

Concentration (MSC), which is the point where the trendline intersects the x-axis and the fitness 

cost of carrying the resistance trait is balanced by the increased fitness cost for the susceptible 

strain at this specific ciprofloxacin concentration (Gullberg et al. 2011). For the planktonic 

growth in the shaking tubes (Figure 14B) the MSC was around 1/200 MIC (≈0.00032 mg/L), 

which is lower than the preliminary MSCs for the static planktonic growth (growth in the wells 

surrounding the pegs) cycled for 3 × 48 h (1/40 MIC≈0.0016 mg/L) (Figure 14D) and 3 × 72 h 

(1/85 MIC≈0.00075 mg/L) (Figure 14F). However, some of the standard deviations are large 

for the static planktonic growth and the s-values are going from positive to negative, which are 

making the results a bit incoherent.  
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For the biofilm cycled for 3 × 48 h (Figure 14C) the preliminary MSC (1/40 MIC≈0.0016 mg/L) 

is higher than the preliminary MSC for the biofilm cycled for 3 × 72 h (Figure 14E) (1/120 

MIC≈0.00055 mg/L). The static planktonic growth (growth in the wells surrounding the pegs) 

MSCs for both cycling 3 × 48 h (1/40 MIC) (Figure 14D) and 3 × 72 h (1/85 MIC) (Figure 14F) 

are the same or similar to the biofilm growth MSCs for the respective cycling’s (3 × 48 h≈1/40 

MIC & 3 × 72 h≈1/85 MIC) (Figure 14C & E). The planktonic growth in the shaking tubes has 

a lower MSC (1/200 MIC) (Figure 14B) than the preliminary MSCs of the biofilm. However, 

some of the standard deviations are large for the biofilm growth and the s-values are, as for the 

static planktonic growth, going from positive back to negative.  
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Figure 14. Competition experiments between ciprofloxacin resistant and susceptible E. coli CFT073 in low 

concentrations of ciprofloxacin. The error bars represent the standard deviation of a minimum of 6 biological 

replicates. Fig. A shows the colony forming unit (CFU) per peg for the mixed population of the resistant and 

susceptible strain on a logarithmic scale. The different red and yellow colored symbols and lines represent the 

different concentrations of ciprofloxacin expressed as fraction of MIC, biofilm cycled 3 × 48 h (24 h without and 

24 h with ciprofloxacin). Fig. B-F show the competitions presented as the calculated selection coefficients (s-

values) plotted against ciprofloxacin concentrations. The second order polynomial trendlines are indicated. Fig. B 

shows planktonic growth in shaking tubes cycled for 3 × 24 h with the MSC≈1/200 MIC (0.00032 mg/L) indicated. 

Fig. C shows biofilm growth (extracted from the peg) cycled for 3 × 48 h (24 h without and 24 h with ciprofloxacin) 

with the MSC≈1/40 MIC (0.0016 mg/L) indicated. Fig. D shows static planktonic growth (growth in the wells 

surrounding the pegs) cycled for 3 × 48 h (24 h without and 24 h with ciprofloxacin) with the MSC≈1/40 MIC 

(0.0016 mg/L) indicated. Fig. E shows biofilm growth (extracted from the peg) cycled for 3 × 72 h (48 h without 

and 24 h with ciprofloxacin) with the MSC≈1/120 MIC (0.00055 mg/L) indicated. Fig. F shows static planktonic 

growth (growth in the wells surrounding the pegs) cycled for 3 × 72 h (48 h without and 24 h with ciprofloxacin) 

with the MSC≈1/85 MIC (0.00075 mg/L) indicated. 
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Discussion 
During this project we wanted to evaluate the biofilm growth dynamics in the peg system 

designed in our group, by Dr. Erik Wistrand-Yuen, and use the set-up to study antibiotic 

resistance in biofilm. The two main questions were (i) determination of BPC and MBIC for 

three antibiotics in comparison with MIC measurements in planktonic growth cultures, and (ii) 

determination of MSC for ciprofloxacin in biofilm in comparison to planktonic growth cultures 

in shaking tubes. 

 

We observed that the biofilm formation for our wt strain showed a fast formation with a biofilm 

formed already at around 12 h. This could be seen both in experiments with and without the 

removal of the initial planktonic cells in the wells which indicates that the cells are actually 

dividing on the peg and it is not only constant attachment of cells from the planktonic growth. 

For all the CFU/peg we tested the maximum biofilm amount we reached were around 1 × 107 

cells per peg, which is in line with previous studies using the MBEC assay (Ceri et al. 1999). 

However, an increased ECM could be seen with CV staining even after the maximum CFU/peg 

amount was reached. This indicates that the biofilm is maturating and that the protective matrix 

is formed. In a study by Gu et al. (2019), the importance of the different stages of biofilm 

formation in antibiotic susceptibility for the biofilm was shown and E. coli biofilm was 

observed to be more susceptible to ampicillin and ofloxacin than planktonic growing cells in 

the adhesion stage of biofilm formation. After 1-3 h of formation the cells reached the early 

developmental stage producing EPS and thereby started to become less susceptible than 

planktonic cells again. 

 

In the measurements done on the inhibitory concentrations of ciprofloxacin, streptomycin and 

rifampicin in biofilm, BPC and MBIC, we can see a clear difference between biofilm forming 

in the presence of antibiotics and when the antibiotics is added after the biofilm was formed. 

Biofilm formation in the presence of streptomycin and ciprofloxacin, two bactericidal 

antibiotics (Alekshun and Levy 2007, Zaffiri et al. 2012), is clearly inhibited by the antibiotics 

killing the cells before they can divide and form biofilm in antibiotic concentrations above the 

MIC. For the treatment with rifampicin there was a subset of cells that were present for all 

rifampicin concentrations tested. The difference in level of BPC between the antibiotics could 

be due to that rifampicin can be both bacteriostatic and bactericidal, depending on the 

concentration of the drug and the bacteria exposed (Davis 2018). This means that rifampicin 

could be bacteriostatic to E. coli CFT073 and thereby explain why some cells manage to survive 

and form biofilm in the higher rifampicin concentrations. 

 

For the biofilm pre-formed in media (20 h) without antibiotics the MBICs were much higher 

for all three antibiotics than the MICs measured with the BMD method. For ciprofloxacin, we 

observed MBICs that were 30-fold or greater than the MIC. In the study by Ceri et al. (1999) 

they saw an even bigger difference, with a 1000-fold higher MBEC than the MIC, for 

ciprofloxacin in E. coli. These increased inhibitory concentrations for the pre-formed biofilm 

could be due to low penetration of the antibiotics in the biofilm. This is something that is studied 

when trying to develop more effective treatments of bacterial infections with biofilm forming 

strains (Koo et al. 2017). In Klebsiella pneumoniae biofilms, studied by Anderl et al. (2000), 

showed that penetration of ciprofloxacin was fast and after 2 h the concentration in the biofilm 

was 50% of the total concentration added. In another study, Zheng and Stewart (2002) could 

observe that rifampicin fully penetrated Staphylococcus epidermis biofilm in around 12 h. 

However, the penetration of the biofilms in both studies did not lead to eradication of the 

biofilm (Anderl et al. 2000, Zheng and Stewart 2002). Even though the antibiotics could fully 

penetrate the E. coli biofilm, many of the cells in the biofilm show tolerance to antibiotics due 
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to entrance into stationary phase or dormancy (Flemming et al. 2016). In a study by McKay 

and Portnoy (2015), ribosome hibernation, which is a process entered by the bacteria in 

stationary-phase, resulted in aminoglycoside tolerance in E. coli. In the same study, Listeria 

monocytogenes in stationary phase were seen to be completely tolerant to ciprofloxacin 

(McKay and Portnoy 2015). Ciprofloxacin has even been observed to induce tolerant cells by 

persister formation in E. coli (Dörr et al. 2010). These studies showing tolerance in dormant 

cells could explain our high MBIC measurements. In our experiments, rifampicin showed a 

smaller decrease in CFU/peg in the higher concentrations in the MBIC measurements than what 

was seen for ciprofloxacin and streptomycin. This could maybe be explained by the uncertainty 

of the mode of action, bacteriostatic or bactericidal, of rifampicin.  

 

The MICs we obtained for ciprofloxacin and streptomycin differed between the measurements 

with the two methods, ETEST and BMD, where the ETEST measurements were lower than for 

the BMD. Rifampicin, however, showed the same MIC in both methods used. The ETEST 

method have been seen to produce lower MIC measurements than the BMD method, at least 

for ciprofloxacin, which could be due to the different forms of media used (agar vs. liquid) and 

slight differences in antibiotic concentrations between the two media (Baker et al. 1991). 

 

In our experiments with CFU/peg measured in ciprofloxacin concentrations below and at the 

MIC, we cannot observe that the biofilm formation is neither increasing nor decreasing. This 

should on the other hand be investigated further with earlier and more time points tested in 

different sub-MIC concentrations of ciprofloxacin and other antibiotics to get a clearer view of 

the effect on biofilm formation. Other studies (Nucleo et al. 2009, Hoffman et al. 2015, 

Trampari et al. 2019) have showed connections between sub-MIC levels of antibiotics and 

increased or decreased biofilm formation. Low concentrations of aminoglycosides have been 

shown to increase biofilm formation of Pseudomonas aeruginosa and E. coli (Hoffman et al. 

2005). Another study shows that the opportunistic pathogen Acinetobacter baumannii increases 

the production of adhesion factors and thereby also increase biofilm formation due to stimulated 

iron uptake at sub-MIC levels of imipenem (Nucleo et al. 2009). Trampari et al. (2019), 

however, showed the opposite in a newly published study. The sub-MIC concentrations of the 

antibiotics cefotaxime and azithromycin did not increase biofilm formation in a Salmonella 

Typhimurium strain. Instead the antibiotic stress increased the cost for biofilm formation and 

the bacteria rather focused on evolving towards adaptation to the drugs. 

 
The fitness cost observed for the E. coli CFT073 mutants were 2.5% for the gyrA S83F 

mutation, 21.5% for the rpsL K42N mutation and 20.9% for the rpoB S531L mutation in line 

with previous results published for Salmonella Typhimurium LT2 (Knopp and Andersson 

2018). The very small fitness cost observed for the gyrA mutation could be one reason as to 

why the measurements in the low concentrations of ciprofloxacin show large standard 

deviations and why the s-values go from being positive and back to negative. A bigger fitness 

cost would be more prominent for the biofilm growth and thereby give a clearer point where 

the fitness cost of being exposed to the antibiotic for the susceptible strain is balanced by the 

fitness cost of carrying the resistance trait, MSC. In our experiments with ciprofloxacin, many 

other factors of biofilm growth could affect the selection coefficients and mask the small fitness 

cost of the gyrA S83F mutation. 

 

The focus of our study was on ciprofloxacin resistance due to its clinical relevance, with a 

strong bactericidal effect on all uropathogens, in treating urinary tract infections (Talan et al. 

2004). In this study we show preliminary results indicating that sub-MIC concentrations of 

ciprofloxacin leads to the selection of ciprofloxacin resistant mutants in biofilm. The level of 
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selection is lower than what has been observed for planktonic growing E. coli (Gullberg et al. 

2011) and also lower than what we observed in the planktonic growing cells in shaking tubes 

in our experiments. To establish correct values for the MSCs, additional experiments need to 

be done with more replicates and additional concentrations of ciprofloxacin to be able to draw 

correct conclusions from the results. However, the preliminary results we observe indicate that 

the fitness cost and the selective pressure is similar in the biofilm as in planktonic growth.  

 

In the third cycling of biofilm grown for 24 and 48 h before addition of ciprofloxacin a larger 

spread of the replicates could be observed. This could indicate that the method we use for 

growing biofilm is not robust enough to be able to grow biofilm for longer periods of time. 

Other reasons might be that ciprofloxacin resistant mutants evolve or the cells acquire 

compensatory mutations compensating for the cost of the resistance (Alekshun and Levy 2007, 

Andersson and Hughes 2010). This is something that needs to be studied further. The static 

planktonic growth in the wells surrounding the pegs showed similar results as the biofilm 

measurements both in the BPC and the MBIC measurements and also in the preliminary MSCs, 

which indicate that there is biofilm formation in the wells both on the walls and in the liquid. 

This means that the static growth could also be seen as biofilm growth. The modified MBEC 

assay is re-usable and biofilm can easily be extracted from the pegs, however, the plastic used, 

which give the pegs a rough surface, is not the same as the plastic used for the pegs in the 

MBEC assay. This could be a problem when comparing results with other studies where the 

surface of the pegs is smoother and the growth parameters for the biofilm thereby are different. 

Another disadvantage with the modified MBEC assay is that it is static and thereby deviate 

from most in vivo conditions. 

 

To further assess the resistance development at low antibiotic concentrations in E. coli biofilm 

contra planktonic growth the experiments need to be repeated and competitions between strains 

resistant to other antibiotics than ciprofloxacin should be performed. From more knowledge in 

how the biofilm formation precedes in different antibiotic settings, the treatment used today 

could be evaluated and changed so that chronic biofilm infections could be eradicated. 
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Supplementary material 
 
Table S1. Table S1. Oligos and primers used in construction of mutants, PCR and sequencing reactions. The small 

letters in the oligos indicate the mutations (gyrA S83F, rpsL K42N, rpoB S531L) (Knopp and Andersson 2018) 

introduced to the gene.  

Oligo/

Primer 

Sequence (5’ to 3’) Description 

gyrA 

S83F 

GAATGGCTGCGCCATACGGACG

ATCGTGTCATAAACCGCgaAGTC

ACCATGGGGATGGTATTTACCG

ATTACGTCACCAA 

Oligo used for construction of a 

mutation in the gene gyrA giving 

resistance to Ciprofloxacin 

gyrA-F ACCGGTCAACATTGAGGAAG Forward primer used for PCR of 

the gene gyrA and in the 

sequencing reaction 

gyrA-R CGCATACCGTCTTTGTCAGA Reverse primer used for PCR of the 

gene gyrA  

rpsL 

K42N 

CGTGGCGTATGTACTCGTGTATA

TACTACCACTCCTAAcAAACCGA

ACTCCGCGCTGCGTAAAGTATG

CCGTGTTCGTCT 

Oligo used for construction of a 

mutation in the gene rpsL giving 

resistance to Streptomycin 

rpsL-F ACTTGGAACGAGCCTGCTTA Forward primer used for PCR of 

the gene rpsL and in the sequencing 

reaction 

rpsL-R CTGCTCAGTGAAGGTGACGA Reverse primer used for PCR of the 

gene rpsL  

rpoB 

S531L 

 

GCCTGCACGTTCACGGGTCAGA

CCGCCTGGGCCAAGTGCCaAGAT

ACGACGTTTGTGCGTAATCTCAG

ACAGCGGGTTGT 

Oligo used for construction of a 

mutation in the gene rpoB giving 

resistance to Rifampicin 

rpoB-F CCTGAGCAAAGACGACATCA Forward primer used for PCR of 

the gene rpoB and in the 

sequencing reaction 

rpoB-R TACCTGCTTCACCCGGATAC Reverse primer used for PCR of the 

gene rpoB  

 
Table S2. PCR thermal cycling conditions. DreamTaq DNA Polymerase was used in the PCR. 

Step Temperature Time Number of cycles 

Initial denaturation 95°C 4 minutes 1 

Denaturation 95°C 30 seconds 

30 Annealing 55°C 30 seconds 

Extension 72°C 1 minute 

Final Extension 72°C 7 minutes 1 
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