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Summary 
 

The aim of this study was to investigate the influence of extended spectrum !-lactamases on the 

development of resistance against carbapenems. Extended spectrum !-lactamases are enzymes 

showing high activity against all !-lactam antibiotics, except carbapenems. Due to the 

worldwide spread of these enzymes the use of carbapenems has increased strongly. It is 

therefore important to study resistance mechanisms against carbapenems and its consequences 

experimentally in the laboratory. The resistance plasmid pUUH239 was isolated from a clinical 

isolate of Klebsiella pneumoniae expressing extended spectrum !-lactamases and conjugated 

into an Escherichia coli K12 strain MG1655.  

This strain and the wild type were used as parental strains for isolation of spontaneous 

carbapenem-resistant mutants by plating bacteria on Mueller-Hinton plates containing 

meropenem. The fitness costs for susceptible and resistant strains were determined as growth 

rates relative to the parental strain. Representative mutants were sequenced to identify resistance 

mutations.  

The plasmid pUUH239 significantly increased the minimal inhibitory concentration (the 

lowest concentration of an antibiotic inhibiting growth) of carbapenems, and levels of resistance 

to ertapenem were generally higher than to meropenem. Fully ertapenem-resistant mutants 

(minimal inhibitory concentration >32 µg/ml) could be isolated after only 2 steps of selection. 

Different resistance levels could be observed, suggesting a step-wise increase in resistance. 

Low-level resistance was conferred by a substitution in EnvZ (I86S) and a highly resistant 

second-step mutant acquired a frameshift mutation in ompF (after the Y44 codon). Decreased 

growth rates were noted in accordance with these resistance levels.  

The levels of resistance clearly correlated with a reduction in fitness. Modification of 

expression or complete loss of outer-membrane proteins provided the main part of the resistance 

towards carbapenems, whereas the presence of extended spectrum !-lactamases only has a 

minor influence. This was shown by conjugation experiments and separate cloning of the !-

lactamase genes blaTEM-1, blaOXA-1 and blaCTX-M15 into pBAD18-Kan.  
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Introduction 
 

This project was started primarily to investigate an outbreak of Klebsiella pneumoniae in the 

Uppsala University Hospital in 2005 (Lytsy et al., 2008). It was shown that a single multidrug-

resistant clone of K. pneumoniae caused the outbreak. This clone produced an extended 

spectrum !-lactamase (ESBL) able to degrade cephalosporins, the primary antibiotic used 

against infections by gram-negative bacteria. Due to the spread of multidrug-resistant ESBL-

producing strains the use of carbapenems (one of the last drugs active against these bacteria) has 

increased noticeably (SWEDRES 2007). This means that there is an increased potential 

selection for bacteria that have developed mechanisms to survive in the presence of 

carbapenems and that most likely there will be clinical isolates resistant to carbapenems. Hence, 

it is very important to obtain information about possible mechanisms, levels of resistance, the 

rate of resistance development and potential fitness costs already in advance to be able to 

choose treatment regimens that limit resistance development. Important terms in this context are 

the minimal inhibitory concentration (MIC) and the mutant prevention concentration (MPC). 

The MIC is defined as the lowest concentration of antibiotics that will inhibit growth of the 

isolated microorganism, whereas the MPC is the concentration that prevents mutants that have 

arisen spontaneously in the culture from growing. 

 

Resistance plasmid pUUH239. Recently the resistance plasmid from this multidrug-resistant 

strain, now referred to as pUUH239 (shown in Figure 1) was isolated and completely sequenced 

(L. Sandegren, unpubl.). The plasmid consists of >220 kbp and contains a number of resistance 

genes (against !-lactams, tetracycline, aminoglycosides, macrolides, arsenic, copper and 

silver ions), virulence genes and genes for plasmid transfer. The !-lactamase genes blaTEM-1, 

blaOXA-1 and blaCTX-M15 are of special interest for this study. TEM-1 gives resistance to 

penicillins and early cephalosporins  and is named after Temoniera, the first patient in Greece. 

OXA-1 provides resistance to ampicillin and is characterized by a high activity against oxacillin 

and cloxacillin (Bradford, 2001). blaCTX-M15 encodes the extended spectrum !-lactamase CTX-

M-15 and it is characterized by its high efficiency against cefotaxime (Bradford, 2001). 
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Figure 1. ESBL-resistance plasmid pUUH239. The plasmid codes for a great number of 

proteins providing resistances and the !-lactamases TEM-1, OXA-1 and CTX-M-15 are part of 

the pC15-1a cassette (L. Sandegren, unpubl.).   

 

 

Extended spectrum !-lactamases. Extended spectrum !-lactamases (ESBLs) are enzymes able 

to hydrolyze the most common !-lactam antibiotics including third generation cephalosporins. 

!-lactams are antibiotics possessing the !-lactam ring (Figure 2A) and include the subgroups of 

penicillins (penicillin, methicillin, ampicillin), cephalosporins (cefotaxime), monobactams 

(aztreonam) and carbapenems (imipenem, meropenem and ertapenem, Figure 2B). ESBLs pose 

a growing threat to healthcare systems all over the world. In 2004 the Study for Monitoring 

Antimicrobial Resistance Trends (SMART) discovered that, world wide, 10% of the tested 

Escherichia coli and 17% of the tested Klebsiella spp. showed an ESBL phenotype (Rossi et al., 

2006). In most cases strains having the ESBL phenotype were more resistant to the applied 

antibiotics, but the majority still were susceptible to carbapenems. Lately, reports about isolates 

possessing enzymes with hydrolytic activity against carbapenems (carbapenamases) are more 

frequent (Lartigue et al., 2007; Woodford et al., 2007).  

 

 

 

 

 

 

 

 
Figure 2. !-lactam antibiotics sharing the !-lactam ring. (A) The !-lactam ring. 

(B) The general structure of carbapenems. The !-lactam ring is marked in red. 
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CTX-M-15 is one of the most widespread CTX-M-enzymes and has been involved in 

outbreaks in clinical settings all over the world (Canton and Coque, 2006). CTX-M !-

lactamases are plasmid-mediated enzymes belonging to the ESBLA-group (Giske et al., 2009) 

and are often found in K. pneumoniae and E. coli and also responsible for resistance against 

other third-generation cephalosporins. OXA-1 and TEM-1 are not considered to be ESBLs, but 

being encoded on pUUH239 they are included in this study. 

 

Role of outer membrane proteins in resistance. Several studies report resistance towards 

carbapenems even in the absence of carbapenamases in different organisms. Outer-membrane 

proteins that form porins are thought to influence resistances (Doumith et al., 2009; Elliott et al., 

2006; Jacoby et al., 2004; Pages et al., 2008). The main porins in E. coli are the outer-

membrane proteins C (OmpC) and F (OmpF). These non-selective porins are the main entry for 

!-lactams (Lartigue et al., 2007; Pages et al., 2008). OmpF has a larger pore size than OmpC, 

hence antibiotics can pass through more easily. This makes ompF an important target for 

mutations and for expression alterations. The expression of ompC and ompF is regulated by the 

two- component regulatory system of EnvZ and OmpR (Khorchid et al., 2005). EnvZ is a well-

studied histidine kinase activating OmpR by phosphorylation of an aspartate residue. This leads 

to a change in shape of the binding region of OmpR, which affects binding to the ompC and 

ompF promoters. OmpC is mainly expressed at higher osmolarities, whereas OmpF is 

preferentially expressed when the osmolarity of the surrounding environment is lower. ompC 

and ompF are further regulated by CpxA and CpxR, a two-component system reacting to stress 

from the envelope. The protein MngA is supposed to be involved in the activation of OmpC. 

Mutations in each of these genes can lead to resistance against carbapenems due to a reduced 

drug-uptake.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Regulation of 

outer-membrane proteins C 

and F in E. coli. ompC is 

expressed at high and ompF 

at low osmolarities. Both 

genes are regulated by a two-

component system consisting 

of EnvZ and OmpR. 

Furthermore, another two-

component signaling system, 

CpxA-CpxR is regulating the 

expression of ompC and 

ompF. This system is 

stimulated by stress from the 

envelope. MngA is inducing 

OmpC.  
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The main pore proteins in K. pneumoniae are OmpK35 and OmpK36, which are 

homologues to OmpF and OmpC, respectively. Elliott et al. (2006) showed that strains of K. 

pneumoniae producing ESBLs in combination with porin deficiency (lack of OmpK36)  can be 

resistant to ertapenem (ETP) and meropenem (MPM). Similar results were obtained by Jacoby 

et al. in 2004. Here K. pneumoniae strains producing different ESBLs were tested for their 

minimum inhibitory concentration (MIC) towards carbapenems. All strains were derived from a 

starting strain being defective in OmpK35 and OmpK36 expression and it could be shown that 

restoration of OmpK36 (restoration of OmpK35 was not successful) in strains with different 

resistance levels led to a drop in resistance levels. These results were verified by Doumith et al. 

(2009), also showing similar mechanisms in Enterobacter cloacae and E. aerogenes. This 

information can be important, because E. coli and K. pneumoniae are closely related and so far, 

only one carbapenem-resistant clinical isolate of E. coli has been studied (Lartigue et al., 2007).  

It was recovered from a patient treated with imipenem. The isolate was intermediately 

susceptible to imipenem and MPM but resistant to ETP. It also produced a number of ESBLs 

and was deficient in expression of OmpC. Conjugation of plasmids providing these ESBL-

activities into a strain with fully functional outer-membrane proteins led only to wild type levels 

of susceptibility. This suggests that porin deficiency could have a major role in carbapenems-

resistance in K. pneumoniae and E. coli.  

 

Aim. The aim of this project was to isolate meropenem-resistant mutants and to study the role 

of ESBLs in this context. Using E. coli and its well-defined genetic system the following 

questions were addressed. (i) Does pUUH239 increase the MIC towards carbapenems? (ii) Does 

any of the !-lactamases result in increased MIC? (iii) Does pUUH239 increase the frequencies 

of mutants resistant to carbapenems? (iv) How high resistance levels can be spontaneously 

selected? (v) What mechanisms of resistance can be spontaneously selected? 
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Results 
 

Isolation of mutants. I isolated mutants of E. coli DA14781 and DA14781"pUUH239 

(DA14833) resistant to meropenem (MPM) by plating 10
9
 colony-forming units onto plates 

containing different concentrations of MPM. The basic principle of a colony-forming unit (cfu) 

is that one single viable bacterial cell can grow up to form a colony. Therefore the number of 

cfu/ml is approximately the number of viable cells in 1 ml of culture. Different mutant 

frequencies could be observed for the applied antibiotic concentrations. With increasing 

concentration the mutant frequencies of the wild type DA14781 (without plasmid) decreased in 

both experiments (Figure 4A). The mutant preventing concentration (MPC) was seen to be 

0.096 µg/ml, because no mutants could be isolated from plates containing more than 0.064 

µg/ml MPM and the next higher concentration used was 0.096 µg/ml. The minimal inhibitory 

concentration (MIC) ranged from 0.023-0.064 µg/ml MPM (1.5- to 4-fold MIC of starting strain 

DA14781) and 0.008-0.023 µg/ml ertapenem (ETP, no increase in relative MIC).  

The ESBL-encoding resistance plasmid from K. pneumonia pUUH239 has previously 

been transferred to DA14781 (L. Sandegren, unpubl.) resulting in DA14833. The mutant 

frequencies for isolated spontaneous MPM-resistant mutants also decreased with increasing 

amount of MPM. With an exception for 0.064 µg/ml MPM in experiment b (Figure 4A), the 

mutant frequencies were significantly higher than for DA14781. Overall the number of cfu on a 

particular concentration of MPM was clearly higher for the strain harboring the resistance 

plasmid. Mutants of DA14833 could be isolated from plates containing twice the amount of 

MPM compared to without the plasmid. The MIC values for isolated first-step mutants show 

large variation, from 0.023-0.75 µg/ml MPM (1- to 32-fold MIC of starting strain DA14833). 

Even more variation can be seen for ETP, ranging from 0.016-4 µg/ml (1.3- to 330-fold MIC of 

starting strain DA14833). This shows clearly that pUUH239 increases the MIC of carbapenems.  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 4. Mutant frequencies of isolated mutants as a function of meropenem concentration. (A) 

Isolation of first-step mutants of DA14781 (wild type) and DA14833 (containing plasmid pUUH239) 

in two similar experiments a and b. (B) Isolation of second-step mutants from 3 representative starting 

strains DA15272, DA15273 and DA15064. The starting strains are spontaneous meropenem-resistant 

mutants derived from DA14833. The experiment was repeated for DA15064 to verify the results. 
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Three representative mutants were chosen as parental strains for isolation of second-step 

mutants. The MIC of MPM for DA15273 was low (0.064 µg/ml) and second-step mutants could 

be isolated on plates supplemented with up to 0.38 µg/ml MPM (6-fold MIC of starting strain 

DA15273). The MICs of carbapenems for resulting second-step mutants ranged from 0.25-0.5 

µg/ml MPM (4- to 8-fold MIC of DA15273) and from 1-2 µg/ml for ETP (10-fold to 20-fold 

MIC of DA15273). Compared to the other two strains the mutant frequencies were low and 

stable up to 0.25 µg/ml MPM (Figure 4B). Chosen for its medium MIC of 0.25 µg/ml MPM, 

second-step isolation from DA15272 resulted in higher, but decreasing mutant frequencies. The 

MICs ranged from 0.38-0.75 µg/ml (1.5- to 3-fold MIC of starting strain DA15272) for MPM 

and 1-8 µg/ml for ETP (1- to 8-fold MIC of DA15272). I isolated second-step mutants of 

DA15064 twice to confirm my results. Both experiments resulted in similar mutant frequencies 

(Figure 4B) and the MICs of MPM for all mutants ranged from 1-2 µg/ml (1.3- to 2.6-fold MIC 

of starting strain DA15064). Surprisingly, MICs of  ETP ranged from 16->32 µg/ml (4- to 8-

fold MIC of DA15064) after only two steps of selection for MPM, with the majority of mutants 

showing MICs of >32 µg/ml. 

 

Effect of !-lactamase genes from pUUH239 on MICs of meropenem and ertapenem. 

blaTEM-1, blaOXA-1 and blaCTX-15 from pUUH239 were each cloned separately into pBAD18-Kan. 

Each plasmid was then transferred into DA14871 and MICs were determined. The MIC values 

are listed in Table 1. The expression of TEM-1 and OXA-1 after induction with arabinose 

showed a somewhat lower than expected effect on their main substrate ampicillin. The effect of 

CTX-M-15 on its main substrate cefotaxime was also lower than expected. However, no 

significant difference in resistance towards MPM or ETP could be seen after induction of 

expression with arabinose.  

 

Table 1. MICs reached by pUUH239-derived !-lactamases in E. coli DA14781 pBAD18-Kan 

 

 

 

 

 

 

 

 

 

 

 

 
a
  MIC of wild type strain DA14781 was 0.023 µg/ml of 

meropenem and 0.032 µg/ml of ertapenem 

 

 

I also investigated whether the increased MICs of selected mutants were connected to 

the resistance plasmid pUUH239 and thus proteins it codes for. E. coli DA15064 was derived 

from DA14833 and showed the highest MICs after first-step selection towards MPM (0.75 

µg/ml), therefore its plasmid was conjugated into a wild type strain and its antibiotic resistance 

MIC (µg/ml) !-lactamase
a
 antibiotic 

- arabinose + arabinose 

TEM-1 ampicillin 0.125 6-16 

 meropenem 0.023 0.023 

 
ertapenem 

 

0.006 

 

0.008 

 

OXA-1 ampicillin 4 128-256 

 meropenem 0.023 0.023 

 
ertapenem 

 

0.006 

 

0.006 

 

CTX-M-15 cefotaxime 3 32 

 meropenem 0.023 0.023 

 ertapenem 0.006 0.006 
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was tested. The MICs for MPM and ETP of transconjugants were as low as those of the original 

wild type strain DA14781.  

Fitness costs of resistance. I determined the fitness costs for resistance to MPM in the form of 

growth rates relative to the starting strain (Figure 5). Since both DA14781 (without plasmid) 

and DA14833 (with pUUH239) share the same genetic background the 3-7% reduction of 

growth rate relative to DA14781 can be regarded as costs for transcribing and expressing genes 

encoded on pUUH239. I measured growth rates twice for the first-step mutants DA15273, 

DA15272, DA15064 and the second-step mutant DA15497 and unfortunately the results 

differed somewhat. It also needs to be mentioned that aeration in the BioscreenC reader 

(Labsystems) is not optimal, which could lower growth rates even more if the mutants are 

impaired in energy conservation. Nevertheless the growth rates suggest that the low resistance 

level of DA15273 did not come along with a high growth disadvantage (relative growth rate 

0.96-1.02 compared to DA14833). DA15272 and DA15064 showed intermediate and high 

resistance levels, respectively and they had similar and significantly lowered relative growth 

rates compared to DA14833 (0.75-0.87). A reduction of growth rate to 0.65-0.83 relative to 

DA14833 was observed for the second-step mutant DA15497.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. Correlation between fitness cost and resistance levels in E. coli DA14833 (wild 

type with pUUH239) and derived mutants. The fitness cost for DA14833 was calculated 

as a ratio of growth rates relative to the wild type without pUUH239. DA15273, 

DA15272 and DA15064 derived from DA14833 and DA15497 derived from DA15064. 

For the calculation of fitness, the fitness cost of the parental strain was set to zero.  

 

 

Characterization of mutants. I sequenced the ompC, ompF and envZ genes from the mutants 

to see if any changes could be found that could lead to higher resistance. DA15273 had a 

substitution of isoleucine at position 86 to a serine (I86S) in EnvZ. The second-step mutant 

DA15497 (derived from DA15064) contained a deletion of 4 nucleotides in ompF leading to a 

frameshift after amino acid Y44. No further mutations could be detected in any of the other 

genes sequenced.  
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Discussion 
 

Influence of pUUH239 on resistance. I demonstrated that the strain harboring the plasmid 

(DA14833) reached higher mutant frequencies when selected for spontaneous resistance against 

meropenem (MPM) than the wild type strain. The difference in the increases in minimal 

inhibitory concentrations (MICs) reached by the mutants derived from DA14833 (with 

pUUH239) compared to mutants of DA14781 (without plasmid) is remarkable. However, 

conjugation of pUUH239 from a mutant derived from DA14833 showing high resistance 

against meropenem into the wild type did not increase the resistance of this construct, meaning 

that so far none of the tested ESBLs acquired plasmid mutations allowing them to efficiently 

hydrolyze carbapenems. No increase in MIC was seen when the !-lactamase genes blaTEM-1, 

blaOXA-1 and blaCTX-15 were separately cloned and transformed into a wild type strain. This is in 

correlation with other studies (Lartigue et al., 2007) where ESBLs did not seem to increase 

MICs of carbapenems. Nevertheless, ESBLs might have a very low activity against 

carbapenems. My results and previous studies (Doumith et al., 2009; Elliott et al., 2006; Jacoby 

et al., 2004) suggest that modification or loss of porins have a major impact on carbapenem 

resistance. This might allow only a fraction of antibiotics to enter the cell and a low activity of 

ESBLs provided by pUUH239 might be sufficient for bacteria to grow on increased 

concentrations of MPM. An alternative hypothesis is that there might be some transporter 

system encoded by the plasmid leading to efflux of the antibiotic. 

 

Higher resistance towards ertapenem. Even though all selections were done with 

meropenem, resistance levels for ertapenem (ETP) were significantly higher after each selection 

step. This clearly proves that cross resistance is a problem with carbapenems. The majority of 

other studies on carbapenems confirm this result (Livermore et al., 2005; Woodford et al., 

2007). Worth mentioning is that several of the second-step mutants, e. g. DA15497, showed a 

resistance level above the scale of the test used towards ETP after only two selections on MPM.  

 

Fitness costs and mutations. Determination of fitness costs showed a clear correlation between 

growth rates and levels of resistance. Acquired low resistance (DA15273) only comes along 

with low fitness costs, whereas higher resistance levels (DA15272 and DA15064) lead to a 

significant decrease in growth rates. Second-step mutants (DA15497) have even higher costs 

together with even higher resistance. Unfortunately, the sequencing results did not explain the 

fitness costs and resistance levels. It seems that the loss of OmpF provides high resistance (as 

seen for the second-step mutant DA15497) but it is still unknown how the other mutants 

acquired their individual resistance levels. The mutant DA15273 had an amino acid substitution 

in EnvZ (I86S) and a low level of resistance. EnvZ is involved in the regulation of ompC and 

ompF, suggesting that mutations will lead to miss-regulation of the outer-membrane proteins. 

Taking other studies into consideration (Doumith et al., 2009) where changed levels of OmpC 

and OmpF  resulted in high level resistance against MPM and ETP, the low MIC of DA15273 is 

difficult to explain. Enterobacter cloacae (subject of the study by Doumith et al., 2009) and E. 

coli are closely related pathogens but there could still be differences in the regulation of their 

outer-membrane proteins. Another possibility is that the amino acid change from isolucine to 

serine does not affect the function of EnvZ, thus not leading to a changed OmpC-OmpF pattern. 

Neither DA15272 nor DA15064 showed mutations in the investigated genes, but their MICs 

were quite different, 0.25 and 0.75 µg/ml MPM, respectively. These two strains also differed 
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significantly in fitness, suggesting that other changes outside of the sequenced regions must 

have taken place. 

 

Less clinical carbapenem-resistance in Escherichia coli. This work was done in E. coli using 

the resistance plasmid pUUH239 isolated from a clinical isolate of Klebsiella pneumoniae. It is 

striking that there are many more reports about carbapenem-resistance in K. pneumoniae than in 

E. coli. Many more patients get infected by E. coli, which should theoretically lead to more 

cases of resistance in this organism. One reason for this imbalance could be the high fitness 

costs that I detected in this study. Resistance levels that are high enough to be detected in a 

clinical screening come along with growth rates of only 65-85% relative to the wild type. The 

fitness costs for K. pneumoniae strains might not be as high as for E. coli.  

 

Future perspectives. To get more insight into the mechanisms of action conferring resistance 

towards carbapenems, more mutants and more genes and promoter regions need to be 

sequenced. It might also be necessary to repeat the cloning experiment using a vector with 

higher expression levels to make sure that the genes are over-expressed. In order to get 

complete results the same selections should be done using ertapenem to select for mutants. The 

effect on resistance levels of complete loss of the porins OmpC and OmpF can also be studied 

by making exact knock-outs of the porin genes. 
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Materials and methods 
 

Bacterial strains, plasmids and growth conditions. DA14781 is an Escherichia coli K12 

MG1655 strain that had been selected for spontaneous streptomycin and nalidixic acid 

resistance (Table 2). The plasmid pUUH239 (Figure 1) was isolated previous to this project 

from an extended spectrum !-lactamase producing clinical isolate of Klebsiella pneumonia. 

Among other resistance genes pUUH239 carries the !-lactamases blaTEM-1, blaOXA-1 and blaCTX-

M15. They were cloned into pBAD18-Kan (Guzman et al., 1995) under the regulation of the 

PBAD promoter. This promoter is inducible with arabinose and a gene encoding kanamycin 

resistance enables selection of this vector. The bacteria were grown in Mueller Hinton broth 

(Difco, MH) or on MH-plates (supplemented with 1.5% agar) overnight at 37°C. NEB 5-alpha 

chemically competent Escherichia coli cells were used for transformation. These cells were 

grown on Luria broth-agar (Fluka, LA). When Luria broth (LB) was used it was made as 

follows: 10 g tryptone, 5 g yeast extract, 1 g NaCl and 0.2 ml 5M NaOH were dissolved in 1 L 

deionized water.  
 

 

Table 2. Bacterial strains used in this study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Measurement of minimal inhibitory concentration (MIC). MIC measurements for 

meropenem (MPM) and ertapenem (ETP) were carried out on MH-plates using Etest from AB 

bioMérieux, according to the manufacturers descriptions. 

 

Mutant isolation and determination of mutant prevention concentration (MPC). Cultures 

of DA14781 and DA14833 were grown over-night to approximately 10
9
 cfu/ml. For each strain, 

ten individual 1 ml-cultures were inoculated with 10
4
 cfu and grown over-night. From every 

individual culture of DA14871, 50 µl were plated onto plates containing 0.032 µg/ml, 0.047 

µg/ml, 0.064 µg/ml and 0.096 µg/ml MPM. The same was done for DA14833 on 0.047 µg/ml, 

0.064 µg/ml, 0.096 µg/ml, 0.125 µg/ml and 0.190 µg/ml MPM. After 24 hours incubation at 

37°C the grown colonies were counted and from each culture one colony from the plate with the 

highest concentration was restreaked on plates containing 0.047 µg/ml MPM to maintain 

selection. To keep selection of resistance the mutants were grown in liquid culture with the 

MIC (µg/ml) 
E. coli 

strains  MPM       ETP 

relative 

growth rate
a
 

characteristics 

DA14781 0.023 0.032 1 F
-
, #

-
, ilvG

-
, rfb-50, rph-1, Str

R
, Nal

R
 

DA14833 0.032 0.047 0.93-0.97 
b
 derived from DA14781 by conjugation with pUUH239 

DA15273 0.064 0.096 0.96-1.02
 c

 1
st
 step mutant derived from DA14833 

DA15272 0.25 1 0.76-0.88
 c

 1
st
 step mutant derived from DA14833 

DA15064 0.75 4 0.75-0.85
 c

 1
st
 step mutant derived from DA14833 

DA15497 2 32 0.65-0.83
 c

 2
nd

 step mutant derived from DA15064 

NEB 5-$ ND
d
 ND ND E. coli chemically competent cells (New England Biolabs) 

a
      growth rate of parental strain (DA14781 or DA14833) divided by the growth rate of the strain that         

was derived from it 
           b 

      calculated relative to DA14781 

       
c
       calculated relative to DA14833

 

       
d 
      ND   not determined 
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same antibiotic concentration (0.047 µg/ml MPM) and Etest and freeze-cultures were made the 

following day. The MPC was determined as the concentration of MPM of those plates that 

showed no growth at all. DA15064, DA15272 and DA15273 were isolated mutants and used as 

parental strains for isolation of second-step mutants. The concentrations of MPM used for these 

isolation were chosen to be up to 8-times the individual MIC for each strain. 

 

Calculation of mutant frequencies. To calculate mutant frequencies, the method of the median 

by Lea and Coulson was applied (Rosche and Foster, 2000). The median number of resistant 

colonies from the 10 individual cultures after 24h was divided by the total number of cells 

determined by viable counts. The p0 method, referring to the zero term of the Poisson 

distribution (Luria and Delbruck, 1943), was applied when 5 or more plates of a particular 

concentration showed no growth of mutants. In these cases the mutant frequency was defined as 

the natural logarithm of the quotient of the number of plates with zero mutants and total number 

of plates, divided by the total number of cfu determined by viable counts.  

 

Polymerase chain reaction. PCR was run to amplify the !-lactamase genes blaTEM-1, blaOXA-1 

and blaCTX-M15 from plasmid pUUH239 (Table 3). Colony PCR was run to verify transformants 

and to amplify DNA for sequencing (Table 4). The primers are listed in Table 5. They were 

designed using CLC DNA workbench and ordered from eurifins mwg operon. 

 

Table 3. PCR reaction-conditions for amplification of !-lactamase genes
a
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Reaction-conditions for colony PCR and DNA amplification for sequencing
a
 

 

 

 

 

 

 

 

 

 

 

 
 

 

components volumes (µl) 

5x Phusion HF buffer (Finnzymes, 7.5 mM MgCl2) 10 

dNTPs (Fermentas, 2 mM) 5 

forward primer (10 µM) 5 

reverse primer (10 µM) 5  
pUUH239 DNA  2 

Phusion enzyme (Finnzymes, 2 units/µl) 0,3 

ddH2O 22.7 

 

 

components volumes (µl) 

10x PCR Gold buffer (Applied Biosystems) 2 

MgCl2 (Applied Biosystems, 25 mM) 1.6 

dNTPs (Fermentas, 2 mM) 2 

forward and reverse primer (10 µM)  2 each  

ddH2O 14 

Ampli Taq Gold (Applied Biosystems, 2 units/µl) 0.2 

For colony PCR bacteria were picked from a plate 

and added as template directly to the tube 
 

 

a
  Temperature settings and duration for PCR-reaction: initial denaturation for 5 min 

at 98°C; 30 cycles of denaturation (20 sec at 98°C), annealing (30 sec at 55°C) and 

elongation (30 sec at 72°C); final elongation of unfinished fragments for 3 min at 

72°C 

 

a
  Temperature settings and duration for PCR-reaction: initial denaturation for 5 min at 

94°C; 30 cycles of denaturation (30 sec at 94°C), annealing (30 sec at 55°C) and 

elongation (1 min at 72°C); final elongation of unfinished fragments for 3 min at 72°C 
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Table 5. Primers used in this study 

Primer Sequence (5’ to 3’) Used for  

TEM!1_XbaI * GGTCTAGAAGTACCAATGCTTAATCAGTG 

TEM!1_EcoRI*  TTGAATTCAGGAGGAAGAGTATGAGTATTCAAC 
Amplification of blaTEM-1 

OXA!1_XbaI * CCTCTAGATTTTTTATAAATTTAGTGTG 

OXA!1_EcoRI*  TCTCTAGACCGTTTCCGCTATTACAAAC 
Amplification of blaOXA-1 

CTX!M15_XbaI*  TCTCTAGACCGTTTCCGCTATTACAAAC 

CTX!M15_EcoRI*  TTGAATTCAGGAGGAATCCCATGGTGGAAAAATC 
Amplification of blaCTX-M15 

EnvZ!Fwd CCGCATGGTGGAAGAAGATC 

EnvZ!Rev GCTGGTCCGAAACTGTAATG 
Sequencing of envZ 

OmpC!Fwd  TATTGCTTGATGTTAGGTGCT 

OmpC!Rev  CTGAGTTTGTACGCTGAAACC 
Sequencing of ompC 

OmpF!Fwd  AATATCATCACGTCTCTATGGA 

OmpF!Rev  GTGAGATTGCTCTGGAAGGT 
Sequencing of ompF 

* restriction sites are underlined 

 

 

Agarose gel electrophoresis. PCR products were analyzed by gel electrophoresis with Tris-

borate-EDTA buffer (TBE buffer) (90 mM Tris, 90 mM boric acid and 2 mM EDTA in 

deionized water) on a 1% agarose gel.  

 

Estimation of fitness costs. A BioscreenC reader (Labsystems) was used to measure growth 

rates at 37 °C. Over-night cultures were diluted 1000-fold and added to a 100-well plate. The 

OD600 was measured every 4 minutes and values between 0.02 and 0.1 were used to determine 

maximum growth rates. The growth rates were measured twice in quadruplicate for every strain. 

Relative growth rates were calculated from the doubling time of the parental strain divided by 

the determined doubling time of the particular strain.  

 

Conjugation. The pUUH239 plasmid from the donor strain DA15064 (resistance to 

cefotaxime) was conjugated into DA14901 (resistance to rifampicin and chloramphenicol). The 

donor and recipient strains were taken from freeze cultures and streaked on LA plates. Several 

colonies (filling a 1 µl plastic loop) from each strain were mixed in a 1 ml culture. The culture 

was incubated over-night at 37°C without shaking. Different volumes of the bacterial mixture 

were spread on plates containing 100 µg/ml rifampicin, 20 µg/ml chloramphenicol and 25 

µg/ml cefotaxime to select only for cells of the recipient holding the plasmid.  

 

Cloning and electroporation. Each of the three !-lactamase genes from pUUH239 was 

amplified using primers for blaTEM-1, blaOXA-1 and blaCTX-M15 Each gene was cloned separately 

into a vector. To do so primers for blaTEM-1, blaOXA-1 and blaCTX-M15 with the addition of the 

XbaI and EcoRI restriction sites. The pBAD18-Kan vector and amplicons were cut with EcoRI 

and XbaI (Fermentas). The plasmid and inserts were purified using the GFX DNA Purification 

Kit (GE Healthcare). Ligation was performed for two hours at room temperature (3 µl plasmid 

DNA, 5 µl insert, 1 µl T4 DNA ligase (Fermentas, 1u/µl) and 1µl T4 ligase buffer (Fermentas)). 

The resulting plasmid DNA was then transformed into chemically competent E. coli NEB 5-

alpha (New England BioLabs) according to the manufacturers protocol. Positive transformants 
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were selected on plates containing 30 µl kanamycin. Cultures of these transformations were 

grown over night to prepare plasmids (Omega E. Z. N. A. Plasmid Mini Kit I) for 

electroporation into DA14781. To prepare cells for electroporation, 30 µl of an over night 

culture of DA14781 was diluted in 30 ml LB broth. The culture was grown to an OD600 of 0.5 

and chilled on ice for 5 min. Cells were pelleted for 10 min at 3940xg and 4°C, resuspended in 

20 ml of 20% glycerol and pelleted again (as above). The pellet was dissolved in what was left 

of the supernatant in the tube after decantation and this step was repeated once. The prepared 

pBAD18-Kan plasmids containing the !-lactamase genes were diluted 1:10. Fifty µl of the 

electrocompetent cells and 1 µl of the diluted plasmid were mixed in an electroporation cuvette, 

pulsed at 2500 V (Biorad Gene Pulser) followed by addition of 500 µl LB and incubation at 

37°C for 1h. The mixture was spread on plates supplemented with 50 µg/ml kanamycin to select 

for cells that contained the pBAD18-Kan plasmid.  

 

Sequencing. PCR products were purified using the Illustra GFX DNA Purification Kit (GE 

Healthcare). 15 µl purified PCR product were premixed with 5 µl of one of the primers used for 

amplification (10 µM) and sent for sequencing to MWG-Biotech in Germany. Primers are listed 

in Table 5. 
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