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Abstract 

Pseudomonas aeruginosa is a bacterium commonly associated with nosocomial 
infections and cystic fibrosis patients, but perhaps it is best known for its ability to 
resist different antibiotics. Resistance data regarding this species have been collected 
for many years in Sweden and the rest of Europe. Still, there are few compilations of 
statistics and published results from different sources. This study aimed to provide a 
better overview on the resistance situation in Europe with a certain focus on the 
Swedish results. As a secondary objective, this study investigated and visualized the 
occurrence of antibiotic resistance among a collection of five P. aeruginosa isolates 
through laboratory experiments.  
 
Resistance data was mainly obtained from the European Antimicrobial Resistance 
Surveillance Network and the Swedish surveillance system ResNet. Additional material 
was gathered through a literature search conducted in the database Pubmed. In 
addition to the literature search, bacterial growth was determined through the 
measurement of optical density in solutions with different strains of P. aeruginosa. 
Each strain was tested in the presence of seven different antibiotics at varying 
concentrations. 
 
In summary, the resistance situation can be described as low in Northern Europe, 
higher throughout Central Europe, and exceptionally problematic in a few countries 
from South Eastern Europe. The studied resistance data showed increasing percentages 
of resistant P. aeruginosa in several European countries, including Sweden. These 
concerning trends indicate the importance of surveillance and the situation should be 
closely followed over the coming years. Despite the current trends, resistant P. 
aeruginosa strains have remained relatively uncommon in Sweden. The reported 
percentages were in alignment with the rest of Northern Europe and up to ten times 
lower than the results from the most problematic part of Europe. Moreover, β-lactam 
resistance among European P. aeruginosa strains is complex and serves as a good 
example of the intrinsic resistance and chromosomal mutations that characterise this 
species. In comparison, the acquisition of metallo-β-lactamases and other transferable 
enzymes does not appear to be a major cause behind β-lactam resistance. 
 
The results from OD measurements on five P. aeruginosa strains showed varying 
resistance against the tested antibiotics. In brief, ampicillin demonstrated no effect and 
typical antipseudomonal drugs like ciprofloxacin and gentamicin resulted in obvious 
inhibition of the bacterial growth. Nevertheless, resistance among the tested 
antipseudomonal drugs was higher than what could be expected based on the 
surveillance data. Most importantly, the results highlighted some of the difficulties with 
defining and surveying antibiotic resistance. Traditional MIC determination highly 
depends on the interpreter and gives varied results depending on the breakpoints that 
are being used. In this context, bacterial growth curves based on OD measurement 
seem like a more accurate method, but the lack of interpretation guidelines could be an 
issue in clinical practice. 
 
Key words: Pseudomonas aeruginosa, Europe, surveillance, antibiotic resistance and 
bacterial growth. 
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1. Introduction 

1.1 The surveillance of antibiotic resistance 
 
Antibiotics have been used since the first half of the twentieth century to cure 
numerous infectious diseases caused by bacteria [1]. While being effective in the 
treatment of infections, misuse of these antibiotics in both health care and agriculture 
has promoted the selection of antibiotic-resistant bacteria. The increasing problem with 
antibiotic resistance now threatens global health, because effective treatment has not 
been developed at the same pace.  
 
The resistance situation differs among and within seperate species of bacteria, but it 
also varies between geographical regions [1]. Therefore, an effective surveillance of 
different bacteria is necessary to form effective strategies and interventions to counter 
the development of antibiotic resistance. The surveillance of antibiotic resistance can be 
applied to different geographical levels and provides useful information about the 
magnitude and current trends in antibiotic resistance. This information can be used to 
estimate the burden on public health service, shape the treatment guidelines and set 
the research agenda. Another benefit from the surveillance is that the result can be seen 
as feedback on preventive measures and other types of interventions. 
 
In Europe, the largest publicly funded surveillance system for antibiotic resistance is 
the European Antimicrobial Resistance Surveillance Network (EARS-Net) [2]. This 
network is funded and coordinated by the European Centre for Disease Prevention and 
Control, which is an independent agency within the European Union (EU). EARS-Net 
collects resistance data from different national clinical laboratories within the EU and 
the European Economic Area (EEA). This collection of resistance data provides an 
important reference for researchers, clinical staff and the public. Additionally, there are 
currently a few systems for surveillance of antibiotic resistance on a national level in 
Sweden [3]. In addition to participating in EARS-Net, surveillance is also performed 
through the national systems ResNet, Svebar and SmiNet.  These national surveillance 
systems are a collaboration between the Public Health Agency of Sweden and different 
clinical microbiological laboratories.  
 
Antibiotic resistance in bacteria is often confirmed through visual determination of the 
Minimum Inhibitory Concentration (MIC) [4]. Another common susceptibility testing 
method is the disc diffusion test. This method uses antibiotic-containing discs on an 
agar plate where bacteria are allowed to grow. The antibiotics diffuse into the agar and 
provide bacteria-free zones around the discs. The size of the zones are measured and 
interpreted according to standardized breakpoints that finally classify the tested isolate 
as susceptible or resistant. In this field, the European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) functions as a main actor. 
 
Every year, both EARS-Net and ResNet present resistance data on a selection of 
clinically important bacteria. One of these recognized species is Pseudomonas 
aeruginosa, also a member of the ESKAPE pathogens [5]. This group of six highly 
resistant bacteria was originally defined by the Infectious Diseases Society of America. 

1.2 Pseudomonas aeruginosa 

1.2.1 General characteristics 

 
Pseudomonas aeruginosa is a gram-negative aerobic bacillus that belongs to the class 
of Gammaproteobacteria [6]. The species has small nutritional needs, which allow the 
bacteria to colonize various physical environments. It occurs naturally in moist soil and 
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water, but it is also commonly present in health-care settings where it can be isolated 
from a number of objects like toilets, vases, respirators and moist food.  
 
P. aeruginosa cannot effectively penetrate the skin and mucous membranes or evade 
the body’s other defence systems in healthy individuals [6]. Instead it is known as an 
opportunistic pathogen that mostly infects immunocompromised individuals. As an 
example, it normally infects the lungs of cystic fibrosis patients. The biofilm of 
P.aeruginosa prevents phagocytosis and thus allows the bacteria to worsen the disease 
by causing the lung cells to secrete more mucus. Since the bacteria also feed on the 
mucus, this creates a vicious circle that affects the progress of the disease and 
ultimately increases the mortality and need for hospitalization among the patients. 
Other patients of special concern are burn-victims. The open burned areas provide a 
suitable moist environment for the bacteria and as a result up to two-thirds of these 
patients become infected by P. aeruginosa during hospitalisation. Apart from its role 
among cystic fibrosis patients and burn victims, P. aeruginosa can infect almost any 
organ, such as the ears, eyes, blood and urinary tract.  
 
P. aeruginosa has a number of different virulence factors [6]. First of all, the bacteria 
attach themselves to the host cell by the use of fimbriae. A polysaccharide capsule also 
contributes to the attachment, especially within the lungs of cystic fibrosis patients. The 
production of two toxins, namely exoenzyme S and exotoxin A, inhibits protein 
synthesis and defends the bacteria against phagocytes. Another enzyme known as 
elastase, breaks down tissue and counters the immune system by cleaving antibodies. 
Additionally, the endotoxin Lipid A is found in the cell wall and can cause 
vasodilatation, inflammation and fever. Like many other gram-negative bacteria, P. 
aeruginosa utilizes a type III secretion system to infect eukaryotic cells [7]. This 
needle-like structure on the bacterial surface functions as a machinery to inject harmful 
proteins into the host cell. 

1.2.2 Resistance mechanisms 

 
In a review from 2009 [8], treatment of Pseudomonas aeruginosa is described as a big 
challenge, because it can demonstrate most known resistance mechanisms against the 
antibiotics that are currently used in health care. To begin with, P. aeruginosa is 
intrinsically resistant to a wide range of structurally different antibiotics, such as many 
of the β-lactams. These β-lactams include penicillin G, aminopenicillins as well as first 
and second generation cephalosporins. This natural resistance in the wild-type strain is 
explained by a combination of a low permeability of the outer membrane, efflux 
systems and the ability to produce AmpC β-lactamases. Furthermore, the intrinsic 
resistance also affects older antibiotics like trimethoprim and the sulfonamides [9]. 
This resistance is mainly contributed to the previously mentioned efflux systems. The 
broad-spectrum intrinsic resistance also affects other unrelated classes of antibiotics, 
such as tetracyklines, many quinolones and chloramphenicol [10]. 
 
Moreover, the formation of biofilms and metabolization of drugs are other traits that 
contribute to the species resistance against antibiotics in a clinical situation [6]. For 
instance, the biofilm is not only a barrier against phagocytes, but it also blocks the 
penetration of antibiotics and detergents. 
 
In addition to the intrinsic resistance of P. aeruginosa, its ability to acquire new 
resistance mechanisms has also been subject to reviews [8, 11]. These acquired 
resistance mechanisms can basically be divided into two different groups: imported 
resistance mechanisms and chromosomally encoded resistance mechanisms. The 
imported resistance mechanisms are carried between bacteria through the use of 
horizontal gene transfer by plasmids. In contrast, the chromosomally encoded 
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resistance mechanisms develop from mutations that benefit the bacteria under certain 
selective circumstances. In P. aeruginosa the acquisition of resistance genes is known 
to occur within a short time frame, often during an ongoing treatment. This 
troublesome behaviour limits the remaining drug alternatives even further and 
consequently delays the recovery of the patient. The mutation rate and genetic variation 
between strains of the bacteria can to some extent be explained by the size of the 
genome.  P. aeruginosa strains with more than six million base pairs have been 
identified and this discovery confirmed a genome larger than all other sequenced 
bacteria [12]. 
 
One example of the acquired resistance mechanisms is the overproduction of β-
lactamases. The basal production of AmpC β-lactamases in P. aeruginosa can be 
induced when the bacteria are exposed to some β-lactams and different β-lactamase-
inhibitors [11]. This overproduction of enzyme returns to normal levels when the 
inducing agent is removed. Additionally, AmpC overproduction can also arise from 
chromosomal mutations in the induction pathway through a process called 
derepression. These mutational events cause an increased basal production of AmpC β-
lactamases, even in the absence of inducing agents. In either case, the elevated levels of 
AmpC β-lactamases can render the bacteria resistant to most β-lactam antibiotics.  
 
The acquired resistance to β-lactams further includes an elevated expression of efflux 
systems, such as MexXY-OprM, MexAB-OprM and MexCD-OprJ, combined with 
decreased expression or mutational loss of porin channels in the outer membrane of 
the bacteria [11]. The OprD-channel promotes entry of carbapenems, hence loss of this 
porin is often seen in imipenem-resistant strains. Target modification is another rare 
mechanism of resistance against β-lactams that has been attributed to P. aeruginosa. 
 
Apart from the chromosomally encoded resistance, P. aeruginosa can acquire several 
extended-spectrum β-lactamases (ESBLs) through horizontal gene transfer [8]. These 
enzymes have in common that they increase the resistance against third- and fourth 
generation cephalosporins, such as ceftazidime and cefepime. This group of enzymes 
consists of Class A ESBLs (such as PER-1, SHV and VEB), Class A carbenicillinases, and 
Class D β-lactamases (oxacillinases). The metallo-β-lactamases (MBLs) are group of 
Class B ESBLs with the ability to hydrolyze even the carbapenems. There are several 
identified types of MBLs, for example IMP and VIM.  
 
Acquired resistance to aminoglycosides in P. aeruginosa can occur through several 
mechanisms [8]. The main cause of resistance is the acquisition of aminoglycoside-
modifying enzymes (AMEs) which can change the antibacterial molecule in a way that 
decreases the binding affinity for the 30S-subunite. As in the case with β-lactam 
resistance, decreased permeability of the membrane and active efflux systems also 
contribute to the acquired resistance against aminoglycosides. Another recognized 
resistance mechanism in P. aeruginosa and other gram-negative bacteria is the target 
modification of 16S-RNA. 
 
Resistance against fluoroquinolones in P. aeruginosa basically derives from two 
different mechanisms: active efflux pumps and modified target enzymes [8]. The 
fluoroquinolones are substrates for all of the main efflux systems previously mentioned, 
together with MexFE-OprN.  Topoisomerase II and DNA gyrase are the targets for the 
fluoroquinolones and mutational events can alter their affinity for the quinolone 
molecule.  
 
In a worst case scenario, the multiple resistance mechanisms can produce a multidrug-
resistant (MDR) P. aeruginosa. Infections with MDR P. aeruginosa are severe and 
have an overall twofold increase in mortality compared to patients infected with non-
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MDR strains of the bacteria. MDR P. aeruginosa is most commonly defined as a strain 
with resistance against more than one substance in three or more classes of 
antipseudomonal drugs [13]. These drugs include different β–lactams, 
aminoglycosides, fluoroquinolones and polymyxins (Table 1) [14].  
 
Considering the resistance mechanisms of P. aeruginosa, finding an optimal treatment 
is challenging and often requires isolation and susceptibility testing of the strain [6]. In 
general, the therapy involves a β–lactam together with an aminoglycoside or a 
fluoroquinolone. Polymyxins are also an alternative, but they are preferably used as a 
last option because of their side effects. A delay in treatment correlates with increased 
mortality and an empirical treatment is commonly initiated in hope of finding a 
successful therapy [14].  
 
Table 1. List of antipseudomonal drugs. Antibiotics used against infections with P. aeruginosa  [14]  

Class of antibiotic Drug 

β-lactams 

Antipseudomonal penicillins 
Ticarcillin 

Piperacillin 

Cephalosporins 
Ceftazidime 

Cefepime 

Carbapenems 

Meropenem 
Imipenem 
Doripenem 

Monobactams Aztreonam 

Aminoglycosides 

Gentamicin 
Tobramycin 

Amikacin 

Fluoroquinolones 
Ciprofloxacin 
Levofloxacin 

Polymyxins Colistin 

 
Due to the bacteria’s specific resistance characteristics and consequences among 
immunocompromised patients, surveillance of resistant P. aeruginosa isolates from 
different geographical regions can provide crucial information about the need for 
healthcare preparations. Furthermore, the surveillance data provide essential feedback 
on preventive actions. Both quantitative data and more qualitative studies on resistance 
mechanisms are useful information regarding the clinical impact of antibiotic resistant 
P. aeruginosa. This information can currently be obtained from a variety of different 
sources. Therefore, an interesting approach would be a review that includes both 
European and Swedish perspectives on the subject.    
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2. Objective 

The main objective of this study is to map and compile statistical data and published 
articles on antibiotic resistant P. aeruginosa within Europe during the last ten years 
and compare with the Swedish findings. Moreover, a certain focus will be directed 
towards β-lactam resistance, which seems to demonstrate the widest array of 
mechanisms.  
 
As a secondary objective, this study also aims to investigate and visualize the 
occurrence of antibiotic resistance among a small collection of P. aeruginosa isolates in 
laboratory experiments. 
 
The objectives of this study can be further distinguished into the following questions: 

 

 Does the occurrence of resistant P. aeruginosa differ between European regions 
and is it possible to detect trends regarding resistant strains of the bacteria? 

 

 How do the findings of antibiotic resistant P. aeruginosa in Sweden relate to the 
situation in the rest of Europe? 

 

 Among the β-lactams included in the surveillance reports, which resistance 
mechanisms have been observed in European strains of P. aeruginosa? 

 

 Based on bacterial growth, can resistance be determined among a collection of 
Swedish P. aeruginosa isolates? 

 
The main focus of the study will be the resistance against the standard treatment 
options versus P. aeruginosa infections (Table 1). Other antibiotics, such as possible 
novel drugs, will therefore be excluded from the study. 
 

3. Method 

3.1 Literature search 
 
The literature search was in part conducted as a targeted search for available and 
comparative statistics on antibiotic resistant P. aeruginosa. This search was limited to 
EARS-Net and ResNet, two of the main actors in European and Swedish surveillance of 
antibiotic resistance. 
 
The specific study on β-lactam resistance followed the procedure of a traditional review 
and was conducted in the Pubmed database with a specified search design (Table 2).  
 
Table 2. Search design and results  of the literature search conducted in PubMed. 

Date Search terms Limitations Results References 
150102 “pseudomonas aeruginosa”[MeSH 

Terms] AND “drug 
resistance”[MeSH Terms] AND 
(ceftazidime[Substance] OR 
Ticarcillin[Substance] OR 
Piperacillin[Substance] OR 
Meropenem[Substance] OR 
Imipenem[Substance] OR 
Doripenem[Substance]) AND 
(isolates[Title] OR strains[Title]) 

Published within 
the last ten years, 
English 

68 23-33, 35 
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Inclusion criteria for the search were articles written in English language and a 
publishing date no more than ten years old. Moreover, all non-European results were 
excluded because these findings did not correspond with the main objective. In most 
published articles, the P. aeruginosa isolates had been gathered during several years 
prior to the study. To further limit the search, only studies on P. aeruginosa isolates 
gathered from 2000 and onwards were included in the result. Among the remaining 
articles, 12 were considered relevant for the study. These studies contained resistance 
data on multiple clinical isolates, and a majority also presented comprehensive 
investigations of the underlying resistance mechanisms. Studies of a more pragmatic 
character were rejected, for instance the ones that investigated relationships between 
antibiotic density, combination treatments and patient outcome. 
 
In addition to these results, one article was found during the background research. This 
article had a very obvious connection to the aim of this study and was therefore 
included among the findings of the literature search. 

3.2 Materials and methods used in laboratory experiments  
 
Five P. aeruginosa strains (Table 3) were grown in the presence of antibiotics. Growth 
curves were determined by measuring the optical density (OD) of the bacterial 
solutions at the wavelength 600 nm. The experiments included several antibiotic 
solutions and various materials (Table 4). 
 
Table 3. Investigated strains of P. aeruginosa. 

Strain Origin 
PAK A common laboratory strain, originally clinically isolated. 
L784 Isolated in Sweden during 2014 from a cystic fibrosis patient 
CCUG 839 Isolated in Sweden during 1970 from a burn victim 
CCUG 49694 Isolated in Denmark during 1970 from a burn victim 
CCUG 49708 Isolated in Sweden during 2004 from a 4-year old cystic fibrosis patient 

 
Table 4. The materials, equipment and stock solutions of antibiotics that were used in the 
experiments.  

Antibiotics Materials and equipment 
Ampicillin 50 mg/ml Luria Broth (LB), Sigma: L3152 
Carbenicillin 100 mg/ml Microplate: Sarstedt 96-wells 83.18.35 
Kanamycin 100 mg/ml Dilution plate 
Chloramphenicol 50 mg/ml Spectrophotometer, WPA biowave CO8000 Celldensity Meter 
Gentamicin 10 mg/ml Plate reader Wallac Viktor 1 420 Multilabel counter 

Tetracycline 10 mg/ml Incubator with rotary shaker 

Ciprofloxacin 0.5 mg/ml Milli-Q water 
Imipenem 10 mg/ml Ethanol (95%) 

 
The stock solutions of antibiotics were diluted directly into the upper row of a dilution 
plate. The remaining concentrations were attained following a two-step dilution 
procedure. Except for chloramphenicol and tetracycline, which were dissolved in 
ethanol, Milli-Q water was used as the dilution medium for all tested antibiotics. The 
same dilution plate was not used for more than three consecutive days. Between the 
experiments, the dilution plate was sealed and stored in a refrigerator at approximately 
5 °C. 
 
Each culture of P. aeruginosa was grown overnight in 3 ml LB on a rotary shaker. The 
incubation temperature was set to 37 °C. The OD values of the cultures were measured 
in a spectrophotometer (WPA biowave CO8000 Celldensity Meter). These results were 
then used to calculate the required dilution for an OD value of 0.2. The wells in the 
microplate were filled with 100 µl of diluted bacterial solution, followed by 1 µl of 
different antibiotic concentrations (Figure 1). Furthermore, every concentration of each 
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antibiotic was tested in triplicates. The bottom row of the plate was used as a control, 
with either water or ethanol instead of antibiotic solutions.  
 

Plate 1 
Ampicillin Carbenicillin Kanamycin Chloramphenicol 

256 256 256 256 256 256 256 256 256 256 256 256 
128 128 128 128 128 128 128 128 128 128 128 128 
64 64 64 64 64 64 64 64 64 64 64 64 
32 32 32 32 32 32 32 32 32 32 32 32 
16 16 16 16 16 16 16 16 16 16 16 16 
8 8 8 8 8 8 8 8 8 8 8 8 
4 4 4 4 4 4 4 4 4 4 4 4 

Milli-Q water Ethanol (95%) 
 

Plate 2 
Gentamicin Tetracycline Ciprofloxacin Imipenem 

64 64 64 32 32 32 4 4 4 64 64 64 
32 32 32 16 16 16 2 2 2 32 32 32 
16 16 16 8 8 8 1 1 1 16 16 16 
8 8 8 4 4 4 0.5 0.5 0.5 8 8 8 
4 4 4 2 2 2 0.25 0.25 0.25 4 4 4 
2 2 2 1 1 1 0.13 0.13 0.13 2 2 2 
1 1 1 0.5 0.5 0.5 0.068 0.068 0.068 1 1 1 

Milli-Q water Ethanol (95%) 

Figure 1. Design of the 96-well microplates. Each well contains 100 µl bacterial solution of P. 
aeruginosa in LB. The concentrations of each antibiotic are given in μg/ml. Among the antipseudomonal 
drugs and tetracycline, the span of concentrations includes susceptibility breakpoints from EUCAST [15]. 

The drugs in Plate 1 are tested in higher concentrations. The bottom rows are used as controls with 1 µl of 
either Milli-Q water or ethanol instead of antibiotics. 

 
The OD in each well was measured eight times over the course of seven hours in a plate 
reader (Wallac Viktor 1 420 Multilabel counter). The microplates were incubated over 
night on a rotary shaker at 37 °C before a final OD measurement was carried out the 
following morning. Before the last OD measurement, the microplates were also visually 
investigated in order to find wells without bacterial growth. The lowest antibiotic 
concentration of the wells with no visible growth was considered as the minimum 
inhibitory concentration (MIC). Finally, the estimated MIC values were compared to 
the standardized clinical breakpoints from EUCAST [15].  
 
Additionally, the resistance pattern of the strain L784 was examined in a disc diffusion 
test. This experiment was carried out on an agar plate with discs containing the 
following antipseudomonal antibiotics: ceftazidime, piperacillin/tazobactam, 
imipenem, meropenem, gentamicin and ciprofloxacin. The diameters of bacteria-free 
zones around the discs were measured and compared to the EUCAST breakpoints. 
 

4. Results 

4.1 Literature search 
 
EARS-Net resistance data on P. aeruginosa appeared for the first time in the annual 
report covering 2005 [16]. During the first year of surveillance, a total of 3 887 isolates 
were reported from 23 countries. In the latest report representing 2013, the total 
number of reported isolates from 30 countries varied between 11 021 and 11 916 among 
the different antibiotics [17]. All resistance data in the EARS-Net reports were 
restricted to isolates from blood and cerebrospinal fluid [16-21]. Moreover, every 
EARS-Net report since 2005 was limited to the following substances/antibiotic classes: 
ceftazidime, piperacillin/tazobactam, carbapenems, aminoglycosides and 
fluoroquinolones. Although other resistance criteria were accepted, EARS-Net 
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recommended that the P. aeruginosa isolates were classified according to EUCAST 
breakpoints [17].  
 
The ResNet surveillance system began collecting P. aeruginosa resistance data from 
different Swedish laboratories in 2003 [22]. In contrast to EARS-Net, the data reported 
to ResNet were not restricted to isolates from blood and cerebrospinal fluid. Data on 
the following substances were found in the ResNet database: ceftazidime, piperacillin 
+/- tazobactam, imipenem, meropenem, gentamicin, tobramycin and ciprofloxacin.  
 
The following results are a simplified presentation of the most recently reported 
amounts of antibiotic resistant isolates from different countries. In the case of Swedish 
reports from EARS-Net and ResNet, all available data are presented.  

4.1.1 Ceftazidime 

 
Based on the EU/EEA-mean from 2013, ceftazidime was the antipseudomonal drug 
with the lowest reported resistance among P. aeruginosa isolates [17]. The highest 
percentages of resistance were found in Southern and Eastern Europe, while most 
countries in Scandinavia and Northern Europe reported relatively low numbers of 
resistant isolates (Table 5).  
 
Table 5. Percentages of ceftazidime-resistant P. aeruginosa isolates in Europe. Results 
reported to EARS-Net in 2013 [17].  

0-9.9% 10.0-19.9% 20.0-29.9% ≥30.0% 
Estonia 0 Germany 10.0 Hungary 20.8 Slovakia 30.9 
Iceland 0 France 11.5 Poland 22.4 Romania 43.3 

Denmark 3.1 Luxembourg 11.8 Czech Republic 22.9  
UK 3.7 EU/EEA-mean 12.2 Latvia 24.0  

Netherlands 3.8 Bulgaria 12.5 Italy 23.7  
Finland 5.0 Cyprus 12.8 Greece 27.9  

Norway 6.2 Slovenia 13.5   

Sweden 6.8 Portugal 15.5   
Ireland 7.8 Croatia 18.8   
Malta 8.0    

Lithuania 8.1    
Spain 9.0    

Belgium 9.4    
Austria 9.5%    

 
Table 6. Percentages of Swedish isolates P. aeruginosa resistant to ceftazidime. Reports from 
EARS-Net and ResNet, 2003-2014 [16-21, 23]. The table also includes EU/EEA population weighted 
means for ceftazidime resistance between 2009-2013. 

Year ResNet  EARS-Net (Sweden) EARS-Net (EU/EEA) 
2014 6.0 - - 
2013 5.0 6.8 12.2 
2012 5.7 6.2 13.4 
2011 4.6 5.1 12.9 
2010 5.0 2.9 11.9 
2009 2.9 6.9 13.9 
2008 - 5 - 
2007 3.5 4 - 
2006 1.8 6 - 
2005 - 5 - 
2004 0.6 - - 
2003 - - - 

 
Sweden was one of four countries reporting to EARS-Net where the percentages 
indicated a statistically significant increase from 2010-2013 [17]. Other countries with 
similar trends were Italy, Hungary and Slovenia, while France, Greece and Czech 
Republic reported significant decreases in ceftazidime-resistant isolates. In addition to 
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the EARS-Net report, an overall increase in ceftazidime-resistant isolates could also be 
observed in the national reports from ResNet (Table 6) [23].  
 
During the same time period, a large study on β-lactam resistance was conducted in 
France [24]. In total, 2 326 clinical isolates of P. aeruginosa from 85 different hospital 
laboratories were screened for ceftazidime resistance. A further analysis of the 140 
ceftazidime-resistant isolates (6.0% of total amount) detected several transferable β-
lactamases, which were distributed between 13 different isolates.. These enzymes 
consisted of six class A ESBLs (PER-1, SHV and VEB), four MBLs (VIM and IMP) and 
five EXA-Oxacillinases. The occurrence of ESBLs and MBLs was considered similar to 
the results from previous French studies, but with an unexpectedly high proportion of 
EXA-Oxacillinases. 
 
Another French study from 2006 focused on the resistance mechanisms among 
different cephalosporins [25]. First, 38 P. aeruginosa clinical isolates were determined 
to be at least four times more susceptible to ceftazidime than cefepime. Overexpression 
of the gene that codes for the efflux pump MexXY-OprM was found in 32 of these 
isolates. Other resistance mechanisms, more specifically derepressed AmpC and two 
transferable β–lactamases, were also found among the tested strains.  
 
In addition to the ESBLs that were found in the previously described results, these 
transferable enzymes have been subject to other more specific studies. In two studies 
based on isolates from Greece, Serbia and Hungary, the presence of PER-1 ESBLs was 
confirmed in all countries [26-27]. The reported percentages on PER-1 enzymes were 
1.3% for the Greek isolates and 3.5% among of the collection from Serbia and Hungary. 
According to the authors, these were the first cases of PER-1 ESBLs in P. aeruginosa 
that had been seen in Greece and Serbia. Additionally, both studies also referred to 
other findings throughout Europe with similar reported percentages. 

4.1.2 Antipseudomonal penicillins 

 
This category, which in the EARS-Net report only consisted of piperacillin in 
combination with tazobactam, showed low amounts of resistant isolates in Northern 
Europe (Table 7) [17]. In the other end of the scale were countries from the Southern 
and Eastern parts of Europe, while countries like Germany and France reported results 
in the vicinity of the EU/EEA-mean.  
 
Table 7. Percentages of the piperacillin/tazobactam-resistant P. aeruginosa isolates in 
Europe. Results reported to EARS-Net in 2013 [17].  

0-9.9% 10.0-19.9% 20.0-29.9% ≥30.0% 
Iceland 0 Ireland 10.0 Latvia 20.8 Italy 30.9 

Denmark 2.4 Estonia 11.8 Malta 20.8 Poland 31.6 
UK 4.8 Luxemb0urg 11.8 Croatia 23.6 Slovakia 41.5 

Netherlands 6.6 Belgium 13.2 Portugal 24.1 Romania 55.0 
Sweden 7.3 Austria 13.3 Czech Republic 27.5  
Cyprus 8.5 Slovenia 13.5 Greece 29.9  

Finland 8.6 Bulgaria 13.6   

Lithuania 8.6 France 15.4   
Spain 8.6 EU/EEA-mean 16.2   

Norway 9.1 Germany 18.4   

 Hungary 19.8   

 
Similar to ceftazidime-resistant P. aeruginosa, statistically significant trends could also 
be observed among the isolates resistant to piperacillin/tazobactam [17]. Significant 
increases between 2010 and 2013 were found in Ireland, Austria, Hungary, Italy, 
Norway and Sweden. In contrast, Greece, France and Malta had significantly 
decreasing numbers during the subsequent time period. 
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Except from a high percentage in 2005, the Swedish ceftazidime-resistance percentages 
increased from 2006-2013 based on the EARS-Net reports [16-21] (Table 8). The 
overall results from ResNet were stable in the vicinity of 7% from 2010 and onwards 
[23]. As a remark, the results from ResNet included all isolates tested against 
piperacillin, regardless of whether tazobactam was used in combination. 
 
Table 8. Percentages of Swedish P. aeruginosa isolates resistant to piperacillin/tazobactam. 
Reports are from the EARS-Net and ResNet surveillance programs, 2003-2014 [16-21, 23]. The table also 
includes EU/EEA population weighted means from 2009-2013. 

Year ResNet  
(Piperacillin +/- tazobactam) 

EARS-Net 
(Sweden) 

EARS-Net (EU/EEA) 

2014 6.8 - - 
2013 7.5 7.3 16.2 
2012 7.1 5.9 16.6 
2011 6.9 4.4 16.2 
2010 6.8 1.1 15.7 
2009 2.3 2.2 15.1 
2008 - 1 - 
2007 2.7 2 - 
2006 1.7 < 1 - 
2005 - 9 - 
2004 - - - 
2003 - - - 

 
The clinical prevalence of overproduced efflux systems in tacarcillin-resistant P. 
aeruginosa was investigated in a French studie from 2007 [28]. The study included the 
following four efflux systems previously known to contribute to antibiotic resistance: 
MexAB-OprM, MexCD-OprJ, MexEF-OprN, and MexXY. The results pointed out 
MexAB-OprM as the most common efflux system and it was overproduced in 46% of 
the 450 clinical isolates. 

4.1.3 Monobactams 

 
Neither EARS-Net nor ResNet included resistance against monobactams in their 
annual reports [16-21, 23].  

4.1.4 Carbapenems 

 
During 2013, high individual percentages of β-lactam resistance were seen against 
carbapenems [17] (Table 9). Both Slovakia and Romania reported percentages around 
60%, which were higher than any other result in the latest EARS-Net report on P. 
aeruginosa. Despite these results, high percentages were not found in all of Europe. 
Similar to the other β-lactams, resistance was much lower in Northern Europe. 
 
From 2010-2013 significant rises in carbapenem-resistant P. aeruginosa were found in 
Hungary, Norway and Italy [17]. No significant decreases were observed from EARS-
Net during these years. 
 
The reports from ResNet between 2003 and 2014 included separate data for 
meropenem and imipenem [23]. On average, the amounts of resistant P. aeruginosa 
isolates were higher against imipenem than meropenem (Table 10). 
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Table 9. Percentages of the carbapenem-resistant P. aeruginosa isolates in Europe. Results 
reported to EARS-Net in 2013 [17].  

0-9.9% 10.0-19.9% 20.0-29.9% ≥30.0% 
Denmark 2.9 Estonia 10.0 Portugal 20.6 Hungary 30.2 

Netherlands 3.5 Finland 10.4 Croatia 25.3 Poland 32.3 
UK 5.2 Belgium 11.0 Slovenia 25.6 Greece 49.3 

Norway 5.8 Austria 12.3 Italy 25.9 Slovakia 58.9 
Sweden 7.2 Bulgaria 13.6 Latvia 28.0 Romania 60.5 
Iceland 9.1 Germany 15.3   

Ireland 9.3 Czech Republic 15.7   

 Malta 16.0   
 France 17.2   
 EU/EEA-mean 17.6   
 Luxembourg 17.6   
 Spain 17.6   
 Lithuania 18.9   

 Cyprus 19.1   

 
Table 10. Percentages of Swedish P. aeruginosa isolates resistant to carbapenems.  Reports 
are from the EARS-Net and ResNet surveillance programs, 2003-2014 [16-21, 23]. The table also includes 
EU/EEA population weighted means from 2009-2013. 

Year ResNet 
(Meropenem) 

ResNet 
(Imipenem) 

EARS-Net 
(Sweden) 

EARS-Net 
(EU/EEA) 

2014 5.3 9.3 - - 
2013 4.5 7.8 7.2 17.6 
2012 5.8 8.6 5.3 17.1 
2011 5.1 7.6 8.0 16.9 
2010 5.1 7.7 4.5 17.0 
2009 3.4 4.0 7.7 18.1 
2008 - - 4 - 
2007 - 5.1 7 - 
2006 - 5.1 5 - 
2005 - - 18 - 
2004 5.7 4.5 - - 
2003 - 6.1 - - 

 
In an American study, published in the Journal of Antimicrobial Therapy in March 
2014, 2 070 P. aeruginosa isolates from 14 European countries were gathered to 
evaluate their genetic relatedness and resistance mechanisms [29]. 529 isolates proved 
to be resistant against doripenem (MIC > 2 μg/ml) and were further tested for acquired 
transferable enzymes. Among these isolates, which were also non-susceptible to 
imipenem and meropenem, 106 (20.0%) had acquired MBLs of both IMP- and VIM-
type (Table 11). There was also an increase in MBL-producing isolates during the course 
of three years. The study confirmed significant increases in the proportion of 
doripenem-resistant isolates during the three year period. These trends were found in 
Belgium and Sweden, while the reports from Germany demonstrated a significantly 
decrease.  
 
Further tests confirmed a high occurrence of one or more different resistance 
mechanisms, where the deletion of the membrane porin OprD was the most the most 
common cause of increased MIC values [29]. Loss of this porin was confirmed in 89.5% 
of 214 carbapenem-resistant isolates. Derepression of AmpC was found 44.4% of the 
isolates and elevated expression of the efflux systems MexXY-OprM and MexAB-OprM 
reached 35.7% and 20.1%, respectively.  
 
Due to a growing number of MBL-producing P. aeruginosa during the last ten years, 
the mechanisms behind carbapenem resistance had been explored in a few studies from 
various European countries (Table 11). All of these studies involved more than 50 
isolates and were collected from 2002 and onwards [30-33]. MBL-producing isolates 
were found in all published results and ranged from 1.6-6.4%. In the study on French 
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isolates, subsequent testing revealed that the major resistance mechanism seemed to be 
related to the porin OprD [30]. This protein was lost in 96 strains (88.1%) and down-
regulated in the remaining 13 (11.9%). 
 
Table 11. Percentages on MBL-producing P. aeruginosa. Reports from five studies on European P. 
aeruginosa isolates [29-33].  In three studies, the occurrence of MBLs was only investigated among 
carbapenem-resistant isolates.. 

Country Publishing year Isolates Isolates  with MBLs 
Germany 2008 [31] 489 8 (1.6%). 
Croatia 2010 [32] 100 (all imipenem-resistant) 6 (6%). 
Croatia 2012 [33] 169 6 (3.6%) 
France 2013 [30] 109 (all imipenem-resistant) 7 (6.4%) 
14 countries 2014 [29] 529 (all carbapenem-resistant) 106 (20.0%) 

 
The role of OprD in carbapenem-resistant P. aeruginosa was also confirmed in a 
Swedish study published in 2005 [34]. Decreased transcription of the gene coding for 
OprD was to a varying extent seen among all of the 23 tested carbapenem-resistant 
isolates. In addition, one of the isolates also produced VIM-type MBLs. Despite these 
findings, the authors concluded that the observed resistance patterns alone could not 
fully explain the mechanisms behind carbapenem-resistant P. aeruginosa. 
 
The Meropenem Yearly Susceptibility Test Information Collection (MYSTIC) Program 
was initiated in 1997 to map the activity of meropenem and other similar broad-
spectrum antibiotics [35]. The percentages of meropenem- and imipenem-susceptible 
P. aeruginosa isolates from different parts of the world were published in a British 
article from 2006. The European percentages of susceptible isolates were highest in 
Northern Europe, followed by Southern and Eastern Europe (Table 12). Cystic fibrosis 
isolates, collected from different worldwide regions, were also distinguished as a 
separate category and exhibited susceptibility percentages of 75.1% and 58.8% for 
meropenem and imipenem, respectively. 
 
Table 12. Percentages of carbapenem-susceptible P. aeruginosa isolates collected between 
1997 and 2005 from different European regions. The susceptibility breakpoint was defined as a 
MIC-value ≤4 µg/ml [34]. 

Isolates Northern Europe Southern Europe Eastern Europe 
Meropenem susceptible  82.6% 78.4% 63.1% 
Imipenem susceptible  72.7% 68.9% 57.5% 

 
Finally, the β-lactam resistance among P. aeruginosa isolates had also been studied 
specifically in a cystic fibrosis context [36]. A collection of 204 French isolates, 
containing 137 distinguished genotypes, revealed the following resistance percentages: 
ceftazidime 19.0%, piperacillin/tazobactam 22.9%, and imipenem 20.0%. The majority 
of the 80 resistant isolates overexpressed at least one efflux system, mostly MexXY-
OprM (81.3%), followed by MexAB-OprM (45%) and MexEF-OprN (8.8%). Among the 
other resistance mechanisms, derepression of AmpC had occured in 61.3% of the 
isolates and transferable β-lactamases were found in 11 isolates (13.8%). One of the 
transferable β-lactamases was a VIM-type MBL, while the rest were penicillinases or 
oxacilllinases. Among all but one of the imipenem-resistant isolates, genes coding for 
the porin OprD were inactivated, expressed in low amounts or otherwise undetectable 
in the membrane. 

4.1.5 Aminogycosides 

 
Among the antipseudomonal drugs, the lowest Swedish resistance percentages could be 
seen against the aminoglycosides [17]. Similarly, the resistance data from other North 
European countries were in the vicinity of the Swedish results (Table 13). Despite high 
resistance in countries like Romania and Greece, the amounts of aminoglycoside 
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resistant isolates were relatively low. According to the EU/EEA-population weighted 
means, only ceftazidime demonstrated lower resistance numbers.  
 
Despite having among the lowest proportions of aminoglycoside-resistant isolates in all 
of Europe, both EARS-Net and ResNet showed a slight increase in resistance among 
the Swedish isolates starting in 2010 (Table 14) [16-21, 23]. This was one of three 
increases that were considered statistically significant between 2010 and 2013. The 
others were found in Denmark, Ireland and Italy [17]. Significant decreases were 
observed in Austria, Czech Republic, Malta and Spain.  
 
Table 13. Percentages of aminoglycoside-resistant P. aeruginosa isolates in Europe. Results 
reported to EARS-Net in 2013 [17].  

0-9.9% 10.0-19.9% 20.0-29.9% ≥30.0% 
Iceland 0 Ireland 10.7 Bulgaria 20.0 Slovakia 38.8 
Malta 0 Belgium 12.7 Latvia 20.0 Greece 41.6 
Norway 1.5 Lithuania 13.5 Luxembourg 23.5 Romania 51.2 
UK 2.5 Portugal 14.2 Croatia 23.6  
Netherlands 2.9 Spain 14.9 Poland 24.5  
Sweden 2.9 France 15.5 Hungary 25.0  

Finland 3.1 EU/EEA-mean 15.9 Czech Republic 26.2  

Cyprus 4.3  Italy 27.2  
Denmark 4.9    
Austria 7.4    
Slovenia 7.5    
Germany 7.6    
Estonia 9.5    

 
Table 14. Percentages of Swedish P. aeruginosa isolates resistant to aminoglycosides. 
Reports from the EARS-Net and ResNet surveillance programs, 2003-2014 [16-21, 23]. The table also 
includes EU/EEA population weighted means from 2009-2013. 
Year ResNet 

(Gentamicin) 
ResNet 

(Tobramycin) 
EARS-Net 
(Sweden) 

EARS-Net (EU/EEA) 

2014 2.1 - - - 
2013 1.7 - 2.9 15.9 
2012 - - 1.7 18.5 
2011 - - 1.7 17.0 
2010 1.3 . 0.0 16.5 
2009 0.8 - 0.3 17.0 
2008 - - < 1 - 
2007 - - < 1 - 
2006 0.7 - < 1 - 
2005 - - < 1 - 
2004 0.7 - < 1 - 
2003 - 0.7 < 1 - 

4.1.6 Fluoroquinolones  

 
According to the EU/EEA-population weighted mean from 2013, resistance was most 
common against fluoroquinoles [17]. As in the case of other antipseudomonal drugs, 
the lowest resistance was mainly found in Scandinavia and various islands (Table 15).  
Resistance became more evident throughout Central Europe, and ultimately reached a 
peak in South Eastern Europe.  
 
Among the EARS-Net data, a significant decreases in fluoroquinolone resistance were 
confirmed in Croatia, Czech Republic, Denmark, France, Malta, as well as the EU/EEA 
population weighted mean [17]. Norway was the only country with significantly 
increasing numbers.  
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Table 15. Percentages of fluoroquinolone-resistant P. aeruginosa isolates in Europe. Results 
reported to EARS-Net in 2013 [17].  

0-9.9% 10.0-19.9% 20.0-29.9% ≥30.0% 
Iceland 0 Cyprus 10.6 EU/EEA-mean 20.0 Czech Republic 33.7 
Denmark 3.2 Lithuania 10.8 Luxembourg 20.6 Greece 43.5 
UK 5.8 Slovenia 11.3 France 21.2 Romania 43.2 
Sweden 6.0 Finland 11.4 Croatia 21.7 Slovakia 53.1 

Netherlands 6.2 Ireland 12.2 Spain 22.7  
Malta 8.0 Austria 15.2 Hungary 23.4  

Norway 8.8 Germany 16.3 Portugal 23.9  

 Belgium 16.9 Estonia 24.0  
 Bulgaria 18.3 Latvia 25.0  
  Italy 28.7  

  Poland 29.4  

 
All the Swedish percentages since 2009 were in the range of 5-10% (Table 16) [16-21, 
23]. Although the ResNet data were on average higher than the EARS-Net results, 
resistance percentages had clearly declined since 2003. 
 
Table 16. Percentages of Swedish isolates resistant to fluoroquinolones.  Reports are from the 
EARS-Net and ResNet surveillance programs, 2003-2014 [16-21, 23]. The table also includes EU/EEA 
population weighted means from 2009-2013. 

Year ResNet 
(Ciprofloxacin) 

EARS-Net (Sweden) EARS-Net (EU/EEA) 

2014 8.0 - - 
2013 9.7 6.0 20.0 
2012 9.9 6.7 20.8 
2011 9.0 5.2 22.1 
2010 9.8 6.3 21.7 
2009 8.0 6.6 22.4 
2008 10.8 5 - 
2007 10.2 6 - 
2006 - 5 - 
2005 - 6 - 
2004 11.3 - - 
2003 15.5 - - 

4.1.7 Polymyxins 

 
Resistance data on polymyxin-resistance were not reported from all countries 
contributing to EARS-Net [17]. As a result, the annual EARS-Net reports did not 
contain any percentages on polymyxin-resistant isolates for individual countries. The 
only available information was that 19 countries reported data on polymyxin resistance 
during 2013. The overall resistance among these isolates was less than one percent. 

4.2 Laboratory experiments 

4.2.1 OD measurements and MIC determinations 

 
OD measurements were conducted on five different P. aeruginosa strains (Table 3) and 
the results were visualized through bacterial growth curves. On average, the tested 
bacteria showed similar growth curves with maximum OD values above 0.5. The strain 
L784 demonstrated a slow growth and the growth curve did not level out during the 
first seven hours. Inhibition was defined as a growth curve below an OD value of 0.1.  
 
To begin with, none of the tested strains were inhibited in the presence of ampicillin 
during the first seven hours of growth (Table 17). Similar results were obtained for 
carbenicillin, although the number of bacteria clearly decreased over night (Figure 2). 
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The overnight effect was also confirmed in the MIC values, where inhibition was seen at 
concentrations as low as 32 µg/ml (Table 18). 
 
The results for kanamycin showed inhibitory concentrations from 16-256 µg/ml among 
the different isolates (Table 17). Regardless of strain, the inhibitory effect decreased 
overnight. The overnight MICs (Table 18) were on average higher than the inhibitory 
concentrations based on growth curves during the first seven hours. As in the case of 
kanamycin, the effect of chloramphenicol also diminished over time and the growth 
curves showed inhibitory concentrations from 16- 256 µg/ml (Table 17). 
 
Gentamicin inhibited the bacterial growth at concentrations in the span of 4-16 µg/ml 
(Table 17). The inhibitory effect persisted over night and appeared most obvious against 
the strain CCUG 839 (Figure 3). Except for L784, the visible MICs (Table 18) were 
similar to the results from the growth curves. Compared to gentamicin, the inhibitory 
concentrations of tetracycline were on average higher (Table 17). Moreover, the 
bacterial growth increased over time and most of the MICs (Table 18) were twice as 
high as the inhibitory concentrations derived from the growth curves. 
 
The growth curves of the tested strains clearly differed at varying concentrations of 
ciprofloxacin (Table 17) and an obvious bactericidal effect was seen around 0.13 µg/ml 
against CCUG 49694 and most notably PAK (Figure 4). In contrast, inhibition 
increased with higher concentrations among the rest of the strains. The bactericidal 
effect against PAK at low concentrations was lost over night, because an increase of 
bacteria could be seen in the growth curve (Figure 5). An overnight growth of bacteria 
could also be seen for CCUG 839. On average, the MICs (Table 18) were higher than the 
inhibitory concentrations that were based on growth curves from the OD measurement. 
 
Unlike the other antibiotics, imipenem clearly lost its effect after the first experiment 
on PAK and L784. As a consequence, no reliable results were obtained from the other 
strains. The inhibitory concentrations against PAK and L784 were 16 and 1 µg/ml, 
respectively, but these data are only based on a single OD measurement. 
 
Table 17. Inhibitory concentrations of antibiotics based on bacterial growth curves. Different 
strains of P. aeruginosa grown in LB at different concentrations (µg/ml)  of ampicillin (Am), carbenicillin 
(Cb), kanamycin (Km), Chloramphenicol (Cl), gentamicin (Cn), tetracycline (Tc), ciprofloxacin (Cp), and 
imipenem (Ip). The inhibitory concentration is defined as the concentration that corresponds to an OD 
value less than 0.1 andare based on measurements during seven consecutive hours. 
 Am Cb Km Cl Cn Tc Cp Ip 
PAK >256 >2561 642 2562 8 162 42 162, 3 

L784 >256 >2561 >256 322 16 162 0.25 12, 3 

CCUG 839 >256 >2561 642 642 4 82 0.0682 No data3 
CCUG 49694 >256 >2561 642 642 4 162 22 No data3 
CCUG 49708 >256 >2561 162 2562 16 162 2 No data3 
1. OD values decreased overnight. 
2. OD values increased overnight. 
3. Imipenem lost its effect during storage, thus the available data only represents the results from one OD 
measurement. 

 
Table 18. Visual determination of MIC. Different strains of P. aeruginosa grown in LB at different 
concentrations (µg/ml) of ampicillin (Am), carbenicillin (Cb), kanamycin (Km), Chloramphenicol (Cl), 
gentamicin (Cn), tetracycline (Tc), ciprofloxacin (Cp), and imipenem (Ip). MIC is defined as the lowest 
concentration where no bacterial growth is visible after incubation over night. 
 Am Cb Km Cl Cn Tc Cp Ip 
PAK >256 >256 128 256 16 >32 4 No data1 

L784 >256 32 >256 32 16 16 0.5 No data1 

CCUG 839 >256 256 256 256 4 >32 2 No data1 

CCUG 49694 >256 >256 128 256 4 >32 2 No data1 

CCUG 49708 >256 32 128 128 16 32 4 No data1 

1. Imipenem lost its effect during storage, thus the available data only represents the results from one OD 
measurement. 
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Figure 2. Growth curves of the P. aeruginosa strain CCUG 49694 at various concentrations 
of carbenicillin. The growth curves are based on eight OD measurements during seven consecutive 
hours, supplemented with an overnight measurement. The bacteria are grown in LB at 37°C on a rotary 
shaker. 
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Figure 3. Growth curves of the P. aeruginosa strain CCUG 839 at various concentrations of 
gentamicin. The growth curves are based on eight OD measurements during seven consecutive hours. 
The bacteria are grown in LB at 37°C on a rotary shaker. 
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Figure 4. Growth curves of the P. aeruginosa strain PAK at various concentrations of 
ciprofloxacin. The growth curves are based on eight OD measurements during seven consecutive hours. 
The bacteria are grown in LB at 37°C on a rotary shaker. 
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Figure 5. Growth curves of the P. aeruginosa strain PAK at various concentrations of 
ciprofloxacin. The growth curves are based on eight OD measurements during seven consecutive hours, 
supplemented with an overnight measurement. The bacteria are grown in LB at 37°C on a rotary shaker. 

4.2.2 Disc diffusion tests 

 
As a supplementary experiment, a disc diffusion test was conducted on the strain L784. 
This test confirmed resistance against two antibiotics according to EUCAST 
breakpoints (Table 19) [15]: piperacillin/tazobactam and ceftazidime.  
 
Table 19. Disc diffusion test on the P. aeruginosa strain L784. Resistance against various 
antipseudomonal drugs is interpreted according to the zone diameter breakpoints from EUCAST [15]. 

Antibiotic Zone diameter (mm) Resistance breakpoint (mm) Resistant 
Ceftazidime 8 <16 Yes 
Ciprofloxacin 36 <22 No 
Gentamicin 22 <15 No 
Imipenem 38 <17 No 
Meropenem 40 <18 No 
Piperacillin/tazobactam 10 <16 Yes 
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5. Discussion 

5.1 Antibiotic-resistant P. aeruginosa in Europe 
 
While the resistance data from EARS-Net clearly serves an important purpose, there 
are issues that must be addressed before coming to conclusions about the reported 
percentages.  
 
First of all, EARS-Net has no criteria regarding the methods and standards that are 
used to determine whether an isolate is resistant or not. Hence, there is no guarantee 
that different laboratories follow the same procedures. For example, traditional visual 
MIC determination does not always give the same result as a disc diffusion test. Other 
factors, such as different growth media, can also influence the results. The situation is 
further complicated by the use of different standardized breakpoints. Moreover, 
breakpoints are constantly evaluated and have changed over the years. Even if the 
chosen method and breakpoints are the same, there can still be individual 
interpretations that ultimately define an isolate as resistant. The latter issue is probably 
more likely to even out on a European level. 
 
Another factor that must be kept in mind when analyzing the EARS-Net data is the 
varying numbers of isolates reported from each participating country. For instance, 
there were countries that based their percentages on no more than 11 different isolates 
[17]. In these cases, a few resistance strains can influence the overall result. Likewise, 
local or regional outbreaks of certain highly resistant strains can also affect the 
percentages if the same strains are isolated and reported on multiple occasions. 
 
Because each laboratory that contributes to the EARS-Net database decides the number 
of reported isolates, there is also a risk that high percentages are less likely to be 
reported. The resistance data can to some extent be seen as an indication on the 
preventive measures and are therefore a possible motive to manipulate the true 
numbers. This bias should not be neglected in the overall interpretation of the 
resistance data.  
 
Despite the previously mentioned flaws with resistance surveillance, the EARS-Net 
reports still provided a clear picture of antibiotic-resistant P. aeruginosa within 
Europe. Resistance percentages ranging from 5-60% must be taken seriously and can 
not simply be assigned to differences in methods and standardized breakpoints. 
Antibiotic resistance is not fully restricted to national borders, but a few distinctive 
regions with different resistance situations could be outlined from the resistance data. 
The highest resistance percentages were constantly found in a group of countries in 
South Eastern Europe, particularly Greece, Romania and Slovakia. In the other end of 
the scale was Scandinavia together with a few more countries from Northern Europe. 
The results from Central Europe, with countries like France and Germany, generally 
ended up close to the EU/EEA-population weighted mean. These observations on 
geographical variations seem valid among all antipseudomonal drugs. Moreover, this 
interpretation of the resistance situation in Europe is also in line with the results from 
the MYSTIC Program reported by Turner [35]. 
 
A closer investigation of the countries with relatively low resistance percentages reveals 
that most of them are island or in other ways distanced from the rest of Europe. This 
could partly be explained by the fact that bacteria easily spread from adjacent 
countries, but the national resistant data also results from factors like antibiotic usage 
and preventive measures. For this reason, the exact influence of the geographic 
isolation is hard to determine. 
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As previously mentioned, the reported resistance among isolates of P. aeruginosa was 
relatively low in Northern Europe. Sweden was no exception to this observation, 
although the ResNet data showed slightly higher percentages than the EARS-Net 
reports [17, 23]. As stated by EARS-Net, isolates from blood and cerebrospinal fluid do 
not necessarily have to be representative of isolates from other infection sites [17]. In 
this particular case, it is not impossible that the ResNet reports contain more data from 
sputum isolates, which in turn are more associated with cystic fibrosis patients. These 
chronically ill patients tend to receive multiple antibiotic treatments over time, which 
might be a factor that selects resistant strains of P. aeruginosa. This theory could 
possibly be further strengthened by the resistance data from the MYSTIC Program. 
According to these percentages the average resistance in cystic fibrosis isolates appears 
to be relatively high in comparison with the isolates from Northern Europe [35]. 
However, it must be kept in mind that these cystic fibrosis percentages might have 
included regions outside of Europe. 
 
In addition to the most recent report, EARS-Net data from several consecutive years 
revealed significant trends in multiple countries, both increases and falling resistance 
percentages. It is hard to further analyze these results, because the affected countries 
are seemingly unrelated from a geographical viewpoint. Still, it is noticeable that 
multiple reports on increasing resistance percentages came from Sweden. These trends, 
which included ceftazidime, piperacillin/tazobactam, and aminoglycosides, were also 
implied in the national data reported to ResNet [23]. On average, the amounts of 
resistant isolates in Sweden also appear to increase more than the EU/EEA-population 
weighted mean. Based on these observations, further surveillance seems justified. It 
should be mentioned that some of these observations were not based on consistently 
reporting laboratories [17]. As a consequence, regional variations and changes within 
the studied population might have affected the results. 
 
The decreasing numbers of antibiotic-resistant P. aeruginosa that were observed in 
several countries could perhaps be a result of preventive actions, such as a more 
restrictive use of antibiotics. Likewise, the declining percentages might also have been 
affected by previously mentioned problems with insecure resistance data. 
 
As a final remark on the resistance percentages from EARS-Net, these statistics alone 
do not fully picture the clinical impact of antibiotic resistant P. aeruginosa. Even 
though there is a logic connection between resistant bacteria and the clinical outcome 
of the patients, it would be interesting to see how the resistance percentages actually 
correlate with mortality rates and durations of treatment. In this aspect, it would also 
be necessary to more specifically address the occurrence of MDR P. aeruginosa. There 
is definitely an expected linkage between multidrug resistance and a high overall 
resistance, but this must be exemplified with statistical data.  
 
Based on the findings from the literature search, the specific resistance against β–
lactam antibiotics that is found in P. aeruginosa can clearly result from of many 
different factors. The reports from different European studies confirmed the major 
resistance mechanisms against β–lactams reviewed by Strateva and Yordanov [8]. The 
results also showed the acquisition of chromosomally encoded resistance mechanisms 
discussed by Lister et al [11]. In brief, these observed mechanisms can be summarized 
as: AmpC-production, expression of different efflux systems (mainly MexXY-OprM and 
MexAB-OprM) and loss of the porin OprD. The decreased permeability, resulting from 
porin loss, seems especially evident among the carbapenem-resistant isolates. 
 
In contrast to the mechanisms described above, acquisition of transferable enzymes 
does not appear to be a major cause behind β–lactam resistance in P. aeruginosa. 
Different ESBLs were reported from various studies, but the percentages were relatively 
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low compared to the overall numbers of β–lactam-resistant isolates. As an example, the 
occurrence of MBL-producing isolates seemed to be in the vicinity five percent. The 
same thing could be observed in the few studies with findings of other classes of ESBLs, 
for instance the PER-1 enzyme reported by Hocquet et al [25]. In summary, these 
results show that acquired β–lactam resistance can mainly be contributed to mutations 
that enhance the intrinsic resistance rather than acquisitions of transferable β–
lactamases. Nevertheless, the ESBLs can be very problematic in a clinical situation 
since they further limit the few currently existing treatment options. 

5.2 Investigation of bacterial growth 
 
Before discussing the results from the laboratory experiments, some of the factors that 
might have influenced the bacterial growth should be mentioned. In brief, these can be 
summarized as the edge effect of the microplate and differing OD values within the 
triplicates. The latter was probably due to slightly different volumes of LB in the wells 
of the microplate. Despite these factors, similar growth curves could be seen in at least 
two out of three experiments for most of the tested strains.  Even though the results 
need to be confirmed in further test, the growth curves still indicate the resistance 
profiles of the strains and provide an interesting basis for discussion.  
 
As mentioned by Strateva and Yordanov, P. aeruginosa is intrinsically resistant to the 
majority of the β–lactams, which include both ampicillin and carbenicillin [8]. This fact 
can explain why the growth curves from the OD measurments revealed no inhibition 
from ampicillin. Carbenicillin had an observable effect on the bacterial growth, but only 
at concentrations ranging from 64-256 µg/ml. The decreasing number of bacteria after 
seven hours was probably due to a bactericidal effect of the β–lactams. Even though 
carbenicillin obviously could inhibit bacterial growth, the concentrations are still too 
high for the strains to be considered clinically susceptible. The EUCAST MIC 
breakpoint for piperacillin/tazobactam is 16 µg/ml and can probably serve as a valid 
reference, since this is also a type of penicillin [15]. Similar conclusions can be made 
about kanamycin and chloramphenicol. Both of these antibiotics had a pronounced 
bactereostatic effect during the first seven hours at concentrations as low as 64 µg/ml. 
Over time, this effect tended to disappear and even at 64 µg/ml it is very doubtful if the 
concentrations are low enough to be considered clinically relevant. These results 
demonstrate the intrinsic resistance of P. aeruginosa, and it is evident why ampicillin, 
carbenicillin, kanamycin and choramphenicol are not included among the standard 
antipseudomonal drugs that were reviewed by Traugott et al [14]. 
 
Among the tested strains, it is only CCUG 49694 and CCUG 839 that demonstrated 
susceptibility to gentamicin based on the MIC breakpoints from EUCAST. On the other 
hand, L784 was clearly susceptible according to the performed disc diffusion test. 
Aminoglycoside resistance among Swedish isolates generally numbered less than three 
percent according to the data from ResNet and EARS-Net [16-21, 23]. This was not 
reflected in the results from the growth curves, where only two out of five strains 
without doubt could be considered susceptible. In summary, it is clear that different 
methods certainly can change the outcome of susceptibility testing. As an example, the 
bacteria are grown in a different growth medium (Mueller-Hilton Agar) in the 
standardized disc diffusion test [15].  
 
Tetracycline is mentioned by Li et al as one of the antibiotics that are affected by the 
intrinsic resistance of P. aeruginosa [10]. According to the test results, there is nothing 
that contradicts this statement. Even though the growth curves confirmed inhibitory 
levels of antibiotics, these concentrations are still more than ten times higher than the 
EUCAST MIC for tetracycline versus other bacteria [15]. 
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One disadvantage with OD measurements is that dead bacteria that are not yet lysed 
can affect the result. As a consequence, bactericidal effects might not be as visible as 
they actually are. Nevertheless, ciprofloxacin appeared bactericidal against both PAK 
and CCUG 49694 at concentrations around 0.13 µg/ml. The OD values at these 
concentrations were even lower than at 0.5-4 µg/ml. This was an interesting 
observation, because all the other tested antibiotics seemed to be more effective as the 
concentration increased. This resistance pattern was not seen in all isolates and 
indicates that the underlying mechanisms are somehow strain specific and maybe not a 
general characteristic of P. aeruginosa. 
 
The lowest concentration with visible growth of bacteria repeatedly corresponded to 
OD values spanning from 0.08-0.1 on the specific plate reader that was used in the 
experiments. This interval was also where the growth curves at different antibiotic 
concentrations seemed to intersect, as exemplified by gentamicin and ciprofloxacin. 
Under these circumstances, the MIC determination becomes very sensitive to 
misreading and depends almost entirely on the experience and eyesight of the 
interpreter.  
 
A common observation among the tested antibiotics was that the bacterial growth 
tended to increase during incubation over night, even though a bactereostatic or 
bactericidal effect was confirmed during the first seven hours. This can either be 
explained by the instability of different substances or by the fact that the growth curves 
had not yet reached their maximum value during the first seven hours. In the case of 
kanamycin, some growth curves were almost completely horizontal during the growth 
phase then suddenly started to rise. This behaviour seems more likely to indicate that 
the substance lost its effect, rather than a slow growth phase.   
 
Besides the stability of the drug, the overnight growth might be related to the 
characteristics of the bacteria. For instance, the increasing bacterial growth at various 
concentrations of ciprofloxacin could not be confirmed for L784 and CCUG 49708. This 
difference among the strains indicates that the bacteria in some way may have affected 
the stability of the drug. The ability of P. aeruginosa to metabolize drugs, which is 
mentioned in the literature by Bauman [6], could in this case be a factor. A closer 
investigation of kanamycin solutions reveals that the drug should be stable for several 
days at room temperature in a pH-range from 6.5-8.5 [37]. This supports the theory 
that the degradation of kanamycin might have resulted from the production of AMEs, 
which are included in the review by Strateva and Yordanov [8]. When analyzing the 
stability of the substances, imipenem must also be mentioned, because it lost all of its 
potency after the first experiment. This may have been a result of improper storage 
condition and possible exposure to light, which according to the manufacturer could 
affect the quality of the substance [38]. 
 
The stability of antibiotics is an interesting factor when analyzing the advantages of 
bacterial growth curves based on OD measurements compared to the traditional MIC 
determinations and disc diffusion tests. Because the OD values produce observable 
growth curves, these measurements show the inhibitory effect during the whole growth 
phase and not just an overnight observation. Even if an antibiotic has lost most of its 
effect after 24 hours due to degradation of the substance, it can still produce a strong 
inhibition for a shorter period of time. This is probably best illustrated by the effect of 
ciprofloxacin on the P. aeruginosa strain PAK. In some clinical situations, the 
concentrations of active substance could probably still be maintained by increasing the 
dosage regimen of unstable drugs with short half-life. Bacterial growth curves based on 
OD measurements could function as a beneficial tool when these judgements are made. 
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Compared to other susceptibility testing methods, bacterial growth curves clearly 
provide a more detailed result. The time factor does not seem to be a huge problem, 
because the other methods also depend on bacterial growth during incubation.  Despite 
its potential as an aid in susceptibility testing, the method still requires an experienced 
person to analyze the growth curves. If the method was supplemented with 
standardized interpretation guidelines, it would probably be used more frequently in 
clinical practice. These guidelines could perhaps be based on the area under curve 
expressed as a percentage of the area under the control. The implementation of such 
guidelines does not seem completely unachievable. 
 

6. Conclusion 

In summary, the EARS-Net surveillance data on P. aeruginosa isolates reveal high 
variations among the reporting countries. The overall resistance situation can be 
described as low in Northern Europe, higher throughout Central Europe, and 
exceptionally problematic in a few countries from South Eastern Europe. Increasing 
percentages of resistant P. aeruginosa have been seen in Sweden and several other 
European countries. These concerning trends indicate the importance of surveillance 
and the situation should be closely followed over the coming years. Despite the current 
trends, resistant P. aeruginosa strains seem relatively uncommon in Sweden. The 
reported percentages are in alignment with the rest of Northern Europe and up to ten 
times lower than the results from the most problematic part of Europe. 
 
β-lactam resistance among European P. aeruginosa strains is complex and exemplifies 
the intrinsic resistance and chromosomal mutations that characterise this species. In 
comparison, the acquisition of MBLs and other transferable enzymes does not appear 
to be a major cause behind β-lactam resistance. 
 
The results from the laboratory experiments revealed varying resistance against the 
tested antibiotics. For instance, ampicillin demonstrated no effect and typical 
antipseudomonal drugs like ciprofloxacin and gentamicin resulted in obvious inhibition 
of the bacterial growth. Most importantly, the results highlighted some of the 
difficulties with defining and surveying antibiotic resistance. Traditional MIC 
determination highly depends on the interpreter and gives varied results depending on 
the breakpoints that are being used. In this context, bacterial growth curves based on 
OD measurements seem like a more accurate method, but the lack of interpretation 
guidelines could be an issue in clinical practice. 
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