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ABSTRACT 
Carbapenem (imipenem and meropenem) resistance in Pseudomonas aeruginosa is increasing, 
with global resistance rates approaching 20%. The most common resistance mechanisms are 
down-regulation of the porin OprD, and increased activity of multi-drug efflux pumps, 
primarily MexAB-OprM. Down-regulation of OprD, which is the primary porin for 
carbapenem uptake, confers resistance to both imipenem and meropenem, although the latter is 
affected less. Only meropenem is a substrate for the efflux pumps, due to the absence of a 
heterophilic side chain in the chemical structure of imipenem.  Apart from alterations of OprD 
and the efflux pumps, changes of penicillin-binding proteins have been suggested as a third 
chromosomal mechanism of carbapenem resistance. Transferable carbapenemases, conferring 
resistance to all β-lactams except aztreonam, have emerged during the last decade, and consist 
of five groups of enzymes, namely IMP, VIM, SPM, GIM and SIM. These enzymes are 
designated metallo-β-lactamases (MBL) due to their dependency of zinc for β-lactam 
hydrolysis. The genes encoding the MBLs are usually found on integrons, often embedded in 
functional transposons.   
 The aim of this thesis was to study chromosomal and transferable carbapenem-
resistance in clinical isolates of P. aeruginosa. Totally 67 isolates with variable levels of 
carbapenem resistance were characterized regarding transcription of the chromosomal genes 
encoding OprD, and the efflux pumps MexAB-OprM, MexXY, MexCD-OprJ and MexEF-
OprN. Transcription of the genes encoding penicillin-binding 2 and 3 (PBP-2 and -3) was 
studied in some of the isolates. Quantitative reverse transcriptase PCR (qRT-PCR) was used for 
the quantification of mRNA for the respective resistance genes.  A phenotypic efflux inhibition 
assay was also employed, using the inhibitor Phe-Arg-β-naphtylamide (40 mg/L). DNA 
sequencing of oprD, pbp-2, pbp-3 and some of the efflux pump regulatory genes was conducted 
in selected isolates. Transferable carbapenem-resistance was studied in 11 isolates producing 
MBLs belonging to the VIM-lineage, derived from four European countries.  Isolates were 
characterized by serotyping, pulsed-field gel electrophoresis (PFGE), random amplification of 
polymorphic DNA (RAPD), multilocus sequence typing (MLST) and integron sequencing. 
 Studies of isolates with decreased susceptibility to imipenem, and retained 
meropenem susceptibility, confirmed that down-regulation of oprD was the primary 
mechanism of resistance, although this was not found in all of the isolates. In isolates 
intermediately susceptible to meropenem and with variable susceptibility to imipenem, we 
found phenotypic or genotypic evidence of efflux in 5/8 isolates.  These isolates are reported as 
susceptible according to some of the international breakpoint groups, but are regarded 
intermediately susceptible according to the Swedish Reference Group for Antibiotics (SRGA) 
and the European Committee on Antimicrobial Susceptibility Testing (EUCAST). In isolates 
with decreased susceptibility to both carbapenems, we found evidence of concomitant down-
regulation of oprD and up-regulation of mexB in many of the isolates.  In five isolates we found 
evidence of down-regulation of either pbp-2 or pbp-3, although the relative importance of this 
finding was difficult to ascertain. Studies of transferable carbapenem resistance showed that the 
serotype O11 isolates from Italy and Greece belonged to the same clonal complex, according to 
MLST. Also, serotype O12 isolates from Greece harboring genes encoding different VIM-
variants were found to belong to the same sequence type.  PFGE and RAPD did not cluster all 
isolates that were found to belong to the same clonal complex according to MLST, and the 
latter is therefore probably best suited for studies of international epidemiology. 
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1 INTRODUCTION 
 
1.1 FEATURES OF PSEUDOMONAS AERUGINOSA 
Pseudomonas aeruginosa is an aerobic Gram-negative rod, possessing a strictly 

respiratory metabolism. The organisms are usually 1.5-5 µm in length and 0.5-1.0 µm 

in width, and are motile due to the presence of flagella. Typical features of P. 

aeruginosa isolates are positive oxidase test, growth in 42 ˚C, hydrolysis of arginine, 

and nitrate reduction. Most isolates produce the water-soluble pigments pyoverdine and 

pyocyanin, which together confer the bright green color characteristic of the organism. 

P. aeruginosa may be found in a variety of aqueous solutions, including disinfectants, 

soaps and eye drops, as well as in sinks, hot tubs, respiratory equipment and 

showerheads. P. aeruginosa is rarely part of the microbial flora of healthy individuals, 

but may colonize the gastrointestinal tract of especially hospitalized patients, 

particularly those who have received previous antibiotic therapy (1). 

 Infections associated with P. aeruginosa are external otitis, folliculitis 

acquired in swimming pools, keratitis following contact lens use or minor trauma, and 

opportunistic blood stream infection in immunocompromised patients. P. aeruginosa is 

an important cause of nosocomial respiratory tract infections, including ventilator-

associated pneumonia (VAP), and wound infections in burn patients. A mucoid 

phenotype of P. aeruginosa (due to increased production of alginate) frequently 

chronically infects patients with cystic fibrosis resulting in damage of the lung tissue 

and decreased pulmonary function (1). P. aeruginosa features an abundance of 

virulence factor, the main functions of which are displayed in Table 1.  

 

 

 

 

 

 

 

 

 

 



Christian G. Giske 
 

2 

TABLE 1. Virulence factors in P. aeruginosa. 
Virulence factor Function References 
Flagella Motility, epithelial interaction, TLR5 and 2 interaction (2) 
Pili Motility, epithelial interaction (2) 
Lipopolysaccharide Epithelial and TLR4 interaction (2) 
Alginate Epithelial interaction, bacterial protection  
Secreted virulence factors   

Pyocyanin IL-8 ↑,  host-response ↓, neutrophil apoptosis (2) 
Pyoverdine Iron chelation, regulation of exotoxin A (2) 
Alkaline protease Fibrin lysing protease, ↓ neutrophil function (3) 
Protease IV Degradation of host tissue and plasma proteins (3) 
Elastase Degrades tissue and plasma proteins, ↓ neutrophil function (3) 
Phospholipase C Surfactant inactivation, ↓ neutrophil function (2) 
Exotoxin A Inhibits elongation factor 2 (protein synthesis) (2) 

Type III secretion system   
Exo S Disrupts cytoskeleton, interacts with TLR2 and 4 (2) 
Exo T Disrupts cytoskeleton (2) 
Exo Y Adenylate cyclase, injected into host cytosol (2) 
Exo U Major cytotoxin, phospholipase activity (2) 

Quorum sensing   
las lasI → AHL → transcriptional activation of virulence genes (2) 
rhl rhlI → AHL → transcriptional activation of virulence genes (2) 

 
 
1.2 THE CARBAPENEMS 
The carbapenems are β-lactam antibiotics with the widest spectrum of antibacterial 

activity of the currently available antibiotics (4).  The clinically available carbapenems 

in Sweden are imipenem, meropenem and ertapenem, the structures of which are shown 

below (Figure 1). P. aeruginosa is considered a poor target for ertapenem, the reasons 

for this have so far not been elucidated (5). Structurally two features distinguish the 

carbapenems from other β-lactams, namely the introduction of a hydroxyethyl side chain 

in trans configuration at position 6, and the lack of a sulfur or oxygen atom in the 

thiazolidinic ring.  The first of these two changes (Figure 1) confers stability toward 

most β-lactamases (1).  From Figure 1 it is also apparent that imipenem lacks a 

heterocyclic side chain, which explains why this antibiotic is not a substrate for the 

multi-drug efflux pumps of P. aeruginosa (4). 
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FIGURE 1. Chemical structure of imipenem, meropenem and ertapenem 
 
IMIPENEM      MEROPENEM    ERTAPENEM 
 
 
 
 
 
 
 
 
Circle A denotes hydroxyethyl side chain, and circle B heterocyclic side chains. 
 
The carbapenems exert their action primarily by binding to penicillin-binding protein 2 

(PBP-2) in P. aeruginosa (Figure 2) (6). PBP-2 is a transpeptidase responsible for the 

final stages of the peptidoglycan synthesis, cross-linking diaminopimelic acid to alanine 

(7). The permeability of P. aeruginosa has been found to be a least 10-fold lower than 

for E. coli, and in order to reach the penicillin-binding proteins, the carbapenems need to 

enter the relatively impermeable outer cell membrane of P. aeruginosa through outer 

membrane porins (8). 

 

FIGURE 2. Cell wall of P. aeruginosa. 
 
 
 
 
 
 
 
 
 
 
Schematic view of the cell wall of P. aeruginosa showing the porin OprD, responsible 
for the uptake of carbapenems, and the location of the penicillin-binding proteins.  
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The main porin for uptake of carbapenems in P. aeruginosa is outer 

membrane protein D (OprD).  The reason for the selectivity of this porin in uptake of 

carbapenems and basic amino acids is believed to be the presence of stereo-specific 

binding sites for these substances.  The binding sites are located in external surface loop 

regions 2 and 3 of the OprD (9), whereas loop regions 5, 7 and 8 are regarded important 

for drug passage (Figure 3) (10). External loop 7 is especially important for uptake of 

meropenem (11).  Apart from amino acid changes, OprD may also undergo down-

regulation. Such down-regulation may occur by means of the transcriptional repressor 

MexT, which simultaneously increases transcription of the efflux pump MexEF-OprN 

(12), or by salicylate (8).  The mutation encoding transcriptional repression of OprD 

through MexT is known as nfxC (norfloxacin C), and is frequently selected by 

fluoroquinolones (12).  The membrane protein OpdE was also suggested to be a 

regulator of OprD (13), but later studies found no correlation between mutations in 

OpdE and transcription of OprD (8). 

 
FIGURE 3. External surface loop regions of OprD.  
 

External surface loop of OprD.  L2 and L3 are important for binding of carbapenems, 
whereas L5, L7 and L8 are important for drug passage. Numbers denote amino acid 
positions in OprD. 
 
 

1.3 PREVALENCE OF CARBAPENEM RESISTANCE IN P. AERUGINOSA 
Considerable geographic variation can be observed in susceptibility rates to imipenem 

(IMI) and meropenem (MER) in P. aeruginosa.  Also, intensive care units (ICU) 

generally have lower susceptibility rates.  Temporal trends of carbapenem susceptibility 

rates at Karolinska University Hospital, Northern Stockholm (entire hospital and ICU) 

are displayed in Figure 4, while international susceptibility rates are shown in Table 2. 
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FIGURE 4. Susceptibility trends for the carbapenems in Northern Stockholm. 

 
Temporal trends of carbapenem susceptibility at the Karolinska University Hospital, 
Solna. Decreasing susceptibility of both imipenem and meropenem can be observed, 
although the susceptibility rate of imipenem at the ICU seems relatively stable.  
 
 
TABLE 2. Susceptibility rates to the carbapenems in various parts of the world 

Susceptibility rates (%) Area / Year Setting IMI MER References 

USA / 2001 Non-ICU 85.5 85.5 (14) 
USA / 2001 ICU 80.7 80.1 (14) 
Asia-Pacific / 2001-04 Various isolates 82.2 85.7 (15) 
Europe / 2001-04 Various isolates 78.1 80.6 (15) 
South Am. / 2001-04 Various isolates 66.1 68.0 (15) 
North Am. / 2001-04 Various isolates 86.9 89.4 (15) 
Europe 2002 Various isolates 70.5 79.2 (16) 
Asia-Pacific / 2002-04 Various isolates 87.0 93.1 (17) 
Europe / 2002-04 Various isolates 70.1 76.2 (17) 
North Am. / 2002-04 Various isolates 89.4 85.2 (17) 
South Am. / 2002-04 Various isolates 56.9 52.1 (17) 
USA / 2005 Various isolates 84.4 87.6 (18) 
Stockholm / 2005 ICU 87.0 84.9 This thesis 

 
 
 

1.4 MECHANISMS OF CARBAPENEM RESISTANCE IN P. AERUGINOSA 

1.4.1 Outer membrane proteins 
The low permeability of P. aeruginosa contributes to the organism’s high natural 

resistance to many antibiotics, and experiments with mutants featuring a 

hyperpermeable OprD protein have shown that susceptibility to drugs such as 

cefotaxime and carbenicillin increases dramatically (19).  The low permeability 
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necessitates the presence of specific porins for the uptake of nutrients.  The porins of P. 

aeruginosa can be divided into three large families; the OprD family of specific porins 

(19 members), the OprM family of efflux porins, and the TonB-interacting family of 

gated porins (19). Within the OprD family, comprising proteins with 46-57% similarity 

to OprD, eight homologs are more closely related to OprD (19).  Still, only OprD has 

so far been shown to be important for antibiotic uptake (19).  

 The selectivity of the OprD channel for carbapenems is attributable to the 

chemical resemblance between carbapenems and basic amino acids, enabling binding 

of the carbapenems to the external loop regions 2 and 3 (9).  Hence, mutations in these 

regions confer resistance to the carbapenems (9). The external loop regions 5, 7 and 8 

are believed to constrict the channel entrance (20), and amino acid changes or deletions 

in these regions have been found to expand the channel, conferring a hyper-susceptible 

phenotype (11, 19). 

 Although changes in the carbapenem-binding regions of OprD may 

confer a carbapenem resistant phenotype, the most important mechanism of resistance 

in clinical isolates is down-regulation of OprD (21-23). Typically, imipenem MIC is 

increased to 8-32 mg/L and meropenem MIC to 2-4 mg/L in isolates featuring down-

regulation of OprD (24).  Calandra et al found a 17% rate of resistance emerging during 

imipenem therapy in P. aeruginosa (25), and Carmeli et al found a hazard ratio of 44 

for emergence of imipenem resistance during therapy, which was the highest of the 

antipseudomonal agents (26).   

 Although MexT and salicylate have been described as regulators of OprD 

(8, 12), the transcription regulation of oprD is still largely unknown.  Interestingly, 

Wolter et al found down-regulation of oprD attributable to a large insertion sequence 

(IS) element, ISPa1328, predicted to encode a 408 amino acid protein with 69% 

identity to a transposase found within an IS-element in Pseudomonas resinvorans (27).  

 
1.4.2 Multi-drug efflux pumps 
Bacterial efflux systems capable of extruding antibiotics fall into five classes; the major 

facilitator (MF) superfamily, the ATP-binding cassette (ABC) family, the resistance-

nodulation-division (RND) family, the small multidrug resistance (SMR) family, and 

the multidrug and toxic compound extrusion (MATE) family (28). All efflux pumps in 

P. aeruginosa of relevance for extrusion of the carbapenems belong to the RND family, 

so called tripartite systems consisting of a pump protein traversing the inner membrane, 
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the periplasmatic membrane fusion protein, and the channel forming outer membrane 

protein (Figure 5) (29). 

 

FIGURE 5. The MexA-MexB-OprM RND efflux pump in P. aeruginosa. 

 
The efflux pump consists of a transmembrane pump (MexB), a membrane fusion 
protein (MexA) and an outer membrane protein (OprM). 
 

Three RND efflux pumps relevant for carbapenem efflux have been 

described in P. aeruginosa, namely MexA-MexB-OprM, MexC-MexD-OprJ and 

MexX-MexY (30).  Also, the efflux pump MexE-MexF-OprN has been found to be co-

regulated with OprD, through the common regulator MexT, but this pump cannot by 

itself extrude carbapenems (12, 31).  The genes encoding these efflux proteins are 

organized as operons, transcribed from a single promoter (32).  Transcription is mainly 

regulated through repressors binding to the promoter regions, and increased 

transcription results from amino acid changes in these repressors (33).  Regulation has 

been most extensively described for MexA-MexB-OprM.  For this pump at least three 

regulators exist, MexR (nalB) (34), the PA3719-21 complex (nalC) (35) and PA3574 

(nalD) (36).  While MexR is a repressor of the mexAB-oprM operon, the regulation 

through nalC and nalD mutations is more complex. PA3721 has been found to repress 

transcription of the pa3719-20 complex, which again seem to be an activator of the 

mexAB-oprM operon (35). The precise mechanism by which nalD mutations affect 

mexAB-oprM transcription has so far not been elucidated (36).  The nal-terminology is 

derived from studies of quinolone-resistant P. aeruginosa (nal = nalidixic acid) 

performed prior to the characterization of the regulator genes (37).  The nalA mutation 

was later found to be target mutations in the gene encoding DNA gyrase subunit GyrA, 
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impairing binding of quinolones (38), and the nal-terminology has later been applied to 

the various regulators of the MexA-MexB-OprM efflux pump, which also extrudes 

fluoroquinolones.  Unlike the other three pumps, MexX-MexY has not been found to 

interact with one specific outer membrane protein, but can recombine with several 

porins, among them also OprM (33). Normally only MexA-MexB-OprM and MexX-

MexY are expressed constitutively (33). 

 The substrate specificities vary between the pumps, and since some of the 

pumps export carbapenems less efficiently, transcription needs to be heavily increased 

in order to affect susceptibility levels.  MexA-MexB-OprM is regarded the most 

efficient efflux pump for extrusion of carbapenems (30). Relatively modestly increased 

levels of expression of only two-fold the levels of wild-type isolates may be clinically 

relevant (21, 23, 39, 40).  In contrast, transcription levels of MexX-MexY and MexC-

MexD-OprJ probably need to be increased up to 10- (23, 40, 41) and 70-fold (23), 

respectively, in order to affect carbapenem susceptibility.  Meropenem, ertapenem and 

doripenem are all substrates of the efflux pumps, whereas imipenem is not, due to the 

absence of a heterocyclic side chain (4).  Typically, hyperproduction of MexA-MexB-

OprM increases meropenem MIC from the wild-type level of around 0.5 to around 4 

mg/L (42).  In mutants featuring concomitant down-regulation of the porin OprD and 

up-regulation of MexA-MexB-OprM meropenem MIC increases from wild-type levels 

up to around 16 mg/L (42).  Regulation of the efflux pumps as well as substrate 

specificities are displayed in Table 3.  It should be noted that the contribution of the 

MexA-MexB-OprM efflux pump to the observed phenotypic resistance depends also 

on a proper assembly of the pump complex.  Amino acid changes in the C-terminal 

region of MexA or in the MexA binding region of MexB can both affect assembly of 

the proteins, resulting in impaired function (43).   
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TABLE 3. Substrate specificities and regulators of efflux pumps in P. aeruginosa. 
Efflux operon 

Pump MFP OMP Regulators Substrate specificities Ref 

MexR  
PA3719-21 MexB MexA OprM 
PA3574 

FQ, ML, TE, LM, CA, BL1 (36, 
44) 

MexC MexD OprJ NfxB FQ, ML, TE, LM, CA, BL2 (44) 

MexY MexX Various MexZ  
PA54714 FQ, ML, TE, LM, CA, AG, BL3 (44, 

45) 
 
MFP=membrane fusion protein, OMP=outer membrane protein. 
Abbreviations of antibiotics: FQ=fluorquinolones, ML=macrolides, TE= tetracyclines, 
CA= chloramphenicol, BL=β-lactams, AG =aminoglycosides. 
1 β-lactams except imipenem. 
2 β-lactams except imipenem, ceftazidime, carbenicillin. 
3 β-lactams except imipenem, ceftazidime, cefsulodin, carbenicillin. 
4 PA5471 is an activator of MexXY 
 

 The multi-drug resistance phenotype conferred by the efflux pumps poses 

a great clinical challenge, and several efforts have been made to develop efficient efflux 

pump inhibitors (46, 47).  A series of dipeptide amide compounds devoid of intrinsic 

antibacterial activity have been evaluated for this purpose, and the best candidates so 

far are the two substances MC-207,110 (Phe-Arg-β-naphtylamide) and MC-04,124.  

Unfortunately, none of these inhibitors are useful for clinical purposes, due to problems 

of toxicity, but they serve an important role as phenotypic markers of efflux (46).  

Usually, an 8-fold decrease of MIC in the presence of an efflux inhibitor is considered 

indicative of efflux activity (46). In a recent study, Yoshida et al reported a number of 

pyridopyrmidine derivatives with in vitro activity against the MexA-MexB-OprM 

efflux pump (47). One of the identified substances (4w) decreased levofloxacin and 

aztreonam MIC of a MexA-MexB-OprM hyperproducing laboratory mutant 8-fold at a 

concentration of 10 mg/kg, whereas the acute toxicity assay revealed that the lethal 

dose of the substance was 100 mg/kg.  In an in vivo rat P. aeruginosa pneumonia 

model, the substance potentiated the effect of aztreonam, also in this case the dosage 

was 10 mg/kg.  Although the results are promising, further studies of efficacy and 

safety are needed in order to determine the role of this substance in future therapy of 

efflux pump mutants (47).  
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1.4.3 Carbapenemases 
Four groups of carbapenemases have so far been reported in P. aeruginosa, namely 

IMP (imipenemase), VIM (Verona imipenemase), GIM (German imipenemase) and 

SPM (São Paulo metallo- β-lactamase) (48-52).  These four classes of enzymes, 

together with SIM (Seoul imipenemase), the latter so far only reported in Acinetobacter 

spp. (52), comprise the acquired metallo-β-lactamases (MBL). In the Bush-Jacoby-

Medeiros functional classification of β-lactamases the MBLs belong to class 3, and in 

Ambler’s structural classification they are designated class B β-lactamases (53).  

Sometimes the class B β-lactamases are further subclassified into B1, B2 and B3, based 

on sequence identity and similarities in the zinc-binding motifs.  The acquired MBLs 

belong to class B2 β-lactamases according to this classification (54). 

 The common feature of the MBLs is the principal zinc-binding motif 

histidine-X-histidine-X-aspartic acid (H-X-H-X-N). The binding of zinc to the active 

site coordinates the arrangement of two H2O molecules which are important for the 

hydrolysis (54, 55). Hence, chelation of zinc, which can be performed with substances 

such as EDTA or mercaptopropionic acid (MPA), impairs β-lactam hydrolysis and 

therefore restores susceptibility to the carbapenems (56).  The MBLs feature a wide 

plastic active site groove, which enables accommodation to most β-lactam substrates, 

with the exception of aztreonam (57).  β-lactamase inhibitors such as clavulanic acid, 

tazobactam and sulbactam are also hydrolyzed rather weakly by the MBLs (57). 

 Although four classes of acquired MBLs have been described in P. 

aeruginosa, only the IMP and VIM classes have so far been found to comprise several 

enzyme variants.  Within the IMP class three subgroups have been identified, IMP-1 

(comprising IMP-1, -3, -4, -5, -6, -7, -9, -10), IMP-2 (IMP-2, -8, -11, -13, -16) and 

IMP-12 (53).   VIM β-lactamases are also classified into three subgroups, VIM-1 

(VIM-1, -4, -5, -11A), VIM-2 (VIM-2, -3, -6, -8, -9, -10, -11B) and VIM-7 (53).  While 

GIM-1 (50) and SPM-1 (58) so far have a restricted geographical spread, the IMP and 

VIM enzymes have reached worldwide dissemination (53). The IMP enzymes were 

originally detected in Asia, but later appeared in Europe, the Americas and in Australia, 

whereas the VIM enzymes were first reported in Europe, but shortly thereafter emerged 

on the other continents (53).  Despite the fact that both classes have reached worldwide 

dissemination, the tendency of dominancy of the IMP-enzymes in Asia and the VIM-

enzymes in Europe prevails (53).   
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 Generally, the MBLs have a broad hydrolytic profile, rendering the host 

bacterium resistant to all β-lactams except aztreonam.  Still, minor but significant 

differences in the hydrolytic capacity can be observed between the different groups of 

MBLs.  Within the VIM-group, it has been noted that VIM-1 hydrolyzes ceftazidime, 

piperacillin and meropenem more efficiently than VIM-2, a difference that has been 

attributed to His224→Thr and Ser228→Thr amino acid substitutions, both of them in 

the vicinity of the active site (59). SPM-1 is a very efficient carbapenemase, and Walsh 

et al have speculated that this could be due to the presence of an insertion located 

downstream of the active site, acting as a loop and possibly enhancing binding and 

hydrolysis of β-lactams (53). GIM-1 is a rather weak carbapenemase, although its 

hydrolytic profile is very similar to that of IMP-1 (53).  Within the IMP-group, the 

hydrolytic patterns seem more complex, and of particular interest is the low capacity of 

penicillin hydrolysis, and the relatively low level of imipenem hydrolysis observed in 

IMP-3 and IMP-6 (60, 61).  Still, the majority of IMP MBLs are highly resistant to 

carbapenems and extended-spectrum cephalosporins (62).  

 
FIGURE 6.  ClustalW dendrogram showing the acquired metallo-β-lactamases.  

 
Phylogenetic relationship between the five groups of acquired MBLs, as well as the 
three main subgroups of IMP and VIM.  
 

 VIM-7 

VIM-2 

VIM-1 

SPM-1 

IMP-12 

IMP-1 

SIM-1 

gi|42516779|emb|CAF05908.1|

gi|62199049|gb|AAX76774.1|

gi|560552|gb|AAB30289.1|

gi|49532986|dbj|BAD26594.1|

gi|25278056|emb|CAD12765.1|

gi|38260156|gb|AAR15341.1|

gi|94962065|gb|ABF48382.1|

gi|76786449|gb|ABA54976.1|

gi|30014072|emb|CAD61201.1|
0.05

IMP-2 
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 The genes encoding MBLs are in nearly all cases located on class 1 

integrons (53), although class 3 integrons harbouring IMP-type enzymes have been 

reported (63). Integrons are genetic elements consisting of two conserved regions (5’CS 

and 3’CS), as well as a variable region where gene cassettes encoding resistance 

determinants can be inserted (Figure 7).  The 5’CS part consists of an integrase (intI), 

an adjacent recombination site (attI) and a common promoter for all gene cassettes in 

the variable region, whereas the 3’CS region usually consists of a partially deleted gene 

encoding a quaternary ammonium compound efflux pump (qacE∆1) fused with a 

sulfonamide resistance gene (sul1). The promoter region consists of two promoters that 

can exist in strong or weak variants. Apart from the combination of promoters, the 

distance between the promoter and the respective gene cassettes will also influence the 

impact of the promoter on gene transcription.  In the variable region MBL and 

aminoglycoside resistance genes are usually found, and between the genes 

recombination sites (attC) can be found (64).  Sometimes these sites are truncated, 

producing a fusion of adjacent gene cassettes, so that the individual cassettes can no 

longer operate independently (65).  Integration of new gene cassettes, which is 

mediated by the integrase, can take place either between a gene cassette and attI or 

between two gene cassettes containing attC, although the latter event probably occurs 

rarely (66).  

 
FIGURE 7. Class 1 integrons carrying genes encoding metallo-β-lactamases. 
 

Example of a class 1 integron AY866525 (In114). In the 5’ conserved region the 
integrase gene can be observed (intI), while the fused qacE∆1/sul1 cassette can be seen 
in the 3’ sequence.  The variable region features the MBL gene blaVIM-4, the 
aminoglycoside resistance gene aacA4 and the penicillinase gene blaOXA-35. The oval 
structures between the cassettes represent the recombination sites (attC). 
 
 
 Integrons are not in themselves mobile genetic structures, but they are 

usually located on transposons such as Tn5090 (also known as Tn402)-like elements, 

which are again often embedded in Tn21-like transposons that can mobilize the 

integrons between different genetic locations (Figure 8) (67, 68).  Tn21-like elements 

feature genes encoding tranposases (tnpA) and resolvases (tnpR), as well as a 

intI1 aacA4 qacE∆1 sul1blaOXA-35 blaVIM-4 
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recombination site (res) which can be found upstream of tnpR (69). While the 

transposase is responsible for the movement of the transposon, the resolvase confers 

site specific recombination at the res site (69).  Riccio et al described three isolates 

featuring an integron inserted into a Tn5090, embedded in a Tn21-like transposon 

(Tn5090) backbone lacking the transposition module, probably due to recombinational 

events (70). In this case the changes probably caused chromosomal fixation, implying 

that future spread can only take place through clonal expansion. Although 

chromosomal fixation can occur, MBL containing integrons are frequently found on 

conjugative plasmids conferring horizontal dissemination (53).  Interestingly, blaSPM-1 

has not been found to be associated with integrons or transposons, but rather a mobile 

genomic pathogenicity island carried by a plasmid of around 180 kb (51).  

The international epidemiology of MBL-producing P. aeruginosa is still 

a terra nova.  The prevalence of these enzymes among carbapenem-resistant P. 

aeruginosa is still unknown in most countries (53), which is at least partly due to the 

lack of proper screening recommendations.  For some countries, such Korea and Brazil 

the proportion of MBL-producers among imipenem-resistant P. aeruginosa has been 

estimated to 11.4 and 20%, respectively (53).  Some studies of regional epidemiology 

have tried to address the issue of clonal dissemination, and although certain diversity 

can be observed in many areas there is still evidence supporting that clonal expansion is 

an important mode of spread (70-73).  Little is also know about the dissemination of 

MBL between countries. Although spread by human carriers has been suggested (74), 

molecular evidence supporting this hypothesis is lacking.  Outbreaks have occurred in 

several countries, among them Brazil (75), Colombia (76), Italy (77, 78), Greece (74) 

and Korea (79). 

 

 

 

 

 

 

 

 

 

 



Christian G. Giske 
 

14 

FIGURE 8. Mobilization of integrons facilitated by Tn21-like transposons. 

 
Class 1 integrons are often located on transposon Tn5090/402 derivatives, which can 
be inserted into Tn21-like tranposons, the latter being able to mobilize the integron, 
e.g. from the chromosome into a conjugative plasmid. The locations of the transposase 
(tnpA) and the resolvase (tnpR), as well as the recombination site (res) are also 
displayed. 
 
 So far no recommendations regarding the detection of MBL have been 

produced by either the Clinical Laboratory Standards Institute (CLSI) or the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST).  One major obstacle is 

the absence of a reliable phenotypic test for confirmation of MBL-production.  Several 

disc-based assay, and one Etest based method have been developed, all of them 

founded on the principle of inactivation of MBLs by addition of zinc chelators (53).  

However, the outer membrane permeabilizing effect of chelators such as EDTA (80, 

81),  gives rise to false positive test results, contributing to the suboptimal specificities 

of the tests (53).  Still, the available tests have good sensitivities for MBL detection in 

P. aeruginosa, and may be used to exclude the presence of MBL (53). A promising 

novel chelator is dipicolinic acid (DPA), in one study found to be 50 times more 

efficient than EDTA for inhibition of IMP-1 (82), but this agent will need to be tested 

against a broader strain collection until its final role can be determined. The phenotypic 

criteria for screening are difficult to establish, but it is likely that imipenem resistance 

Class 1 integron 

Tn5090/402 

Tn21-like 

Plasmid
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IR 
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as the sole criterion will lead to a high number of false positive test results, at least in 

low-prevalence countries.  With the exception of some IMP-type MBLs (60, 61), 

relatively high level of resistance to carbapenems and decreased susceptibility to 

extended spectrum cephalosporins can usually be expected in MBL-producing P. 

aeruginosa (53), and may tentatively serve as a screening criterion, at least in the 

European setting where VIM-producers dominate.  Molecular methods of detection are 

available, but the disadvantage is that these methods will not detect novel MBL 

variants.  Lastly, carbapenem hydrolysis assays serve as gold standard methodology, 

and should be available in a reference center in all countries routinely performing MBL 

screening (53).  

 
1.4.4 Penicillin-binding proteins 
Few studies have addressed the putative role of alterations of penicillin-binding 

proteins in conferring carbapenem resistance in Gram-negative bacilli. Bellido et al 

described a case of treatment failure, in which the isolated resistant P. aeruginosa strain 

displayed decreased binding of radioactively labeled imipenem to PBP-4.  The authors 

also observed that following several passages in antibiotic-free broth, the isolate 

regained its ability to bind imipenem, and the MIC decreased from 32 to 8 mg/L (83).  

Practically no follow-up studies have been conducted on clinical isolates of P. 

aeruginosa, and it remains unclear whether PBP changes are important mechanisms of 

carbapenem resistance.  However, studies have been conducted on other Gram-negative 

bacilli, and one study of clinical isolates of Acinetobacter baumannii found decreased 

expression of PBP-2 to correlate well with decreased susceptibility to the carbapenems 

(84), and in Proteus mirabilis an imipenem-resistant isolate was found to harbor PBP-2 

with decreased affinity to imipenem (85). Furthermore, in E. coli a PBP-2 mutant was 

found to have increased imipenem MIC, but meropenem MIC was not affected, the 

proposed explanation being that meropenem also binds to PBP-3 (86). Also, Ayala et al 

found that alterations of PBP-3 may confer decreased susceptibility to imipenem in 

Bacteroides fragilis (PBP-2Bfr, the orthologue of PBP-3 in E. coli) (87), and a similar 

observation was done in another study of a clinical isolate of the Gram-positive bacillus 

Listeria monocytogenes (88). Hence, alterations of PBP-2 and PBP-3 could be 

interesting putative carbapenem resistance mechanisms in P. aeruginosa. Theoretically, 

both down-regulation and the presence of amino acid changes in the vicinity of the 

three conserved motifs S-X-N, K-T-G and S-X-X-K (Figure 9) (89) that together 
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comprise the active sites of PBP-2 and -3 could be important for carbapenem 

resistance, and studies are needed to address this question. 

 
FIGURE 9. Active sites of penicillin-binding proteins 2 and 3. 
 

The location of the three conserved motifs comprising the active sites of PBP-2 and 
PBP-3 are displayed. Numbers denote amino acid positions in the respective proteins, 
and letters denote amino acids (S = serine, E = glutamic acid, N = asparagine, K = 
lysine, T = threonine, G = glycine, V = valine). 
 
 

1.5 CLINICAL IMPACT OF CARBAPENEM RESISTANCE 
The impact of carbapenem resistance in P. aeruginosa on mortality and length of 

hospital stay was evaluated in a study of 116 patients, out of which 29 were infected 

with carbapenem resistant isolates.  The study found 20% mortality among patients 

infected with carbapenem resistant isolates (cases), and 10% among those infected with 

carbapenem susceptible P. aeruginosa (controls), but the difference was not statistically 

significant (90).  It should be noted that only 3% of the cases had bloodstream infection 

(BSI), whereas this was the case with 13% of the controls. The same study 

demonstrated that the mean length of hospital stay (LOS) increased from 17 days in 

controls to 36 days in cases (p=0.001).  Since the distinction between colonization and 

infection can be difficult to establish with environmental opportunistic pathogens like 

P. aeruginosa, it may be more relevant to study the impact of resistance on mortality in 

BSI, rather than in all types of infections. A study of 190 patients with BSI, whereof 28 

patients were infected with imipenem resistant P. aeruginosa (cases), revealed that the 

mortality was 53.6% among resistant cases and 35.2% among the controls infected by 

imipenem susceptible isolates (p=0.064) (91). 
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 Although studies of imipenem resistant P. aeruginosa have not been able 

to clearly demonstrate a statistically significant impact on mortality, the studies might 

have been too small to detect differences.  Thus, more studies and possibly also a meta-

analysis are warranted.  Still, three studies have been able to detect an impact on the 

presence of metallo-β-lactamase production for the outcome of P. aeruginosa infection.  

Laupland et al investigated mortality in 228 patients infected with imipenem resistant 

P. aeruginosa (92).  Patients infected with MBL-producing P. aeruginosa (n=98) had a 

case fatality rate of 25% compared to 13% in the controls (n=130) infected with 

imipenem resistant isolates (p<0.05). Another study compared mortality in 64 cases 

infected by IMP-producing P. aeruginosa with 247 controls infected by MBL-negative 

isolates (93).  Among the controls, 17.4% were infected with imipenem resistant P. 

aeruginosa, whereas the resistance levels to piperacillin and ceftazidime were 13.8 and 

11.3%, respectively.  The study found a case fatality rate of 5.8% among the cases and 

1.2% among the controls (p<0.02).  Lastly, Zavascki et al studied mortality in 86 cases 

infected by MBL-producing P. aeruginosa and 212 controls (94).  The mortality hazard 

ratio was found to be 1.55 (95% confidence interval 1.06-2.27), and the multivariate 

analysis revealed that the delay of early appropriate treatment was the main determinant 

of a negative outcome.  A common trait of these studies was that the MBL-groups 

comprised a larger number of multi-drug resistant (MDR) isolates, and it is possible 

that the detected differences reflect that MBL-production in P. aeruginosa confers an 

MDR phenotype. 

 Carbapenem resistant P. aeruginosa may retain susceptibility to other β-

lactams such as piperacillin/tazobactam, ceftazidime and cefepime.  Still, MDR 

phenotypes resistant to all β-lactams are increasingly often observed (15).  Some 

isolates may also be resistant to aminoglycosides, and fluoroquinolone resistance levels 

are high all over the world (15).  The term multi-drug resistant P. aeruginosa (MRPA) 

is by most authors defined as resistance to ≥three antipseudomonal agents, but a 

minority of authors prefer two or four agents (95). The term pan-resistant P. aeruginosa 

(PRPA) has been introduced for isolates resistant to all antipseudomonal agents except 

the polymyxins (96), although Falagas et al have argued that it should be reserved for 

isolates resistant to absolutely all available antibiotics (95).  The emergence of PRPA 

poses a great therapeutic challenge, since the polymyxins traditionally have been 

regarded relatively toxic, and their efficacies have been considered suboptimal (97).  

However, newer studies have shown that the safety profile of the polymyxins is 
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probably better than indicated in older reports, and the inclusion of these agents in 

combination therapy schemes has also emerged as an attractive option (97).  

Combination therapy including polymyxin E (colistin) has also been tried in some 

patients infected with colistin resistant PRPA, and although a control group lacked in 

this study, the results are still relatively promising (98).   

Due to the lack of novel antibiotics with antipseudomonal effect, 

minimizing the development of resistance will be an important task in the present 

situation.  The mutant preventive concentration (MPC), defined as the lowest antibiotic 

concentration that prevents growth of the least susceptible first-step resistant mutant 

among a 1010 CFU bacterial population, is a new available tool for this purpose and 

should probably be used actively (99).  Development of resistance to imipenem and 

fluoroquinolones occurs very frequently in P. aeruginosa (26), and it should be noted 

that fluoroquinolones can select for meropenem resistance through increased efflux 

activity (100).  For these drugs, and probably for all antipseudomonal agents, the 

establishment of pharmacodynamic indices that can be used in the design of dosing 

schemes seems imperative. Possibly, combination therapy can be one way of 

preventing development of resistance in P. aeruginosa (101). 
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2 AIMS OF THE THESIS 
The general aim of this thesis was to investigate chromosomal and transferable 

mechanisms of carbapenem resistance in clinical isolates of Pseudomonas aeruginosa. 

 

Specific aims were the following: 

 

I. Study the contribution of down-regulation of the porin OprD and up-

regulation of the efflux pumps MexAB-OprM, MexEF-OprN and MexXY 

to the carbapenem resistant phenotype in clinical isolates of P. aeruginosa 

 

II. Investigate whether gene transcription data can be used as an ancillary 

measure when setting a susceptibility breakpoint for meropenem and P. 

aeruginosa. 

 

III. Elucidate whether production of metallo-β-lactamases (MBL) contributes to 

carbapenem resistance in Swedish isolates of P. aeruginosa. 

 

IV. Evaluate the properties of various typing methods for investigating 

epidemiological relationships between MBL-producing P. aeruginosa from 

four European countries. 

 

V. Study whether alterations in penicillin-binding proteins 2 and 3 contributes 

to carbapenem resistance in clinical isolates of P. aeruginosa. 
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3 MATERIALS AND METHODS 
 
3.1 SELECTION OF ISOLATES  
All isolates used in the studies presented in this thesis were obtained from the 

Karolinska University Hospital, Solna, Sweden, with the exception of some of the 

MBL-producing isolates.  Imipenem and/or meropenem resistant clinical isolates of P. 

aeruginosa (n=155) were collected consecutively during the years 2000-2002.  The 

total number of isolates resistant to imipenem and/or meropenem was 280 during this 

period, and hence the rate of retrieved isolates was 55%. The majority of the isolates 

not included in the collection were urinary tract isolates.  For the year 2003, the 

collection criterion was non-susceptibility to meropenem, although a few imipenem 

resistant isolates were collected in the first part of the year. The total number of 

collected isolates was 72 this year.  All replicate isolates were excluded from the study. 

Susceptibility testing was performed with disc diffusion testing according to the 

methodology described by the Swedish Reference Group for Antibiotics (SRGA) 

(102), and interpretative breakpoints were also derived from SRGA (www.srga.org).    

 From the collection described above clinical isolates were selected to the 

respective studies.  For all isolates included in the studies species identification was 

confirmed with accepted laboratory criteria (oxidase positive, green pigment, growth in 

42 ˚C and hydrolysis of arginine) (1). In some cases species identification was 

performed with the commercially available biochemical kit API 20NE (Biomerieux, 

Marcy l'Etoile, France).  Isolates included in the five studies are displayed in Table 4.  

In addition to the isolates obtained from Karolinska University Hospital 2000-2003, 

one MBL-producing isolate from 2004 was included, as well as 14 Norwegian isolates 

derived from 7 hospitals, and lastly MBL-producing isolates from Italy (n=6), Hungary 

(n=2) and Greece (n=1).  The MBL-producing isolates all harbored either blaVIM-1 or 

blaVIM-4, both belonging to the VIM-1 lineage, except one isolate that featured blaVIM-2.  

Italian and Hungarian isolates were derived from two different regions, while the 

isolates from Sweden and Greece came from the same region in the respective 

countries. 
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TABLE 4. Selection of isolates in the respective studies. 

Study No of 
isolates Selection criteria 

I 24 Varying levels of carbapenem resistance, including wild-type 
isolates (n=4) and one reference isolate (PAO1) 

II 26 Meropenem non-susceptible (n=13), imipenem non-susceptible 
(n=8), wild type isolates (n=4), reference isolate (ATCC 27853) 

III 80 Imipenem resistance 
IV 11 Production of VIM-1-like (n=10) or VIM-2 (n=1) metallo-β-

lactamase 
V 32 Meropenem and imipenem resistance (n=26), imipenem 

resistance (n=1), wild-type (n=4) and reference (ATCC 27853) 
 
 
3.2 PHENOTYPIC METHODS, INCLUDING SUSCEPTIBILITY TESTING 
Antibiograms derived from the disc diffusion testing were in all of the studies 

confirmed with minimal inhibitory concentration (MIC) determination for the 

carbapenems, and in the majority of the studies also for the other included antibiotics.  

MICs were determined with Etest (AB Biodisk, Solna, Sweden), a plastic strip 

containing a predefined gradient of antibiotic concentrations.  MICs were read where 

the inhibitory ellipse intersected the plastic strip, according to the manufacturer’s 

description.  In some of the studies MICs were performed on Iso-Sensitest Agar (ISA) 

(Oxoid, Basingstoke, UK), in accordance with SRGA recommendations, and in some 

studies Mueller-Hinton agar (BD Microbiology Systems, Cockeysville, Md, USA) was 

used, as recommended by the Clinical and Laboratory Standards Institute (CLSI) (103). 

Interpretative susceptibility breakpoints were either derived from SRGA 

(www.srga.org), CLSI (104) or the European Committee for Antimicrobial 

Susceptibility Testing (EUCAST) (www.eucast.org). ATCC 27853 was used for 

quality control. 

 The MBL Etest, which consists of a plastic strip containing an imipenem 

(IP) gradient in one end and imipenem+EDTA (IPI) in the other end,  was used in two 

of the studies for phenotypic detection of MBL-production (105).  The MBL test is 

considered positive in case of an IP/IPI ratio of ≥8, or the presence of a so-called 

phantom zone, due to the diffusion of EDTA from IP to the IPI side of the strip (Figure 

10). Also, a phenotypic efflux pump inhibition (EPI) assay was used in two of the 

studies.  The efflux inhibitor PAβN (Sigma-Aldrich, St Louis, MO, USA) was added to 

the agar in a concentration of 40 mg/L, followed by regular susceptibility testing with 
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Etest (106).  A meropenem/meropenem+EPI ratio was calculated, and values ≥8 were 

considered phenotypic indicators of the presence of efflux.  Lastly, O-antigen typing 

was performed for the MBL-producing isolates as described in the manufacturer’s 

instructions (Bio-Rad, Marnes-La-Coquette, France).  The O-antigen is part of the 

lipopolysaccharide of the bacterium’s outer membrane, and a certain fraction of strains 

are non-serotypable, whereas other isolates may have a tendency to polyagglutinate 

(107). 

 

FIGURE 10. The MBL Etest for phenotypic detection of metallo-β-lactamases. 

 

A positive MBL-test is displayed in the picture, with a ratio IP/IPI (arrow) of 64, 
exceeding the cut-off of 8.  The test is based on the inactivation of MBLs by the zinc 
chelator EDTA which is added to the IPI end of the plastic strip. 
 

3.3 SINGLE STRAIN REGRESSION ANALYSIS (SRA) 
Nine selected isolates, three representing each susceptibility category S, I and R, 

together with the reference strain ATCC 27853, were tested at the Department of 

Clinical Microbiology, Central Hospital, Växjö. Antibiotic disks were produced with 

six different meropenem concentrations: 1, 5, 10, 30, 100 and 300 µg. All isolates were 

tested three times on separate occasions. Disk diffusion testing was performed 

according to SRGA methodology (www.srga.org). Meropenem MIC values were 

determined with agar dilution technique (103). Solutions of meropenem were mixed 

with Iso-Sensitest Agar in two-fold dilutions. Since SRA requires more precise MIC 

values, the dilution series also included in-between values. An inoculum of 104 

CFU/spot was applied with a multipoint inoculator. The plates were incubated at 37°C 



                                    CARBAPENEM RESISTANCE IN P. AERUGINOSA 
 

  23 

for 20 h. The MIC was defined as the lowest concentration that completely inhibited 

bacterial growth. All strains were tested three times on separate occasions.  

The single strain regression equation can be written mathematically as z2 

= (A * log Q) + (A * log MIC) + B, where A and B are constants, Q is the disk content 

of antibiotic, and z is the disk diffusion zone diameter.   The constant A will determine 

the slope of the regression line, and differences in this constant can indicate biological 

differences between strains. Calculation of SRA constant A was performed using 

computer software (108).   

 
3.4 NORMALIZED RESISTANCE INTERPRETATION (NRI) 
A method for reconstruction of the standard distribution of the susceptible population 

of isolates in a zone diameter histogram was used in order to compare the laboratory’s 

population with the normal distribution of the ideal population of susceptible strains 

(with permission from Bioscand AB, Täby, Sweden, the patent holder) (109). The 

method uses the upper high-zone values of the susceptible zone diameter histogram 

peak as the calibrator, since this is not influenced by the occurrence of resistant isolates.  

In brief the method includes the following steps: calculation of moving averages, 

identification of the peak when the average starts to decrease, calculation of 

accumulated percentages, conversion to probit values (a transformation for linearizing 

sigmoid distributions of proportions, and lastly solving the equations by the least 

squares method. The mathematical reconstruction of the susceptible population 

provides a Gaussian distribution curve. A lower limit can be set for the reconstructed 

standard distribution, e.g. 2.5 or 3 SD below the mean, and all isolates with zone values 

equal to or below this value can be considered different from the susceptible 

population.  Computer software was used for the calculations. 

 

3.5 PCR AND SEQUENCING 
Amplification of the genes of interest was performed with PCR prior to DNA 

sequencing.  Bacteria were suspended in sterile water (Sigma Aldrich), followed by 

DNA extraction with BioRobot M48 (Qiagen, VWR International AB, Stockholm, 

Sweden).  A PCR master mix (47 µL) was prepared according to the Perkin Elmer 

standard protocol: 1 x PCR buffer II, MgCl2 2.5 mM, dNTP 200 µM, forward and 

reverse primer 1 µM, Taq Gold 1.2 u/reaction and sterile H2O. Template DNA in a 

volume of 3 µL was added to the master mix, for a final volume of 50 µL in each PCR 
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tube. All reagents except dNTP (Amersham Pharmacia Biotech, Uppsala, Sweden) and 

H2O (Sigma Aldrich) were purchased from Applied Biosystems (Foster City, CA, 

USA).  Amplifications were performed on a Perking Elmer Applied Biosystems 

GeneAmp PCR system 9700, using the following temperature profile: 10 min at 95˚C, 

35 cycles of 1 min at 94˚C followed by 1 min at 55-62 ˚C and 2 min at 72˚C, and 

finally one cycle of 10 min at 72˚C. Primers and annealing temperatures are displayed 

in Table 5. Analysis of PCR products and purified templates for sequencing was 

performed on 0.8-1% agarose gels (Agarose NA, Amersham Biosciences) in TAE 

buffer at 100 V for 45 min. Molecular markers were number VII and VIII from Roche 

(Mannheim, Germany).  After staining in ethidium bromide gels were photographed 

under ultraviolet light. 

DNA sequencing of PCR products was performed with the dideoxy-chain 

termination method (110). PCR products were purified by the JETquick Spin Column 

Technique (Genomed GmbH, Bad Oeynhausen, Germany). Cycle sequencing was 

performed with BigDye Terminator Ready Reaction Kit (Applied Biosystems) on the 

GeneAmp PCR System 9700 (Applied Biosystems). Extension products were purified 

by ethanol/sodium acetate precipitation, and sample electrophoresis was performed on 

the ABI PRISM 3100 Genetic Analyzer (Applied Biosystems).  Comparison of 

experimentally determined nucleotide sequences against sequence databases was 

performed with BLAST (http://www.ncbi.nlm.nih.gov/blast).  
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TABLE 5. Sequences of primers used for qRT-PCR, PCR and sequencing. 
 

Gene Use Primer sequence (5’-3’) Position in 
gene (nt) 

Annealing 
tp (˚C) 

References 

rpsL f GCTGCAAAACTGCCCGCAACG 69-89 
rpsL r 

qPCR 
ACCCGAGGTGTCCAGCGAACC 318-298 

62 (111) 

oprD f CGACCTGCTGCTCCGCAACTA 125-149 
oprD r 

qPCR 
TTGCATCTCGCCCCACTTCAG 426-406 

62 (111) 

mexB f CAAGGGCGTCGGTGACTTCCAG 507-528 
mexB r 

qPCR 
ACCTGGCAACCGTCGGGATTGA 779-758 

62 (111) 

mexD f GGAGTTCGGCCAGGTAGTGCTG 738-759 
mexD r 

qPCR 
ACTGCATGTCCTCGGGGAAGAA 973-952 

62 (112) 

mexF f CGCCTGGTCACCGAGGAAGAGT 724-745 
mexF r 

qPCR 
TAGTCCATGGCTTGCGGGAAGC 977-956 

62 (111) 

mexY f CGCCGCAACTGACCCGCTACA 2421-2441 
mexY r 

qPCR 
GGACCACGCCGAAACCGAACG 2944-2924 

62 (111) 

pa3720 f TCGCCCTGGTCTATCCGCCGCTC 299-321 
pa3720 r 

qPCR 
CCGCTCAGCAGTGCCTTCGCCAT 563-541 

62 (112) 

pbp-2 f GCCCAACTACGACCACAAG 1071-1089 
pbp-2 r 

qPCR 
CGCGAGGTCGTAGAAATAG 1179-1161 

62 Study 5 

pbp-3 f TGATCAAGTCGAGCAACGTC 1037-1056 
pbp-3 r 

qPCR 
TGCATGACCGAGTAGATGGA 1112-1093 

62 Study 5 

mexR f ATGAACTACCCCGTGAAT 1-18 
mexR r 

Seq. 
TTAAATATCCTCAAGCGG 444-427 

55 (112) 

pa3721 f ATGAACGATGCTTCTCCC 1-19 
pa3721 r 

Seq. 
GCTCTGCGACAGGTGTT 627-611 

55 (112) 

oprDseq1 f ATGAAAGTGATGAAGTGGAGC 1-21 
oprDseq1 r 

Seq. 
AGGGAGGCGCTGAGGTT 671-655 

55 (111) 

oprDseq2 f AACCTCAGCGCCTCCCT 655-671 
oprDseq2 r 

Seq. 
CAGGATCGACAGCGGATAGT 1329-1310 

55 (111) 

pbp-2seq1 f ATGCCGCAGCCGATCCACCT 1-20 
pbp-2seq1 r 

Seq. 
GAAGCTGATGCCGGTGACGA 900-881 

58 Study 5 

pbp-2seq2 f CTGGCGATGGTCAGCCAGCC 841-860 
pbp-2seq2 r 

Seq. 
TTACTGTTCAAGGGCGGGCG 1941-1922 

58 Study 5 

pbp-3seq1 f ATGAAACTGAATTATTTCCA 1-20 
pbp-3seq1 r 

Seq. 
ATCATCGCCCGGTTGCGCAT 860-841 

62 Study 5 

pbp-3seq2 f TGAAGACCGGGGAGATCCTG 761-780 
pbp-3seq2 r 

Seq. 
TCAGCCACGCCCTCCTTTTG 1740-1721 

62 Study 5 

vim f AGTGGTGAGTATCCGACAG 88-106 55 
vim r 

PCR/
Seq. ATGAAAGTGCGTGGAGAC 348-331 55 

(113) 

intI1 f  GCCTGTTCGGTTCGTAAACTG 107-87 55 
qac r 

Seq. 
CGGATGTTGCGATTACTTCG 58-39 55 

(114) 

aacA4 r Seq. CATTCGCCAGTAACTGGTCT 280-261 55 Study 4 
oxa35 f Seq. ATTACTGCGTGTCTTTCA 25-42 55 Study 4 
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3.6 QUANTIFICATION OF RESISTANCE GENES 
Real-time PCR is based on the concept of simultaneous amplification and detection of 

PCR products.  The simplest form of real-time PCR involves a fluorescent dye, SYBR 

Green, which binds to double-stranded DNA.  The fluorescence is relatively low in the 

unbound state, but is greatly enhanced when the dye is bound to double-stranded DNA 

(115). The dye will bind to both specific and non-specific PCR products, and the 

specificity is ensured by performing a melting curve analysis. The specific amplified 

product will have a characteristic melting peak, distinguishing it from primer dimers 

and other non-specific products (116).  The cycle threshold (CT) value denotes the 

PCR cycle number in which the amount of fluorescence generated exceeds a threshold 

at which a sufficient number of amplicons have accumulated.  An inverse correlation 

exists between the CT value and the amount of template DNA, and hence this method 

may be used to quantify DNA.  Real-time or quantitative reverse transcriptase PCR 

(qRT-PCR) denotes a modification of the method in which mRNA is transcribed to 

cDNA prior to amplification, and by using this method it is possible to quantify the 

amount of mRNA, as a surrogate marker of protein levels (117). 

Transcription levels of oprD, mexB, mexD, mexF, mexY, pa3720, pbp-2 

and pbp-3 were measured in a qRT-PCR assay performed on Rotor-Gene (Corbett 

Research, Morlake, Australia).  In brief, RNA was extracted with the High Pure RNA 

extraction kit (Roche, Mannheim, Germany), and 20 ng of total RNA was synthesized 

into cDNA using First Strand cDNA Synthesis Kit for RT-PCR (AMV) (Roche).  

Quantitative RT-PCR was performed with Quantitect SYBR Green (Qiagen, Hilden, 

Germany), using primers specific for oprD, mexB, mexD, pbp-2, pbp-3, mexY, mexF 

and pa3720 (Table 5). Template-cDNA in a volume of 2 µL (20 ng) was added in 18.0 

µL reaction mixture containing 10.0 µL 2x QuantiTect SYBR Green PCR Master Mix 

(HotStar Taq DNA Polyemerase, QuantiTect SYBR Green PCR Buffer, dNTP mix 

including dUTP, SYBR Green I, ROX (passive reference dye), and 5mM MgCl2), 6.8 

µL of RNase-free water, 1.2 µL forward and reverse primer (0.6 µM).  Amplification 

was carried out in triplicates from three different cDNA preparations.  Amplification 

conditions were the following: 15 min at 95˚C, followed by 40 cycles of 3 x 20 s at 

respectively 95, 62 and 72 ˚C, and a final step of 30 seconds at 65˚C.   A gene encoding 

the ribosomal protein rpsL was used as a reference gene for normalizing the 

transcription levels of target genes.  Transcription data were analyzed with the Q-Gene 

software (118, 119), and statistical analysis of the data was performed with Statistica 
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(Statsoft, Tulsa, OK, USA), using two-sided t test and a conventional significance level 

(p<0.05).  A clinically significant alteration of gene transcription levels was considered 

as corresponding ratios of >2.5 or <0.4 compared to the wild-type strain ATCC 27853 

or PAO1 (40). 

 
3.7 EPIDEMIOLOGICAL TYPING METHODS 
Pulsed-field gel electrophoresis (PFGE) is a molecular typing method based on cutting 

of genomic DNA with restriction enzymes, followed by a modified gel electrophoresis, 

in which regular electrical pulses are introduced, forcing DNA to change direction 

during the electrophoresis, resulting in the separation of different sized DNA 

fragments. With each reorientation of the electric field relative to the gel, smaller sized 

DNA will begin moving in the new direction more quickly than the larger DNA. Thus, 

the larger DNA moves more slowly, providing a separation from the smaller DNA 

(120). PFGE typing was performed as described previously, using the SpeI restriction 

enzyme (121). DNA fragments were electrophoresed in 1% (w/v) agarose gels in 0.5 × 

Tris-borate-EDTA buffer with the Gene Path system (Bio-Rad, Hercules, California) at 

14°C and 6 V/cm for 20 h, with pulse times ranging from 0.5 to 20 s. Gel pictures were 

interpreted using the GelCompar II software (Applied Maths, Kortrjik, Belgium). The 

PFGE patterns were scanned and Dice analysis of peak positions was executed. The 

unweighted pair group method with arithmetic averages (UPGMA) was applied and the 

bandwidth tolerance was set at 1.2%. Potential clonal relatedness was determined at a 

≥80% level of similarity, corresponding to a maximum of six band difference (122, 

123).  The statistical significance of the clusters was tested by cophenetic correlation 

analysis, performed in GelCompar II.  The cut-off for the acceptance of the dendrogram 

was set at a minimum cophenetic correlation coefficient (CCC) value of 70% (124). 

Random amplification of polymorphic DNA (RAPD) is a PCR-based 

epidemiological typing method.  The principle of the method is to apply short primers 

(10 base pairs) that will randomly hybridize to the target sequence at various positions, 

causing amplification of fragments of different sizes that can later be separated on an 

agarose gel (125).  RAPD reactions were carried out in three different laboratories, in 

order to evaluate the inter-laboratory reproducibility of the method. Genomic DNA was 

purified by the phenol-chloroform method (126), by the High Pure PCR Template 

Preparation Kit (Roche, Mannheim, Germany), and by the BioRobot M48 (Qiagen, 

VWR International AB, Stockholm, Sweden) respectively. PCR was performed with 
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the Expand High-Fidelity PCR system (Roche, Mannheim, Germany), or with 

Invitrogen Taq Polymerase (Invitrogen, Carlsbad, CA, USA). For each RAPD PCR-

reaction 40 ng template DNA and primer 208 (5’-ACG GCC GAC C-3’) were used as 

described earlier (127).  PCR reactions were performed on a GeneAmp PCR System 

2400 (Applied Biosystems) machine, a Bio-Rad iCycler machine (Bio-Rad, Hercules, 

CA, USA), and a GeneAmp PCR System 9700 (Applied Biosystems), respectively.   

PCR products were separated on 1.5% (w/v) agarose gels, stained with ethidium 

bromide, photographed under UV-light, and analyzed by the GelCompar II software as 

described for PFGE, using a cut-off at a ≥80% level of similarity for a potential clonal 

relatedness. The CCC values for the dendrograms were determined as described above. 

The principle of multilocus sequence typing (MLST) is that 450-500 bp 

fragments of seven house-keeping genes are sequenced, followed by an assignment of a 

number for each unique sequence allele. Each strain can therefore be assigned a seven-

number tag, dependent on the alleles at the seven sites, and each unique seven-number 

allelic profile can be translated into a sequence type (ST).  Because of small variations 

in DNA sequence at the seven genes, different strains will have slightly different tags. 

Analysis of seven genes provides enough variation to divide species into a very large 

number of strains sharing biological similarities (128). MLST was performed according 

to the P. aeruginosa protocol published by Curran et al (129-131). PCR for the 

housekeeping genes acsA, aroE, guaA, mutL, nuoD, ppsA and trpE, was performed 

using the same amplification mixture and reaction conditions as described in the 

published protocol with some modifications. The modifications included the addition of 

pure dimethyl sulfoxide (DMSO) in a concentration of 5 µL per 100 µL mastermix, and 

increasing the annealing temperature from 55 to 58 °C.   Nucleotide sequences were 

determined on both strands, and compared to existing sequences in the MLST database 

(www.pubmlst.org) for assignment of allelic numbers and sequence types (STs).  

Isolates having five or more identical alleles were considered part of the same clonal 

complex (131). Following the terminology of Curran et al (129), the clonal complexes 

were designated BURST groups (BG) in study IV. The BURST algorithm was used for 

phylogenetic analysis, and the PHYLIP software was used to generate an UPGMA 

dendrogram from the allelic profiles (www.pubmlst.org/analysis). 
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4 RESULTS 
 
4.1 TRANSCRIPTION OF CHROMOSOMAL RESISTANCE GENES 
4.1.1 Wild-type isolates  
Analysis of transcription levels of genes encoding the porin OprD, and the efflux 

pumps in wild-type isolates was performed in studies I, II and V, and results are 

displayed in Table 6.  In one of the studies four of the wild-type isolates were found to 

have significantly decreased amount of oprD mRNA compared to the reference isolate 

PAO1.  For this reason, the reference strain ATCC 27853 was selected as comparator 

strain in studies II and V. Although transcription levels of oprD were decreased in 

some of the isolates from study V, ATCC 27853 still proved to be more representative 

of wild-type clinical isolate for comparison of transcription levels.  The gene encoding 

MexY was significantly increased statistically but not clinically in one isolate.  The 

efflux inhibition assay with PAβN revealed no synergy with meropenem in any isolate. 

 
TABLE 6. MICs and transcription levels in wild-type isolates 

Minimal inhibitory concentration (MIC) (mg/L) mRNA transcription levels 
Strain/ 
Study IP MP 

MP+ 
EPI 

CI AK 
PP/ 
PTc 

TZ oprD mexB mexD mexY mexF 

PAO1 1 0.25 0.25 0.064 2 2 0.5 1 1 NT 1 1 
16/I 1 0.064 0.125 0.125 4 2 1 0.4* 2.1 NT 0.9 0.6 

15/I 1 0.125 0.125 0.016 4 4 1 0.4* 2.1 NT 1.2 1.4 
6/I 1 0.125 0.125 0.125 4 4 1 0.3* 2.5 NT 1.7 1.5 
9/I 1 0.125 0.125 0.25 8 4 2 0.1* 0.3 NT 4.6* 0.5 

ATCC S1 0.25 0.25 S1 NT S1 S1 1  1 1 NT NT 
1/II S1 0.125 0.25 S1 NT S1 S1 1.0 1.0 0.8 NT NT 
2/II S1 0.125 0.125 S1 NT S1 S1 1.2 0.9 0.9 NT NT 
3/II S1 0.125 0.125 S1 NT S1 S1 1.2 1.4 0.9 NT NT 
4/II S1 0.125 0.125 S1 NT S1 S1 1.7 1.5 0.8 NT NT 
ATCC 1 0.25 0.25 0.064 NT 4 2 1 1 1 NT NT 
WT1/V 1 0.25 0.25 0.5 NT 4 2 0.4 1.6 0.9 NT NT 
WT2/V 1 0.25 0.25 0.25 NT 4 2 0.5 0.4 0.8 NT NT 
WT3/V 1 0.25 0.25 0.25 NT 4 2 0.5 0.4 0.7 NT NT 
WT4/V 1 0.25 0.25 0.125 NT 4 2 0.6 0.6 0.9 NT NT 
Abbreviations of antibiotics (EUCAST breakpoints in brackets): IP=imipenem (S≤4 
mg/L / R>8 mg/L), MP=meropenem (2/8), EPI=efflux pump inhibitor (PAβN), 
CI=ciprofloxacin (0.5/1), AK=amikacin (8/16), PTc=piperacillin/tazobactam (SRGA 
breakpoints 16/16, EUCAST breakpoints not available), TZ=ceftazidime (8/8). 
1 Susceptibility category according to SRGA disc diffusion breakpoints. 
* = statistically significant up- or down-regulation.   NT=not tested 
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4.1.2 Isolates with decreased susceptibility to imipenem   
In this group a reduced amount of oprD mRNA was observed in all isolates, although 

statistically insignificant in one isolate, and clinically insignificant (>0.4-fold of the 

reference) in four isolates (Table 7). Most of these isolates were susceptible to the other 

tested antibiotics, consistent with the typical porin OprD deficient phenotype.  One 

isolate featured a clinically significant up-regulation of mexF (possibly an nfxC-

mutant), and one isolate displayed slightly increased level of mexY mRNA compared to 

the reference isolate PAO1.  An increase of mexB mRNA was found in one isolate, but 

susceptibilities to meropenem and ciprofloxacin were not altered. 

 
TABLE 7. MICs and transcription levels in isolates intermediately susceptible or 

resistant to imipenem and susceptible to meropenem 

Minimal inhibitory concentration (MIC) (mg/L) mRNA transcription levels 
Strain/ 
Study IP MP 

MP+ 
EPI 

CI AK 
PP/ 
PTc 

TZ oprD mexB mexD mexY mexF 

3/I 8 0.25 0.5 1 4 2 1 0.5 1.2 NT 5.9 25 * 
19/I 8 1 1 2 4 2 0.5 0.09* 0.7 NT 0.6 285* 
8/I 8 2 2 0.125 4 4 2 0.3* 0.4* NT 0.9 0.4 

21/I 8 2 2 0.25 4 4 2 0.1* 1.0 NT 1.5 3.9 
22/I 8 2 2 0.5 4 16 2 0.3* 1.6* NT 0.7 2.1 
2/I 16 2 2 0.125 4 2 1 0.4* 0.7 NT 2.3* 0.5 

1/I >32 0.5 1 0.125 2 1 0.5 0.2* 0.3* NT 1.6 1.5 
13/I >32 1 1 0.016 4 2 2 0.06* 18* NT 2.3 0.03 

5/I >32 2 2 0.125 8 8 4 0.6* 1.5* NT 11* 0.2 

10/I >32 2 2 0.125 8 4 1 0.1* 1.2 NT 1.1 0.02 

14/I >32 2 2 0.125 4 4 1 0.01* 0.8* NT 1.5 3.2 
12/I >32 2 2 1 2 64 16 0.04* 0.7* NT 0.9 0.7 

5/II R1 0.25 0.25 S1 NT S1 S1 0.1* 2.5 5.8 * NT NT 
6/II R1 0.5 0.5 S1 NT S1 S1 0.04* 1.1 3.2 * NT NT 
7/II R1 0.5 0.5 S1 NT S1 S1 0.01* 2.8 4.8 * NT NT 
8/II R1 1 1 S1 NT S1 S1 0.01* 1.6 1.5 NT NT 
9/II R1 2 2 S1 NT S1 S1 0.09* 0.6 0.4 NT NT 
10/II R1 2 1 S1 NT S1 S1 0.6* 0.8 1.5 NT NT 
11/II R1 2 2 R1 NT S1 S1 0.6* 3.1 3.0 NT NT 
12/II R1 2 1 R1 NT S1 S1 0.6* 0.1 2.0 NT NT 
13/II R1 2 2 S1 NT S1 S1 0.2* 2.1 2.1 NT NT 
29/V >32 1 1 0.125 NT 16 4 0.02* 0.9 0.1 NT NT 
Abbreviations of antibiotics (EUCAST breakpoints in brackets): IP=imipenem (S≤4 
mg/L / R>8 mg/L), MP=meropenem (2/8), EPI=efflux pump inhibitor (PAβN), 
CI=ciprofloxacin (0.5/1), AK=amikacin (8/16), PTc=piperacillin/tazobactam (SRGA 
breakpoints 16/16, EUCAST breakpoints not available), TZ=ceftazidime (8/8). 
1 Susceptibility category according to SRGA disc diffusion breakpoints. 
* = statistically significant up- or down-regulation.   NT=not tested 
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4.1.3 Isolates with intermediately susceptibility to meropenem 
Seventeen isolates were intermediately susceptible to meropenem according to the 

EUCAST breakpoints (Table 8).  In contrast, only 9 of these isolates would be regarded 

non-susceptible with CLSI breakpoints (104), and with the breakpoints of the British 

Society of Antimicrobial Chemotherapy (BSAC) (www.bsac.org.uk). Among the 8 

isolates with MICs of 4 mg/L, intermediately susceptible according to EUCAST, all 

except two of them were also imipenem resistant.  Transcription levels of oprD of ≤0.4 

fold the level of the reference strains were found in 6 isolates, whereas one imipenem 

susceptible and one imipenem resistant isolate had normal amounts of oprD mRNA.  

Increased transcription of mexB was found in 3/8 isolates with meropenem MICs of 4 

mg/L, and one of these isolates had normal amounts of oprD.  In the same three isolates 

a one-dilution step reduction in meropenem MIC was observed upon the addition of the 

efflux inhibitor PAβN.  Increased transcription of mexY was observed in one isolate 

with meropenem MIC of 4 mg/L and significant reduction of oprD mRNA. A 

reduction in meropenem MIC from 4 to 0.5 mg/L was observed in one isolate, which 

did not exhibit alteration of either mexB or mexD transcription. In the group of isolates 

featuring meropenem MICs of 8 mg/L, imipenem resistance was observed in all but 

one isolate.  Five out of 9 isolates in this group had concomitant reduction of oprD and 

increase of mexB mRNA, and in one isolate with normal amounts of mexB and mexD 

the EPI assay was positive.  Among the last three isolates, one of them featured a 

significant up-regulation of mexB but not down-regulation of oprD, whereas the 

resistance mechanisms in the last two isolates remain unknown. 
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TABLE 8. MICs and transcription levels in isolates intermediately susceptible to 

meropenem and with variable susceptibility to imipenem 

Minimal inhibitory concentration (MIC) (mg/L) mRNA transcription levels 
Strain/ 
Study IP MP 

MP+ 
EPI 

CI AK 
PP/ 
PTc 

TZ oprD mexB mexD mexY mexF 

18/I >32 4 4 >32 32 >256 32 0.01* 1.3 NT 25 1.3 
14/II R1 4 2 S1 NT S1 S1 0.01* 5.0* 6.8* NT NT 
15/II R1 4 4 S1 NT S1 S1 0.01* 2.5 1.4 NT NT 
16/II S1 4 2 S1 NT S1 S1 1.5  4.9* 5.0* NT NT 
17/II S1 4 2 R1 NT S1 I1 0.3* 4.6* 13.5* NT NT 
18/II R1 8 4 S1 NT S1 S1 0.6* 6.9* 17.2 * NT NT 
19/II R1 8 8 S1 NT S1 S1 1.5 0.7 2.1 NT NT 
20/II R1 8 4 S1 NT S1 S1 0.01* 6.4* 0.5 NT NT 
21/II R1 8 2 R1 NT S1 S1 0.01* 11.5* 8.5 * NT NT 
22/II R1 8 4 R1 NT I1 I1 0.4* 17.6* 2.3 * NT NT 
24/II R1 8 8 S1 NT R1 R1 0.03* 3.6* 3.5 * NT NT 
23/V 32 4 4 1 NT 8 2 0.01* 1.4 0.1* NT NT 
31/V 32 4 0.5 1 NT 8 4 1.0 1.9 0.5 NT NT 
19/V >32 4 4 0.5 NT 4 2 0.01* 0.5 0.1* NT NT 
7/V 2 8 4 16 NT 16 8 0.4 9.5* 0.2 NT NT 
12/V 16 8 0.5 16 NT 128 32 0.01* 0.3 0.2* NT NT 
16/V 32 8 8 0.125 NT 2 2 0.5 1.0 0.5 NT NT 
Abbreviations of antibiotics (EUCAST breakpoints in brackets): IP=imipenem (S≤4 
mg/L / R>8 mg/L), MP=meropenem (2/8), EPI=efflux pump inhibitor (PAβN), 
CI=ciprofloxacin (0.5/1), AK=amikacin (8/16), PTc=piperacillin/tazobactam (SRGA 
breakpoints 16/16, EUCAST breakpoints not available), TZ=ceftazidime (8/8). 
1 Susceptibility category according to SRGA disc diffusion breakpoints. 
* = statistically significant up- or down-regulation.   NT=not tested 
 
 
4.1.4 Isolates with decreased susceptibility to both carbapenems 
A total of 28 isolates were found to be resistant to meropenem, and 24 of these isolates 

had MICs of >32 mg/L (Table 9).  Three isolates were intermediately susceptible to 

imipenem, whereas the rest were resistant, according to EUCAST breakpoints.  Only 

five isolates had normal or insignificantly reduced oprD, and the majority of isolates 

had very low amounts of oprD (≤0.1-fold).  Twenty-one isolates had increased amounts 

of mexB mRNA, and one isolate had up-regulation of mexY.  The EPI assay revealed a 

significant reduction of meropenem MIC in 9 isolates, two of them featuring normal 

amounts of mexB and mexD.  In one isolate no resistance mechanisms were detected. 
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TABLE 9. MICs and transcription levels in isolates resistant to meropenem and 

with variable susceptibility to imipenem 

Minimal inhibitory concentration (MIC) (mg/L) mRNA transcription levels 
Strain/ 
Study IP MP 

MP+ 
EPI 

CI AK 
PP/ 
PTc 

TZ oprD mexB mexD mexY mexF 

4/I 8 16 16 2 4 16 4 0.6 11* NT 1.3 2.5 
23/I 8 >32 4 0.5 1 32 8 0.01* 18* NT 1.1 0.6 
11/I >32 >32 8 0.5 4 16 4 0.01* 7.0* NT 0.8 1.8 
7/I >32 >32 >32 >32 4 32 4 0.03* 4.0 NT 4.1 0.5 

20/I >32 >32 >32 >32 8 >256 >256 0.01* 12* NT 17 0.6 

17/I >32 >32 >32 >32 >256 >256 >256 0.01* 1.3 NT 14* 0.8 

23/II R1 16 2 S1 NT R1 R1 0.01* 9.3* 3.4 NT NT 
25/II R1 >32 >32 R1 NT R1 S1 0.04* 8.2 * 2.3 * NT NT 
17/V 8 >32 2 2 NT 128 16 0.6 9.9* 0.2 NT NT 
13/V 16 >32 8 2 NT 32 8 0.01* 8.4* 0.1* NT NT 
5/V >32 16 16 >32 NT 256 256 0.9 0.8 0.1* NT NT 
9/V >32 16 16 8 NT 256 256 0.01* 1.4 0.2* NT NT 
2/V >32 >32 >32 >32 NT 8 2 0.1* 3.3* 0.1* NT NT 
3/V >32 >32 8 >32 NT 16 8 0.1* 2.9* 0.1* NT NT 
4/V >32 >32 16 2 NT 32 8 0.01* 3.8* 0.1* NT NT 
6/V >32 >32 >32 8 NT 32 8 0.01* 9.1* 0.2* NT NT 
8/V >32 >32 >32 8 NT 32 16 0.3* 7.7* 0.1* NT NT 
10/V >32 >32 2 4 NT 32 16 0.2* 7.5* 0.1* NT NT 
14/V >32 >32 4 8 NT 32 16 1.3 6.3* 0.2* NT NT 
15/V >32 >32 4 4 NT 32 32 0.5 3.8* 2.1* NT NT 
18/V >32 >32 >32 0.5 NT 256 16 0.4* 1.9* 0.2* NT NT 
21/V >32 >32 4 0.5 NT 256 32 0.01* 4.5* 0.2* NT NT 
22/V >32 >32 4 32 NT 256 64 0.2* 1.0 0.2* NT NT 
24/V >32 >32 16 8 NT 256 64 0.3* 0.9 4.2* NT NT 
25/V >32 >32 2 2 NT 256 64 0.2* 0.7 0.1* NT NT 
26/V >32 >32 8 32 NT 256 256 0.03* 3.1* 0.4 NT NT 
28/V >32 >32 8 3 NT 256 256 0.4* 6.8* 0.1* NT NT 
30/V >32 >32 >32 8 NT 256 256 0.01* 8.5* 1.2 NT NT 
Abbreviations of antibiotics (EUCAST breakpoints in brackets): IP=imipenem (S≤4 
mg/L / R>8 mg/L), MP=meropenem (2/8), EPI=efflux pump inhibitor (PAβN), 
CI=ciprofloxacin (0.5/1), AK=amikacin (8/16), PTc=piperacillin/tazobactam (SRGA 
breakpoints 16/16, EUCAST breakpoints not available), TZ=ceftazidime (8/8). 
1 Susceptibility category according to SRGA disc diffusion breakpoints. 
* = statistically significant up- or down-regulation.   NT=not tested 
 

 

4.1.5 Isolates with altered transcription of pbp-2 and -3  
Transcription levels of pbp-2 and pbp-3 were found to be significantly lower in wild-

type clinical isolates, than in the reference strain ATCC 27853. All transcription levels 
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of carbapenem resistant clinical isolates were therefore normalized according to the 

average transcription level of four wild-type isolates, instead of ATCC 27853 (132).  

Two isolates had a more than 0.6-fold reduction of pbp-2 mRNA compared to the 

average wild-type transcription level, whereas three isolates had similar reductions of 

pbp-3 mRNA (Table 10).  The two isolates with reduced amount of pbp-2 mRNA were 

both resistant to imipenem and intermediately susceptible to meropenem. Among the 

three isolates with reduced amount of pbp-3 mRNA, one was resistant to impenem 

only, while two were resistant to both imipenem and meropenem.  Down-regulation of 

oprD and/or up-regulation of mexB was found in all five isolates.   

 
TABLE 10. Isolates with decreased transcription levels of pbp-2 and -3 (Study V) 

Minimal inhibitory concentration (MIC) (mg/L) mRNA transcription levels 
Strain 

IP MP 
MP+ 
EPI 

CI 
PP/ 
PTc 

TZ oprD mexB mexD pbp21 pbp31 

29 >32 1 1 0.125 16 4 0.02* 0.9 0.1* 0.7* 0.3* 
23 32 4 4 1 8 2 0.01* 1.4 0.1* 0.1* 1.4 
19 >32 4 4 0.5 4 2 0.01* 0.6 0.1* 0.4* 0.8 
6 >32 >32 >32 8 32 8 0.01* 9.1* 0.2* 0.8* 0.4* 
28 >32 >32 8 4 256 256 0.4* 6.8* 0.1* 0.6* 0.2* 
Abbreviations of antibiotics (EUCAST breakpoints in brackets): IP=imipenem (S≤4 
mg/L / R>8 mg/L), MP=meropenem (2/8), EPI=efflux pump inhibitor (PAβN), 
CI=ciprofloxacin (0.5/1), PTc=piperacillin/tazobactam (SRGA breakpoints 16/16, 
EUCAST breakpoints not available), TZ=ceftazidime (8/8). 
1 Transcription of pbp-2 and -3 relative to the average transcription level of the four 
carbapenem-susceptible isolates (not to ATCC 27853). 
* = statistically significant up- or down-regulation.   NT=not tested 
 
 
 
4.2 SEQUENCE ALTERATIONS IN CHROMOSOMAL GENES 
The OprD amino acid sequence was analyzed in a subset of strains in two of the studies 

(study I and V).  Sequence alterations in isolates featuring decreased susceptibility to 

imipenem are displayed in Table 11.  Generally, high-grade imipenem resistant isolates 

featured alterations in the carbapenem-binding regions L2 and L3 more often than low-

grade resistant isolates.  One isolate also featured a stop mutation at nucleotide 220, 

upstream of external loop regions L2 and L3.  Two isolates featured an oprD mRNA 

level of ≤0.4-fold, and in both of these isolates amino acid changes could be found in 

external loop region L3. 
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TABLE 11. OprD amino acid alterations in isolates intermediately susceptible or 

resistant to imipenem and susceptible to meropenem. 

Strain/ MIC (mg/L) Amino acid changes in external loop regions 
Study IP MP L2 L3 L5 L7 L8 

Misc. 
alterations 

oprD 
level 

3/I 8 0.25  + + +   0.5 
19/I 8 1   + +   0.09* 
8/I 8 2   + +   0.3* 
21/I 8 2 + +  +   0.1* 
22/I 8 2   + +   0.3* 
2/I 16 2      Stop nt 220 0.4* 
1/I >32 0.5 + +     0.2* 
13/I >32 1  + + +   0.06* 
5/I >32 2  + + +   0.6* 
10/I >32 2 + +   +  0.1* 
14/I >32 2   + +   0.01* 
12/I >32 2       0.04* 
Abbreviations of antibiotics (EUCAST breakpoints in brackets): IP=imipenem (S≤4 
mg/L / R>8 mg/L), MP=meropenem (2/8). 
External loops L2 and L3 are important for binding of the carbapenems to OprD, 
whereas loops L5-L8 are believed to constrict the channel. 
* = statistically significant up- or down-regulation. 
 

Amino acid changes in isolates with decreased susceptibility to 

meropenem and variable susceptibility to imipenem are shown in Table 12.  In five of 

the isolates which also featured decreased susceptibility to imipenem but normal 

amounts of oprD mRNA, no amino acid changes were detected in external loop regions 

L2 and L3.  Two isolates had no significant alterations of oprD mRNA, but featured 

alterations in external loops L2 and L3.  Interestingly, two examples of insertional 

inactivation of oprD transcription were also demonstrated (27), both of the isolates 

having decreased amounts of oprD mRNA (111). 
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TABLE 12. OprD amino acid alterations in isolates intermediately susceptible or 

resistant to meropenem and with variable susceptibility to imipenem. 

Strain/ MIC (mg/L) Amino acid changes in external loop regions 
Study IP MP L2 L3 L5 L7 L8 

Misc. 
alterations 

oprD 
level 

18/I >32 4 + +     0.01* 
31/V 32 4   + + +  1.0 
7/V 2 8 + +     0.4 
16/V 32 8   + + +  0.5 
4/I 8 16   + +   0.6 
5/V >32 16      Del1 0.9 
17/V 8 >32   + + +  0.6 
23/I 8 >32 + +    Stop nt 831 0.01* 
11/I >32 >32 + +    Ins2 Stop3 0.01* 
7/I >32 >32   +   Ins4 0.03* 
20/I >32 >32 + +     0.01* 
17/I >32 >32 + +     0.01* 
8/V >32 >32       0.3* 
14/V >32 >32 + +     1.3 
15/V >32 >32   + + +  0.5 
18/V >32 >32   + + +  0.4* 
28/V >32 >32   + + +  0.4* 
Abbreviations of antibiotics (EUCAST breakpoints in brackets): IP=imipenem (S≤4 
mg/L / R>8 mg/L), MP=meropenem (2/8). 
External loops L2 and L3 are important for binding of the carbapenems to OprD, 
whereas loops L5-L8 are believed to constrict the channel. 
* = statistically significant up- or down-regulation. 
1 Last part of the gene not amplifiable, putatively due to a deletion. 
2 1.3 kb insert upstream of nt 20, frame not restored. 
3 G→A nt 831 (stop). 
4 550 bp insertion downstream of nt 125, frame restored at amino acid position 236. 
 

 Sequence analysis of mexR was performed in three isolates that were 

intermediately susceptible to meropenem, and in five isolates that were meropenem 

resistant, all of them featuring increased amount of mexB mRNA. In the intermediately 

susceptible isolates no nalB-mutations were found.  Among the meropenem resistant 

isolates, two featured a deletion in position 365 and 366, described earlier in nalB-

mutants (133). The last three isolates featured changes in amino acid positions 91 (two 

isolates) and 110 (one isolate), which have also been described in nalB-mutants (134).  

Mutations in pa3721 or nalC were sought after in the three isolates that were 

intermediately susceptible to meropenem, and two of the strains had Ala145→Val 

substitutions of uncertain significance.  The transcription levels of pa3720 were slightly 

elevated in the same two isolates (112), indicating that the substitution may have had 
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some impact on the transcription of pa3720, and conversely on mexA-mexB-oprM 

transcription.  A Gly71→Glu mutation and a Ser209→Arg mutation was observed in 

the same two isolates, but these mutations have earlier been described also in wild-type 

isolates with normal transcription levels of mexB mRNA (33). 

Sequencing of pbp-2 and -3 was performed in the four wild-type isolates, 

as well as in 11 isolates featuring reduced amount of pbp-2 mRNA and 8 isolates 

having down-regulation of pbp-3, compared to ATCC 27853.  Sequencing of pbp-3 

showed only silent mutations, resulting in no amino acids changes in any of the 

examined isolates.  In one isolate (#23, Study V) two amino acid changes were found in 

the sequence of pbp-2.  The same isolate also featured a significant down-regulation of 

pbp-2 and oprD according to the gene transcription analysis, and was phenotypically 

characterized by high-grade resistance to imipenem and intermediate susceptibility to 

meropenem. The detected amino acid changes were Leu30→Val and Thr112→Ser.  

Neither of the substitutions was located in the vicinity of the conserved motifs 

comprising the active site of pbp-2.  Also, both leucine and valine are hydrophobic 

amino acids, and threonine and serine are hydrophilic, indicating that the observed 

substitutions would probably not lead to any major conformational changes of PBP-2. 

 

4.3 ASPECTS ON BREAKPOINTS USING NRI AND SRA 
The zone diameter histogram for P. aeruginosa and meropenem, Karolinska University 

Hospital year 2003, is displayed in Figure 11. Disc diffusion susceptibility breakpoints, 

according to SRGA are indicated by vertical lines.  BSAC and CLSI have decided to 

exclude the I-category, thus skewing the S-breakpoint to the left side of the histogram, 

and interfering with the symmetry of the distribution of susceptible isolates.  

Correspondingly, the MIC S-breakpoints also differ between SRGA/EUCAST and 

BSAC/CLSI at S≤2 mg/L and S≤4 mg/L, respectively.  
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FIGURE 11. Zone diameter histogram for P. aeruginosa and meropenem, 

Karolinska University Hospital, 2003. 

 
Disc diffusion breakpoints according to SRGA: S≥27 mm, R≤21 mm.  Corresponding 
breakpoints according to CLSI and BSAC: S≥22 mm, R≤21 mm. 
 

Reconstruction of the fully susceptible peak by the normalized resistance 

interpretation method gave a Gaussian distribution as shown in Figure 12.  For isolates 

from 2003 the calculated mean for the susceptible population was 38.4 mm (SD 4.3 

mm).  From the mean value a lower limit was calculated.  Setting the breakpoint 2 SD 

(theoretically including 97.7 per cent of the susceptible strains, 2.5 SD (including 99.4 

per cent) or 3 SD (including 99.9 per cent) below the mean value gave lower limits of 

30, 28 or 26 mm, respectively.  2.5 SD was selected, since this corresponded best to the 

findings with gene transcription analysis, which showed that several isolates with zone 

diameters of 22-26 mm/meropenem MIC of 4 mg/L featured increased transcription of 

mexB, an important mechanism of meropenem resistance. 
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FIGURE 12. Normalized resistance interpretation on zone diameter histogram for 

P. aeruginosa and meropenem, Karolinska University Hospital, 2003. 

 
Reconstructed Gaussian distribution indicated by parabolic curve. Dotted line shows 
suggested susceptibility breakpoint, 2.5 SD from the mean of the distribution of the 
reconstructed susceptible population. 
 

Single strain regression analysis (SRA) was performed on nine isolates, 

three representing each meropenem susceptibility category S, I and R, as well as the 

reference strain ATCC 27853. The mean value of the A constant for the different 

strains was 746.9 (± 40.4), while the corresponding value for the B constant was 64.2 

(±61.4). Hence, the equation could be written as follows: z2 = (747 * log 10) + (747 * 

log MIC) + 64, where z is the disk diffusion zone diameter. From the SRA equation it 

was possible to calculate an MIC S-breakpoint at approximately 2 mg/L, corresponding 

to the disc diffusion zone diameter breakpoint at 28 mm. The lack of difference 

between strains with highly different MIC values indicated that SRA did not detect any 

major biological differences between strains with variable levels of meropenem 

resistance.  
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4.4 STUDIES ON TRANSFERABLE CARBAPENEM RESISTANCE 
4.4.1 Antibiograms of the MBL-producing isolates 
All VIM-1- and VIM-4-producing P. aeruginosa isolates were resistant to carbapenems 

(imipenem, meropenem), extended-spectrum cephalosporins (ceftazidime, cefepime), 

piperacillin/tazobactam, and four of them also to aztreonam (Table 13). The VIM-2-

producing isolate was resistant to carbapenems, but relatively low-grade resistant to 

extended-spectrum cephalosporins, piperacillin/tazobactam, and intermediately 

susceptible to aztreonam. All isolates were resistant to tobramycin and ciprofloxacin. 

The VIM-2 producing isolate was gentamicin susceptible, and three isolates were 

intermediately susceptible to amikacin. All isolates were susceptible to colistin 

(polymyxin E).  According to the new EUCAST breakpoints, all isolates would be 

classed as pan-resistant to β-lactams, with the exception of aztreonam in some cases.  

Resistance to aminoglycosides was present in most isolates, but is not a reliable 

criterion for MBL-screening.  Also, susceptibility to aztreonam can vary greatly 

between MBL-isolates, due to the presence of other resistance mechanisms, such as 

cephalosporinases or efflux (40, 135, 136). 

 
TABLE 13. Minimal inhibitory concentrations of MBL isolates. 

Minimal inhibitory concentrations (MICs) (mg/L) 
Isolate 

VIM 

variant IP MP PTc TZ PM AT GM TO AK CI CO 

VR143 VIM-1 >32 >32 256 256 32 32 32 128 64 32 0.5 
PPV97 VIM-1 >32 >32 32 16 16 16 2 32 32 32 0.5 
105MG VIM-1 >32 >32 256 256 32 8 256 128 256 32 0.5 
67MG VIM-1 >32 >32 256 256 32 32 256 64 32 32 1 
85MG VIM-1 >32 >32 128 256 32 16 256 64 16 32 1 
Ps100 VIM-4 >32 >32 256 256 32 8 256 128 16 32 1 
PA66 VIM-4 >32 >32 256 256 32 16 256 32 128 32 1 
PA396 VIM-4 >32 >32 256 256 32 8 256 128 128 32 1 
PA555 VIM-4 >32 >32 256 256 32 32 256 256 256 32 1 

AK5493 VIM-2 >32 >32 256 256 32 16 8 32 32 32 0.5 
134MG VIM-1 >32 >32 256 256 32 64 256 256 256 32 0.5 

Abbreviations of antibiotics (EUCAST breakpoints in brackets): IP=imipenem (S≤4 
mg/L / R>8 mg/L), MP=meropenem (2/8), TZ=ceftazidime (8/8), PM=cefepime (8/8), 
AT=aztreonam (1/16), GM=gentamicin (4/4), TO=tobramycin (4/4), AK=amikacin 
(8/16), CI=ciprofloxacin (0.5/1).  For piperacillin/tazobactam (PTc) and colistin (CO) 
EUCAST breakpoints are not available.  Corresponding SRGA breakpoints for these 
antibiotics are respectively 16/16 and 2/2. 
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4.4.2 Integron structures of the isolates 
The structure of the variable regions of integrons carrying the blaVIM gene cassettes was 

determined for strains PA66, AK5493, Ps100, PA555, 67MG, 85MG, 105MG, and 

134MG (in the other strains it had previously been determined) (70, 137, 138). 

Comparison of integron structures revealed a remarkable heterogeneity (Figure 13). 

Only two of the Italian strains (67MG and 134MG) were found to carry an identical 

integron structure, which corresponded to that of In110, an integron detected on a 

plasmid from Pseudomonas putida isolated from a nearby area of northern Italy (139). 

 
FIGURE 13. Variable integron structure in MBL-producing isolates 

 
 Gene cassettes present in the variable region of the integrons.  The oval structures 
between the gene cassettes denote the attC recombination sites, and the arrows indicate 
the direction of gene transcription. 
 

4.4.3 Epidemiological relations between the isolates 
Serotypes of all isolates are listed in Table 14.  All Italian isolates were found to be 

O11, except two (67 MG and 134 MG) that were not serotypable.  The Greek isolate 

(Ps100) and the Swedish isolate harbouring blaVIM-4 (PA66) were also O11, while the 

two Hungarian isolates and the Swedish VIM-2 isolate were serotype O12. 

By PFGE and RAPD it was possible to identify two clusters of isolates (I 

and II) overall corresponding to their serotypes (O11, O12) and one singleton non-

serotypable isolate (134MG) (Figures 14 and 15, Table 14). Using PFGE some clonally 
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related isolates (Dice coefficient ≥80%) could be identified within the two clusters 

(Figure 14).  In particular, all Italian isolates in cluster I were clonally related except 85 

MG, for which the Dice coefficient was slightly lower than the 80% cut-off. PA66 and 

Ps100 showed higher divergence and thus clonal relationship could not be 

demonstrated by PFGE either between them or with the Italian O11 isolates. Within 

cluster II, the two serotype O12 Hungarian isolates were clonally related, while 

AK5493 had a genetic similarity of about 76% with them. The CCC of the UPGMA 

dendrogram was 82%.  

 
FIGURE 14. Pulsed-field gel electrophoresis (PFGE). 
 
 
 
 
 
 
 
 
 
 
 
Dendrogram generated from pulsed-field gel electrophoresis (PFGE). Cut-off at the 
80% level of genetic similarity is indicated by a vertical line. The CCC value for the 
dendrogram is 82%. 
 

Applying RAPD the resolution within the clusters was somewhat lower. 

In particular the Greek isolate Ps100 appeared to be clonally related to the Italian 

isolates of cluster I, while all three O12 isolates appeared to be clonally related (Figure 

15).  Comparison of the dendrograms obtained in the three different laboratories 

revealed an overall good reproducibility of RAPD profiling in identifying different 

clusters (Figure 15). However, the banding pattern observed for the individual isolates 

in the different laboratories showed substantial differences (Figure 15), and when all 

RAPD profiles were combined and analyzed together, it became obvious that the same 

isolates did not always cluster (data not shown).  This is in agreement with earlier 

observations reporting that most aspects of the PCR procedure, including small 

differences in the temperature profile, the source and different batches of the Taq 

polymerase, may affect the reproducibility of the banding patterns (1). The CCCs of the 

three UPGMA dendrograms were 89, 94 and 87%, respectively. The average Dice 

coefficients (95% confidence intervals) calculated from the three data sets were 83.7% 
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(81.9-85.6%) for isolates in cluster I and 83.6% (74.3-92.9%) for isolates in cluster II, 

respectively. 

 
FIGURE 15. Random amplification of polymorphic DNA (RAPD). 

 
Dendrograms generated from random amplification of polymorphic DNA (RAPD) with 
primer 208 in three different laboratories (A-C). Cut-off at the 80% level of genetic 
similarity is indicated by vertical lines. The CCC values for the dendrograms are 89% 
(laboratory A), 94% (laboratory B) and 87% (laboratory C).  
 

MLST showed that the isolates belonged to four different STs, all of 

which were original (www.pubmlst.org/pseudomonas), and were designated ST227-

230. ST227 comprised all the Italian O11 isolates and one of the non-serotypable 

isolates (67MG); ST228 included the other Italian non-serotypable isolate (134MG); 

ST229 consisted of all O12 isolates, and ST230 was formed by the Greek and Swedish 

O11 isolates (Ps100 and PA66). BURST analysis revealed that the ST229 belongs to 

the previously described BG4 (129), while STs 227 and 230 form a novel BG, which 

we propose to designate BG11. No other isolates from the P. aeruginosa MLST 

database were found to belong to this novel clonal complex at the time of publication of 

study IV. ST228 belongs to a BG that has not been previously published, but can be 

identified by BURST analysis, and which we propose to name BG12 (Table 14, Figure 

16).  By applying the commonly used cut-off values, due to the higher resolution PFGE 

and RAPD were unable to demonstrate clonal relationships between some of the 

isolates that belonged to the same ST or clonal complex by MLST. 
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FIGURE 16. UPGMA dendrogram showing MLST sequence types (ST) in 
relation to clonal complexes (burst groups, BG). 
 

 
Unweighted Pair Group Method with Arithmetic averages (UPGMA) dendrogram 
based on findings with multilocus sequence typing (MLST). BURST groups (BG) 1-10 
indicated by dotted circles, while the novel groups BG11 comprising ST227 (VR143/97, 
PPV97, 105MG, 67MG, 85MG) and ST230 (Ps100, PA66), and BG12 comprising 
ST228 (isolate 134MG) and other STs with at least 5 common alleles (double locus 
variants, DLV) are circularized by continuous lines.  ST229 (PA396, PA555 and 
AK5493) can be found in the previously described BG4. 
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TABLE 14. Comparison of findings with various epidemiological typing methods. 
Isolate Year Serotype Country VIM  

variant 

Integron PFGE RAPD 

 

STa BGb 

VR143 1997 O11 Italy VIM-1 In70.2 PA1 RA1 227 BG11 

PPV97 1997 O11 Italy VIM-1 In80 PA2 RA2 227 BG11 

105MG 2003 O11 Italy VIM-1 In107 PA3 RA3 227 BG11 

67MG 2003 NSc 
Italy VIM-1 In110 PA4 RA4 227 BG11 

85MG 2003 O11 Italy VIM-1 In85 PB RA5 227 BG11 

Ps100 2002 O11 Greece VIM-4 In118 PC RA6 230 BG11 

PA66 2001 O11 Sweden VIM-4 In114 PD RB 230 BG11 

PA396 2001 O12 Hungary VIM-4 In108 PE1 RC1 229 BG4 

PA555 2002 O12 Hungary VIM-4 In112 PE2 RC2 229 BG4 

AK5493 2004 O12 Sweden VIM-2 In59 PF RC3 229 BG4 

134MG 2004 NS Italy VIM-1 In110 PG RD 228 BG12 

 
Summary of findings with the different epidemiological typing methods.  PFGE and 
RAPD were unable to cluster some of the isolates that belonged to the same sequence 
type and/or BURST group (clonal complex) according to MLST typing.  Hence, the 
lower resolution of MLST may be an advantage in studies of international 
epidemiology. 
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5 DISCUSSION 
 
5.1 STUDIES ON CHROMOSOMAL CARBAPENEM RESISTANCE 
Alterations of chromosomal genes are still by far the most important mechanisms of 

carbapenem resistance in P. aeruginosa (21, 23, 39, 40), although transferable 

carbapenem resistance is becoming increasingly important (53).  Our studies, and 

studies by other authors, have shown that OprD changes and increased activity of the 

multi-drug efflux pumps are the most important resistance mechanisms in clinical 

isolates, thus confirming results from previous studies of laboratory mutants (21, 23, 

39, 40, 111, 112, 132).  Still, typing of resistance mechanisms in clinical isolates have 

shown that some isolates do not feature any of the previously described mechanisms, 

and future studies will hopefully unravel some of these mechanisms.  It is also possible 

that a synergistic action of several mechanisms occurs quite frequently in high-grade 

resistant isolates, and hence the observed alterations in the well-described resistance 

genes might not represent the full genetic basis of the observed phenotype.  

 By analyzing the various carbapenem resistant phenotypes (Figure 17), it 

can be demonstrated that at least 4 major subpopulations exist among clinical isolates:  

imipenem S and meropenem S (wild-type isolates, group 1), imipenem R/I and 

meropenem S/I (group 2), imipenem S and meropenem I/R (group 3), and lastly 

imipenem R and meropenem I/R (group 4).  The question of whether resistance 

mechanisms can be inferred from the phenotypic profile of clinical isolates has been 

raised in the studies presented in this thesis (111, 112, 132).  Regarding isolates of 

group 1, the studies have shown that some clinical isolates have slightly decreased 

levels of oprD mRNA compared to the reference strain ATCC 27853, and in particular 

PAO1.  The same phenomenon has been observed by Quale et al (40), and one may 

speculate whether this reflects an over-capacity for uptake of basic amino acids in the 

classical laboratory strains, as compared to clinical wild-type isolates.  Still, the level of 

down-regulation is usually modest, and in many cases non-significant.  Hence, the 

reference strains can probably still be used for comparison of transcription levels of 

oprD as well as the genes encoding the efflux pumps. One wild-type isolate was also 

found to have a stop mutation at nucleotide 831, which would result in a defective 

protein.  Since this isolate still had an imipenem MIC comparable to the wild-type, it is 

possible that some strains may have alternative routes of imipenem uptake. 
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FIGURE 17. Scatterplot of imipenem and meropenem zone diameters. 

 
Data derived from Karolinska University Hospital, year 2003.  The vertical and 
horizontal lines are based on SRGA zone diameter breakpoints. 
 
 Group 2 isolates have traditionally been referred to as the classical OprD-

negative phenotype, featuring decreased susceptibility to imipenem, but in many cases 

susceptibility to other antipseudomonal agents (24).   The present studies confirm that 

down-regulation of oprD is the rule within this group of isolates, although some 

exceptions exist.   Among the isolates in this group that were sequenced, alterations in 

external loops 2 and 3, the carbapenem-binding regions of OprD, were present.  

However, the levels of oprD do not clearly correlate with the level of imipenem 

resistance, and it is possible that one of the reasons may be that high-grade imipenem 

resistance results from interplay between down-regulation of oprD and other not yet 

described mechanisms.  In a recent study, Quale et al suggested that the level of ampC 

could potentially play a role for carbapenem resistance, but AmpC is known to be a 

very weak carbapenemase, and also the correlation between high-grade imipenem 

resistance and level of ampC transcription was not clear in the referred study (40). 

 Meropenem intermediately susceptible isolates (present in group 2 and 

group 3) were investigated in several studies of this thesis, but particularly in study II.   

According to CLSI and BSAC disc-diffusion breakpoints (104) (www.bsac.org.uk), 

many of the isolates of this category should be classified as susceptible.  However, 
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resistance mechanisms against meropenem were detected in 5/8 isolates featuring 

meropenem MICs of 4 mg/L and zone diameters of 22-26 mm. In three of the isolates 

up-regulation of mexB was observed, in one isolate increased transcription of mexY was 

found, and in one isolate phenotypic evidence of efflux was present, as judged by the 

efflux pump inhibition assay.  Also, the mathematical reconstruction of the ideal 

normal population clearly indicated that isolates with zone diameters of 22-26 mm 

(corresponding to 4-8 mg/L) do not belong to the wild-type population. The results are 

also in agreement with the findings of EUCAST that probability of target attainment 

(T>MIC ≥40%) is too low with a susceptibility breakpoint for meropenem of S≥4 

mg/L, according to the Monte Carlo simulation (www.eucast.org).   

 Among group 4 isolates, featuring decreased susceptibility to both 

carbapenems, down-regulation of oprD and up-regulation of mexB was frequently 

observed.  Also in this category, no resistance mechanisms could be found in a small 

fraction of the isolates.  In some isolates phenotypic evidence of efflux could be 

observed, although mexB levels were comparable to those of the wild-type.  Generally, 

many isolates in this group were multi-resistant, defined as resistant to ≥three 

antipseudomonal agents.  This is consistent with the broad substrate profile of the 

efflux pumps, which were found to have increased activity in a majority of the isolates.  

Amino acid alterations in the carbapenem-binding regions of OprD (external loop 2 and 

3) were observed in many of these isolates, and also both stop mutations and insertional 

inactivation were found in certain isolates. 

 The putative role of down-regulation of pbp-2 and -3 as mechanisms of 

carbapenem resistance was investigated in study V.   Decreased transcription of both 

pbp-2 and -3 was demonstrated in carbapenem susceptible clinical isolates, and the data 

were therefore reanalyzed by comparing transcription levels to the average amount of 

mRNA in the four carbapenem susceptible isolates.  According to this analysis, two 

isolates had decreased amount of pbp-2 mRNA, and three isolates had decreased levels 

of pbp-3. Since other resistance mechanisms were present in the isolates, it is difficult 

to ascertain the contribution of the down-regulation of pbp-2 and -3 to the carbapenem 

resistant phenotype.  Sequencing of the pbp-2 and -3 did not reveal any amino acid 

changes in the vicinity of the three conserved regions comprising the active site of the 

respective proteins.  
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5.2 STUDIES ON TRANSFERABLE CARBAPENEM RESISTANCE 
Acquired MBLs are emerging resistance determinants of increasing clinical 

importance, especially in P. aeruginosa (140). A first necessary step in order to 

ascertain the magnitude of the problem is to develop a proper scheme for detection of 

MBL-producing isolates.  Susceptibility data derived from this thesis and previous 

studies indicate that the majority of the MBLs, at least within the VIM-group which is 

dominating in Europe, have a pan-β-lactam resistant phenotype, with the exception of 

aztreonam (53).  Due to the suboptimal specificities of the currently available screening 

tests, imipenem resistance is probably not an adequate screening criterion.  Decreased 

susceptibility to both carbapenems as well as third generation cephalosporins would 

probably be a more relevant criterion, at least with the currently available EUCAST 

breakpoints.  IMP-3 and -6 may be difficult to detect if narrow screening criteria are 

employed (60, 61), but the clinical relevance of detecting these rather inefficient 

enzymes could be debated.  

Understanding the epidemiology and mechanisms for dissemination of 

MBL-determinants and MBL-producing strains is an essential step to control this 

phenomenon.  In Europe, although infections caused by VIM-producing P. aeruginosa 

have been observed for almost a decade, little is still known about the epidemiological 

relation between isolates from different countries. Since the genes encoding enzymes of 

the VIM-1 lineage are often chromosomally located (53), there is reason to believe that 

clonal expansion is of importance for the transmission of the MBLs, although 

mobilization of integrons facilitated by transposons represent another option (141). 

Transmission of isolates by human carriers has been suggested by some authors (74, 

138), but no strong molecular epidemiological evidence has so far supported this 

hypothesis. One of the key challenges has been to establish a proper methodology for 

molecular epidemiological characterization and comparison of isolates with great 

temporal and geographic spread. The recently developed MLST scheme for P. 

aeruginosa could emerge as an important tool for this purpose (129).   

In one of the studies presented in this thesis (study IV) we conducted a 

comparison of a number of P. aeruginosa producing acquired MBLs of the VIM-1 

lineage, by using several different typing methodologies including MLST (142). The 

isolates were representative of strains circulating in four different European countries. 

Our results revealed a different resolution power for the different typing methodologies, 

with a higher resolution of PFGE, followed by RAPD and MLST, which is in overall 
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accordance with previous reports (123, 143). The lower resolution of RAPD compared 

to PFGE (144) can in case of local outbreaks be a disadvantage, but in our international 

collection of strains RAPD, which earlier has been proven to have good discriminatory 

power within the serotypes (145), could reproducibly assign the isolates to different 

clusters that also corresponded to the BGs (or clonal complexes) identified by MLST. 

However, the lack of inter-laboratory reproducibility of the banding patterns generated 

by RAPD under the experimental conditions applied indicated that RAPD results are 

not readily transportable and, as such, can only be used for intra-laboratory comparison 

of strain collections.  By applying the commonly used cut-off values, PFGE and RAPD 

were unable to demonstrate clonal relationships between some of the isolates that 

belonged to the same ST or clonal complex by MLST, which underscores the 

additional information that MLST can provide when addressing issues of molecular 

epidemiology for similar strains. In particular, MLST data pointed to a clonal 

relatedness for a number of serotype O11 or non-serotypeable VIM-1-like-positive P. 

aeruginosa strains currently spreading in Europe, and also revealed clonal relatedness 

between serotype O12 strains from different countries (which, in one case, also differed 

for the carriage of a blaVIM-2 rather than a blaVIM-1-like allele).   

The epidemiological significance of the STs described in study IV is 

further supported by the observation that no isolates present in the P. aeruginosa MLST 

database at the time of submission had identical allelic profiles to the isolates in this 

study, and also by the fact that cluster I forms the novel clonal complex BG11 

(comprising ST227 and ST230) with no single or double locus variants from the 

previously described 23 different STs of serotype O11 isolates (129). From the original 

and present MLST data it appears that serotype O11 isolates are found in most BGs, 

therefore, this serotype does not closely correlate with particular STs or clonal 

complexes. On the other hand, most currently typed serotype O12 isolates belong to 

BG4, including ST229 determined for strains PA396, PA555 and AK5493. This is in 

accordance with the proposals of previous studies that serotype O12 strains, which 

form a tight cluster in terms of DNA relatedness, are particularly adept at acquiring or 

hosting the integrons that encode the MBL enzymes (76).  

It has been suggested by Pirnay et al. that P. aeruginosa has an epidemic 

population structure, implying that a limited number of clones would be widespread, 

and that the clones would have emerged from a large number of unrelated genotypes 

(146). This hypothesis was further supported by the findings of Curran et al. using the 
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novel MLST scheme to type 143 clinical and environmental isolates (129). The 

findings in our study do not contradict the hypothesis of an epidemic population 

structure. Further analysis of VIM-producing O11 and O12 clinical isolates are needed 

to draw definite conclusions, but still our results indicate that at least one 

Mediterranean VIM-producing O11 epidemic clonal complex may be identified.  The 

O11 strains from Italy and Greece all belong to the same clonal complex (BG11) 

according to MLST. Also, our findings for the BG4 isolates, including two O12 strains 

isolated from Greek patients outside of Greece, could indicate the presence of an 

additional epidemic VIM-producing Mediterranean O12 clonal complex. 

The study on MBL epidemiology indicates an important role of serotype 

O11 and O12 P. aeruginosa in the appearance and/or dissemination of blaVIM-genes.  

With one exception, all characterized isolates belong to these two serotypes, similarly 

to a number of previous studies.  From the current data it is also possible to link the 

emerging VIM-harboring isolates in Northern and Eastern Europe to their proposed 

ancestor clones in the Mediterranean countries. Further analysis of isolates from the 

low-prevalence regions of Europe might unravel whether independent clones of VIM-

producing P. aeruginosa may have emerged outside of the Mediterranean region.  The 

results presented in this work also indicate that MLST will likely emerge as the key 

epidemiological tool for future studies of regional and global epidemiology of P. 

aeruginosa. 

Finally, comparison of the integrons carrying blaVIM-1-like cassettes of 

various isolates revealed a remarkable structural heterogeneity. This could reflect a 

scenario of multiple independent events of acquisition of different blaVIM-containing 

integrons by members of various clonal complexes already circulating in nosocomial 

settings, although a contribution of integrase-mediated cassette shuffling or other 

recombination mechanisms during the evolution of similar strains could also have 

played a role in determining this variability. 
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6 CONCLUSIONS 
From the studies of chromosomal carbapenem resistance mechanisms in clinical 

isolates of P. aeruginosa, it may be concluded that resistance mechanism in most cases 

can be inferred from the phenotypic resistance pattern.  Nevertheless, resistance 

mechanisms were not detected in all isolates, and the level of resistance did not always 

correlate with the transcription of the well-described resistance genes.  Hence, typing of 

resistance mechanisms may give rise to surprising findings in some instances. It can 

also be concluded from the studies of low-grade meropenem resistant isolates 

(according to SRGA), that meropenem resistance mechanisms are present in such 

strains.  The new EUCAST S-breakpoint for meropenem, largely based on 

mathematical modeling of the probability of target attainment with standard dosing 

(Monte Carlo simulation), is in agreement with the breakpoint suggested by gene 

transcription studies.  Other possible applications of knowledge on resistance 

mechanisms in clinical isolates of P. aeruginosa could be summarized as follows: 

1. For understanding how resistance is selected, in order to reduce future 

development of resistance, e.g. through avoiding monotherapy when the risk of 

mutant selection is high, as in the case of imipenem and the fluoroquinolones. 

2. For identifying cases in which future antibiotic treatment targeting resistance 

mechanisms can be employed, e.g. clinically available efflux inhibitors. 

 

Studies of transferable carbapenem resistance will be increasingly 

important if clinically useful carbapenemase inhibitors are developed. However, 

transferable carbapenem resistance is also a highly important hospital hygiene issue, 

not the least in countries that still have a very low prevalence of this type of resistance.  

The first step in order to combat carbapenemases is to develop appropriate strategies 

for detecting isolates harboring these enzymes.  From the present and previous studies, 

it seems appropriate to select a narrower screening criterion than imipenem resistance.  

Possibly, resistance to both carbapenems and decreased susceptibility to third 

generation cephalosporins could be a relevant criterion.  Multilocus Sequence Typing 

(MLST) could be a useful method for studying the epidemiology of MBL-producing 

isolates on a European or global level.  Hopefully, a comprehensive MLST database of 

MBL-producing isolates will ensue from future studies.  
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