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GENERAL INTRODUCTION 
 

A. Nosocomial pathogens 
 
Individuals entering hospitals do so in the expectation that they get better rather than 
worse. However, there is a real risk that patients become infected, independent of 
their initial disease, by bacteria present in the hospital. In European hospitals, these 
so called hospital-acquired infections account for an estimated 50.000 attributable 
deaths annually [1]. Hospital-acquired infections, also referred to as nosocomial 
infections, are defined as infections that become evident 48 hours (i.e. the typical 
incubation period) or more after hospital admission. These infections predominantly 
affect patients who are immunocompromised, because of age, underlying diseases, 
or medical/surgical treatments. The most infamous and publicly known nosocomial 
pathogen is the Gram-positive bacterium Staphylococcus aureus, and especially the 
methicillin-resistant Staphyloccoccus aureus (MRSA) variant of this species. 
Another Gram-positive pathogen of major concern is the vancomycin-resistant 
Enterococcus (VRE) [2-4]. There are also a number of Gram-negative bacteria that 
are dreaded nosocomial pathogens, such as members of the family of 
Enterobacteriaceae (Escherichia coli, Klebsiella spp. and Enterobacter spp. in 
particular), the non-fermentative Pseudomonas aeruginosa and more recently also 
Acinetobacter baumannii [5-9]. These bacilli often are resistant to several 
antibiotics, through chromosomal or plasmid-mediated resistance genes, which 
makes them difficult to treat with standard antibiotic therapy [10, 11].  

 

Enterobacteriaceae. Enterobacteriaceae constitute a large family of bacteria, 
including many species that inhabit the small intestine of mammals, after which this 
family is named. It is already forty years ago, that the first reports on nosocomial 
Enterobacteriaceae infections were published [12]. Emerging resistance in this 
family of bacterial species is a significant problem in the treatment of these 
infections. Resistance caused by Extended Spectrum β-Lactamases (ESBLs) is of 
special concern [13]. The main types of infections caused by Enterobacteriaceae 
include: urinary tract infections, mostly caused by Escherichia coli strains, hospital-
acquired pneumonias, particularly caused by Klebsiella spp. and Enterobacter spp., 
bloodstream infections, and various intra-abdominal infections that can be caused by 
different members of the Enterobacteriaceae family [14-16]. 

 

Acinetobacter baumannii. A. baumannii is a ubiquitous bacterium and is a natural 
inhabitant of soil, water, and the skin of animals and humans. In recent years, this 
Gram-negative coccobacillus has emerged as an important causative agent of 
nosocomial infections. The main infections caused by this nosocomial pathogen are 
ventilator associated pneumonia, urinary tract infections, and bacteraemia; more 
recently it has also been associated with infections of (combat) wounds [17]. One of 
the key characteristics of A. baumannii, is its ability to survive under dry conditions 
over prolonged periods of time [18]. As such, this pathogen can be found in the 
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inanimate environment in the hospital, such as floors, walls, respiratory equipment 
and bed rails [19, 20]. Since Acinetobacter spp. are part of the normal human skin 
flora it has long been thought that this was the source for severe infections in 
hospitalized patients. However, Berlau et al. presented evidence that the skin is not 
the primary source of A. baumannii infections [21].  They showed that the A. 
baumannii - A. calcoaceticus group (genospecies 1, 2, 3 and 13TU) that 
predominates in hospital-acquired infections was only found on the skin of 1 out of 
192 healthy individuals [21]. Since food can be a source of Gram-negative 
infections, Berlau et al.  studied the presence of A. baumannii in the food chain [22]. 
Seventeen percent of vegetables contained Acinetobacter spp., with A. baumannii as 
the most frequent species, showing that food could be a potential source for 
acquisition of this opportunistic pathogen.  In healthy individuals acquisition of this 
pathogen usually do not give disease, however a weak immune system might 
provide the opportunity for A. baumannii to cause disease.  

The major threat of this pathogen is the combination of the ability to cause 
nosocomial infections and the capability to easily acquire antimicrobial resistance 
genes. Currently, there are no antibiotics available to which this nosocomial 
pathogen has not evolved resistance to. This alarming development has major public 
health implications. Multidrug-resistant A. baumannii strains cause outbreaks in 
many different health care settings, and even global outbreaks [6, 22].  

 

Pseudomonas aeruginosa. P. aeruginosa is a Gram-negative bacterium commonly 
found in aquatic environments, in soil, and in association with many eukaryotic 
organisms. This species produces a number of different pigments under laboratory 
conditions, which results in distinctive green colonies. The name aeruginosa, which 
means oxidized copper, refers to this characteristic. P. aeruginosa is a classical 
opportunistic pathogen that has been reported to cause disease in plants, insects, and 
a variety of vertebrates. The combined ability to grow in nutrient poor conditions 
(including distilled water) and to adapt to a wide array of different conditions 
facilitates the growth of this micro-organism in very different hosts and 
environments. As such, P. aeruginosa is frequently isolated from recreational water, 
such as in swimming pools [23]. In humans, P. aeruginosa causes a broad spectrum 
of infections, such as infections of burn wounds, lung infection in patients suffering 
from cystic fibrosis, and eye, ear and urinary tract infections. The most important 
nosocomial infection caused by this pathogen is pneumonia in ventilated patients 
[24]. Although contaminated sinks and faucets have been implicated as an important 
source for P. aeruginosa in hospitalized patients, the source of P. aeruginosa in 
hospitals is still a matter of controversy [25, 26]. Some authors claim that 
endogenous routes (from the own gastrointestinal flora) are more important than the 
exogenous routes via sink taps and hands of hospital personnel [27-29].  

P. aeruginosa can cause life-threatening infections, especially in nosocomial settings 
[30-33]. Due to its low cell wall permeability, P. aeruginosa is naturally resistant to 
several antibiotic classes. The intensive use of antimicrobial agents has facilitated 
the rapid emergence of increased resistance in this species. Polymyxins are the only 
agents that are still effective to some strains that are resistant to the anti-
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Severity of resistance. In the last half of the 20th Century, antimicrobial agents 
have saved millions of lives, but now we are faced with the possibility that 
infectious diseases will return. The need for novel antimicrobial agents is bigger 
than ever before because of the changing resistance profiles [38]. Unfortunately, the 
development of new medicine against infectious diseases has stagnated over the 
years. Evaluation of the United States Food and Drug Association Database of 
approved drugs and the research and development proGrams of the world's largest 
pharmaceutical and biotechnology companies showed a decrease of 56% over the 
past 20 years (1998-2002 vs. 1983-1987) [39]. Future prospects are even worse, 
since only 6 of the 506 drugs disclosed are directed against bacteria [39]. 
Pharmaceutical companies prefer to develop products with a larger market, such as 
agents for treatment of chronic illnesses or life style drugs. The Infectious Diseases 
Society of America (IDSA) has estimated that a musculoskeletal drug is worth 
$1.150 billion, while a drug for resistant bacteria is only worth $100 million. 

The resistance problem is evident in diarrhoeal diseases, respiratory tract infections, 
meningitis, and sexually transmitted infections. However, this problem is most 
urgent in nosocomial infections, since more than 70% of the bacteria causing these 
infections are resistant to first line antibiotics [40]. Patients infected with antibiotic-
resistant organisms are more likely to have longer hospital stays and require 
treatment with second- or third-choice medicines that may be less effective, more 
toxic, and more expensive. Treatment depends more often on fall-back agents, such 
as polymyxins for non-fermenters and carbapenems for Enterobacteriaceae [11].  
With the lack of new fall-back agents, more pan-drug resistant strains are likely to 
evolve in the near future. But more importantly, resistance will increase the 
morbidity and mortality rates in certain infections [40].  

 

Treatment of resistant micro-organisms. Bacteria evolved mechanisms to 
circumvent all currently known modes of action of antibiotics. Therefore, new drugs 
with novel mechanisms of action are urgently needed. Although there are some new 
potential antibiotics available for Gram-positive bacteria, almost none of them have 
much to offer against multidrug resistant Gram-negative micro-organisms. 
Tigecycline, a glycylcycline derivative of the tetracycline minocycline, is the only 
new agent with bactericidal activity against Gram-negative pathogens. This new 
drug circumvents all hitherto known resistance mechanisms to tetracycline, but the 
first strains with reduced susceptibility to tigecycline, based on efflux mechanisms, 
have already been isolated [41, 42].  

Recently, a potentially novel antimicrobial approach has been identified that 
selectively targets bacteria capable of transferring antibiotic resistance and 
generating multidrug resistant strains [43]. Bisphosphonates, which are already 
widely used to treat bone loss, have been shown, not only to disrupt conjugative 
DNA transfer, but also to selectively kill ‘potentially resistant’ bacteria that contain 
a conjugative plasmid [43]. Although more research has to be performed, it is 
expected that bisphosphonates may kill over 90 percent of bacterial cells containing 
conjugative plasmids and may stop over 80 percent of conjugative DNA transfer in 
the human gut. Since the human gut is thought to be the most important place where 
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DNA transfer, hence transfer of resistance genes, among different bacterial strains 
and species occurs, this antimicrobial agent may have added value in the treatment 
of resistant bacteria.  

Another novel antimicrobial strategy is the use of bacterial cell wall hydrolases 
(BCWHs) that degrade peptidoglycan, the major component of the bacterial cell 
wall. Some BCWHs (lysozymes and virolysins) have been proven to be efficient and 
safe, and are already used in food preservation processing, veterinary and human 
medicine [44]. Unfortunately, some Gram-positive pathogens have acquired 
resistance against lysozymes, making them less attractive as an alternative to 
antibiotics [45, 46].  

Another potential new class of antimicrobial agents are the antimicrobial peptides, 
which are derived from natural sources just like BCWHs. These cationic peptides 
are positively charged molecules that can interact with the anionic cytoplasmic 
membrane of bacteria. This leads to pore formation, enhanced permeability, loss of 
cell content and finally cell death. Studies have shown a high killing efficiency of 
antimicrobial peptides (bacteriocins) against strains closely related to the producing 
strain, but strain specificity in combination with high production costs prevent 
commercialization at this point.  

Evidence is accumulating that bacteriophages may be employed for clinical 
treatment or prevention of infectious diseases caused by both Gram-positive and 
Gram-negative bacteria [47, 48]. In 2006, the FDA approved the first phage for 
treatment of ready-to-eat meat to eradicate Listeria monocytogenes [49]. Both 
bacteriocins and bacteriophages are discussed in more detail in Section D, ‘Genetic 
Variation and Prophages’ of this introduction.  

 

C. Genetic variation and drug resistance mechanisms 
 
Both antibiotics and antimicrobial agents were initially viewed as powerful 
medicines to fight bacterial infections. Drug therapy is aimed at living organisms, 
which themselves aim to survive by adapting to their environment. Thus, the drugs 
that are used to treat infections are also responsible for making them more difficult 
to treat in the future. Furthermore, because most (classes of) antibiotics have been 
discovered as microbial compounds produced in the battle between different 
microorganisms, the evolution of antimicrobial resistance already started long time 
ago. The large scale use of antibiotics only speeded up this evolution.  

Bacteria can gain resistance through two primary mechanisms: (i) by random 
mutations, which are the ultimate source of genetic diversity and (ii) by DNA 
exchange, by which bacteria are able to share resistance genes. Random mutations 
that lead to antibiotic resistance can occur in target genes, in genes affecting cell 
permeability, or in genes responsible for antibiotic degradation. Many antibiotics 
target essential cellular processes, such as DNA replication, protein synthesis or cell 
wall synthesis and random mutations can modify the target sites for these 
antibiotics. For instance, mutations in DNA gyrase lead to quinolone resistant 
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strains, mutations in RNA polymerase to rifampicin resistant strains and mutations 
in penicillin binding protein (PBP) lead to β-lactam resistant strains [50, 51]. In the 
pre-antibiotic era, these DNA changes were not noticed, but with increased 
antibiotic pressure, the process of natural selection favours the survival and 
reproduction of resistant strains.  Another mechanism of resistance is cell 
permeability. Mutations affecting pores in the cell wall change the outer membrane 
permeability of the cell, by which the drugs are less able to penetrate the bacterial 
cell wall [52]. In addition, mutations in regulatory genes can result in the up-
regulation of multi-efflux pumps, which reduces the intracellular levels of antibiotics 
[53-55]. Finally, certain enzymes can degrade antibiotics, such as the beta-
lactamases (see below). Point mutations in these enzymes can result in increased 
activity towards specific substrates or in up-regulation of their own production.  

Some bacterial species show hardly any or even no horizontal gene transfer; these 
species are completely dependent on the accumulation of point mutations to acquire 
antibiotic resistance. The best known example is Mycobacterium tuberculosis, the 
causative agent of tuberculosis. Although this slow-growing bacterium does not 
show any horizontal gene transfer, it is able to evolve into a multidrug- and even 
recently into an extreme drug-resistant organism. This shows the power of point 
mutations combined with strong evolutionary pressure. 

 

Horizontal gene transfer. Evolution occurs in all living organisms by means of 
random mutations and natural selection. Since mutations can only be transferred 
vertically to offspring, the dissemination of resistance mechanisms based on (point) 
mutations is less severe than that of resistance genes by horizontal gene transfer, 
which can occur quickly between closely related and sometimes even distantly 
related bacteria.  

Bacteria have acquired several mechanisms by which they can exchange genetic 
material through horizontal gene transfer (see Fig. 2). The first mechanism is 
transformation, which typically involves the uptake of short DNA fragments from 
the environment. These are subsequently incorporated in the genome by RecA-
dependent homologous recombination. This mechanism is mainly limited to 
naturally transformable bacteria, like Helicobacter pylori and Neisseria species, 
which have specialised uptake systems for DNA fragments [56]. A second 
mechanism is called transduction. This involves the (accidental) transfer of DNA to 
a new bacterial host by bacteriophages. During phage replication, occasionally a 
fragment of suitable length of host DNA becomes packaged into the phage coat in 
place of the phage DNA. Subsequently, this bacteriophage will inject this host DNA 
into a new bacterial cell, and thereby transfer the DNA. The third and most 
important mechanism for horizontal gene transfer is conjugation. Through 
conjugation large DNA fragments from distantly related bacteria can be transferred. 
In order to transfer a plasmid from one cell to another, a set of genes must be present 
that enables the formation of a functional contact between the donor and recipient 
cell. In addition, for the mechanical transfer of DNA, the plasmid needs genes that 
encode mobilizing functions. At first, cell to cell contact is established via sex pili 
that are produced by the donor strain. Upon a functional interaction between two 
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positive bacteria, recently even from a methicillin-resistant Staphylococcus aureus, 
they are generally detected in Gram-negative bacteria, especially in members of the 
Enterobacteriaceae [71, 72]. More than 80 different gene cassettes of integron class 
1 have been described, conferring resistance to all known β-lactam antibiotics, 
aminoglycosides, chloramphenicol, trimethoprim, streptothricin, rifampin, 
erythromycin, fosfomycin, lincomycin and antiseptics of the quaternary-ammonium-
compound family [73, 74]. 

Figure 3: Schematic representation of integron class 1 structure. A represents an In0 (empty) integron. It 
consists of a 5’ Conserved Segment (CS) containing an integrase gene (intI1), an outward oriented 
promoter (P1), and a recombination site (AttI), and 3’ CS that contains a defective quaternary ammonium 
compound resistance gene (qacE∆1) and a sulphonamide resistance gene (sul1). B represents an integron 
containing 2 Open Reading Frames (ORF) in the variable region (dotted line) of the 3’ CS. 

The structural organisation of class 1 integrons is well characterized. The 5’ 
Conserved Segment (CS) is identical to all other integron classes, an integrase gene 
(intI1), an outward promoter (P1), and a recombination site, (attI), but the 3’ CS of 
class 1 integrons is variable (see Fig. 3). Most clinically important class 1 integrons 
contain at their 3’end the transposition module of Tn402. This connection with a 
transposable element is thought to have played an important role in the 
dissemination of these Class 1 integrons, although the most prevalent integron class, 
contain non-functional transposase genes (see below). In addition, the 3’ end of class 
I integrons often contain a defective quaternary ammonium compound resistance 
gene (qacE∆1) and a sulphonamide resistance gene (sul1), both of which are not 
classical gene cassettes with an attC site [59]. 

Bacterial strains harbouring class 1 integrons are not confined to the hospital 
environment but have been isolated also from healthy individuals. In addition, there 
are numerous reports on integrons found in animal bacterial strains, especially in 
farm animals such as pigs, chickens and swine’s [75-79]. Moreover, a recent study 
showed that class 1 integrons are also present in the environment not associated with 
animals, i.e. in forest soils and lake sediments. These environmental integrons lack 
the antibiotic resistance genes and Tn402-like transposition genes, which led to the 
suggestion that the Tn402-like transposition genes have played a role in the 
dissemination of integrons among commensal and pathogenic bacteria [80].  

Whereas Class 1 integrons are borne on different mobile elements, such as various 
plasmids and transposons, Class 2 integrons are associated with the mobile element 
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transposon Tn7. This transposon, however, is probably disabled due to an internal 
stop codon in the integrase gene (IntI2) [64]. It may well be that due to this 
mutation; the distribution of Class 2 integrons is more restricted than that of class 1 
integrons. Class 3 integrons have the same configuration as class 1 integrons, but 
recombination takes places at a much lower rate. This structure was first isolated 
from a Serratia marcescens strain, but has now also been found in Klebsiella 
pneumonia and Delftia species [62, 81, 82]. Both Class 4 and 5 integrons have been 
found in the Vibrio species, Vibrio cholerae and Vibrio mimicus, respectively. They 
are both chromosomally-located integrons, which are also referred to as 
superintegrons. However, it has recently been proposed to call all integrons, 
independent of their location, simply integrons [83]. 

 

Antibiotic resistance mechanisms. This section will deal with the specific 
resistance mechanisms against quinolones and β-lactam antibiotics, in particular 
carbapenems. Quinolones target the DNA gyrase in order to inhibit bacterial growth. 
Mutations arising in the four genes involved, gyrA, gyrB, parC and parE are known 
to result in resistance to quinolones. More recently, plasmid-borne quinolone 
resistance genes (qnr) have been identified. Soon after the first publication in 2003, 
several qnr variants were reported and were found to be spread globally [84-86]. 
Qnr proteins have been shown to bind DNA gyrase and topoisomerase IV directly, 
and thereby to prevent quinolone inhibition [87]. More importantly Qnr proteins 
have shown to be able to reverse the inhibition of gyrase-mediated supercoiling 
caused by quinolone-type antibiotics [85]. Another fluoroquinolone modifying 
enzyme, aac(6)-Ib-cr has been shown to reduce the activity of ciprofloxacin by N-
acetylation at the amino nitrogen on its piperazinyl substituent [88].  Although in 
vitro studies on the protection of bacteria by Qnr against fluoroquinolones show that 
this resistance mechanism leads to only a small increase in MIC from 0.008 µg/ml to 
0.25 µg/ml, the original isolates in which this resistance mechanism was first 
detected, were more resistant [89]. Most likely, this is due to co-existence of 
additional resistance mechanisms.   
β-lactam antibiotics consist of four major groups: penicillins, cephalosporins, 
monobactams, and carbapenems.  They bind the so-called penicillin-binding-proteins 
(PBPs), which are enzymes that catalyse the formation of pentapeptide bridges of 
the peptidoglycan layers, the major component of the bacterial cell wall. Inhibition 
of peptidoglycan synthesis leads to loss of cell wall stability and causes the release 
of autolytic enzymes, which ultimately lead to bacterial cell death. Three different 
mechanisms are known to give rise to β-lactam resistance: (i) prevention of the 
interaction between antibiotic and the target PBPs by altered permeability or forced 
efflux (only in Gram-negative bacteria, such as P. aeruginosa, where the PBPs are 
present in the periplasm,); (ii) alteration of the antibiotic target site (mainly in 
Staphylococcal and Streptococcal species), and (iii) production of enzymes that 
degrade or modify the antibiotic [90, 91]. This latter mechanism is the most 
commonly found in both Gram-positive and Gram-negative bacteria. β-lactam 
antibiotics share a common molecular feature, a four-membered β-lactam ring. They 
differ from each other by additional rings (thiazolidine ring for penicillins, cephem 
nucleus for cephalosporins, double ring structure for carbapenems and none for 
monobactams,). β-lactamases hydrolyse the amide bond of this four-membered β-
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lactam ring. Four classes of β-lactamases have been recognised (A to D) based on 
sequence similarities, correlated with a functional classification (see Fig. 4). Divided 
over those four classes are more than 470 different β-lactamases of which those with 
a serine-based mechanisms (Classes A, C and D) are most commonly found [91].  

More recently, extended spectrum β-lactamases have been identified that hydrolyze 
extended-spectrum cephalosporins with an oxyimino side chain. Whereas previously 
penicillin-resistant strains were still sensitive to expanded-spectrum 
cephalosporines, these new extended spectrum β-lactamases (ESBLs) hydrolyzes 
basically all β-lactam antibiotics [92]. 

Figure 4: Amblers classification scheme for β-lactamases (adapted from [93]). 

The first ESBLs were derivatives of the genes blaTEM-1
, blaTEM-2, and blaSHV-1, but 

nowadays blaCTX-M is also emerging. The prevalence of ESBL is higher in Europe 
than in US, but lower than in Asia and South America [94]. The spread of genes 
coding for β-lactamases and ESBLs has been increased by their integration into 
mobile elements such as plasmids, transposons and integron gene cassettes. 
Carbapenems are widely regarded as the drugs of choice for the treatment of severe 
infections caused by ESBL-producing Enterobacteriaceae, but resistance 
mechanisms against this class of β-lactam antibiotics have also been reported [95]. 
Carbapenemases are β-lactamases that hydrolyse most β-lactam rings, including 
those of carbapenems. Carbapenemases are members of the A, B and D classes of β-
lactamases [96]. The class A carbapenemase group consist of 5 families (blaSME, 
blaIMI, blaNMC, blaGES and blaKPC), of which KPC carbapenemases are most 
prevalent. These are mostly found on plasmids in Klebsiella pneumoniae. The 
metallo-β-lactamases belong to the Ambler’s class B, and have been primarily 
detected in Pseudomonas aeruginosa. They include the blaIMP, blaVIM, blaSPM, blaGIM 
and blaSIM families, and blaAIM-1 [97]. Class D consist of OXA-type ß-lactamases, 
frequently detected in Acinetobacter baumannii [98].  
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D. Genetic variations and prophages 
 
Bacteriophages, also known as phages, were first discovered by Félix d’Hérelle in 
1917, and are viruses that can only infect bacterial cells [99]. Like all viruses, 
replication of bacteriophages is dependent on the metabolism and replication 
machinery of their host. Phages are classified by the International Committee on 
Taxonomy of Viruses (ICTV) according to morphology and nucleic acid. The 
dsDNA tailed phages (order Caudoviralis) account for 95% of all phages and consist 
of head (containing the genetic material), tail, spikes and fibers [100]. 

Phages can have different life cycles: lytic, temperate or lysogenic. Some groups of 
bacteriophages only a lytic life cycle and are often referred to as virulent phages. 
Examples are the T-phages (see Fig. 5A).  Generally, the lytic life cycle starts with 
attachment to the bacterial cells. This is dependent on the specificity of the phage 
tail proteins and the receptor proteins on the bacterial surface. The entry is forced by 
a combination of the production of lysozyme by the phage that weakens the 
peptidoglycan layer of the bacterial cell wall and contraction of the sheath that 
generates a hollow tube through which the viral DNA is injected into the cytoplasm 
of the bacteria. Viral enzymes will immediately destroy the bacterial DNA and start 
synthesizing new phages.  Newly assembled bacteriophages will be released as soon 
as the integrity of the cell wall is completely disturbed by the phage lytic enzymes. 
Especially lytic enzymes derived from phages of Gram-positive bacteria have 
provoked interest as an alternative for antibiotics. Purified lytic enzymes, which are 
generally small and stable proteins, have been successfully used in animal studies to 
control bacterial infections [101]. 

A large group of temperate phages consists of the so-called filamentous 
bacteriophages, which all share similar shape (long hair-like appearance, therefore 
the name filamentous) and life cycle (see Fig. 5B). Unlike other temperate phages, 
filamentous bacteriophages are continuously extruded across the bacterial cell wall 
instead of released by killing their host. The most studied are the coliphages, f1, fd 
and M13, which all infect through binding (via PIII or p3) to the tip of the bacterial 
F pilus [102]. Upon cell entry, the ssDNA phage genome is converted into the 
double stranded replicative form by host enzymes. The small coat proteins pVII and 
pIX are first assembled at the tip of the phage. They are thought to interact with the 
packaging signal which is exposed by one end of the ssDNA/pV complex [103, 
104]. pV proteins are then replaced by thousands of the major coat protein (pVIII), 
which are present in the inner membrane and form a cylinder surrounding the 
ssDNA [105, 106]. Termination of assembly and release of the phage is initiated by 
pIII and pVI (p3 and p6), which are located at the end of the phage. Extrusion takes 
place through the multimeric outer membrane channel which is formed by pIV [107-
109]. A third type of cycle of replication of phages is the lysogenic cycle. In this 
cycle there is no phage particles produced, but the genomic DNA of the phage is 
integrated in the host chromosome and is therefore replicated along with the host 
cell. Phages that are integrated into the host chromosome are called prophages. The 
lysogenic state of a prophage can be terminated by DNA damage, such as exposure 
to mutagenic chemicals (e.g. hydrogen peroxide) and ultraviolet exposure, or by heat 
treatment of a temperature sensitive repressor [112]. DNA damage leads to the 
production of proteases which destroy a repressor protein. Degradation of this 
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repressor subsequently leads to the expression of phage genes, disintegration from 
the host chromosome and induction of a lytic life cycle.  

 

 
Figure 5: Electron micrograph of two different type of bacteriophages, A: T4 bacteriophage [110], and B: 
Filamentous bacteriophage B5 [111]. 

Probably all bacteria are subjected to infection by bacteriophages, and it is even 
thought that bacteriophages could represent the most diverse life form on earth. As 
such, bacteriophages play an important role in the evolution of bacteria. This effect 
can be indirect, through genome insertion and alteration, but also direct. The most 
famous example is the Vibrio cholerae specific filamentous bacteriophage CTXФ. 
CTXФ is present as a prophage (Waldor and Mekalanos, 1996) in the genome of V. 
cholerae and encodes, in addition to phage related functions, also cholera toxin. 
Cholera toxin is a fundamental virulence factor of this pathogen and is the primary 
cause of life-treating secretory diarrhoea. This pathogen has evolved from a non-
pathogenic progenitor by the acquisition of CTXФ, and unfortunately new variants 
of this pathogen are still evolving through the spread of the CTXФ phage [113]. The 
presence of virulence-associated genes, ranging from toxins to cell adhesion factors, 
especially in temperate phages such as the filamentous phages is a common feature, 
[114, 115]. 

As mentioned above, the role of phages in bacterial evolution can also be indirect. 
Most bacteria contain several (remains of) prophages and many single phage-related 
genes (mostly with unknown functions) in their genomes. For instance, most P. 
aeruginosa strains contain two prophages, which are highly variable between 
different P. aeruginosa strains, not only in sequence but also in their localisation 
within the bacterial genome. One of these prophages is Pf1.  Despite the fact that the 
filamentous bacteriophage Pf1 was first isolated back in the 1960s, only more 
recently a Pf1-like bacteriophage present in the genome of P. aeruginosa strain 
PAO1 was associated with virulence [116-119]. Microarray analysis has shown that 
the genes of the Pf1-like filamentous bacteriophage were among the highest 
upregulated genes during biofilm development [119]. Earlier, cell death and lysis 
had been observed within a biofilm structure. This was thought to be due to the 
induction of Pf1-like phage, which was detected in dispersed cells from the biofilm 
[120]. Subsequent studies have shown that the Pf1-like bacteriophage of P. 
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aeruginosa strain PAO1, now referred to as Pf4, is linked to the emergence of a 
subpopulation of small colony variants in the effluent of biofilms [118]. These small 
colony variants exhibit Pf4 filaments on their cell surface, show enhanced adhesion 
to polystyrene microtiter plates and enhanced microcolony formation [118]. Thus, 
this filamentous bacteriophage might play an important role in biofilm development, 
and more importantly in colonization of new surfaces, since the small colony 
variants containing Pf4 are found to be dispersing from the biofilm.  

Other prophage-like DNA elements in P. aeruginosa are the so called bacteriocins, 
proteins that kill bacterial cells of other strains. Most strains of P. aeruginosa 
produce various types of bacteriocins (pyocins), namely R-, F- and S-type pyocins 
[121]. Pyocins have been thought to be derived from defective phages. Studies on 
the relationship between bacteriophages and pyocins have shown that the R-type 
pyocins have a common ancestral origin and are derived from a P2 phage, whereas 
the F-type is derived from lambda phage [122]. R-type pyocins resemble non-
flexible and contractile tails of bacteriophages. They provoke depolarisation of the 
cytoplasmic membrane in relation with pore formation. The F-type pyocins also 
resemble phage tails, but with a flexible and non-contractile rod-like structure, 
whereas the S-type pyocins are colicin-like and protease-sensitive proteins [123-
130]. The spectrum of S type pyocin is limited to P. aeruginosa strains, whereas R 
type pyocins are able to kill other Gram-negative bacteria [131]. Pyocins are 
normally active against the same or closely related species [123]. Pyocins are 
spontaneously produced at low levels, but treatment with mutagenic or stressful 
agents, such as mitomycin C, hydrogen peroxide, the antibiotic ciprofloxacin or 
ultraviolet irradiation, rapidly increases their production [123, 132-134]. As these 
pyocins kill bacteria at a very low dose (1 pyocin molecule is sufficient to kill a 
single bacteria), their possible therapeutic efficacy has been  studied in past, and 
more recently [135, 136]. Although the results of treatments of infections with 
pyocins-sensitive P. aeruginosa with pyocins seem promising, their further 
application is hampered by their narrow spectrum of activity.  

 

E. Aims and outline of this thesis 
 
The discovery of the first antimicrobial, penicillin was thought to tip the balance of 
the combat against bacterial infections in our advantage. Unknown at that time was 
that parallel to the use of new classes of antibiotics, bacteria developed resistance 
mechanisms to those antibiotics with dire consequences. Nowadays, we are faced 
with multidrug and even pan-drug resistant bacterial strains that are resistant to all 
classes of known antibiotics. One of the main causes of multidrug resistance is 
horizontal gene transfer of mobile genetic elements, such as plasmids containing 
multiple antibiotic resistance genes. Transfer of these mobile DNA elements leads 
instantly to new multidrug resistant bacterial strains. Besides this, bacterial strains 
could also become more virulent through genomic variation; mutations, and loss or 
acquisition of genomic regions. Most cystic fibrosis patients are infected, and 
subsequently colonized with unique P. aeruginosa isolates acquired from 
environmental reservoirs. Genetic adaption of the initial acquired strain occurs over 
time during colonization of the lungs of these patients. The conversions of strains 



General Introduction 

18 

from non-mucoid to mucoid phenotype or from wild type to small colony variants 
are well-known examples of this. 

The aim of this thesis was to study the role of mobile DNA elements in antibiotic 
resistance and the functional characterization of two highly variable genomic islands 
from P. aeruginosa. Chapters 1, 2, 3A and 3B focus on antibiotic resistance and 
mobile DNA elements, mainly plasmids. Chapter 4 deals with the role of a 
filamentous bacteriophage in the formation of small colony variants in Pseudomonas 
aeruginosa, which are thought to be associated with enhanced biofilm formation. 
Finally, in Chapter 5 we discuss pyocins, as a novel target of a cell-surface 
signalling system.  
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CHAPTER 1 

 

Abstract 
 
A significant increase in the isolation frequency of ciprofloxacin-resistant 
Escherichia coli was observed in the haematology departments of two university 
hospitals in The Netherlands. Amplified fragment length polymorphism analysis 
revealed that this increase was not caused by the emergence of unique ciprofloxacin-
resistant clones. Determination of the presence of class 1 integrons indicated that 
81% of the ciprofloxacin-resistant isolates contained an intI1 gene, compared with 
11% of the ciprofloxacin-susceptible isolates (p < 0.0001). The quinolone resistance 
gene qnrA was not present in any of the integrons characterised and could not be 
detected using dot-blot hybridisation of total DNA. In addition, conjugation 
experiments showed that ciprofloxacin resistance was not co-transferred with class 1 
integrons. Ciprofloxacin-resistant isolates harboured mutations in the gyrA gene, 
which are known to encode ciprofloxacin resistance. In conclusion, an association 
was observed between ciprofloxacin resistance and the presence of class 1 integrons, 
which could not be explained by the currently known genetic determinants of 
quinolone resistance. 

 

Introduction 
 
Multidrug resistance among Enterobacteriaceae can be acquired and spread 
vertically through chromosomal mutations in a resident gene, or by the acquisition 
of resistance genes following horizontal gene transfer. During 2000, a significant 
increase in the isolation frequency of ciprofloxacin- and co-trimoxazole-resistant 
Escherichia coli was observed in the haematology wards of two Dutch hospitals. 
This increase could have been caused by the clonal spread of one particular resistant 
strain, or through horizontal gene transfer [1–6]. Specialised transposon-like genetic 
structures, termed integrons, appear to play an increasing role in the development of 
resistance in Enterobacteriaceae in hospital settings. Two plasmid-borne quinolone 
resistance genes associated with integron-like structures have been identified 
recently. The qnrA gene confers low-level resistance to ciprofloxacin in several 
species of Enterobacteriaceae [7–13],  and the qnrS gene, which confers low-level 
quinolone resistance in E. coli, has been found on a transferable plasmid in a clinical 
isolate of Shigella flexneri 2b [14]. However, the most important mechanism of 
resistance to fluoroquinolones (including ciprofloxacin) involves chromosomal 
mutations in the genes encoding DNA gyrase (gyrA) and topoisomerase IV (parC). 
Eight different mutations in gyrA cause ciprofloxacin resistance, with mutations 
altering amino-acids 83 or 87, or both, being observed most frequently [15]. 
Decreased sensitivity caused by active efflux of quinolones has also been described 
for E. coli, usually in combination with mutations in gyrA and/or parC [16]. 
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The present study aimed to determine the origin and nature of the increase in 
ciprofloxacin resistance in two Dutch hospitals. All isolates were subjected to DNA 
fingerprinting by amplified fragment length polymorphism (AFLP) analysis [17, 18] 
to determine whether clonal spread of a single strain had occurred. The presence of 
class 1 and 2 integrons, qnrA and mutations in gyrA were determined, and transfer 
of antibiotic resistance was studied. 

 

Material and methods 
 
Bacteria and prophylactic regimens.  In total, 161 isolates of E. coli, collected 
between 2000 and 2002, were included in the study (Table 1). Twenty-one 
ciprofloxacin-resistant isolates were obtained from consecutive patients treated in 
the haematology ward of the VU University Medical Centre (Amsterdam, The 
Netherlands) during this period. Ciprofloxacin-susceptible E. coli (n = 79) isolates 
were obtained from consecutive patients admitted to the same ward during the same 
period. Prophylactic selective decontamination of the digestive tract of the 
haematological patients consisted of ciprofloxacin (two daily oral doses of 500 mg) 
and tobramycin (three daily oral doses of 80 mg). Colistin (three daily oral doses of 
300 mg) or co-trimoxazole (three daily oral doses of 960 mg) were added to the 
regimen for patients colonised with resistant Gram-negative bacteria. In addition, 33 
ciprofloxacin-resistant E. coli isolates were obtained from consecutive patients 
treated in the haematology ward of the Erasmus University Medical Centre 
(Rotterdam, The Netherlands), where the selective decontamination regimen 
consisted of ciprofloxacin (1000 mg/day orally or 800 mg/day intravenously). For 
patients colonised with ciprofloxacin-resistant Gram-negative bacteria, the 
prophylactic regimen was changed to ciprofloxacin (two daily oral doses of 500 mg 
or two daily intravenous doses of 400 mg) in combination with colistin (as a 
mouthwash, 1 mg/mL, four-times-daily, combined with four daily oral doses of 200 
mg) and tobramycin (three daily doses of 80 mg/2 mL). Patients were treated with 
prophylactic therapy for c. 3 weeks during each neutropenic period. All E. coli 
isolates from haematological patients were from anal swabs obtained for 
surveillance purposes. Finally, 28 ciprofloxacin-resistant E. coli isolates were 
collected randomly from various clinical specimens and wards of the Erasmus 
University Medical Centre and the VU University Medical Centre. 

Identification of the 161 isolates was with the Vitek 1 system (bioMérieux, Marcy 
l'Etoile, France). Susceptibility to ciprofloxacin, co-trimoxazole, gentamicin and 
amoxicillin was tested by the disk-diffusion method on Mueller–Hinton agar (Difco; 
Becton Dickinson, Franklin Lakes, NJ, USA) with Neosensitabs (Rosco, Taastrup, 
Denmark) according to NCCLS criteria [17]. E. coli J53 (pMG252) [7] was a gift 
from G. A. Jacoby (Lahai Clinic, Burlington, MA, USA).   

 

Purification of DNA and typing by AFLP analysis. Total DNA was extracted 
from E. coli isolates with a MagNA Pure LC Instrument, using the MagNA Pure LC 
DNA isolation Kit III for bacteria and fungi (Roche Diagnostics, Almere, The 
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Netherlands) according to the manufacturer's recommendations. Extracted DNA was 
dissolved in 100 µL of TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0), aliquoted and 
stored at − 20°C. All isolates were typed by AFLP [18, 19]. After restriction and 
amplification, the DNA fragments were separated on an ABI Prism 3100 Genetic 
Analyser (Applied Biosystems, Warrington, UK), after which the data were analysed 
with the Pearson correlation coefficient and clustered by unweighted pair-group 
matrix analyses (UPGMA) using BioNumerics software, v. 3.0 (Applied Maths, St-
Martens-Latem, Belgium).   

Table 1. Drug susceptibility patterns and the presence of integrase genes in 161 Escherichia coli isolates 
from two hospitals in The Netherlands. 
    Haematology wards  Other wards 
     Integrase 

gene 
  Integrase 

gene 
Ciprofloxacin Co-trimoxazole Gentamicin Amoxycillin No. of 

isolates
I II I/II None  No. of 

isolates 
I II I/II None 

R R R R 15 12 - 3 -  4 3 - - - 
R R R S 2 2 - - -  1 1 - - - 
R R S R 30 25 2 1 2  17 14 3 - - 
R R S S 2 1 - - 1  1 - 1 - - 
R S R R 1 - - - 1  1 1 - - 1 
R S S R 1 - - - 1  3 2 - - 1 
R S S S 3 - - - 3  1 - - - 1 
S R R R 1 1 - - -  - - - - - 
S R S R 5 3 1 - 1  - - - - - 
S R S S 3 1 1 - 1  - - - - - 
S S S R 11 3 1 1 6  - - - - - 
S S S S 59 - 8 - 51  - - - - - 
Total    133 48 13 5 67  28 21 4 0 3 

R, resistant; S, susceptible (according to the NCCLS criteria [17]). 

 

Detection of integrons by PCR and characterisation of gene cassettes. Integrons 
were detected by amplification of the integrase genes of class 1 and 2 integrons 
(intI1 and intI2) with the Int1F/Int1R and Int2F/Int2R primers [20]. Gene cassettes 
of strains that contained intI1 were amplified subsequently with primers 5'CS and 
3'CS [21], followed by restriction with HaeIII, TaqαI and MseI (New England 
Biolabs, Leusden, The Netherlands) according to the manufacturer's 
recommendations. The resulting DNA fragments were separated by electrophoresis 
at 100 V for 2 h on agarose 1.5% w/v gels, stained with ethidium bromide and 
visualised under UV light. 

Restriction fragment length polymorphism (RFLP) patterns were analysed by visual 
examination. Identical RFLP patterns were considered to be indicative of identical 
gene cassettes, and consequently the respective E. coli isolates were considered to 
contain identical integrons. One representative gene cassette of each RFLP type was 
sequenced on an automated sequencer (ABI Prism 3100) with a Big Dye Terminator 
Kit III (Applied Biosystems) in accordance with the manufacturer's 
recommendations.   

Detection of the qnr quinolone resistance gene. The presence of qnr was detected 
by dot-blot experiments. The qnr probe was amplified from E. coli J53 (pMG252) 
[10], and was labelled with the PCR DIG Probe synthesis kit (Roche Diagnostics). 
Denatured total DNA was spotted on to positively charged nylon membranes, and 
then exposed to 1.5 J/cm2 UV irradiation (Polyvalent UV 254-nm system; Syngene, 
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Leusden, The Netherlands) to immobilise the DNA. Following hybridisation, 
colorimetric DIG detection was performed according to the instructions from the 
manufacturer. E. coli J53 pMG252 was included in this assay as a positive control.   

Analysis of the gyrA gene. Specific PCR primers (5'-TAATCACCGGT 
ACACCGTCGCG TA and 5'-TAGGATCCGTCGCCGTCGATAGAA) were 
designed to amplify the quinolone resistance-determining region of gyrA. PCR 
conditions comprised 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, 60°C 
for 30 s and 72°C for 1 min, and then 72°C for 10 min. The resulting PCR products 
were sequenced (ABI Prism 3100) with the Big Dye Terminator Kit III in 
accordance with the manufacturer's recommendations.  

Conjugation. Conjugation experiments were performed on membrane filters with a 
rifampicin-resistant E. coli cc118λpir strain as recipient. Broth cultures of donor (see 
Results) and recipient cells in the logarithmic phase were mixed and incubated on an 
MF-Millipore membrane filter (Millipore, Bedford, MA, USA) on Luria–Bertani 
(LB) agar for c. 6 h at 37°C. Subsequently, the cells were resuspended in 5 mL of 
phosphate-buffered saline and transconjugants were selected on LB agar plates 
containing rifampicin (10 mg/L) and sulphamethoxazole (20 mg/L). MICs of 
ciprofloxacin for the donor, recipient and transconjugant strains were measured by 
microtitre broth dilution. 

 

Results 
 
The frequencies of the different susceptibility patterns for the 161 isolates are shown 
in Table 1. DNA fingerprinting by AFLP showed that the isolates were 
heterogeneous, thereby excluding clonal spread of one particular ciprofloxacin-
resistant E. coli strain. 

Of the 54 ciprofloxacin-resistant E. coli isolates from haematology wards, 44 (81%) 
contained intI1, compared with nine (10%) of 79 ciprofloxacin-susceptible isolates. 
Of 28 ciprofloxacin-resistant isolates from other wards, 21 (75%) harboured a class 
1 integron structure. The intI1 gene was detected in ciprofloxacin-resistant E. coli 
isolates from both hospitals (19 (90%) of 21 isolates from patients in Amsterdam, 
and 25 (75%) of 33 isolates from patients in Rotterdam), and was associated 
significantly with resistance to each of the antibiotics tested (Fisher's exact test; p < 
0.0001). Binary logistic regression was used to determine that the resistances 
associated independently and most strongly with the presence of class 1 integrons 
were for co-trimoxazole (p 0.001) and amoxicillin (p 0.001). 

Various sizes (1.0, 1.5 and 3.0 kb) of class 1 integron gene cassettes were identified. 
No antibiotic resistance gene cassette was detected in nine (12%) of the 74 E. coli 
isolates that contained intI1. 

To determine whether the integrons varied in gene content, the gene cassettes were 
analysed by PCR-RFLP. Four frequently occurring PCR-RFLP gene cassettes were 
designated as class 1 integron gene cassette types A, B, C and D. Types A and B 
were present in 26 (35%) and 18 (24%) of the 74 isolates, respectively, while types 
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C and D were both present in seven (9%) isolates. Seven (9%) isolates contained 
gene cassettes with unique PCR-RFLP patterns. No differences in the distribution of 
gene cassettes A, B, C and D were observed between isolates from Rotterdam and 
Amsterdam, or from haematology and other wards. 

In order to identify the genes within the cassettes, examples of integron class 1 types 
A, B, C and D were sequenced. Type A contained dfrA17, encoding dihydrofolate 
reductase (trimethoprim resistance) and aadA5, encoding aminoglycoside 3'-(9)-O-
adenyltransferase (streptomycin and spectinomycin resistance). The gene sequences 
of integron class 1 type A were identical to the integron sequence of GenBank 
accession no. AY139591, while sequences of type B were homologous to the 
integron sequence of GenBank accession no. AJ419168. Integron type B contained 
dfrI and aadA. Only aadA1, encoding aminoglycoside 3'-(9)-O-adenyltransferase, 
was present in the gene cassettes of integron type C (GenBank accession no. 
AF205943), while dfhr12 and aadA2 were present in integron type D (GenBank 
accession no. AF335108). The presence of qnrA (GenBank accession no. 
AY070235) [8–10] was investigated by dot-blot hybridisation, but none of the 
isolates tested contained qnrA. 

The sequences of the quinolone resistance-determining region of gyrA in 39 
ciprofloxacin-susceptible and 39 resistant isolates were analysed by comparison with 
the published genome sequence of E. coli K12 [22]. Two of 39 susceptible isolates 
had a mutation in gyrA, which resulted in a single amino-acid change, S83L. All 39 
ciprofloxacin-resistant isolates carried an identical alteration in amino-acid 83. In 
addition, 29 of these isolates also had an alteration in amino-acid 87, most 
commonly D87N (23 isolates), followed by D87Y (five isolates); D87G was found 
in only one isolate. Statistical analysis (Fisher's exact test) showed that there was a 
significant association (p < 0.0001) between ciprofloxacin resistance and one or 
more mutations in gyrA. 

Conjugation experiments were performed with a clinical isolate from a patient in the 
haematology department of the Erasmus University Medical Centre. This isolate 
harboured a class 1 integron containing gene cassette type D (present in seven of 65 
ciprofloxacin-resistant isolates that contained intI1) and was resistant to 
ciprofloxacin, gentamicin and co-trimoxazole. The results indicated that gentamicin, 
tobramycin and co-trimoxazole resistances were co-transferred with the integron 
structure, while ciprofloxacin resistance was not. The ciprofloxacin MIC for the 
donor strain was 64 mg/L, compared with 0.125 mg/L for the transconjugant and 
recipient strains. 

 

Discussion 
 
AFLP analysis of isolates showed that the increase in ciprofloxacin resistance was 
not caused by clonal spread of a single ciprofloxacin-resistant strain, in contrast with 
an increase in multidrug resistance associated with the spread of a single clone over 
two vast regions in the USA [23–25]. However, the presence of class 1 integrons 
was associated significantly with ciprofloxacin, co-trimoxazole, amoxicillin and 
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gentamicin resistance in the E. coli isolates. Although the latter associations are 
well-established, the association of ciprofloxacin resistance with the presence of a 
class 1 integron is unusual [6,26], although it has been reported previously by 
Leverstein-Van Hall et al.[3], Martinez-Freijo et al.[4] and Van Belkum et al.[6]. 
However, the basis for this association is unknown. 

Characterisation of the gene cassettes revealed that the 74 isolates positive for intI1 
harboured four different gene cassettes (types A, B, C and D) and two functionally 
different antibiotic resistance genes encoding trimethoprim and 
streptomycin/spectinomycin resistance. No evidence was found within the gene 
cassettes to indicate integron-associated resistance to amoxicillin, gentamicin or 
ciprofloxacin. None of the integrons contained qnrA, and qnrA was not present in 
any of these isolates according to dot-blot analysis, thereby excluding the possibility 
that the gene was present, but not located within the integron gene cassettes. In 
addition, conjugation experiments revealed that ciprofloxacin resistance was not co-
transferred with the integron to a recipient E. coli strain. Taken together, these 
results rendered transferable quinolone resistance an unlikely explanation for the 
observed increase in the isolation rate of ciprofloxacin-resistant E. coli isolates on 
the two haematology wards. Although a statistical association between ciprofloxacin 
resistance and the presence of an integron was demonstrated, no genetic 
determinants responsible for this association were identified. 

Resistance to fluoroquinolones in E. coli is caused primarily by chromosomal 
mutations in the genes encoding DNA gyrase and topoisomerase IV [27], especially 
the gyrA subunit of DNA gyrase. Sequencing of gyrA in the present study revealed 
that mutations at positions 83 or 87, or both, were associated significantly with 
ciprofloxacin resistance. These mutations are considered to be the most important 
modifications in E. coli leading to resistance to fluoroquinolones [15]. Thus, 
resistance to ciprofloxacin in this strain collection could be explained fully by 
mutations in genes coding for DNA gyrase and topoisomerase IV. 

Support was not found for the hypothesis of a genetic association between 
ciprofloxacin resistance and class 1 integrons [1, 4, and 6]. It has been observed 
previously [2] that integrons are widespread among Enterobacteriaceae in the 
community in The Netherlands. It is suggested that the increase in the isolation 
frequency of ciprofloxacin-resistant E. coli in these patient groups is caused by a 
combination of increased spread of integron structures within the community and 
selective antibiotic pressure associated with ciprofloxacin regimens in the hospitals. 
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CHAPTER 2 

 

Abstract 
 
An increase in isolation frequency of carbapenem resistant Acinetobacter baumannii 
isolates was observed in a new university hospital in Turkey in 2005. Genotypical 
characterization  of 145 strains identified three major outbreak clones, which 
involved 12, 20, and 72 patients. Environmental sampling revealed the presence of 
the largest outbreak clone on a ventilator at the Intensive Care Unit.   
PCR analysis of different carbapenemase genes showed that strains from each of the 
three main clusters; and 23 out of the remaining 29 strains harboured  the blaOXA-
51 like and the blaOXA-58 gene. Whereas, none of the metallo-β-lactamases GIM-
1, SIM-1, SPM-1, IMP-like and VIM-like and the oxacillinase genes blaOXA-24 
like and blaOXA-23 like genes were detected.  In conclusion; multiple clones of CR 
A. baumannii strains producing OXA-58 type oxacillinase were responsible for a 
sustained CR A. baumannii outbreak in different clusters that occurred in this 
hospital. None of the outbreaks strains belonged to one of the three major European 
clones.  

 

Introduction 
 
Acinetobacter baumannii has emerged as one of the most important opportunistic 
pathogens. Especially its increased resistance to a wide range of antibiotics is of 
major concern (1, 2). The carbapenems, imipenem and meropenem are among the 
drugs of choice for treatment of multidrug resistant Acinetobacter infections. In 
1992 however, the first nosocomial outbreak of carbapenem resistant (CR) A. 
baumannii strains was reported in the United States (3). Since then, reports on 
nosocomial infections and outbreaks caused by CR A. baumannii followed in many 
other countries (3-10). 

Various (combined) mechanisms could underlie resistance to carbapenems in A. 
baumannii strains, including; AmpC stable derepression, decreased permeability, 
altered penicillin-binding proteins (PBPs), overexpression of efflux pump and the 
production of carbapenemases (2,9).  Currently, the production of carbapenemases 
such as class B IMP-type and VIM-type metallo-β-lactamases and class D OXA-
type carbapenemases are increasingly responsible for carbapenem resistance.  

Until 2005, carbapenem resistant (CR) A. baumannii strains had only been isolated 
sporadically in our institution. In the beginning of August 2005, a rapid increase in 
the isolation frequency of CR A. baumannii from patients admitted to the intensive 
care unit (ICU) was observed. Although infection control measures were instituted, 
CR A. baumannii isolates spread throughout the ICU, prompting us to conduct 
further investigation.  
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The objective of the present study was to perform epidemiological analysis of the 
increased isolation frequency of CR A. baumannii strains isolated from patients 
admitted to the ICU of a university hospital located on the north coast of Turkey. To 
gain more insight into the underlying carbapenem resistance mechanisms, the strains 
will be tested for the presence of carbapenemase genes.  

 

Material and methods 
 
Hospital setting and patients. Zonguldak Karaelmas University Hospital is a 
tertiary care and educational hospital, located on north-west of Turkey, with 260 
inpatients and 40 ICU beds.  The central ICU consists of five cubicles (with 4-6 beds 
each) and three single isolation rooms.  Patient admission to central ICU has been 
allowed since April 2004, and it has been used by both medical and surgery 
departments.  

Carbapenem resistant A. baumannii strains were isolated from 116 inpatients 
between July 2003 and October 2006, including the outbreak period which started in 
August 2005. Distribution of patients among the years is shown in Figure 1. The 
medical records of the patients were reviewed for demographic and clinic data of the 
patients.  

 
Figure 1. Distribution of the patients infected/colonized with CR A. baumannii among the years 

 

Bacterial isolates. In total, 145 CR A. baumannii isolates were recovered during the 
period of the study. For patients with multiple cultures positive for CR A. 
baumannii; phenotypically different isolates (that exhibited different antibiotic 
susceptibility patterns) from different anatomic sites were included in the study.  

Bacteria were cultured on blood agar and MacConkey agar plates and identified by 
using the conventional techniques; morphological, cultural, and biochemical 
characteristics and growth ability at 37oC and 44oC (1). In addition, the isolates were 
identified and confirmed  by MicroScan Walk Away Neg Combo Panel (Dade 
Behring, West Sacremento, USA) automated system  and API 20 NE (bioMerieux, 
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France),  according to manufacturer instructions. When the outbreak was initially 
detected, environmental screening for CR A. baumannii was performed in the ICU; 
21 environmental objects and medical equipment were sampled. 

Antimicrobial susceptibility testing. Susceptibility of the isolates to antibacterial 
agents was tested by disk-diffusion method and interpreted as recommended by 
CLSI (11). Susceptibility to the following antibiotics was determined  using discs 
(Oxoid, UK): Imipenem (IPM, 10µg), meropenem (MEM, 10µg), ceftazidime 
(CAZ, 30µg), cefepime (FEP, 30µg), piperacillin (PRL, 100µg), piperacillin-
tazobactam (TZP, 100/10µg), ceftriaxone (CRO, 30µg), cefotaxime (CTX, 30µg), 
ampicillin-sulbactam (SAM, 10/10µg), ciprofloxacin (CIP, 5µg), levofloxacin 
(LEV, 5µg), gentamicin (CN, 10µg), amikacin (AK, 30µg), tobramycin (TOB, 
10µg), tetracycline (TE, 30µg), trimethoprim-sulfamethoxazole (SXT, 
1.25/23.75µg). Resistance to imipenem and meropenem was verified by 
determination of MICs with Etests (AB Biodisk, Solna, Sweden), using 
interpretation breakpoints of ≤4 mg⁄ L as susceptible, 8 mg ⁄ L as intermediately-
susceptible, and ≥16 mg⁄ L as resistant (11). 

Purification of DNA and typing by AFLP analysis. Total of the 145 clinical 
isolates and one environmental isolate have been typed by amplified fragment length 
polymorphism (AFLP) analysis. Total DNA was extracted from A. baumannii 
isolates with a MagNA Pure LC Instrument, using the MagNA Pure LC DNA 
isolation Kit III for bacteria and fungi (Roche Diagnostics, Almere, The 
Netherlands) according to the manufacturer's recommendations. All isolates were 
typed by AFLP (12, 13, 14). After restriction and amplification, the DNA fragments 
were separated on an ABI Prism 3100 Genetic Analyser (Applied Biosystems, 
Warrington, UK), after which the data was analysed with the Pearson correlation 
coefficient and clustered by unweighted pair-group matrix analyses (UPGMA) using 
BioNumerics software, v. 5.0 (Applied Maths, St-Martens-Latem, Belgium). For 
genomic species identification, several different reference strains of Acinetobacter 
species were used (14).  

Pulsed-field gel electrophoresis and dendroGram analysis.  The first 50 CR 
A. baumannii strains, isolated in 2005 during the initial six month of the outbreak 
(from June 2005 to February 2006) were also typed by PFGE.  In addition, the 
environmental isolate was also typed by PFGE. Genomic DNA was prepared from 
A. baumannii isolates as described previously and followed by restriction with 25 
Units SmaI (New England Biolabs, USA) at 25°C for 2 h (15). PFGE was performed 
on a CHEF-DRII system (Bio-Rad, Milan, Italy) for 20 h at 14°C, using linear 
ramped pulse times of 0.5–20 s at 200 V. DNA restriction patterns were interpreted 
using the criteria described by Tenover et al. and followed by cluster analysis using 
GelCompar II v. 3.5 (Applied Maths, Belgium) with the unweighted pair-group 
method with arithmetic averages (upgma) (16). The Dice correlation coefficient was 
used with a band tolerance of 2% to analyse the similarities of the patterns. A 
similarity of <87 % following dendroGram analysis were considered to represent 
different PFGE types and a similarity of >87% were considered to represent PFGE 
subtypes according to the consensus protocol by Seifert et al (15).  
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Detection of carbapenemase genes. Presence of different carbapenemase resistance 
genes; the metallo-β-lactamases genes blaGIM-1, blaSIM-1, blaSPM-1, blaIMP-like and 
blaVIM-like and the oxacillinase genes blaOXA-24 like, blaOXA-23 like, blaOXA-51-like and 
blaOXA-58 genes were detected by PCR analysis with specific primers. PCR mixtures 
consisted of 1x PCR buffer, 1.5 mM MgCl2, 200 μM of each nucleotide, 5% v/v 
DMSO, 0.5 μM of each primer and 1 Unit Taq polymerase in a final volume of 15 
μl (Fermentas, Sint Leon-rot, Germany).  The gene blaOXA-51, which is known to be 
present in all A. baumannii strains, was used as a positive control (17). The blaOXA-

23- like, blaOXA-24-like and blaOXA-58 genes were individually detected with specific 
primers as described by Woodford et al.(18).The genes encoding for the metallo-β-
lactamases blaGIM-1, blaSIM-1, and blaSPM-1 were detected with specific primers as 
described by Mendez et al.(19).  A specific primer set detecting blaIMP-1, blaIMP-2, 
blaIMP-4, blaIMP-5, blaIMP-6 and blaIMP-11 was designed. The VIM specific primer set 
detects blaVIM-1 to blaVIM-13 except for the gene encoding for the blaVIM-7 enzyme. 
Primer sequences are shown in Table 1.  

Table 1. Oligonucleotides used for the detection of the carbapenemase genes.   
Target gene Oligonucleotide Sequence Reference  
blaOXA-51 OXA-51 like F 5’-TAATGCTTTGATCGGCCTTG-3’ [5] 
blaOXA-51 OXA-51 like R 5’-TGGATTGCACTTCATCTTGG-3’ [5] 
blaOXA-23 like OXA-23 like F 5’-GATCGGATTGGAGAACCAGA-3’ [5] 
blaOXA-23 like OXA-23 like R 5’-ATTTCTGACCGCATTTCCAT-3’ [5] 
blaOXA-24 like OXA-24 like F 5’-GGTTAGTTGGCCCCCTTAAA-3’ [5] 
blaOXA-24 like OXA-24 like R 5’-AGTTGAGCGAAAAGGGGATT-3’ [5] 
blaOXA-58 OXA-58 F 5’-AAGTATTGGGGCTTGTGCTG-3’ [5] 
blaOXA-58 OXA-58 R 5’-CCCCTCTGCGCTCTACATAC-3’ [5] 
blaGIM-1 GIM-F1 5’-TCAATTAGCTCTTGGGCTGAC-3’ [10] 
blaGIM-1  GIM-R1 5’-CGGAACGACCATTTGAATGG-3’ [10] 
blaSIM-1 SIM-F1 5’-GTACAAGGGATTCGGCATCG-3’ [10] 
blaSIM-1 SIM-R1 5’-TGGCCTGTTCCCATGTGAG-3’ [10] 
blaSPM-1 SPM-F1 5’-CTAAATCGAGAGCCCCTGCTTG-3’ [10] 
blaSPM-1 SPM-R1 5’-CCTTTTCCGCGACCTTGATC-3’ [10] 
blaIMP  IMP-F 5’-CATACWTCGTTYGAAGAAGTTAACGG-3’  This study 
blaIMP IMP-R 5’-GAGAATTAAGCCACTCTATTGC-3’ This study 
blaVIM VIM-F 5’-ACGCACTTTCATGACGACCGCG-3’ This study 
blaVIM VIM-R 5’-TTGTCGGTCGAATGCGCAGCACC-3’ This study 
 

Statistical analysis. Statistical analysis was performed by using the SPSS for 
Windows, release 11.01 (SPSS Inc., Chicago, IL, USA) 
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Table 2. Demographic and clinical characteristics of patients with CR A. baumannii 
Patients characteristics  
Sex 66 male (58.7%) and 48 female (58.6%) 
Age 8-93 (mean 63) 
Admission to ICU and non-ICU clinics 84.5% in ICU and 15.5% in non-ICU clinics 
Underlying diseases or conditions  
Diabetes mellitus 49.1% 
Chronic renal failure 19.0% 
Chronic liver disease 1.7% 
Pulmonary diseases 78.4% 
Cardiovascular diseases 24.1% 
Neurological disorders 43.1% 
Malignancy 18.1% 
Immunosuppressive therapy 45.7% 
No. of days in the hospital prior to isolation 4-98 days (mean 22.2) 
Use of antibiotics in the hospital prior to isolation 114 patients (98.3%) 
Penicillin 47.4% 
Cephem 54.4% 
Fluoroquinolone 36.0% 
Aminoglycoside 11.4% 
Carbapenem 28.1% 
Infection/colonization status of patients Infected 105 (90.5%), colonized 11 (9.5%) 
Infections due to CR A. baumannii  
Pneumonia 80 (76.2%) 
Bacteraemia 23 (21.9%) 
Wound infection 27 (25.7%) 
Urinary tract infections 5 (4.8%) 
 

Results 
 
Patients’ data, isolates, and antimicrobial susceptibilities. Epidemiological and 
clinical data of the 116 patients are summarized in Table 2 and distribution of the 
patients infected/colonized with CR A. baumannii among the years is represented in 
Figure 1. CR A. baumannii isolates were recovered from tracheal aspirates (32%), 
wound swabs (22%),  blood (14%), bronchoalveolar specimens (11%) and urine, 
sterile fluids, catheter tips, abscess, sputum (each less than 5%). Antimicrobial 
susceptibilities of the 145 isolates are shown in Table 3. The susceptibility tests 
showed that tobramycin was the only antimicrobial which was in vitro effective 
against most of the isolates (90,6%).  By the environmental screening one CR A. 
baumannii isolate was recovered.  

Genotypic characterization by AFLP analysis. All 145 isolates have been 
subjected to AFLP analysis. Three windows of similarity have been identified by 
performing triplicate AFLP analysis of A. baumannii ATCC 19606, and of different 
Acinetobacter species. Strains that cluster at a level of more than 90% homology 
were considered to be identical. Strains with homology levels between 40 to 90% 
were considered to be different strains of the same species, whereas strains with 
lower than 40% homology belonged to a different Acinetobacter species (data not 
shown).  

Based on these three windows of similarity, a large cluster of 72 clinical strains was 
identified. Strains belonging to this cluster VI were isolated from 60 different 
patients. Moreover, two other outbreaks of 20 and 12 strains were identified (cluster 
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I and IX respectively). None of the three major outbreak strains were found to be 
related to one of the three major European outbreak clones (data not shown). In 
addition, several smaller clusters were found, all involved less than 5 strains from 5 
patients. Twenty-three of the 145 clinical isolates displayed a unique individual 
AFLP banding pattern, of which one strain was not identified as an A. baumannii 
strain. In 16 patients, more than one AFLP type was determined from different 
isolates. Further details are shown in Table 4. 

Genotypic characterization by PFGE 
analysis. PFGE analysis of the 50 isolates 
identified three different PFGE types; 
designated as A, B and C. The dendroGram of 
PFGE profiles are shown in Figure 2. PFGE 
type A exhibited four subtypes and type C 
exhibited six subtypes. Type B had a unique 
strain. The type C clearly predominated, 
accounting for 45 (88%) of the isolates. 
Subtypes C6 and C5 including 25 and 16 
indistinguishable isolates, respectively, were 
the predominating subtypes. The isolate from 
the environmental sample exhibited the 
predominant PFGE type, subtype C6. 

The corresponding AFLP types of these 
isolates are shown in Figure 3. One unique 
strain was represented as type B by PFGE and 
it was also typed as a unique type by AFLP. 
Out of the 45 strains typed as the dominant 
type C by PFGE, 35 strains showed AFLP 
type VI.  

 

 

 
Figure 3. DendroGram of PFGE profiles of 50 isolates and one environmental isolate (isolate no: 134). 
The corresponding AFLP types of these isolates are also shown.  
 

The environmental isolate in PFGE type C, exhibited AFLP type VI, the major 
cluster, similar to the PFGE result. The typing methods exhibited discordant results 
in 12 of the total 51 strains which were typed by both methods. For this group AFLP 
typing showed better accordance with the antimicrobial susceptibility patterns. 

  

Epidemiological analysis of the isolates. The antibiotic profile of the isolates were 
compared and on the basis of the variable susceptibilities to gentamicin, tobramycin, 
amikacin, cefepime and trimethoprim-sulfamethoxazole. Based on this, three major 
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clusters of antibiotic susceptibility profiles among the CR A. baumannii isolates 
were identified.  

Although there were minor variations in antibiotic profiles within the three clusters; 
these clusters corresponded to the three major AFLP clusters (I, VI and IX). The 
isolates from cluster I were highly resistant; mainly only sensitive to tobramycin and 
tetracycline from the tested agents. The isolates from cluster IX were mainly 
sensitive to tobramycin, gentamicin, trimethoprim-sulfamethoxazole while mainly 
intermediately susceptible to cefepim. Finally, the isolates in cluster VI were mainly 
sensitive to tobramycin, gentamicin, cefepime and amikacin. The antibiotic 
susceptibilities of the three clusters are shown in Table 3.  

Table 3. Antibiotic susceptibilities of the total CR A. baumannii isolates and outbreak isolates in clusters 
I, VI, IX.  

 IPM MEM CAZ FEP PRL TZP CRO CTX SAM CIP LEV AK CN TOB TE SXT 

No. of total isolates 145 145 145 145 145 145 145 145 145 145 145 145 145 145 145 145 

% Susceptible 2,8 0 0 53,8 0 0 0 0 0,7 29,7 41,4 49 69 91 15,2 14,5 

% Intermediately susceptible 1,4 0 0,7 21,4 0 0 0 0 3,4 10,3 16,6 4,1 1,4 2,1 2,1 2,1 

No. of cluster I isolates 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 

% Susceptible 0 0 0 5 0 0 0 0 0 5 5 10 15 95 70 30 

% Intermediately susceptible 10 0 5 15 0 0 0 0 0 0 15 5 0 0 5 10 

No. of cluster VI isolates 72 72 72 72 72 72 72 72 65 71 69 72 70 71 68 66 

% Susceptible 0 0 0 76,4 0 0 0 0 0 40,8 56,6 66,6 88,6 90,1 4,4 0 

% Intermediately susceptible 0 0 0 13,9 0 0 0 0 0 14,1 10,1 1,4 1,4 2,8 0 0 

No. of cluster IX isolates 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 

% Susceptible 0 0 0 0 0 0 0 0 0 0 0 41,7 91,7 100 0 91,7 

% Intermediately susceptible 0 0 0 83,3 0 0 0 0 25 0 50 0 0 0 0 0 

 

Genotypic characterization has shown that the isolates which were isolated in 2003 
(n: 1), 2004 (n: 2) and June 2005 (n: 1) were unrelated to the major clones. The first 
CR A. baumannii strain of cluster VI was isolated in June 2005, while the first strain 
of cluster I was isolated in December 2005 and finally the first strain of cluster IX in 
February 2006. Monthly distribution of the isolates in main three clusters; I, VI, IX 
of CR A. baumannii are shown in Figure 4.  

  
Figure 4. Monthly distribution of the isolates in main three clusters; I, VI, IX of CR A. baumannii  
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Sampling of environmental fomites identified one CR A. baumannii isolate which 
was recovered from a ventilator monitor in the ICU. The environmental isolate was 
genotypically characterized by both AFLP and PFGE analysis and was found to be 
related to the major outbreak clone by both typing methods. On the basis of 
antibiotic sensitivity, the CR A. baumannii environmental isolate also showed the 
same pattern as the strains from cluster VI, which appeared earlier in the outbreak.  

Cluster Number of 
strains 

Number of 
patients 

I 20 19 
II 2 2 
III 2 2 
IV 4 4 
V 3 3 
VI 72 60 
VII 5 5 
VIII 2 2 
IX 12 12 
Unique 23 23 
Table 4. Results of the AFLP analysis 

Detection of carbapenem resistant genes. Three representative strains from each 
of the three largest clusters, I, VI and X were analysed for the presence of the 
carbapenem resistance genes. Both PCR detecting the blaOXA-51 like and the blaOXA-58 
were positive for all nine strains (Figure 5). Whereas, none of the metallo-β-
lactamases blaGIM-1, blaSIM-1, blaSPM-1, blaIMP-like and blaVIM-like and the oxacillinase 
genes blaOXA-24 like and blaOXA-23 like genes were detected. Besides that, one 
representative from each small cluster (n: 6) and each unique individual strain (n: 
23) was analyzed for the presence of blaOXA-58, since this gene is known to be 
associated with in vivo carbapenem resistance. This in contrast to the blaOXA-51 like

 , 
which has been found in carbapenem susceptible and non-susceptible strains (8). 
Seventy-nine percent of the strains (23 out of the 29) harboured the gene encoding 
for the OXA-58 enzyme, showing that this gene is widespread among these isolates.
   

 
Figure 5. Detection of the oxacillinases genes of three representative strains of each AFLP cluster, I, VI 
and IX by agar gel electrophoresis. A: PCR products obtained with the primers targeting blaOXA-51-like gene 
B: PCR products obtained with primers detecting blaOXA-58

 gene 
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Discussion 
 
Carbapenems, mainly imipenem and meropenem, are used to treat nosocomial 
infections with multidrug-resistant A. baumannii isolates (1, 2). However, 
emergence of resistance to carbapenems is of serious concern (2). Multidrug-
resistant, carbapenem-resistant A. baumannii outbreaks are gradually posing a threat 
to the hospitalized populations (20) 

Carbapenem resistance in Europe is mostly due to the presence of OXA 
carbapenemases, whereas the IMP and VIM metallo-β-lactamases are more 
prevalent in the Far East (18, 21). The three outbreak strains, which were isolated 
from the majority of our patients (92 out of the 108 patients) contained the 
oxacillinase genes, blaOXA-58 and blaOXA-51-like. The occurrence of this blaOXA-58 in 
Acinetobacter spp. is geographically widespread (22,23). This oxacillinase is most 
often plasmid-borne, and as such detected in isolates from southern Europe, the 
Balkans, as well as in central Turkey (24,25). The gene blaOXA-58 is consistently 
associated with carbapenem resistance, whereas OXA-51-like enzymes are also 
widespread in carbapenem-susceptible strains (8, 18). 

Outbreaks involving CR A. baumannii producing OXA-58 have so far been reported 
in France, Greece, Belgium and Italy (8, 25, 26, 27, and 28). This is the first 
description of an outbreak by OXA-58 producing CR A. baumannii in Turkey. In a 
recent study, blaOXA-58 gene was detected among 10 isolates from five centres in 
Turkey (29). The authors indicated that blaOXA-58 bearing plasmids were readily 
spreading among multiple clones of the blaOXA-51 type-bearing clinical isolates of 
Acinetobacter spp. In concordance with this finding; the present study emphasises 
the spread of blaOXA-58 bearing isolates revealing a large and sustained outbreak with 
multiple clones. 

At the time of the outbreak, carbapenem resistant strains increasingly spread due to 
both the acquisition of two new epidemic clones and the major clone becoming 
endemic in the ICU. This spread may have been facilitated by the extensive use of 
carbapenems for treating the multidrug-resistant Gram-negative bacteria, which are 
frequently isolated in the ICUs of this hospital. Implementation of strict infection 
control measures such as isolation procedures, barrier precautions, training of health 
care workers on preventing cross transmission of bacteria, hand hygiene, and 
decontamination of the rooms of colonized patients, led to control of the outbreak. 
However, the epidemic clones were not fully eradicated since the strains were still, 
although infrequently, isolated from clinical specimens after September 2006. 
Nevertheless, strict antiseptic techniques, especially health-care workers' good 
adherence to recommended hand hygiene practices, might have prohibited further 
spread of these bacteria. The persistence of CR A. baumannii is probably a 
consequence of frequent rehospitalisation of colonized patients in different wards. 
Both, colonised patients and cross contamination are likely to be the main 
determinants for the persistence of the outbreak clones. The spread of epidemic A. 
baumannii isolates in the hospital setting emphasises the need for strict adherence to 
surveillance proGrammes in order to prevent colonisation / infection and 
dissemination of antibiotic resistance. 
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It has previously been noted that multidrug-resistant Acinetobacter strains exhibited 
ceftazidime resistance before becoming carbapenem resistant (32). Susceptibility 
results showed that all CR isolates in the present study were resistant to ceftazidime, 
piperacillin, piperacillin-tazobactam, ceftriaxone, cefotaxime while only one of the 
total isolates was susceptible to ampicillin-sulbactam. We found some but slight  
variations in the antimicrobial susceptibility profile within clones. Nevertheless; on 
the basis of the variable susceptibilities to gentamicin, tobramycin, amikacin, 
cefepime and trimethoprim-sulfamethoxazole three major antibiotic susceptibility 
patterns among the CR A. baumannii isolates could be defined. The isolates of 
cluster IV, the cluster that appeared earlier in the outbreak, were less resistant than 
those of the clusters I and IX.  

Inanimate hospital sources, including medical equipment and domestic items such as 
beds, pillows etc. have been reported to harbour dried Acinetobacter spp. (33). 
Likewise, in this study the environmental isolate related to the major outbreak clone 
was recovered from the monitor of a ventilator in the ICU. This finding supports our 
hypothesis that patient-to-patient transmission within multipatient rooms through 
contaminated hands of health care workers and fomites is likely to be the main route 
by which these highly resistant microorganisms spread.  

It has been suggested that clinical outbreak isolates with specific characteristics arise 
through selection from a common ancestor under the pressure of antibiotic usage 
rather than being spread from hospital to hospital (34). Therefore, strict regulations  
of antibiotic prescriptions and early discharge of patients from hospitals are 
important measures in combating outbreaks of this pathogen (32,34).  

In conclusion, a sustained outbreak of multiple clones of CR A. baumannii isolates 
has occurred in a university hospital in Turkey. The acquisition of blaOXA-58-type 
gene was revealed to be responsible for the resistance to carbapenems. This report 
indicates that isolates harbouring blaOXA-58 may be become an emerging therapeutic 
problem in Turkey.  
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CHAPTER 3A 
 

Abstract 
 
OBJECTIVE. To determine the incidence density of highly resistant organisms 
(HROs) and the relative contribution of horizontal spread in a setting of endemicity. 
METHODS.  Prospective surveillance was performed among hospitalized patients 
during an 18-month period. Enterobacteriaceae, nonfermentative Gram-negative 
bacilli, Staphylococcus aureus, Streptococcus pneumoniae, and Enterococcus 
faecium—all considered highly resistant, according to Dutch guidelines—were 
included. Epidemiological linkage and nosocomial transmission were determined on 
the basis of molecular typing and hospital admission data. RESULTS. From 119 
patients, we recovered a total of 170 unique HRO isolates, as follows: Escherichia 
coli, 96 isolates; Klebsiella species, 11 isolates; Enterobacter species, 8 isolates; 
Proteus species, 9 isolates; Citrobacter species, 5 isolates; Pseudomonas species, 5 
isolates; Acinetobacter species, 3 isolates; Morganella species, 2 isolates; 
Salmonella species, 1 isolate; Serratia species, 1 isolate; S. pneumoniae, 20 isolates; 
and S. aureus, 9 isolates. No vancomycin-resistant E. faecium was found. The 
incidence density was 4.3 HRO isolates per 10,000 patient days. The majority of 
HRO isolates were unique, and nosocomial transmission was observed 4 times for 
highly resistant Gram-negative bacilli (case reproduction rate, 0.05) and 4 times for 
penicillin-nonsusceptible S. pneumoniae (case reproduction rate, 0.29). A stay on the 
intensive care unit was the main determinant for the recovery of an HRO. 
CONCLUSION. Nosocomial transmission of HROs was observed 8 times during 
the 18-month period. The intensive care unit was identified as the main reservoir of 
horizontal spread of HROs. This study shows that nosocomial transmission of HROs 
is largely preventable using transmission precautions. 

 

Introduction 
 
The spread of antimicrobial-resistant pathogens has become a major global problem, 
especially in hospitals. It is mainly caused by selection of drug-resistant strains 
resulting from the use of antimicrobial agents and by transmission of drug resistant 
strains between patients. To control the spread of drug-resistant strains, both 
processes should be taken intoaccount1-5. The relative importance of these 2 
mechanisms varies between hospitals and depends on the microbial species 
involved. To optimize control measures, it is important to know the relative 
contribution of both antimicrobial therapy and horizontal spread. Until now, most 
studies have focused on the role of antimicrobial therapy, whereas the role of clonal 
spread of highly resistant organisms (HROs) has been mainly studied in outbreak 
situations or in high-risk departments, such as intensive care units (ICUs). In 2005, 
definitions for HROs were published by the Dutch Working Party on Infection 
Control.6, 7 The designation HRO depends on the bacterial species and the 
antibacterial agent(s) against which it has acquired resistance. Three main groups of 
HROs are distinguished: highly resistant Enterobacteriaceae, including extended-
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spectrum β-lactamase (ESBL)– producing strains; highly resistant Gram-negative 
nonfermentative bacilli; and highly resistant Gram-positive bacteria. A summary of 
the definitions is provided in Table 1. Recommendations for use of isolation 
precautions, provided in the guideline, 6 were implemented in our teaching hospital 
on January 1, 2005. The aim of this study was to determine both the incidence of 
isolation of HROs and the relative contribution of clonal spread in a hospital, after 
the implementation of the guideline recommendations.  

 

Methods 
 
The Amphia hospital is a 1,370-bed teaching hospital with 3 different locations. All 
medical specialities are available. In 2005, there were 40,525 admissions and 
265,665 patient-days. The average length of stay was 6.5 days.  A prospective 
surveillance was performed among hospitalized patients for 18 months, starting on 
January 1, 2005. Isolation precautions, as described in the guideline to prevent 
nosocomial transmission of HROs, were used.6, 7 The Dutch “search and destroy” 
policy for methicillin-resistant Staphylococcus aureus (MRSA), which includes 
active screening of high-risk patients, was also implemented.8,10  

 

Collection of Infecting and Colonizing HRO Isolates. The collection consisted of 
HRO isolates recovered from specimens obtained from hospitalized patients 
throughout the entire hospital. Most specimens were obtained on clinical indication 
of infection. In addition, on the ICU and the heamato-oncology ward, active 
screening was performed. These proGrams consisted of the collection of respiratory 
tract specimens on both wards and rectal specimens on the heamato-oncology ward. 
Screening was performed on admission and twice per week thereafter. When an 
HRO was detected on a high-risk ward (the ICU, the heamato-oncology ward, or, in 
the case of Streptococcus pneumoniae, the pulmonary ward) in a patient who had 
not yet been appropriately isolated, all patients who had been in direct contact with 
the index patient were routinely screened for carriage of the species involved. Direct 
contact was defined as hospitalization in the same room as the index patient. The 
results of contact tracing were also included in the study.  

HRO Definitions. Enterobacteriaceae, nonfermentative Gram-negative bacilli, S. 
aureus, S. pneumoniae, and Enterococcus faecium each fulfilled the criteria for the 
designation HRO, as defined in Table 1, and data on these pathogens were included 
in this study.6,7 We defined the initial isolate as the first HRO isolate recovered from 
a patient after admission to the hospital. Multiple isolates of a single species 
recovered from a single patient were only included if they showed major differences 
with respect to their susceptibility for amoxicillin-clavulanic acid, cephalosporins, 
quinolones, carbapenems, aminoglycosides, and TMP-SMZ. A major difference was 
defined as a test result of “susceptible” for 1 strain and “resistant” for the other 
strain. 

Patient Data. For each patient from whom we recovered an HRO isolate, we 
recorded data on age, sex, medical specialty, and dates of admission and of 
discharge. For each isolate, we recorded data on bacterial species, date of isolation, 
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and antimicrobial susceptibility pattern. All transfers of patients between medical 
wards were registered. Data on diagnostic or therapeutic procedures performed, such 
as surgery or radiology, were not included in our study. Furthermore, it was 
registered whether the patient had been admitted to the ICU during the 30 days prior 
to the first isolation of an HRO. The control group comprised patients from whom 
we recovered, during the study period, drug- susceptible isolates of the species 
included in the HRO guideline. The identification of patients colonized or infected 
with susceptible isolates was performed in the same way as the identification of 
patients colonized or infected with an HRO. 

Table 1. Definition of Highly Resistant Organisms Used in this Study 

NOTE. These definitions are adapted from Kluytmans-VandenBergh et al.6 To be considered highly 
resistant to a drug listed as A. the organisms much show resistance against an antibacterial agent from 1 
of the indicated groups of this category; B, from ≥ 2 groups; and as C. ≥ 3 groups. AMG, 
aminoglycosides; CAR, carbapenems; CFT, ceftazidime; ESBL, extended-spectrum β-lactamase 
inhibitors; FLOX, flucloxacillin; GLY, glycopeptides; PEN, penicillins; PIP, piperacillin; QUI, 
fluoroquinolones, TMP-SMZ, trimethoprim-sulfamethoxazole. 
a Includes intermediately resistant isolates (penicillin minimum concentration, 0.1-1.0 mg/L) 
 

Testing Methods. All susceptibility tests were performed according to guidelines 
from the Clinical and Laboratory Standards Institute.9 Susceptibility patterns of S. 
aureus, E. faecium, Enterobacteriaceae, and nonfermentative Gram-negative bacilli 
(GNB) were determined using the VITEK 2 system (bioMe´rieux). S. aureus strains 
that were resistant to β-lactams in vitro were subsequently tested for the presence of 
the mecA gene by polymerase chain reaction (PCR). The susceptibility of S. 
pneumonia isolates to oxacillin was determined on the basis of microdilution and 
agar diffusion testing. For all strains, suspected reduced susceptibility to penicillin 
was confirmed using the Etest (AB Biodisk). For molecular typing, chromosomal 
DNA was isolated using the QIAamp minikit (Qiagen). Amplified restriction 
fragment–length polymorphism (AFLP) PCR was performed as described by 
Savelkoul et al.3, 11. After restriction, ligation, and amplification, the DNA fragments 
were separated by means of an ABI Prism 3100 Genetic Analyzer (Applied 
Biosystems). The data were analyzed with the Pearson correlation coefficient and 
clustered by unweighted pair-group matrix analyses by means of BioNumerics 
software, version 3.0 (Applied Maths). 

Definitions and Epidemiological Analysis. The incidence density was calculated as 
the number of newly isolated organisms divided by the total number of patient days 
in the study period. HRO isolates recovered from a specimen obtained from a patient 
more than 72 hours after admission, or less than 72 hours after admission but shortly 
after a recent discharge (within 30 days), were classified as “hospital associated.” 
HRO isolates recovered from a patient who was on an ICU, or who had been on an 
ICU during the 30 days prior to the recovery of the isolate, were classified as “ICU 

Organisms FLOX GLY PEN ESBL CAR QUI AMG CFT PIP TMP-SMZ 
Staphylococcus aureus A          
Streptococcus pneumoniae  A A &        
Enterococcus faecium  B B        
Escherichia coli    A A B B    
Klebsiella spp.    A A B B    
other Enterobacteriaceae    A A B B   B 
Acinetobacter spp.     A B B B   
Pseudomonas aeruginosa     C C C C C  
Stenotrophomonas 
maltophilia 

         A 
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associated.” The genetic relatedness of isolates was determined on the basis of both 
visual and computerized interpretations of the AFLP patterns. Isolates with more 
than 90% correspondence were considered genetically related. Epidemiological 
linkage was considered present if 2 patients had been in the same hospital ward 
within a maximum time window of 4 weeks. Nosocomial transmission was 
considered to have occurred if genotypically related strains were detected in 
epidemiologically linked patients. The case reproduction rate was calculated as the 
number of infections due to an HRO and acquired by nosocomial transmission 
divided by the number of infections due to an HRO of the same species and not 
acquired by nosocomial transmission.  

Data Analyses, Quality Control, and Statistics. The privacy of patients was 
protected by the decoding of all data, according to the requirements of the privacy 
regulation in our hospital. The data were entered into a database and analyzed using 
Excel and the Statistical Package for Social Sciences software, version 12.0 (SPSS). 
To assess differences in occurrence between the ICU-associated strains and the non–
ICU-associated strains, the relative risk and the 95% confidence interval were 
calculated. The Fisher exact test (2-tailed) was used to determine statistical 
significance, which was considered to be present if the chance for coincidence was 
less than 5%.  

Table 2. Incidences of Isolation of Hospital-Associated Highly Resistant Organisms in Relation to Patient 
Stay on the Intensive Care Unit (ICU) 
Type of isolate recovered, incidence measure Patients with stay on the 

ICU 
Patients without stay on the 
ICU 

RR (95% CI) 

GNB    
  Non-HR isolates, proportion (%) 631/2,204 (28.6%) 1,573/2,204 (71.4%)  
  HR isolates    
    Proportion (%) 26/66 (39.4) 40/66 (60.6)  
    No. per 100 GNB isolates 3.8 2.4 1.6 (1.0-2.6) 
    No. per 100 patients 0.4 0.1 5.6 (3.4-9.1) 
    No. per 10.000 patient-days 16.9 1.0 16.1 (9.9-26.3) 
Streptococcus pneumoniae  64/98 (63.3)  
  Penicillin-susceptible isolates, proportion (%) 34/98 (34.7)   
  Penicillin-nonsusceptible isolates 5/10 (50.0) 5/10 (50.0)  
    Proportion (%) 12.8 7.2 1.8 (0.6-5.5) 
No. per 100 S. Pneumoniae isolates 0.1 0.01 8.6 (2.7-27.8) 
No. per 100 patients 3.2 0.1 24.8 (7.7-80.1) 
No. per 10,000 patient-days    
NOTE. Only the first isolate from each patient was included in the study. For definition of hospital-
associated, see Methods section. CI, confidence interval; GNB, Gram-negative bacilli; HR, highly 
resistant; RR, relative risk.  

 

Results 
 
Hospital and Patient Data. During the study period, there were 60,790 admissions, 
of which 6,310 (10%) were admissions to the ICU. The hospital had a total of 
398,497 patient-days (15,427 patient-days [4%] were on the ICU). The median age 
of the patients was 70.5 years (range, 3–97 years), and 60% of the patients were 
male.  

HROs. A total of 170 unique HRO isolates were recovered from 119 patients. Of 
these 170 isolates, 96 (56%) were E. coli isolates, 11 (6%) were Klebsiella species, 8 
(5%) were Enterobacter species, 9 (5%) were Proteus species, 5 (3%) were 
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Citrobacter species, 5 (3%) were Pseudomonas species, 3 were Acinetobacter 
species, 2 were Morganella species, 1 was Salmonella species, 1 was Serratia 
species, 20 (12%) were S. pneumonia isolates, and 9 (5%) were S. aureus isolates. 
No isolates of vancomycin-resistant E. faecium were recovered. Most patients with 
an infection due to an HRO were hospitalized on the surgery ward (52 [44%]), the 
ICU (43 [36%]), or the internal medicine ward (29 [24%]) at the time the initial 
isolate was recovered. The median time between admission of a patient and recovery 
of the first HRO isolate was 8 days (range, 0–65 days). Sixteen percent of patients 
died within 30 days after recovery of the HRO isolate. The median length of stay of 
patients with an infection due to an HRO was 17 days (range, 2–93 days). 

Figure 1. Banding patterns determined by amplified restriction fragment–length polymorphism 
polymerase chain reaction (AFLP PCR) and a dendroGram showing the genetic relatedness of highly 
drug-resistant Escherichia coli isolates recovered from different patients. 

Gram-negative Bacilli. Incidence density. One hundred forty-one highly resistant 
Gram-negative bacilli (HR-GNB) isolates were recovered from 94 patients 
(incidence density, 3.5 isolates per 10,000 patient days), whereas 6,178 non– highly 
resistant (non-HR)–GNB were isolated during the same period (incidence density, 
155 isolates per 10,000 patient-days). Pan-drug resistant GNB isolates were not 
observed. Except for 1c Acinetobacter isolate, all HRGNB isolates were susceptible 
to meropenem. One hundred eight (76.6%) of the HR-GNB isolates recovered from 
66 patients, and 3,924 (63.5%) of the non-HR–GNB isolates recovered from 2,204 
patients, were hospital associated. The association of these isolates with a stay on the 
ICU is shown in Table 2. The relative risk for the recovery of an HR-GNB isolate 
was significantly higher for the patients who had an ICU stay. Twenty HR-GNB 
isolates (14%) were recovered from rectal, throat, and nasal swab specimens. All 
other ZR-GNB isolates were recovered from clinical samples, as follows: blood (10 
[7% of isolates]); respiratory tract samples (23 [16%]); wound samples (28 [20%]); 
urine (46 [33%]); and aseptically obtained aspiration samples (14 [10%]). 

Comparison of isolates recovered from a single patient. For the 141 HR-GNB 
isolates, AFLP results were obtained for 109 isolates that were recovered from 85 
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patients (17 isolates were not available for testing, and AFLP analysis of 15 isolates 
led repeatedly to inconclusive results). Differences in susceptibility patterns 
indicated that 13 patients harboured more than one highly resistant E. coli strain. 
Genotyping showed that, in six patients, the two E. coli strains were, in fact, 
identical. Five patients carried two or more highly resistant E. coli strains that were 
unique, and the DNA of the E. coli strains from two patients was not suitable for 
AFLP analysis (Figure 1). Isolates of all other species of HR-GNB that were 
recovered more than once from one patient were always genetically identical.  

Comparison of isolates recovered from different patients. Six clusters of 
genetically related E. coli isolates recovered from different patients were found. 
Epidemiological linkage between patients was observed in 3 of the 6 clusters, and a 
total of 4 patients fulfilled the definition of nosocomial transmission (Figure 2). 
None of the cases of nosocomial transmission was found by contact tracing. Two of 
the 3 clusters with epidemiological linkage involved patients who had stayed on the 
ICU for more than 30 days. The strain of the third cluster was found in 3 patients 
who had been on the same surgical ward. Genetic relatedness was only observed in 
E. coli strains. Of a total of 85 patients with HR-GNB isolates that were available for 
typing, nosocomial transmission to 4 patients was detected, resulting in a case 
reproduction rate of 0.05. 

 week number 
cluster A 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 
patient 1 ~        ICU ICU ICU CAR           
patient 2 ~      CAR ICU ICU ICU ICU ICU ICU          
cluster B 6-13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
patient 3 ~ SUR SUR SUR SUR ICU ICU ICU SUR SUR SUR            
patient 4 ~        CTS ICU ICU ICU ICU ICU ICU ICU ICU CTS CTS CTS CTS  
cluster C 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
patient 5    INT INT SUR SUR SUR               
patient 6        SUR SUR SUR ICU ICU ICU ICU         
patient 7           SUR SUR SUR SUR         
                       
   Before recovery of HRMO isolate 
   After recovery of HRMO isolate 

Figure 2. Timeline showing the epidemiological linkage between patients involved in 3 of the 6 clusters 
of genetically related, highly drug-resistant Escherichia coli isolates. CAR, cardiac surgery ward; CTS, 
cardiothoracic surgery ward; HRO, highly resistant organism; ICU, intensive care unit; INT, internal 
medicine ward; PUL, pulmonary disease ward; SUR, surgery ward. 

Penicillin-Nonsusceptible S. pneumoniae.   
Incidence density. Twenty penicillin-nonsusceptible S. pneumonia isolates were 
recovered from 19 patients (incidence density, 0.5 isolates per 10,000 patient-days). 
Two of the isolates were recovered from blood; all other isolates were recovered 
from respiratory tract specimens. During the same period, 371 penicillin-susceptible 
S. pneumoniae isolates were recovered (incidence density, 9.3 isolates per 10,000 
patient days).  Half of the penicillin-nonsusceptible S. pneumonia isolates and a 
quarter of the penicillin-susceptible S. pneumonia isolates were hospital associated. 
The relative risk for recovery of penicillin-nonsusceptible S. pneumoniae was 
statistically higher for patients who stayed on the ICU than for those who stayed on 
non-ICU areas, as shown in Table 2.  

Comparison of isolates from different patients. Nineteen penicillin-nonsusceptible S. 
pneumoniae isolates were available for AFLP typing, and two clusters were found. 
Cluster A involved 11 patients; cluster B involved two patients. Four isolates were 
unique. Four patients in cluster A were epidemiologically linked, and nosocomial 
transmission was observed 3 times (Figure 3). Two of the three patients were 
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identified by contact tracing. Two isolates of cluster B were genetically related and 
epidemiologically linked, representing one case of nosocomial transmission. No 
active contact tracing was performed in this case. AFLP typing of penicillin-
nonsusceptible S. pneumonia isolates from 14 primary patients indicated that 
nosocomial transmission to four patients occurred, resulting in a case reproduction 
rate of 0.29. This case reproduction rate was significantly higher than that for HR-
GNB infection (0.05) (P p .03). All cases of nosocomial transmission occurred when 
patients were not yet under droplet precautions. Once droplet precautions were 
initiated, not a single case of nosocomial transmission was observed. 

MRSA and Vancomycin-Resistant Enterococci. MRSA was isolated from nine 
patients; only one of these MRSA isolates was considered hospital associated. 
However, the source remained unknown. Eight of the nine isolates were available 
for molecular typing. This analysis revealed no genetic relatedness. No 
Vancomycin-Resistant Enterococcus (VRE) was found during the study period.  

 week number 
cluster A 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17-21 22 23 24 25 26 
patient 1 INT INT INT    CAR CAR CAR ICU CTS CTS CTS    ~      
patient 2     INT  PUL      PUL PUL    ~ PUL PUL PUL   
patient 3  PUL PUL PUL        INT INT INT INT INT ~ PUL PUL PUL   
patient 4                 - PUL PUL PUL PUL  
cluster B 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
patient 5 ~     INT INT                
patient 6 ~ INT INT INT INT INT INT INT INT              
                       
   Before recovery of HRMO isolate 
   After recovery of HRMO isolate 

Figure 3. Timeline showing the epidemiological linkage between four patients involved in cluster A of 
genetically related, penicillin-nonsusceptible Streptococcus pneumoniae isolates. CAR, cardiac surgery 
ward; CTS, cardiothoracic surgery ward; HRO, highly resistant organism; ICU, intensive care unit; INT, 
internal medicine ward; PUL, pulmonary disease ward; SUR, surgery ward. 

 

Discussion 
 
The incidence density of isolation of HROs in this study was 4.3 isolates per 10,000 
patient-days. In 18 months, there were eight cases of nosocomial transmission (4 of 
HR-GNB and 4 of penicillin-nonsusceptible S. pneumoniae). There was no 
nosocomial spread of MRSA or VRE. The main source of HROs in this setting is 
likely to be the endogenous flora of the patient already present on admission to the 
hospital.12 However, these results might be biased because the study relied on 
information from samples obtained because of a clinical indication. In addition, no 
information was available about patient risk factors, such as residence in a nursing 
home or previous use of antibiotic therapy. The incidence density of HRO infection 
in our study was difficult to compare with findings of other studies. It was very 
difficult to compare the incidence of HROs between hospitals, because of the 
variation in the definitions used. Most reports use resistance rates against single 
antimicrobial agents for selected species.13  This data is relatively easy to obtain and 
easy to understand but also of limited value, because the problem faced in clinical 
decision making is mainly multidrug resistance. In a study describing the endemic 
situation in a German hospital during a 3-year period, a similar incidence of 
isolation of multidrug-resistant Gram-negative bacteria was 
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found (4.3 isolates per 10,000 patient-days).14 In the German study, a multidrug-
resistant GNB was defined as a Gram-negative aerobic rod determined to be 
susceptible to fewer than 2 groups of bactericidal antibiotics, by means of in vitro 
tests. This definition is different from what we used. Our definitions are based upon 
both single-drug resistance and multidrug resistance, depending on the impact on 
clinical decision making.6 Our definitions cover the entire spectrum of clinically 
relevant bacteria (excluding Mycobacterium species). For future studies and for 
benchmarking, it is important to use a uniform definition of an HRO; therefore, an 
international standard is needed. To determine the genetic relatedness of isolates 
within the different species of HROs, AFLP was used. AFLP is a suitable typing 
method for this kind of analysis, because of its combination of high discriminatory 
power, capability to type various bacterial species, good reproducibility, and 
production of clear banding patterns that can be objectively analyzed using a 
computer.15 AFLP analysis showed that the majority of HRO isolates were unique. 
Comparison of AFLP results with epidemiological data revealed a limited spread of 
HRGNB. Only four cases of nosocomial transmission were observed, resulting in a 
case reproduction rate of 0.05, which means that, in 95% of the cases, transmission 
was not observed. Our results show that nosocomial spread is under control and far 
from the breakpoint of ongoing transmission (i.e., a case reproduction rate of greater 
than 1.0). We are not aware of comparable data from other investigators. In most 
studies, transmission of all organisms, drug-susceptible and drug-resistant, is 
investigated. For example, Grundman et al.16  found that 14.5% of all nosocomial 
infections detected in patients on the ICU were associated with transmission 
between patients. An unexpected finding from this study is that the control of 
transmission was significantly less effective for penicillin-nonsusceptible S. 
pneumoniae than for HR-GNB (P p .03). First, it must be noted that half of the 
patients from whom penicillin-nonsusceptible S.  pneumoniae strains were recovered 
(nine of 19 patients) had chronic obstructive pulmonary disease; these patients were 
frequent users of antibiotics and visited the hospital a mean of 3 times (range, 1–6 
times) during the study period. These patients are known to be vulnerable to S. 
pneumoniae infection, in general, and even more vulnerable to penicillin-
nonsusceptible S. pneumonia infection, because of the frequent use of antibiotics.17 

This may partly explain the relatively high case reproduction rate (0.29) that was 
found. However, the timing of isolation precautions may be important as well. In our 
hospital, isolation is initiated once detection of a penicillin-nonsusceptible S. 
pneumoniae infection is reported by the laboratory. In all cases of nosocomial 
transmission, the index patients had not been treated under droplet precautions, 
because laboratory results were not available yet.6, 7 Once these precautions were 
initiated, no further transmission was found. Based on these results, droplet 
precautions seem to be effective in preventing nosocomial transmission of 
penicillin-nonsusceptible S. pneumoniae, but more rapid laboratory procedures to 
identify these organisms are needed to control nosocomial spread more effectively. 
Most of the HROs isolated (77% of the HR-GNB isolates and 64% of the penicillin-
nonsusceptible S. pneumoniae isolates) were recovered from samples obtained more 
than 72 hours after admission and therefore considered hospital associated. This was 
not the case for MRSA. Most MRSA carriers (eight [89%] of nine carriers) were 
placed in isolation on the day of admission, and, therefore, the MRSA isolates 
recovered from these patients were considered not to be hospital associated. This 
finding is similar to the patterns of MRSA prevalence in other Dutch hospitals.18 
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Nosocomial MRSA transmission did not occur, which confirms the effectiveness of 
the “search and destroy” policy in controlling the spread of MRSA in the 
hospital.19,20 Transmission of VRE could not be detected, because noVRE isolates 
were recovered during the study period. VRE infection has been reported less 
frequently in Europe than in the United States, but carriage of VRE has been found 
in approximately 5% of healthy individuals in Europe.21, 22 These strains are 
apparently not causing clinical problems. In this study, no active surveillance for 
gastrointestinal colonization was performed, except in the heamato-oncology ward, 
which comprises only a small part of the study population. There are some 
limitations to this study. First, it relied on routine clinical samples from patients, 
except for those on the ICU and the heamato-oncology ward, and, therefore, could 
have missed some cases of nosocomial transmission. This potential deficit was at 
least partially mitigated, because contact tracing was performed when a patient with 
an HRO was identified on a high-risk ward. Contact tracing included all patients 
who had been in the same room and who were still present in the hospital. Only two 
cases of nosocomial transmission of penicillin-nonsusceptible S. pneumoniae were 
found using contact tracing. Thouverez et al.23 evaluated the efficiency of using 
screening cultures to control ESBL-producing Enterobacteriaceae on the ICU. They 
observed a relative inefficiency of the screening test, and they concluded that 
clinical cultures may be sufficient to control ESBL-producing Enterobacteriaceae in 
non-epidemic situations and to detect outbreaks. Another study in the United States 
observed a low rate of recovery of isolates with repeated screening of known carriers 
of ESBL producing Enterobacteriaceae.24 Nevertheless, an unknown number of the 
patients with HROs will have been unnoticed. The potential bias introduced by 
obtaining samples on clinical indication is demonstrated in Table 2. The relative risk 
of detection of HR-GNB in patients staying on the ICU, compared with patients 
staying on the non-ICU wards, is 16.1 (95 % confidence interval, 9.9–26.3). 
However, on the ICU, a more intensive screening policy is used, compared with 
other wards in the hospital, resulting in a higher likelihood of detecting an HRO. To 
estimate the level of detection bias, we also calculated the ratio of the number of 
HR-GNB isolates divided by the total number of GNB isolates. According to this 
calculation, the relative risk of isolation of an HR-GNB on the ICU, compared with 
the other wards in the hospital, is much lower, albeit still statistically significant. For 
evaluation of epidemiological linkage, a period of maximum 4 weeks was chosen. 
Choosing a longer period would have made very little difference; no extra cases of 
nosocomial transmission were found with a period of maximum 8 weeks. Finally, 
we present findings about horizontal transmission of bacteria only, excluding the 
possible role of mobile genetic elements, such as plasmids and integrons.17 The role 
of mobile genetic elements was part of our study, as well, but is described in a 
separate publication; nosocomial spread of integrons among HR-GNB isolates was 
observed more frequently than the clonal spread of the entire bacterium (M.M. et al., 
unpublished data, May 2008). The spread of mobile genetic elements is of 
increasing importance and requires additional laboratory methods to monitor it.12 In 
conclusion, this study shows that nosocomial transmission of HROs can be 
controlled effectively by means of transmission-based precautions, although it is 
uncertain how many more instances of nosocomial transmission would have 
occurred with less stringent transmission-based precautions.  Further improvement 
of the control measures can be achieved by more rapid laboratory detection of 
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resistant isolates. The ICU was identified as the main place of acquisition of HROs 
and remains the primary target for control measures. 
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CHAPTER 3B 

 

Abstract  
 
Integrons play an important role in the dissemination of resistance genes among 
various bacterial species. We determined the presence of integrons in a collection of 
136 highly resistant micro-organisms isolated in a large teaching hospital in The 
Netherlands over an 18 months period between 2005 and 2006. The strains were 
isolated from routine diagnostic specimens. In a previous study, we showed by 
Amplified Fragment Length Polymorphism analysis that most, but not all, strains 
were genotypically different. In the present study, PCR analysis showed that near 
70% of the Gram-negative isolates (from 57 patients) contained an intI1 gene of 
integron class 1. We amplified and characterized the gene cassettes of integron class 
1-positive strains. This revealed 22 unique gene cassettes, with two prominent types. 
Epidemiological analysis showed that in strains of seven of the 57 patients, 
resistance genes were acquired via horizontal gene transfer. Interestingly, all seven 
patients were admitted to intensive care units. The cumulative incidence of 
horizontal gene transfer was twice as high as that of nosocomial transmission of a 
bacterial strain. Our data suggest that horizontal gene transfer is an important 
mechanism of resistance spread and contributes more to endemic resistance levels 
than cross-transmission.  

 

Introduction 
 
The worldwide emergence of highly resistant micro-organisms (HRMO) is a matter 
of continuous concern. The Netherlands has adopted national guidelines to control 
the emergence and spread of antimicrobial resistance [1, 2]. These guidelines cover 
a policy for the use of antimicrobial agents and infection control protocols. 
Traditionally, infection control focuses on the prevention of clonal dissemination of 
HRMO. Nowadays, we know that multidrug resistance is often associated with the 
spread of transmissible plasmids and the more recently explored integrons. Even the 
resistant Shigella flexneri strains that caused outbreaks in the 1950s, contained  
integrons carried by the Tn21 transposon that itself was present on a self-
transmissible plasmid NR1 (R100) [3].  

Integrons encode a RecA-independent, site-specific integration system with the 
ability to capture mobile gene cassettes, notably genes encoding antibiotic 
resistance. Bacteria carrying integrons are widespread in the community [4]. The 
presence of mobile elements in the community might constitute as a reservoir for 
multidrug resistance genes in the hospital. Our objective was to determine to what 
extent integrons contribute to the spread of multidrug resistance in a clinical setting 
during an endemic situation. To address this question, we examined all HRMO 
isolated from patients admitted to a large teaching hospital during a period of 18 
months in 2005 and 2006 for the presence of integrons. In a previous study we 
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showed by Amplified Fragment Length Polymorphism (AFLP) analysis that nearly 
all patients in a teaching hospital carried unique highly resistant Gram-negative rods 
(HR-GNR) (Willemsen et al–- Chapter 4A). In addition, we characterized the gene 
cassettes of all integron structures to identify possible dissemination of integrons 
among the resistant strains.  

 

Material and Methods 
 
Bacteria. During an 18 months period between 2005 and 2006, 136 highly resistant 
Gram-negative strains were isolated from routine diagnostic specimens. Highly 
resistant micro-organisms were defined according to the criteria as described by 
Kluytmans-Vandenbergh et al. [1]. The collection encompassed 27 Gram positive 
and 109 Gram-negative bacteria of which E. coli (69) was the most prevalent species 

(for additional information see Willemsen et al. – Chapter 4A).  

Table 1. Definition of Highly Resistant Organisms Used in this Study 
NOTE. These definitions are adapted from Kluytmans-VandenBergh et al. [1]. To be considered highly 
resistant to a drug listed as A. the organisms much show resistance against an antibacterial agent from one 
of the indicated groups of this category; B, from ≥ 2 groups; and as C. ≥ 3 groups. AMG, 
aminoglycosides; CAR, carbapenems; CFT, ceftazidime; ESBL, extended-spectrum β-lactamase 
inhibitors; FLOX, flucloxacillin; GLY, glycopeptides; PEN, penicillins; PIP, piperacillin; QUI, 
fluoroquinolones, TMP-SMZ, trimethoprim-sulfamethoxazole. 
a Includes intermediately resistant isolates (penicillin minimum concentration, 0.1-1.0 mg/L) 
 

Detection and characterization of integrons. Integrons were detected by 
amplification of the integrase genes of class 1 and 2 integrons (intI1 and intI2) with 
the Int1F/Int1R and Int2F/Int2R primers [5]. First, amplifications were performed 
using Taq DNA polymerase, and in case no PCR product was obtained, 
amplification was repeated using Long PCR enzyme mix (Fermentas GMBH, 
Germany).   Subsequently, gene cassettes of strains that contained intI1 were 
amplified with primers 5'CS and 3'CS [6], followed by restriction with BsuRI, and 
TruI1 (Fermentas GMBH, Germany) according to the manufacturer's 
recommendations. The resulting DNA fragments were separated by electrophoresis 
at 100 V for 2 h on 1.5% w/v agarose gels, stained with ethidium bromide and 
visualised under UV light. 

Restriction fragment length polymorphism (RFLP) patterns were analysed by visual 
examination. Identical RFLP patterns were considered to be indicative of identical 
gene cassettes, and the respective isolates were considered to contain identical 

Organisms FLOX GLY PEN ESBL CAR QUI AMG CFT PIP TMP-SMZ 
Staphylococcus aureus A          
Streptococcus pneumoniae  A A &        
Enterococcus faecium  B B        
Escherichia coli    A A B B    
Klebsiella spp.    A A B B    
other Enterobacteriaceae    A A B B   B 
Acinetobacter spp.     A B B B   
Pseudomonas aeruginosa     C C C C C  
Stenotrophomonas 
maltophilia 

         A 
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integrons. One representative gene cassette of each RFLP type that was identified in 
more than one species was cloned into the GeneJetTM vector (Fermentas GMBH, 
Germany) and analysed by sequencing (Baseclear B.V., The Netherlands).  

Conjugation experiments. Conjugation experiments were performed on membrane 
filters with a rifampicin-resistant E. coli cc118λpir or a tetracycline-resistant E. coli 
XL10 strain as recipient. Broth cultures of donor and recipient cells in the 
logarithmic phase were mixed and incubated on a MF-Millipore membrane filter 
(Millipore, Bedford, MA, USA) on Luria–Bertani (LB) agar for 5 h at 37°C. 
Subsequently, the cells were resuspended in 5 mL of phosphate-buffered saline and 
transconjugants were selected by growth on LB agar plates containing either 
rifampicin (50 mg/L) or tetracycline (50 mg/L) and sulphamethoxazole (500 mg/L).  

 

Definitions and epidemiological analysis.   
Highly resistant micro-organism: Enterobacteriaceae, Non-fermentative Gram-
negative rods, Staphylococcus aureus, Streptococcus pneumoniae and Enterococcus 
faecium that fulfilled the criteria for HRMO, as defined in Table 1, were included in 
this study.  
 
Epidemiological linkage: Epidemiological linkage between patients was defined as 
two patients who had been in the same hospital ward with a maximum time window 
of four weeks.  
 
Nosocomial transmission of an integrons: The criteria for nosocomial transmission 
are defined as the isolation of identical integron type based on PCR-RFLP of the 
gene cassettes from epidemiologically linked patients. Genotypically identical 
strains were omitted.  
 
Nosocomial transmission of HRMOs: The criteria for nosocomial transmission are 
defined as the isolation of a genotypically identical strain from epidemiologically 
linked patients.  
 
Transmission index of integrons: The transmission index of integrons is defined as 
the number of cases fulfilling the definition of nosocomial transmission of an 
integron divided by the total number of strains harbouring an integron.  
 
Transmission index of HRMOs: The transmission index of HRMOs is defined as the 
number of cases fulfilling the definition of nosocomial transmission of a HRMO 
divided by the total number of HRMOs isolated.  
 
Cumulative incidence of nosocomial transmission of integrons: The number of cases 
fulfilling the definition of nosocomial transmission of an integron divided by the 
number of admissions during the same period.  
 
Cumulative incidence of nosocomial transmission of HRMOs: The number of cases 
fulfilling the definition of nosocomial transmission of HRMO divided by the 
number of admissions during the same period.  
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ICU-related: HRMO isolated from patients who were on an ICU or had been on an 
ICU during the 30 days before the HRMO was isolated were defined as ‘ICU related 
HRMO’. 

Relative Risk to be infected/colonized with a HR-GNR containing an integron class 
1 when admitted to an ICU vs. non-ICU department: The relative risk is defined as 
the ratio of the probability to harbour a HR-GNR containing an integron class 1 
when admitted to an ICU vs. non-ICU department. 

 

Results  
 
Presence of class 1 and class 2 integrons A collection of 136 HRMO isolates was 
analysed for the presence of class 1 and 2 integrons. PCR analysis of the intI1 
integrase gene of integron class 1, showed that 76 out of the 109 (69.7%) Gram-
negative bacteria harboured a class 1 integron (Fig. 1). None of the Gram positive 
bacteria (n=27) were positive in this PCR. As shown in Table 2, all highly resistant 
Citrobacter freundii, Enterobacter aerogenes, Morganella morgannii, Klebsiella 
pneumonia, Proteus vulgaris and most Escherichia coli strains contained integron 
class 1 structures, whereas none of the Acinetobacter baumannii, Pseudomonas 
aeruginosa, Serratia marcescens and Serratia plymutica contained this mobile DNA 
element.  

Looking from patients’ view, 109 patients were infected with HRMO, 85 with 
Gram-negative bacteria and 25 with a Gram positive bacterium. One patient was 
infected with both a Gram-negative and -positive bacterium. Among the patients 
infected with a Gram-negative bacterium, 83 were infected with highly resistant 
Enterobacteriaceae of which 76 (72%) showed reduced susceptibility to 
cephalosporins (resistant to at least one antibiotics of the cephalosporin group). 
Fifty-five percent of those patients (42 out of the 76 patients) harboured an integron 
class 1 structure. 

Besides intI1, two E. coli and two P. mirabilis strains also harboured an intI2 
integrase gene of integron class 2. In addition, intI2 was found in three P. mirabilis 
and two E. coli strains in which no class 1 integron was identified. 
 

Integron sizes Gene cassettes of all intI1 positive strains were characterized to 
identify identical integrons. First, we amplified the gene cassettes with 5’ and 3’ 
Conserved Segment specific oligonucleotides. This analysis yielded 14 different 
lengths of the gene cassettes in the range of 750 to 9000 base pairs (Table 3). The 
majority of the amplicons, 60 out of the 75 (80%) gene cassettes, varied in size 
between 1000 and 2000 base pairs.  
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Figure 1: Flowchart of the characteristics of all highly resistant microorganisms (HRMO) used in this 
study.  The numbers shown are the number of strains meeting the criteria depicted in each box. The 
characters represent the gene cassette types, with the number of strains harbouring this type between the 
brackets. * We were not able to amplify the gene cassettes of 10 intI1 positive strains. 

From  ten  intI1  positive  strains,  more  than  one  gene  cassette  was  amplified, 
indicating  that  these  strains  harboured more  than  one  integron.   Nine  of  these 
strains harboured  two  integrons: one E. aerogenes, one E. coli, one M. morganii, 
two C. freundii, two E. cloacae and two P. vulgaris strains. Two patients were both 
infected with two  IntI1 positive highly resistant species. Subsequent amplification 
of the gene cassettes showed that both species from both patients contained two 
similar  amplicon  lengths,  suggesting  that  the  different  species  contained  two 
identical gene  cassettes. These  involved  the E.  cloacae and C.  freundii  (1500 and 
3000 bp) isolates in one patient and two P. vulgaris and one C. freundii (2000 and 
2250 bp) from another patient.  In addition, three different gene cassettes  lengths 
(1000, 1300 and 1500 bp) were amplified from one E. coli strain. 

 

 
 
 
 
 
 
 
 
 
Figure 2: Restriction Fragment Length Polymorphism patterns of 
amplified gene cassettes of three genotypic different strains (Gene 
Cassette type A) A Restriction analysis with BsuR1 B Restriction 
analysis with Tru1. Lanes: 1, M. morgannii 2, E. coli 3, E. coli M, 100 
bp marker.  
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-500 
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Integron RFLP. To determine whether the integrons varied in gene cassette 
content, all gene cassettes were analysed by PCR-RFLP. Each PCR-RFLP pattern 
was assigned with a different character. Twenty-two different gene cassettes were 
identified (Fig. 1). Two cassettes, designated A and B, were most prevalent (Table 
3). Twenty-three E. coli strains and one M. morgannii strain harboured gene cassette 
A (Fig. 2). Genotypically identical strains isolated from one patient were included if 
they differed greatly (susceptible to resistant or vice versa) with respect to their 
susceptibility for amoxicillin-clavulanic acid, cephalosporins, quinolones, 
carbapenems, aminoglycosides, and trimethoprim/sulfamethoxazole. Twenty-three 
E. coli strains harbouring integron type A included: six identical E. coli strains, 
isolated from three patients and two identical strains from another patient. In 
addition, four strains from a cluster of 7 identical E. coli strains (from 7 different 
patients) contained an integron whereas we did not detect the intI1 integrase gene in 
the other 3 strains. Those four strains all harboured gene cassette type A.  

 

Table 2: Overview of characteristics of 109 Highly Resistant Gram negative bacteria  
Species  Unique strains  

(Total Isolates)1 
intI1 positive 
isolates 

Gene cassettes 

A. baumannii 2 (2) -  
C. freundii 3 (3) 3 IJ, TB, K 
E. aerogenes 2 (2) 2 BL, N 
E. cloacae 3 (3) 3 IJ, TB, O 
M. morgannii 2 (2) 2 A, UN 
P. mirabilis 5 (5) 2 C 
K. oxytoca 4 (4) 2 N, P 
P. aeruginosa 1 (1) -  
S. marsceccens 1 (1) -  
K. pneumoniae 3 (4) 4 H, O 
S. plymutica 1 (1) -  
P. vulgaris 2 (2) 2 IJ 
E. coli 62 (79) 56 A, AS, B, C, D, E, F, G, O, W , X, Y, Z 
Total 91(109) 76  
1 Unique strains based upon AFLP analysis (Willemsen et al. chapter 4A) 

 

Cassette B was found in four different species; E. coli (N 14), E. aerogenes (N 1), C. 
freundii (N 1) and E. cloacae strain (N 1). Four of the E. coli strains were 
genotypically identical; three of these strains were isolated from one patient, but 
those differed with respect to their antibiotic profile. Interestingly, AFLP analysis 
had shown that also another E. coli strain was genotypically identical to those four; 
however this strain harboured gene cassette C. In addition to types A and B, six 
other gene cassette types (C, I, J, N, O and T) were identified in more than one 
species, and those were further characterised (Table 2 and 4).  
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Table 3: Characteristics of gene cassettes found in Highly Resistant Gram negative bacteria containing 
class 1 integrons.  
Gene 
cassettes 

Amplicon 
length (bp)1 

Nr. of 
Strains2 

Nr. of 
patients3 

Species 

A 1700 24 (16) 20 E. coli, M. morgannii 
B 1500 15 (12) 11 E. coli, E. aerogenes, E. cloacae, C. freundii 
C 1000 2 (2) 2 E. coli, P. mirabilis 
D 1700 3(3) 3 E. coli 
E 750 1(1) 1 E. coli 
F 1300 1(1) 1 E. coli 
G 1000 1(1) 1 E. coli 
H 9000 1(1) 1 K. pneumoniae 
I 2250 4(3) 2 C. freundii, E. cloacae, P. vulgaris 
J 2000 4(3) 2 C. freundii, E. cloacae, P. vulgaris 
K 4000 1(1) 1 K. pneumoniae 
L 750 1(1) 1 E. aerogenes 
N 1500 3(3) 2 E. aerogenes, K. oxytoca, M. morgannii 
O 1750 3(3) 3 E.coli, E. cloacae, K. pneumoniae 
P 3000 1(1) 1 K. oxytoca 
S 2000 1(1) 1 E. coli 
T 3000 2(2) 1 E. cloacae, C. freundii 
U 2000 1(1) 1 M. morgannii 
W 3500 1(1) 1 E. coli 
X 3000 1(1) 1 E. coli 
Y 6000 1(1) 1 E. coli 
Z 8000 3(3) 3 E. coli 
Total  75(62) 61  
1 Amplicon length of CS-PCR product in base pairs.  2 Number of strains harbouring the gene cassettes, 
unique strains based upon AFLP analysis (Willemsen et al. – Chapter 4A) shown between the brackets. 3 
Number of patients found to be colonized/infected with a strain harbouring the specific gene cassette.  

 

Characterization of gene cassettes First, the genes within the variable region of the 
integron class 1 structure were identified by sequence analysis. Both gene cassettes 
A and B contained dfrA17 - aadA5 and dfrA1 - aadA1, encoding for trimethoprim 
and streptomycin/spectinomycin resistance, respectively. Although genes slightly 
differ, genes encoding for resistance to trimethoprim and streptomycin / 
spectinomycin were found in all gene cassettes types except two (type N and T). In 
addition, genes encoding for resistance to chloramphenicol, β-lactams and the 
aminoglycosides; kanamycin, gentamicin, amikacin and erytromycin were identified 
(Table 4). 

Resistance transfer by conjugation. By conjugation experiments, we showed that 
the integron class 1 structures were present on plasmids, thereby facilitating the 
transmission of the antimicrobial resistance genes. In addition, conjugation 
experiments permitted us to identify the transferable resistance phenotype. 
Transconjugants containing cassette A and B were both found to be resistant to 
cotrimoxazole, which is in line with the detection of genes dfrA17 and dfrA1 in 
these cassettes. In addition, four out of seven identical E. coli strains that contained 
cassette A were resistant to cotrimoxazole, whereas the three strains lacking the 
integron structure were susceptible to this antibiotic.  

 



Chapter 3B 

76 

Table 4: Characteristics of integron class 1 structures found in multiple species 
Gene 
cassette 

Genes* Resistance phenotype GeneBank accession 

A dfrA17, aadA5 TMP, Stm-Spm DQ663488 
B aadA1, dfrA1 Stm-Spm, TMP DQ663487 
C aadA1 Stm-Spm AB188267 
I aadB, oxa2 Gm-Km-Tm, AJ746361, DQ357197 

J dfrA5, ereA2 TMP, Em AB188269 
T aadA4, aadA2, cm1A Amik, Stm-Spm, Cm AF202035, AB297450, DQ445306 
O aadA2, dfrXII Stm-Spm, TMP AB297450 
N aadB, catB3 Gm-Km-Tm, Cm EF205594 

Note. Amik, amikacin; Cm,  chloramphenicol; Em, erythromycin; Gm, gentamicin;  Imp,  imipenem; Km, 
kanamycin; Spm, spectinomycin; Stm, streptomycin; Tm, tobramycin; TMP, trimethoprim.   
* The order of the genes in the gene cassettes of the integron class 1 structure from 5’ CS to 3’ CS.  

The plasmid that transferred most antibiotic resistances contained gene cassette type 
T. Moreover, the phenotype of strains and transconjugants carrying gene cassette 
type T was compatible with the expression of extended spectrum beta-lactamase(s), 
since strains were resistant to ampicillin, amoxicillin/clavulanic acid, cefalotin, 
gentamicin, tobramycin, cefuroxim, cefuroxime axetil, ceftazidim, cefotaxim, 
piperacillin/tazobactam, piperacillin and cefpodoxim. Besides gene cassette type T, 
the donor strain also harboured a second integron type B. This latter type was not 
co-transferred with gene cassette type T, showing that the two integrons class 1 were 
not present on the same plasmid.  

Coupled transfer was seen for cassettes I and J, indicating that both class 1 integrons 
were present on the same transmissible plasmid. This was expected since both types 
were never separately found. The clinical isolates harbouring gene cassette C, N and 
O were resistant to both rifampicin and tetracycline, hence we missed a recipient 
selection marker and were not able to perform the conjugation experiment.  

Epidemiological analysis. The in vitro conjugation results suggested that the 
multidrug resistance phenotype could be spread via plasmids harbouring class 1 
integrons. To investigate whether this mechanism also played a role in vivo, we 
determined the epidemiological linkage of integron transmission. Genotypic 
identical strains were omitted from this analysis, since secondary transmission of 
these strains is due to nosocomial transmission of the entire bacterium rather than 
integron transmission. We were able to show that seven of these 57 patients were 
infected via horizontal transmission, which results in an integron transmission index 
of 12%. Six out of the 13 strains harbouring gene cassette B were involved in 
horizontal gene transfer, showing that this plasmid is highly mobile (five cases). 
This in contrast to cassette A, where integron transmission was shown for only 2 out 
of the 23 strains (one case). The transmission index for cassette B was 46% and was 
significantly higher than the transmission index for cassette A, 9% (Relative Risk 
5.3, 95% CI: 1.4 -21.4).  In addition, we found a linkage for the gene cassettes I and 
J, which were both present on the same plasmid. This plasmid was first found in two 
strains isolated from one patient (C. freundii and P. vulgaris) and subsequently in an 
E. cloacae strain of another patient of the same ward. Interestingly, integron 
transmission was only observed in patients admitted to intensive care units. An 
epidemiological linkage could not be observed for other gene cassettes.  
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During the time of this study, 60.790 patients were admitted to the Amphia hospital 
of which 6310 were admitted to the intensive care unit. This results in an overall 
cumulative incidence of integron transmission of 1.2 / 10.000 patients (7 cases / 
60.790 admissions). As expected, the cumulative incidence of integron transmission 
at the ICU is much higher, 11.1 / 10.000 patient days.  

Intensive care units. Eighty-five percent (36 out of the 42 strains) of the highly 
resistant Gram-negative rods (HR-GNR) isolated from patients admitted to the 
intensive care unit (ICU) harboured a class 1 integron (Fig. 3). Although more HR-
GNR were isolated from non-ICU wards, the prevalence of class 1 integrons is 
lower, namely 61%. The relative risk of HR-GNR harbouring class 1 integrons on 
ICU compared to non-ICU wards is 1.4 (1.1-1.8). 

 

Figure 3: Flowchart of characteristic of HRMO isolated from patients admitted to ICU wards versus 
Non-ICU wards. All strains used in this study are included. The numbers shown are the number of strains 
meeting the criteria depicted in each box.  

 

Discussion 
 
Class 1 integrons are associated with multidrug resistant phenotypes, as this 
structure is frequently identified in multidrug resistant outbreak strains and 
disseminated as such [9]. Besides, via clonal outbreaks, dissemination may also 
occur through horizontal gene transfer of plasmids and transposon harbouring 
integrons. To our knowledge, this is the first study showing the prevalence of class 1 
integrons among clinically isolated highly resistant Gram-negative micro-organisms 
during an endemic situation.  

Class 1 integrons were detected in nearly 70% of highly resistant Gram-negative 
bacteria isolated in a teaching hospital over a period of 18 months. This indicates 
that there is a large reservoir of mobile elements that carry resistance genes in the 
microbial community in hospitals.  

Isolates of a bit more than half of our patients infected with Enterobacteriaceae with 
reduced susceptibility to cephalosporins contained a class 1 integron. Whereas, the 
surveillance study performed by Nijssen et al. revealed that only quarter of these 
patients were infected with integron carrying strains [10]. Differences between the 
two studies may reflect the dissimilarities of the bacterial collection isolated from 
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patients admitted to different hospitals. Where in our study, routinely cultured 
highly resistant micro-organisms from all departments of a teaching hospital were 
included; Nijssen et al. included strains isolated from a surveillance study on two 
intensive care units of a university hospital [10]. Besides that, there might be a 
selection bias; due to our selection criteria, we missed strains with only a reduced 
susceptibility to cephalosporins. Possibly, class 1 integrons are associated with the 
pathogenicity of the strains resulting in a higher prevalence of the mobile structures 
in strains causing clinical infections than in those that only colonize patients. It 
might also be that these differences reflect an actual increase in the prevalence of 
class 1 integrons, since the study of Nijssen et al. was performed 4 years prior to our 
study.  

In contrast to the Gram-negative isolates, none of the 27 Gram positive isolates 
contained integrons. This is not surprising since there are only a few reports on the 
association between class 1 integrons and Gram positive bacteria [11-15].  

To investigate whether the large reservoir of class 1 integrons in the tertiary care 
hospital was a consequence of horizontal transfer, we characterized the gene 
cassettes of int1 positive strains. The gene cassettes of the ten strains that we were 
not able to amplify were possibly too large and as such beyond the amplification 
settings of our analysis or the integron class 1 lacked the 3’ Conserved Segment. 
PCR-RFLP analysis of the gene cassette showed that at least 22 different types 
could be discerned. Among these, two types, that we termed type A and B 
predominated and made up nearly half of the integrons. Sequence analysis of the 
variable region of type A revealed two genes, dfrA17 and aadA5 [16]. This gene 
cassette was detected previously in several Dutch hospitals but also in hospitals 
outside The Netherlands [16, 17]. In contrast, the same cassette was not detected in 
the Dutch open community [3]. The Dutch community study was not large, but still, 
if a gene cassette containing dfrA17 and aadA5 would be the most prevalent, it 
should have been detected also in a small study.  

There is only one additional gene in cassette type B (aadA1, dfrA1) compared to 
cassette type C (aadA1). Interestingly, both types were found in genotypically 
identical E. coli strains. Although the strain carrying integron type C was first 
isolated at a different site of the hospital and the interval between the isolation is 
eight weeks, B might be evolved from this cassette. The reason that we did not find 
an epidemiological linkage might be due to the fact that strains are from routine 
cultures rather than from surveillance cultures. Therefore, we might have missed 
multidrug resistant strains. Even though AFLP analysis showed that all five E. coli 
strains were genotypically identical, different integrons were identified (Willemsen 
et al. – chapter 4A). As can be expected genotypic analysis with AFLP is not 
discriminative enough to detect these relative small differences. 

 

It is known that integrons can be transferred readily between different species, in 
vitro as well as in vivo and thereby facilitate the spread of multidrug resistance [18]. 
In our study, 3 patients were infected with two or more multidrug resistant species 
that harboured identical integron structures. Moreover, one patient was infected with 
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two genotypic different E. coli strains containing gene cassette B. This strongly 
suggests that interspecies gene transfer within these patients had occurred [19, 20]. 
Integron transfer between different species may not only occur within one patient, 
but may also occur between different species in different patients. Slightly more than 
ten percent of the patients were infected bacteria that obtained integron class 1 
through horizontal gene transfer. Gene cassette type B appeared to be highly mobile 
since infections with nearly half of these strains were due to horizontal gene transfer. 
This in contrast to cassette A of which less than ten percent of the infections was 
caused by integron transfer. In addition, an epidemiological link was also shown for 
the coupled cassettes I and J, from either C. freundii or P. vulgaris to an E. cloacae 
of different patient on the same ward (one case). Our data is in agreement with 
previously published data by Nijssen et al., in which they showed that 3 cases (12%) 
resulted in horizontal gene transfer [10].  

The risk of horizontal gene transfer may be identical to the risk found in a study 
performed 4 years earlier; the prevalence of integron class 1 structures has increased 
significantly since then [10]. Apparently, the risk of integron transfer is independent 
of the prevalence. With this in mind, the contribution of horizontal gene transfer to 
the spread of multidrug resistance within hospital settings will remain raising.  

Interesting, all cases of integron-transmission occurred at the intensive care units. 
Although only one third of the HR-GNR was isolated from patients admitted to 
ICUs. Almost all of these strains harboured a class 1 integron, whereas a bit more 
than half of the HR-GNR isolated from patients admitted to non-ICU wards 
contained this structure. The risk of those vulnerable ICU patients to get infected 
with an integron containing pathogen is significantly higher than patients from non-
ICU wards.  

Previously, we have shown that nosocomial transmission occurred in 0.7 / 10.000 
patient days in our hospital (Willemsen et al. – chapter 4A). The cumulative 
incidence of integron transmission almost doubled this number, showing that at least 
in our hospital; the contribution of horizontal gene transfer is larger than that of 
nosocomial transmission to the spread of multidrug resistance, with a relative risk of 
2.6 (0.9 - 8.1). Knowledge about integron epidemiology is rare, but our study 
showed that integron mediated multidrug resistance spread is a continual increasing 
problem. Therefore, more epidemiological studies are needed to get more insight 
into this raising problem, which hopefully will lead to good actions that will prevent 
integron transfer in the future. 
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CHAPTER 4 

 

Abstract 
 
Bacteriophages play an important role in bacterial virulence and phenotypic 
variation. It has been shown that filamentous bacteriophage Pf4 of Pseudomonas 
aeruginosa strain PAO1 mediates the formation of small-colony variants (SCVs) in 
biofilms. This morphology type is associated with parameters of poor lung function 

in cystic fibrosis patients, and SCVs are often more resistant to antibiotics than wild-
type cells. P. aeruginosa strain PA14 also contains a Pf1-like filamentous prophage, 
which is designated Pf5, and is highly homologous to Pf4. Since P. aeruginosa 
PA14 produces SCVs very efficiently in biofilms grown in static cultures, the role of 
Pf5 in SCV formation under these conditions was investigated. The presence of the 
Pf5 replicative form in total DNA from SCVs and wild-type cells was detected, but 
it was not possible to detect the Pf5 major coat protein by immunoblot analysis in 
PA14 SCV cultures. This suggests that the Pf5 filamentous phage is not present at 
high densities in the PA14 SCVs. Consistent with these results, we were unable to 
detect coaB expression in SCV cultures and SCV colonies. The SCV variants 
formed under static conditions were not linked to Pf5 phage activity, since Pf5 
insertion mutants with decreased or no production of the Pf5 RF produced SCVs as 
efficiently as the wild-type strain. Finally, analysis of 48 clinical P. aeruginosa 
isolates showed no association between the presence of Pf1-like filamentous phages 
and the ability to form SCVs under static conditions; this suggests that filamentous 
phages are generally not involved in the emergence of P. aeruginosa SCVs.  

 

Introduction 
 
Pseudomonas aeruginosa is a versatile bacterium that can inhabit many 
environments, including soil, marshes, plants and water. In its natural environments, 
P. aeruginosa predominantly grows in organized communities called biofilms. 
Growth as a biofilm is also an important requirement for the colonization of human 
tissues. For instance, P. aeruginosa grows as a biofilm in the lungs of cystic fibrosis 
(CF) patients, and, despite long-term antibiotic treatment, the lungs remain infected 
(Hoiby et al., 2001; Singh et al., 2000). Recent work has indicated that phenotypic 
variants (bacteria that show a stable change in phenotype whether genetic or 
epigenetic), such as P. aeruginosa SCVs, play an important role in biofilm 
formation (Boles et al.,  2004; Kirisits et al.,  2005; Webb et al.,  2004). Moreover, 
hyperadherent antibiotic-resistant SCVs also appear after treatment of P. aeruginosa 
PA14 cultures with the antibiotic kanamycin (Drenkard & Ausubel, 2002).  

Although the physiology and morphology of bacteria living in biofilm and 
planktonic cultures appear to be completely different, only 1 % of the genes in the P. 
aeruginosa strain PAO1 genome have been found to be differentially expressed 
when the two types of growth are compared (Whiteley et al.,  2001). The genes that 
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are most highly unregulated during biofilm development (up to 83.5-fold activation) 
are part of the Pf4 filamentous phage of strain PAO1. Interestingly, Webb et al. 
(2004) have shown that the production of Pf4 phage correlates with the appearance 
of SCVs in PAO1 mature biofilms. Those authors found phage filaments on the 
surface of SCVs isolated from biofilms, but not on biofilm cells that had not 
converted to SCVs. Moreover, wild-type planktonic cells had developed into 
hyperadherent SCVs after 12 h incubation with purified Pf4 virions. Because it is 
known that prophages can cause DNA inversions and phenotypic variation 
(Kutsukake & Iino, 1980; Tominaga, 1997), Webb et al. (2004) concluded that Pf4 
was a mediator of phase variation in P. aeruginosa biofilms. A report by Deziel et 
al. (2001) has also linked the emergence of SCVs in P. aeruginosa strain H57RP to 
phase variation, based on the observation that cells switched at high frequency from 
the SCV to the wild-type phenotype. However, those authors did not look for the 
association of a filamentous phage with variant formation (Deziel et al., 2001). 
Other reports have also described bacteriophages that cause or modulate phase 
variation. In Escherichia coli, filamentous phage f1 infection has been linked to the 
appearance of small colonies (Kuo et al., 2000), and a recent report by Brockhurst et 
al. (2005) has established that the ssRNA bacteriophage PP7 modulates P. 
aeruginosa colony morphology. Small rough, and large diffuse colonies have been 
observed in the presence of PP7 phage, whereas only large diffuse colonies are 
displayed in its absence (Brockhurst et al. 2005).  

In contrast to the data reported by Whiteley et al. (2001) and Webb et al. (2004), 
suggesting a role of Pf4 in SCV and biofilm formation, transcriptional profiling of 
SCVs obtained from PAO1 biofilms has shown that Pf4 phage genes are among the 
most highly downregulated (up to 220-fold reduction with respect to the wild-type) 
in comparison with planktonic cells (Kirisits et al., 2005). However, the conditions 
used to grow SCV cultures for transcriptional profiling in the latter study differed 
considerably from conditions generally used to grow biofilms, making it difficult to 
directly compare the Whiteley et al. (2001) and Kirisits et al. (2005) studies. 
Moreover, it is possible that filamentous phages are important in initiating the 
formation of SCVs, but not in maintaining the SCV phenotype.  

The aim of the present study was to investigate whether Pf1-like bacteriophages are 
generally involved in small-colony formation in P. aeruginosa. To address this 
question, we focused on the relationship between SCVs produced by P. aeruginosa 
strain PA14, and the presence of a Pf1-like filamentous bacteriophage in the PA14 
genome. In addition, we examined the occurrence of Pf1-like bacteriophages in P. 
aeruginosa clinical isolates, and their correlation with SCV appearance.  

 

Methods 
 
Bacterial strains and culture conditions. Bacterial strains and plasmids used in 
this study are listed in Table 1. Clinical isolates and primary plates were obtained 

from the VU medical centre (Amsterdam, The Netherlands); clinical biofilm-related 
isolates (obtained from urine catheters, and from sputa of CF patients) were obtained 
from the Public Health Laboratory Friesland (Leeuwarden, The Netherlands), and 
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from the Universite Libre de Bruxelles (Brussels, Belgium). Unique identifiers 
(mutantID) for all the transposon mutants used in this study are listed in Table 1; 
further information on these mutants can be found at 
http://ausubellab.mgh.harvard.edu/cgi-bin/pa14/home.cgi. Batch cultures were 
routinely grown in liquid Luria–Bertani (LB) medium at 37 °C on a rotary shaker 
operated at 200 r.p.m., unless stated otherwise. When required, antibiotics were used 
at a final concentration of: ampicillin, 100 µg ml–1; tetracycline, 20 µg ml–1; and 
chloramphenicol, 30 µg ml–1. Static culture experiments were performed by 
inoculating individual colonies in 3 ml LB medium. Cultures were grown vertically 
in test tubes at 37 °C. At each time point, the top layer of the culture (pellicle) was 
taken with a swab, and resuspended in PBS solution. Dilution series were plated 
onto LB agar. The first time point was 3 days. In cases where no SCVs were 
observed, second and third time points were 4 and 5 days, respectively. In SCV-
induction experiments, strains were grown in LB, CAS (Llamas et al., 2006), and 
M9 minimal medium (Liberati et al., 2006; Sambrook et al., 1989), with citrate as 
the carbon source. Late-exponential-phase broth cultures were supplemented with 

10mM MgSO4. 

Recombinant DNA techniques. Recombinant DNA techniques were performed as 
described by Sambrook et al. (1989). Total DNA and plasmid DNA were prepared 
using Qiagen reagents. Restriction endonucleases and T4 DNA ligase (New England 
BioLabs) were used according to the manufacturer's recommendations. PCR was 
carried out using materials from Applied Biosystems, or using the Expand High 
Fidelity PCR System (Boehringer Mannheim) for cloning purposes. PCRs were 
performed using 1ng template DNA µl–1, 200 µM each dNTP, 0.5 µM each primer, 
and 5 % (v/v) DMSO (final concentration). DNA was extracted from gels using a 
Qiagen gel extraction kit. Sequencing analysis was performed with the BigDye 
terminator v3.1 cycle sequencing kit (Applied Biosystems) on an ABI Prism 3100 
capillary sequencer (Applied Biosystems), according to the manufacturer's 
specifications.  

Computer-assisted analysis. The genome of P. aeruginosa strain PA14 was 
analysed for the presence of a Pf4-like phage with KODON version 2.03 (Applied 

Maths). This proGram was also used to predict the repeat region of the Pf4-like 
phage.  

Western immunoblot analysis. P. aeruginosa wild-type and SCV cells were grown 
overnight with agitation, and harvested by centrifugation (5 min, 25 000 g). Prior to 
the centrifugation, SCV cultures were plated to confirm that the bacteria had 
preserved their phenotype. Bacterial pellets were resuspended in sonication buffer 
containing 20 mM Tris/HCl (pH 8.0) and 5 mM EDTA. After ultrasonic disruption 
of the cells, cell envelope proteins were isolated by centrifugation (5 min, 25 000 g). 
Prior to loading the gel, the samples were incubated for 10 min at 95 °C. Total 
proteins were subjected to three-layer SDS-PAGE. In short, the stacking gel was 4 
% (w/v) acrylamide combined with 10 % (w/v) (approx. 1 cm) and 15 % (w/v) 
acrylamide separating gels containing 0.13 % (v/v) glycerol. The protein bands were 
blotted to a Hybond nitrocellulose membrane (Amersham Biosciences), and were 
probed with either rabbit polyclonal antiserum against phage Pf1 (1:250), or pre-
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Table 2. Name and function of Pf5 genes (strain PA14) and corresponding genes in Pf4 (strain PAO1)  

Pf5 (PA14) Pf4 (PAO1)                                              Gene product
PA14_49030 No homologue Putative regulatory protein 
PA14_49020 No homologue Hypothetical 
PA14_49010 No homologue Hypothetical 
No homologue PA0715 Putative reverse transcriptase 
No homologue PA0716 Component of ABC tr ansporter 
Pa14_49000 PA0717 Hypothetical 
Pa14_48990 PA0718  Hypothetical 
Pa14_48980 PA0719 Hypothetical 
Pa14_48970 PA0720 Helix-destabilizing protein 
Pa14_48960 PA0721 Hypothetical 
Pa14_48950 PA0722 Hypothetical 
Pa14_48940 PA0723 Coat protein B 
Pa14_48930 PA0724 Putative coat protein A 
Pa14_48920 PA0725 Hypothetical 
Pa14_48910 PA0726 Hypothetical 
Pa14_48890 PA0727 Hypothetical 
Pa14_48880 PA0728 Probable bacteriophage   
                                                                                                     integrase 
 No homologue Intergenic region between                          Putative prevent-host-death 
                                PA0728 and PA0729                                   (phd) antitoxin protein 
No homologue PA0729                                                      Plasmid stabilization toxin                   
                                                                                                     protein 

 

Emergence of SCVs in PA14.  The filamentous bacteriophage Pf4 has been 
associated with the formation of SCVs in P. aeruginosa strain PAO1 (Webb et al., 
2004). Therefore, we studied the effect of Pf5 on SCV formation in P. aeruginosa 
PA14. First, the ability of PA14 to form SCVs on biofilms formed on the air–liquid 
interface of cultures incubated under static conditions was studied. After 3 days' 
incubation, approximately 70 % of all colonies in the air–liquid interface biofilm 
showed an SCV phenotype (Fig. 2). Subsequently, we tested whether incubation of 
wild-type PA14 bacteria with PA14 SCV supernatants (which potentially contain the 
Pf5 phage) was able to induce the emergence of SCVs, as shown for PAO1 by Webb 
et al. (2004). Although approximately 10 % of wild-type cells were converted to 
SCVs by the addition of SCV supernatants, this effect was not specific for the 
supernatant of SCVs, since identical results were obtained when the supernatant of 
wild-type cells was used. Moreover, PA14 SCVs did not contain superinfective 

phages able to form lytic plaques on PA14 wild-type bacteria (data not shown), 
unlike the SCVs described by Webb et al. (2004).  

Analysis of Pf5 phage production in PA14 wild-type and SCV bacteria.  
Although we detected the production of the RF of Pf5 by PCR, we found no 
indication that Pf5 phage was responsible for the emergence of the SCVs under 
static conditions. To determine whether Pf5 phages were produced by SCVs, we 
used a polyclonal antibody directed against filamentous phage Pf1 in immunoblot 

experiments. In addition, we also determined whether Pf4 phages were produced by 
wild-type cells and SCVs of strain PAO1. Because the antibody used in our 
experiments was directed against Pf1, we tested the specificity of the Pf1 antiserum 
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Fig. 3. Immunoblot analysis using Pf1 antiserum. (a) Cell envelope proteins (b) Secreted proteins. 
PA14_48940 : : MR2xT7 is a coaB mutant, and PA14_48880 : : MR2xT7 is a RF mutant. Total protein 
from XL10 E. coli cells, complemented with different constructs, was used as a control in (a) and (b). 

Analysis of phage Pf5 mutant strains. The results presented so far suggest that Pf5 
is not involved in the emergence of PA14 SCVs in biofilms gown under static 

conditions. In order to show this unequivocally, we analysed nine transposon 
insertion mutants in the Pf5 region (Table 1). We first extracted total DNA from the 
transposon mutants, and looked for the presence of the Pf5 RF by PCR, using 
primers Pf5RF-F and Pf5RF-R. As shown in Fig. 4(a), four transposon insertion 
mutants (PA14_49000 : : Mr2xT7, PA14_48970 : : Mr2xT7, PA14_48890 : : 
Mr2xT7 and PA14_48880 : : Mr2xT7) consistently showed no PCR product 
corresponding to the Pf5 RF. Two of the mutants that showed absence of the RF 
PCR product have transposon insertions in genes involved in bacteriophage 
replication. Mutant PA14_48970 : : Mr2xT7 contains the insertion in a gene 
encoding a Pf1 single-stranded DNA-binding protein homologue responsible for the 
formation of a pre-assembly complex with the viral DNA, and the insertion in 
mutant PA14_48880 : : Mr2xT7 is located in a gene encoding a putative phage 
integrase (PA14_48880). We were unable to detect the major coat protein in cultures 

from the mutant PA14_48880 : : Mr2xT7 using Pf1 antiserum (Fig. 3). The other 
two mutants contain insertions in the PA14_49000 and PA14_48890 CDSs that 
encode two hypothetical proteins of 70 and 432 aa, respectively. A BLAST search of 
the proteins encoded by these genes showed a high degree of homology to 
Pseudomonas Pf1 and Pf4 proteins (Hill et al., 1991; Webb et al., 2004). Moreover, 
the protein encoded by PA14_48890 also showed 46 % similarity to a replication 
initiation factor from Geobacter metallireducens.  

In order to confirm that the genes PA14_49000, PA14_48970, PA14_48890 and 
PA14_48880 are involved in the production of the RF, we tested whether plasmid 
pMMBPf5c, which contains most of the Pf5 genome (except for the repeat regions 
and the putative phage regulator gene PA14_49030), could complement the four 
insertion mutants. However, this plasmid did not complement the RF phenotype in 
any of the mutants (Fig. 4b). The expression of the Pf5 genes from a medium-copy-
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number plasmid could have a negative effect on the production of the RF, although 
this was not evident when pMMBPf5c was introduced into the wild-type strain. We 
made two new constructs with shorter regions of the Pf5 genome, and used them to 
complement the mutants. One of these plasmids (pMMB727-728) contained the 
PA14_48890 and PA14_48880 genes, and the other (pMMB717-720) contained a 
total of 12 genes, including genes PA14_48940 (coaB)–PA14_49050 (downstream 
of the PA14_49030 phage regulator). As shown in Fig. 4(b), mutant PA14_48880 

(putative integrase) could be complemented with plasmid pMMB727-728, showing 
that PA14_48880 is indeed involved in RF production. Complementation of 
PA14_48890 with the same plasmid (pMMB727-728) was less clear, as only very 
small amounts of the RF were detected by PCR (Fig. 4b). Expression of plasmid 
pMMB717-720 in PA14 wild-type prevented RF production (Fig. 4b), and this 

indicates that this construct contains a gene that represses RF production. Not 
surprisingly, plasmid pMMB717-720 did not complement mutants PA14_49000 : : 
Mr2xT7 and PA14_48970 : : Mr2xT7 (Fig. 4b). Since the four genes identified in Pf5 

that are potentially involved in RF production have homologues in PAO1 Pf4, it 
would be interesting to test PAO1 mutants in those particular genes, in order to 
confirm the involvement of Pf4 phage in SCV formation in strain PAO1.  

 

Fig. 4. Detection of the Pf5 RF by agar gel electrophoresis. (a) PCR products obtained from Pf5 
transposon mutants. (b) Complementation of Pf5 transposon mutants showing decreased RF production 
with plasmids pMMB67EH (1), pMMBPf5c (2), pMMB717-720 (3) and pMMB727-728 (4). Marker 
sizes (M) are shown in base pairs. 

Subsequently, we examined the ability of the mutants that failed to produce Pf5 RF 
(PA14_49000 : : Mr2xT7, PA14_48970 : : Mr2xT7, PA14_48890 : : Mr2xT7 and 
PA14_48880 : : Mr2xT7) to generate SCVs under static conditions. Results obtained 
on the emergence of PA14 SCVs under static conditions have shown that SCVs can 

be consistently quantified when culture media are inoculated with known numbers of 
wild-type bacteria (E. Drenkard and F. M. Ausubel, unpublished data). Mutant 
analysis performed using the Pf5 transposon insertion mutants showed no significant 
differences in the number of SCVs that emerged at the end of the incubation period 
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(26 h) between any of the mutants tested and the wild-type strain. Moreover, no 
morphological differences were observed when comparing SCV colonies formed by 
the mutants and wild-type bacteria. These results unambiguously demonstrate that, 
unlike what was reported previously for strain PAO1, there is no link between 
emergence of SCVs and Pf1-like phage activity in P. aeruginosa strain PA14 under 
the conditions used.  

Prevalence of SCVs and Pf1-like bacteriophages in clinical specimens. Pf1-like 
filamentous phages have now been found in three P. aeruginosa isolates (Hill et al., 
1991; Webb et al., 2004). To determine the prevalence of SCVs in clinical 
specimens, 102 primary plates containing P. aeruginosa colony isolates obtained 

directly from patient samples (i.e. blood, sputum, urine, and wound material) were 
analysed for SCVs. Only two of the primary plates analysed showed colonies with 
an SCV phenotype (ear infection, and sputum from a CF patient). These data show 
that SCVs are not very common among clinical samples, but their presence may be 
more common in certain infection sites, such as the respiratory tract of CF patients, 
that provide a niche for highly adherent P. aeruginosa SCVs (Häussler et al., 2003). 
Although the prevalence of isolates producing SCVs is low, it does not rule out the 
possibility that these strains are capable of forming small colonies. Therefore, we 
checked 48 clinical biofilm-related isolates, i.e. P. aeruginosa isolated from urine 
catheters and sputa of CF patients, for their ability to form SCVs. Upon static 

culturing of these P. aeruginosa isolates, 27 % formed SCVs (Table 3), and this 
indicates that a reasonable number of P. aeruginosa clinical isolates have the ability 
to form SCVs under these conditions. Because some P. aeruginosa strains, such as 
strain PAO1, form SCVs at very low frequencies under static conditions (0.024 % of 
PAO1 colonies were SCVs after 65 h incubation, compared with 76 % for strain 
PA14), it is possible that we have underestimated the number of clinical isolates able 
to form SCVs in the present study. Subsequently, we tested the 48 biofilm-related 
isolates for the presence of the three known Pf1-like filamentous bacteriophages 
(Pf1, Pf4 and Pf5) by PCR amplification. First, the quality of the genomic DNA 
isolated from the different isolates was tested using PCR primers that target the P. 
aeruginosa PAO1 housekeeping gene PA2968 (fabD), which was detected in all 
clinical isolates (data not shown). Subsequently, we performed PCR reactions using 
primer pairs specific for each of the three Pseudomonas phages, and one PCR 
reaction that targeted all three phages by using a universal primer pair (see Methods) 
that was designed based on the sequence of a CDS common to Pf1, Pf4 and Pf5 
(PA14_48910). Phage Pf1 ORF100 and ORF90 (Hill et al., 1991) were used as the 
targets for the Pf1-specific PCR, PA0727 and PA0728 (Webb et al., 2004) were use 
for the Pf4-specific PCR, and the putative integrase gene of Pf5 (PA14_48880) was 
used for the Pf5-specific PCR. These experiments showed that six isolates showed 
PCR amplification with the Pf4-specific primers, two isolates were positive in the 
Pf5-specific PCR, and none were positive in the Pf1-specific PCR (Table 3). The 
universal Pf1-like primers amplified specific PCR products from 26 isolates, and 
five of these were positive for either Pf4 or Pf5 (Table 3). This shows that, although 
filamentous phages are common among clinical P. aeruginosa isolates, they seem to 
be very diverse. This result is in agreement with whole-genome DNA microarray 
data obtained by Wolfgang et al. (2003), who showed that among 18 clinical and 
environmental P. aeruginosa strains, different isolates contain different subsets of 
the filamentous phage Pf4 genes. Comparison of the PCR data with the ability to 
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CHAPTER 5 

 

Abstract 
 
Cell-surface signalling is a sophisticated regulatory mechanism used by Gram-
negative bacteria to sense signals from outside the cell, and transmit them into the 
cytoplasm. This regulatory system consists of an outer membrane-localized TonB-
dependent receptor (TonB-dependent transducer), a cytoplasmic membrane-
localized anti-sigma factor and an extracytoplasmic function (ECF) sigma factor. 
Pseudomonas aeruginosa contains thirteen potential surface signalling systems of 
which only six have been studied in detail. In this work we have identified the 
regulons of a previously uncharacterized P. aeruginosa signalling systems. For that, 
the ECF sigma factor PA4896 has been overexpressed and the target gene 
candidates have been identified using DNA microarray. As expected, the ECF sigma 
factor controls the production of its cognate TonB-dependent transducer PA4897. 
Interestingly, PA4896 also regulates the expression of P. aeruginosa R2, F2, and S5 
pyocins, indicating that P. aeruginosa not only competes with other bacteria on iron 
resources but also uses this system to induce compounds to affect the competitor 
more directly. 

  

Introduction 
Sigma factors are essential subunits of prokaryotic RNA polymerase. They are 
involved in promoter recognition and they initiate transcription. The activation and 
subsequent association of appropriate alternative sigma factors with the core RNA 
polymerase provides a mechanism for the cell to redirect gene transcription. Sigma 
factors can be classified into two structurally unrelated families: the σ70 and the σ54 
families. The primary sigma factor (RpoD) that is responsible for the majority of 
RNA synthesis in exponentially growing cells belongs to the σ70 family. In addition, 
this family also includes many alternative sigma factors that are nonessential 
proteins required only under certain circumstances (Missiakas & Raina, 1998; Paget 
& Helmann, 2003). The σ70 family has been divided into four phylogenetic groups 
on the basis of gene structure and function (Paget & Helmann, 2003). The largest 
and most diverged group is the one including the extracytoplasmic function (ECF) 
subfamily of sigma factors. 

Most members of the ECF subfamily of sigma factors respond to signals from the 
extracytoplasmic environment. These proteins have been found in a wide variety of 
bacterial species and control a wide range of bacterial functions (Missiakas & Raina, 
1998; Raivio & Silhavy, 2001). The ECF factors involved in the regulation of iron 
uptake systems have been classified as the iron-starvation class of sigma factors 
(Leoni et al., 2000). They are frequently part of a trans-envelope signal transduction 
pathway, also known as cell-surface signalling (Braun, 1997; Visca et al., 2002). 
This regulatory mechanism involves three proteins: a TonB-dependent outer 
membrane receptor, a cytoplasmic membrane protein that functions as an anti-sigma 
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factor, and the ECF sigma factor itself. The outer membrane receptor is involved in 
both (siderophore) transport and signal transduction. To distinguish this subclass of 
receptors from conventional TonB-dependent receptors only involved in uptake, 
they have been called TonB-dependent transducers (Koebnik, 2005). The 
transducers sense an extracellular signal (i.e. the presence of their cognate 
siderophore), which is transmitted via the anti-sigma factor leading to the activation 
of a specific ECF sigma factor and to the subsequent transcription of a limited 
number of target genes.  

Iron is a major limiting factor for bacterial growth, since most iron in the 
environment is in the insoluble Fe(III) form or host-bound. In response to iron 
deficiency, bacteria produce siderophores to scavenge iron and subsequently making 
it available for bacterial metabolism (Guerinot, 1994; Ratledge & Dover, 2000). As 
such, siderophores-mediated iron acquisition plays an important role in bacterial 
fitness and virulence. The human opportunistic pathogen Pseudomonas aeruginosa 
produces two siderophores, pyoverdin and pyochelin, but it can utilize a variety of 
heterologous siderophores from other bacterial and fungal species (Cornelis et al., 
1989; Harding & Royt, 1990; Hohnadel & Meyer, 1988; Liu & Shokrani, 1978; 
Meyer & Hohnadel, 1992; Meyer, 1992; Poole et al., 1990; Screen et al., 1995; 
Smith et al., 1994). The production of different siderophores and especially the 
utilization of a large range of heterologous siderophores indicates that there is a 
strong evolutionary pressure to compete for iron with other bacteria (Buckling et al., 
2007).   

In silico analysis of the P. aeruginosa genome sequence revealed the presence of 19 
open reading frames (ORF) encoding putative proteins with greater than 47% 
similarity to members of the ECF family (Table 1) (Visca et al., 2002). Fourteen of 
these display substantial sequence similarity with iron starvation sigma factors 
(Table 1), and, except for PA2093, they are preceded by Fur-binding sites (Ochsner 
& Vasil, 1996; Visca et al., 2002). Most of these sigma factors are clustered with an 
anti-sigma factor and a TonB-dependent transducer (Table 1), which suggests their 
involvement in a trans-envelope signal transduction pathway. However, only six of 
these P. aeruginosa iron starvation sigma factors have been analyzed in detail. FpvI, 
FiuI, and FoxI regulate the uptake of iron via the siderophores pyoverdine, 
ferrichrome, and  ferrioxamine B, respectively, HasI via haem, and FecI via iron 
citrate (Banin et al., 2005; Beare et al., 2003; Llamas et al., 2006; Ochsner et al., 
2000; Visca et al., 2007) (Table 1). Furthermore, PvdS controls the production of 
pyoverdine, exotoxin A and PrpL endoprotease (Lamont et al., 2002) (Table 1). 
Both FpvI and PvdS respond to the extracellular presence of pyoverdine, and are 
activated through the same signalling pathway (Lamont et al., 2002). This work was 
aimed at analyzing the function of a previously uncharacterized P. aeruginosa ECF 
sigma factor, i.e. PA4896. We have chosen this sigma factor, because (i) genome 
analysis indicates that it is part of a surface signalling system, and (ii) the function of 
this system cannot be deduced from homology with other systems, and (iii) it is the 
only cell surface signalling system with a different operon organization, which could 
indicate a special function. Here we show that this cell surface signalling system is 
not only involved in the induction of its cognate receptor, but is in fact responsible 
for the induction of pyocin production. Most P. aeruginosa strains (90%) produce 
pyocins, which are proteins or protein complexes with antimicrobial activity, as a 
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second mechanism for microbial competition (Michel-Briand & Baysse, 2002). This 
is the first report indicating that these two mechanisms of microbial competition are 
linked.  

 

Material and Methods 
 
Bacterial strains, plasmids, culture media, and growth conditions. The bacterial 
strains and plasmids used are listed in Table 2. Bacterial strains were routinely 
grown in liquid Luria-Bertani (LB) medium (Sambrook, 1989 ) at 37°C on a rotary 
shaker operated at 200 revolutions per min. For experiments on the effect of the iron 
concentration on gene expression, P. aeruginosa cells were grown in liquid CAS 
medium (Llamas et al., 2006), supplemented with either 50 µM FeCl3 (iron-rich 
conditions) or with 400 μM of 2,2’-bipyridyl (iron-restricted conditions). 
Ferrioxamine B was obtained from Sigma-Aldrich, and mycobactin S,  
carboxymycobactin S and exochelin MS were isolated as previously described 
(Ratledge & Ewing, 1996). For induction experiments, P. aeruginosa cells were 
grown in CAS containing 200 μM of 2,2’-bipyridyl and the supernatant of an iron-
restricted culture of different bacteria or fungal in 1:1 proportion. When required, 
antibiotics were used at the following final concentrations (µg mL-1): ampicillin 
(Ap), 100; chloramphenicol (Cm), 30; piperacillin (Pip), 25; tetracycline (Tc), 10 
(for E. coli) and 20 (for P. aeruginosa). 

General molecular biology methods. Standard molecular biology techniques were 
used for DNA manipulations (Sambrook, 1989 ). PCR amplifications and DNA 
sequencing were performed as described previously (Llamas et al., 2006). The 
sequences of the oligonucleotide primers used in this study are listed in Table 3. 
Transcriptional fusions to lacZ were made by cloning the promoter regions, 
amplified by PCR as EcoRI-XbaI fragments, into the EcoRI-XbaI sites of pMP220. 
The fusion constructs were confirmed by DNA sequencing, and transferred from E. 
coli DH5α to P. aeruginosa by triparental mating using the helper plasmid pRK600 
as described before (de Lorenzo & Timmis, 1994). 

RNA isolation, cDNA probes synthesis and data analysis. P. aeruginosa cells 
bearing the plasmid pMMB67EH (empty plasmid) or pMMB-PA4896 were grown 
in quadruplicate in 300 mL Erlenmeyer flask with 30 mL LB and 25 µg/ml 
piperacillin at 37°C and 200 revolutions per min. When the optical density at 600 
nm reached 0.7-0.8, cultures were induced with 1mM IPTG. After 45 min of 
incubation, a total of 50 mL of cells from two independent cultures were harvested 
by centrifugation at 4°C. Total RNA was isolated from each cell pellet by the hot 
phenol method using the Tri Reagent® LS (Molecular Research Center, Inc.). 
Contaminating DNA was eliminated by Dnase I (Amersham) treatment, and RNA 
was isolated by phenol-chloroform extraction and precipitation with 2.5 x volume 
100% (vol/vol) ethanol and 0.1 x volume 3 M sodium acetate pH 4.8. An additional 
RNA purification step was performed using the RNeasy columns (Qiagen). RNA 
quantity was assessed by UV absorption at 260 nm in a ND-1000 Spectrophotometer 
(NanoDrop Technologies, USA). RNA quality was monitored by 1.5% (wt/vol) 
agarose gel electrophoresis containing 2,2 M formaldehyde as denaturing agent. The 
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cDNA probes were prepared according to the protocol supplied by the manufacturer 
(Affymetrix) with a few modifications. Briefly, control spike transcripts (10 pM) 
were added to 15 μg of RNA, and random primers (25 ng/μl) (Invitrogen Life 
Technologies) were annealed (10 min at 70°C, 10 min at 25°C) in 30 μl total 
volume. First-strand cDNA was synthesized with 25 U/μl SuperScript II (Invitrogen 
Life Technologies) in the presence of 0.5 mM dNTPs, 0.5 U/μl SUPERase Rnase 
inhibitor (Ambion) and 10 mM dithiothreitol (DTT) in 60 μl total volume (10 min at 
25°C, 60 min at 37°C, 60 min at 42°C, 10 min at 70°C). 

Table 1: P. aeruginosa ECF sigma factors and surface signalling systems 
ECF sigma 
factor* 

ECF protein 
name 

Anti-sigma factor TonB-dependent 
transducer 

Function Reference 

PA0149 48% similar to 
PvdS 

PA0150 PA0151 Metal uptake This study 

PA0472 FiuI PA0471(FiuR) PA0470 (FiuA) Ferrichrome uptake (Llamas et al., 
2005) 

PA0675 PigD PA0676 (PigE) - - - 
PA0762 AlgU (AlgT) PA0763 (MucA) - Alginate production (Mathee et al., 

1997) 
PA1300 54% similar to E. 

coli FecI 
PA1301 PA1302 (57% 

similar to heme 
utilization protein 
HxuC of 
Haemophilus 
influenzae) 

Heme uptake - 

PA1351 - - - - - 
PA1363 - PA1364 PA1365 (68% 

similar to the 
alcaligin E receptor 
AleB of Ralstonia 
euthropha) 

Alcaligin uptake - 

PA1776 49% similar to 
Bacillus subtilis 
sigma-W 

- - - - 

PA1912 - PA1911 (FemR) PA1910  (FemA) Mycobactin/carboximycobactin uptake This study 
PA2050 - PA2051 PA2057 and 

PA2070 
Metal uptake This study 

PA2093 - PA2094 PA2089 and 
PA2590 

Siderophore uptake This study 

PA2387 FpvI PA2388 (FpvR) PA2398 (FpvA) Pyoverdine uptake (Beare et al., 2003) 
PA2426 PvdS PA2388 (FpvR) PA2398 (FpvA) Production of pyoverdine, exotoxin A  

and PrpL endoprotease 
(Lamont et al., 
2003) 

PA2468 FoxI PA2467 (FoxR) PA2466 (FoxA) Ferrioxamine uptake (Llamas et al., 
2006) 

PA2896 - - - - - 
PA3285 - - - - - 
PA3410 HasI PA3409 (HasS) PA3408 (HasR) Haem uptake (Ochsner et al., 

2000) 
PA3899 FecI PA3900 (FecR) PA3901 (FecA) Iron citrate uptake (Banin et al., 2005) 
PA4896 64% similar to E. 

coli FecI 
PA4895 PA4897 Siderophore uptake This study 

a PA number in the P. aeruginosa genome annotation project (http://www.pseudomonas.com). ECF sigma 
factors with high similarity to iron starvation sigma factors are shown in bold, and the one studied in this 
work are underlined. 

After RNA removal by alkaline treatment and neutralization, cDNA was purified 
using QuickSpin columns (Qiagen). For cDNA fragmentation, between 4-5 μg 
cDNA were incubated with DNase I (0.5 U/μg cDNA) (10 min at 37°C, 10 min at 
99°C). The desired cDNA size range of 50-200 bp was verified by separating 250 ng 
of cDNA on 2% (wt/vol) agarose gel and staining with SYBR gold (Molecular 
Probes). The fragmented cDNA was then end-labelled with biotin-ddUTP using the 
Enzo BioArrayTM Terminal Labelling kit (Affymetrix) (60 min at 37°C). Target 
hybridization, washing, staining and scanning were performed by the Affymetrix 
Core Facility using a GeneChip® hybridization oven, a Fluidics station and 
MICROARRAY SUITE software (Affymetrix) at the Leiden Genome Technology 
Center (LGTC®) (Leiden, The Netherlands). Genes were considered differentially 
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regulated if the relative change (n-fold) was >2.5 and the P value was <0.05. 
Microarray data sets are available upon request. 

Table 2: Genes of P. aeruginosa PAO1 with increased expression in cells overexpressing the indicated 
ECF sigma factor  
Strain or plasmid Relevant characteristics References 
E. coli   
DH5α supE44 ΔlacU169 (φ80 lacZΔM15) hsdR1 recA1 endA1 

gyrA96 thi1 relA1 
(Hanahan, 1983) 

HB101 supE44 hsdS20 recA13 ara14 proA2 lacY1 galK2 
rpsL20 xyl-5 

(Boyer and Roulland-Dussoix, 1969) 

P. aeruginosa   
PA025 PAO1 leu arg (Haas and Holloway, 1976) 
HA004 Clinical isolate, sensitive to PAO1 pyocins This study 
PA0620 PA0620::luxCDABE derivative of PAO1; TcR (Brazas and Hancock, 2005; Lewenza et al., 2005) 
PA0641 PA0641::luxCDABE derivative of PAO1; TcR (Brazas and Hancock, 2005; Lewenza et al., 2005) 
Plasmids   
pMMB67EH IncQ broad-host range plasmid, lacIq; ApR (Fürste et al., 1986) 
pMP220 IncP broad-host-range lacZ fusion vector; TcR (Spaink et al., 1987) 
pRK600 Helper plasmid, oriColE1, mobRK2, traRK2; CmR (de Lorenzo and Timmis, 1994) 
pUC18 Cloning vector, oriColE1, rop mutant, α-lacZ (Norrander et al., 1983) 
pUCMA1 pUC18 carrying in SmaI the 2.9-kb PCR fragment 

containing the P. aeruginosa PAO1 PA4896-PA4895 
genes; ApR 

This study 

pMMB-PA4896 pMMB67EH carrying the 1.5-kb SacI-XhoI insert from 
pUCMA1 containing the PA4896 gene; ApR 

This study 

pMP-PA0614 PA0614 promoter fragment cloned upstream of lacZ 
gene in pMP220; TcR 

This study 

pMP-PA4897 PA4897 promoter fragment cloned upstream of lacZ 
gene in pMP220; TcR 

This study 

a ApR, CmR, and TcR, resistance to ampicillin, chloramphenicol, and tetracycline, respectively 

RT-PCR analysis. RT-PCR analyses were performed by using the Titan One-Tube 
RT-PCR kit (Roche) in accordance with the manufacturer’s recommendations. For 
each reaction, 1 μg of total RNA was used. DNA contamination of the RNA samples 
was ruled out by inactivation of the reverse transcriptase at 94°C for 4 min prior the 
RT-PCR reaction. The sequences of the primers used for the RT-PCR are listed in 
Table 4.  

Enzyme assays. β-Galactosidase activities in soluble cell extracts were determined 
using ONPG (Sigma-Aldrich) as described previously (Llamas et al., 2006). Each 
assay was run in duplicate at least three times and the data given are the average. 

Pyocin assay. An overnight culture of the pyocin sensitive strain P. aeruginosa 
HA004 (a clinical isolate) was diluted to OD600 ∼1.0. Then, 100 μl of the diluted 
culture was added to 2.5 mL of semisolid LB (containing 0.75% (wt/vol) agar), and 
the mixture was placed on top of a LB plate and incubate at 37 °C until the plate was 
completely dry (∼1h). The pyocin producer strain P. aeruginosa PAO25, and the 
mutants PA0620 and PA0641, bearing the plasmids pMMB67EH (empty plasmid) 
or pMMB-PA4896, were grown overnight in liquid LB medium containing 1 mM 
IPTG. These cultures were diluted to OD600 of 2.0 and harvested by centrifugation 
(15.000 x g, 5 min). The resulting supernatant fractions were then diluted 2, 4, 8, 16, 
32, 64 and 128 times in LB liquid. A drop (∼5 μl) of the diluted supernatants was 
placed on the top of the plate contained the pyocin sensitive strain. The plates were 
incubated overnight at 37 °C. The pyocin activity was expressed as the inverse of 
the highest dilution that gave a completely clear zone of P. aeruginosa HA004 
growth inhibition. 
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Table 3:Oligonucleotide primers used in this study 
Amplified gene(s) Plasmid Name Sequence  
PA4896-PA4895 pUCMA1 Puma1F GCGGTATAGGTTTCCTTCTGC 
  Puma1R ACTTCGCAACGACAAGGAAC 
PA0614 promoter pMP-PA0614 P06145E TATGAATTCCAACACCTTTTATCTGCGCC 
  P06143X AAATCTAGAGTGTCTGCGGTTCGTTGCCC 
PA4897 promoter pMP-PA4897 PR15E AAAGAATTCCATGGGCCAGGTCGTCGG 
  PR15X AATTCTAGACAGGCTGGGGATAGGGCG 
aThe name of the corresponding PCR product is provided (see Table 2 for more details) 

Growth curve assay. P. aeruginosa cells bearing the plasmids pMMB67EH (empty 
plasmid), pMMB-PA4896, or pMMB-PA0149 were grown overnight either in liquid 
LB or in iron-restricted CAS medium  supplemented with 1 mM IPTG and 25 mg/L 
piperacillin at 37°C and 200 revolutions per min. The cultures were diluted to OD600

 

∼0.05 in fresh medium (which was the starting point of the growth curve) and 
incubated in the same conditions as described before. The OD600 of the cultures was 
determined at different time points over a 32 hours period. 

Table 4: Oligonucleotide primers used in the RT-PCR assays 
Gene Size Name Sequence (5’ -> 3’) 
PA0617 224 bp PA0617F GGACATCCTGACCACCCCGT 
  PA0617R CGAACACGCCGCTCAGGAGC 
PA0636 210 bp PA0636F CTGTCGCTTGCCAACGTGGG 
  PA0636R GAAGACCTGCGACTGGAGCG 
PA0691 198 bp PA0691F1 TTGGCAGGGGGCGCTCAAGG 
  PA0691R1 GGGAATCGCGTACAGCAGTTGC 
 

Results 
 
Gene expression profiling. To find genes whose transcription might be directed by 
the ECF sigma factors PA4896, total RNA from P. aeruginosa cells overexpressing 
this sigma factor was isolated and subjected to cDNA microarray analysis. As listed 
in Table 5, overexpression of PA4896 resulted in the more than 2.5 fold 
upregulation of 32 genes, including the ECF sigma genes themselves that were 
overexpressed, . Notably, no genes were downregulated more than 2.5 fold, 
indicating that the overexpression of this ECF sigma factor did not significantly 
affect normal gene regulation in the cell. This effect was also observed when other 
ECF sigma factors were overexpressed in P. aeruginosa (Llamas et al., 2008), 
indicating that the observed effects are directly associated with the function of 
PA4896. As expected by analogy with other cell-surface signalling systems, 
overexpression of PA4896 upregulates the expression of the TonB-dependent 
transducer encoded by the adjacent locus as the sigma/anti-sigma factor, i.e. 
PA4897. 

However, interestingly PA4896 also controls the expression of the genes located in 
the region between PA0613 and PA0648, albeit at a lower level. Genes in this region 
were, on average, induced 5 fold by overexpression of PA4896. This region codes 
for the bacteriophage-like R2/F2 pyocins of P. aeruginosa PAO1 (Nakayama et al., 
2000) (Table 5). In addition, this sigma factor also controls the production of the 
pyocin S5 (Table 5). In order to confirm the PA4896-mediated pyocin expression, 
we performed RT-PCR and β-galactosidase assays. Primers within two pyocin 
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genes, PA0617 and PA0636, were designed to permit the evaluation of mRNA levels 
in P. aeruginosa cells overexpressing this ECF sigma factor. As shown in Figure 
1A, the expression of both pyocin genes was induced by PA4896, but not the 
expression of the control gene PA0691. Pyocin induction was also confirmed using 
a transcriptional fusion of the promoter region of the first pyocin gene, PA0614, to 
lacZ. When cells bearing this transcriptional fusion were cultured in LB medium, no 
significant differences between cells overexpressing and non-overexpressing 
PA4896 were observed (Fig. 1B). However, in the presence of hydrogen peroxide, 
which is known to induce pyocin expression (Chang et al., 2005), overexpression of 
PA4896 resulted in a 3.6 ± 0.89-fold increase in PA0614 expression (Fig. 1B). 
Together, these experiments show that the ECF sigma factor PA4896 regulates not 
only a TonB dependent receptor, but also different pyocin gene clusters.  

 

Figure 1. Analysis of the pyocin expression. A. By RT-PCR. Gel electrophoresis of the cDNA 
amplified19 with primers within the PA0617, PA0636 and PA0691 genes from total RNA of P. 
aeruginosa cells carrying the plasmids pMMB67EH (empty plasmid) (1) or pMMB-PA4896 (2) . 
Positions of molecular size markers (in base pairs) are indicated. Negative controls containing the same 
amounts of RNA, primers, and inactivated reverse transcriptase, were included in this assay (not shown). 
B. By β-galactosidase. P. aeruginosa PAO25 cells containing the lacZ transcriptional fusion pMP-
PA0614, and the plasmids24 pMMB67EH (empty plasmid) or pMMB-PA4896, were grown in LB with 1 
mM IPTG and incubated without25 (grey bars) or with (black bars) 1 mM hydrogen peroxide for 1h at 
200 rpm.β-galactosidase activity was then measured as described in Material and Methods. 

 
Biological analysis of pyocin production. To substantiate the results described 
above, we set out to analyze the in vivo pyocin production of the PA4896-induced 
wildtype strain and compared it with the non-induced strain, and with the pyocin 
activity of two pyocin mutants. First, we tested a number of clinical P. aeruginosa 
strains for sensitivity towards pyocins produced by the wildtype strain PAO1. 
Subsequently, we used a sensitive isolate, named HA004, to examine the effect of 
the overexpression of pyocins. As shown in Figure 2A, overexpression of PA4896 in 
the wildtype strain resulted in increased antimicrobial activity towards the pyocin 
sensitive strain, indicating that pyocin was produced in increased amounts. 
Subsequently, PA4896 was overexpressed in two pyocin biosynthesis mutants, i.e. 
PA0620 and PA0641, to determine if the pyocins were responsible for this effect. In 
both mutants overexpression of the ECF sigma factor did not increase the growth 
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inhibition of HA004. These results show that pyocins R2 and F2 are regulated by the 
PA4896 ECF sigma factor.  

Table 5. Genes of P. aeruginosa PAO1 with increased expression in cells overexpressing the PA4896 
ECF sigma factor. 
ORF             
 

Function or class                                                                                         Fold change          
                                                                                                                      ECF vs WT           

PA4896 ECF sigma factor  >100 
PA4897 TonB-dependent receptor (transducer) >100 
PA0614 Putative holing 3.3 
PA0615 R-type pyocin, related to P2 phage 2.5 
PA0616 R-type pyocin, related to P2 phage; tail spike 3.2 
PA0617 R-type pyocin, related to P2 phage; baseplate 13.9 
PA0618 R-type pyocin, related to P2 phage; baseplate/tail fibre 3.4 
PA0619 R-type pyocin, related to P2 phage; tail formation 3.3 
PA0620 R-type pyocin, related to P2 phage; tail fibre 2.9 
PA0621 R-type pyocin, related to P2 phage; tail fibre assembly 3 
PA0622 R-type pyocin, related to P2 phage; tail sheath 5.4 
PA0623 R-type pyocin, related to P2 phage; tail tube 5 
PA0624 R-type pyocin, related to P2 phage 3.2 
PA0625 R-type pyocin, related to P2 phage; tail length determination 4.1 
PA0626 R-type pyocin, related to P2 phage; tail formation 2.7 
PA0627 R-type pyocin, related to P2 phage; tail formation 3 
PA0628 R-type pyocin, related to P2 phage; tail formation 4.7 
PA0629 Related to phage, lytic enzyme 3.3 
PA0630 Related to phage, lysis control 9.6 
PA0631 Related to phage, lysis control 4.3 
PA0632 Related to phage 10.1 
PA0633 F-type pyocin, related to λ phage; major tail protein 4.2 
PA0634 F-type pyocin, related to λ phage 2.5 
PA0635 F-type pyocin, related to λ phage 9 
PA0636 F-type pyocin, related to λ phage; tail length determination 3.9 
PA0637 F-type pyocin, related to λ phage; tail formation 2.5 
PA0638 F-type pyocin, related to λ phage; tail formation 15.7 
PA0639 F-type pyocin, related to λ phage; tail formation 2.9 
PA0642 F-type pyocin, related to λ phage 3.7 
PA0644 F-type pyocin, related to λ phage 2.9 
PA0645 F-type pyocin, related to λ phage 7.9 
PA0985 Pyocin S5 5.2 
a PA number attributed in the P. aeruginosa genome annotation project (http://www.pseudomonas.com). b 

The functions of the encoded proteins are indicated according to the PAO1 genome annotation (Winsor et 
al., 2005) and to Nakayama et al. (2000). ECF, extracytoplasmic function. 

In the experiments described above we also observed that the turbidity of overnight 
cultures of P. aeruginosa overexpressing the PA4896 ECF sigma factor grown on 
iron-restricted medium was repeatedly significantly lower than that of the non-
induced strain. This prompted us to analyze the growth of both strains in CAS 
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medium containing 200 μM 2,2’-bipyrdyl and in LB medium. When the strains were 
grown in LB, no differences in growth rates were observed (data not shown). 
However, in iron-restricted medium overexpression of PA4896 produced a reduction 
in the growth rate as compared to the non-induced strain (Fig. 4B). This effect was 
specific for the PA4896 sigma factor since the overexpression of another ECF sigma 
factor, i.e. PA0149, had no effect on growth (Figure 2). This effect could be due to 
higher pyocin production in iron-restricted conditions, which would cause the lysis 
of a part of the P. aeruginosa population. Alternatively, the PA4896 regulon also 
contains several bacteriophage-related genes that are coding for putative a holing 
(PA0614) and other lysis-associated proteins (PA0629-PA0632). Upregulation of 
these genes might cause lysis of the host bacteria. 

 
Figure 2: Pyocin production in cells overexpressing PA4896 ECF sigma factor. A. The pyocin 
production of P. aeruginosa PAO25 cells bearing the plasmid pMMB67EH (empty plasmid) (white bars) 
or the plasmid pMMB-PA4896 (dark grey bars) was assayed using the pyocin sensitive strains P. 
aeruginosa HA004 as described in Material and Methods. Given data are averages of four different 
experiments. B. Growth cultures assay in liquid CAS medium supplemented with 200 µM 2,2’-bipyridyl 
(iron-restricted conditions). Given data are from three different experiments.  
 

Identification of the extracellular signal. As mentioned before, pyocin expression 
has been shown to be induced by H2O2 and the antibiotic ciprofloxacin (Chang et 
al., 2005, Brazas, 2005 #176). In order to check if these agents would be the external 
signals inducing PA4896-mediated pyocin expression, P. aeruginosa cells bearing 
the PA4897::lacZ transcriptional fusion, which is induced by PA4896 (Fig. 1) were 
grown in presence of inducing concentrations of H2O2 (1 mM) or ciprofloxacin (0.1 
μg/ml). Although these compounds could induce the expression of the PA0614 
pyocin gene (Fig. 2B and not shown), they did however not induce the synthesis of 
the PA4897 transducer. This means that the PA4896-mediated pyocin induction 
responds to a different agent, probably, and by analogy with other surface signalling 
regulatory systems, to the presence of a heterologous siderophore. To find this 
inducing condition, P. aeruginosa cells bearing the PA4897::lacZ fusion were 
grown in presence of the supernatants of iron-restricted cultures of 52 different 
bacterial and fungal species (see supplemental material (Llamas et al., 2008)). 
Unfortunately, none of the supernatants tested had any effect on the transducer 
expression and therefore the signal inducing the PA4895-PA4896-PA4897 
signalling system remains at present unknown.  
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Figure 3: Analysis of the receptor genes expression. P. aeruginosa PAO25 cells containing the lacZ 
transcriptional fusion pMP-PA4897, and the plasmids pMMB67EH (empty plasmid), pMMB-PA4896, 
were grown under iron-restricted conditions (white and light grey bars) or under iron-rich conditions 
(dark gray and black bars) without (white and dark greys bars) 1 mM IPTG until late exponential growth 
phage and analysed for β-galactosidase activity.  

 

Discussion 
 
Analysis of the sequenced genomes of bacteria predicts the frequent occurrence of 
ECF sigma factors, which in some bacteria are the largest class of sigma factors 
(Braun & Mahren, 2005). There seems to be a correlation between the ability of a 
bacterium to adapt to environmental changes and the number of ECF sigma factors, 
as exemplified among others by P. aeruginosa. This bacterium contains 19 predicted 
ECF sigma factors, thirteen of which are controlled by potential surface signalling 
systems (Table 1). In this work, we have investigated the regulon of one of these 
trans-envelope signal transduction pathways. The previously uncharacterized ECF 
sigma factor, PA4896 was overexpressed, and the induced expression profile was 
determined by microarray analysis. It was shown previously that overexpression of 
sigma factors results in the expression of the sigma-dependent genes in the absence 
of the inducing signal (Beare et al., 2003; Koster et al., 1994; Llamas et al., 2006). 
The microarray analysis shows that overexpression of PA4896 in P. aeruginosa 
does not result in an aspecific response (i.e. downregulation of certain genes, or the 
upregulation of stress response), and does not seem to affect house-keeping 
functions of the bacteria. Although the amount of the overexpressed ECF sigma 
factor in the cell can be considerably higher than that of the house-keeping sigma 
factor RpoD (σ70), the affinity of σ70 for the RNA polymerase is generally much 
higher than that of the alternative sigma factors (Maeda et al., 2000). Comparison of 
the sequences of ECF sigma factors with RpoD (σ70) shows a poor conservation of 
residues at the surfaces that are predicted to be exposed to the RNA polymerase core 
enzyme (Lonetto et al., 1992) (Lonetto et al., 1994) (Wilson & Lamont, 2006), 
which suggests a different pattern of interaction that can lead to different degrees of 
binding affinities.  

As expected, PA4896 controls the expression of a TonB-dependent receptor 
encoding gene located next to the regulatory locus formed by the sigma/anti-sigma 
genes. By analogy with other known surface signalling systems, it is likely that these 
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receptors are the outer membrane transducer involved in the signalling pathway. 
Interestingly, PA4896 also controls the expression of the pyocins R2, F2, and S5 
(Table 4 and Fig. 1 and 2). Although we cannot rule out the possibility that the 
upregulation of these pyocins could be due to a stress response produced by the 
overexpression of this sigma factor, it is only observed after overexpression of 
PA4896 but not after overexpression of four other ECF sigma factor (Llamas et al., 
2008). Moreover, the expression of the pyocin S2, which is known to be induced by 
the SOS response, is not upregulated in cells overexpressing PA4896. Pyocins are 
bacteriocins produced by P. aeruginosa and with the exception of one, the 
producing strains are usually insensitive to their own pyocin  (Goodwin et al., 1972). 
Pyocins are spontaneously produced at low levels, but treatment with mutagenic or 
stressful agents, such as mitomycin C, hydrogen peroxide, the antibiotic 
ciprofloxacin or ultraviolet irradiation, readily increases their production (Brazas & 
Hancock, 2005; Chang et al., 2005; Jacob, 1954; Kageyama & Egami, 1962). Three 
types of pyocins have been identified (Michel-Briand & Baysse, 2002):(i) R-type 
pyocins that resemble non-flexible and contractile tails of bacteriophages, (ii) F-type 
pyocins, which also resemble phage tails but with a flexible and non-contractile rod-
like structure, and (iii) S-type pyocins that are colicin-like, protease-sensitive 
proteins. The spectrum of S type pyocin is limited to P. aeruginosa strains, whereas 
R type pyocins are able to kill other Gram negative bacteria (Phillips et al., 1990). 
Pyocin production is thought to be important for bacterial competition, although 
experimental data for this is lacking.  

Since the PA4896 surface signalling system is involved in pyocin synthesis 
regulation, it is possible that P. aeruginosa uses this system to keep advantage in a 
bacterial niche. Although the inducing condition of this cell-surface signalling 
system is still unkown, it is likely that the PA4895-PA4896-PA4897 signalling 
system is involved in the uptake of iron via heterologous siderophores, since 
increased levels of the TonB dependent transducer was observed in iron restricted 
media compared to iron rich media. The presence of heterologous siderophores 
indicates the presence of other bacterial species nearby and is then used to trigger 
the production of antimicrobial pyocins. In this way the Pseudomonas bacteria are 
combining two different competition mechanisms.   

There is also another link between surface signalling systems and pyocins. Several 
groups have shown that iron-siderophore receptors can also function as pyocin 
receptors, as has shown for the P. aeruginosa ferripyoverdin receptor FpvA (Baysse 
et al., 1999; Denayer et al., 2007; Ohkawa et al., 1980). A possible explanation for 
this was proposed previously by Smith et al.; pyocins that recognize ferripyoverdine 
receptors are driving the evolution of these siderophore receptors and, at the same 
time, the diversification of pyoverdines (Smith et al., 2005). Although, the rationale 
behind our finding has yet to be elucidated the regulation of pyocin synthesis by a 
surface signalling system provides an extra level of regulation that allows P. 
aeruginosa to produce pyocins when the benefits obtained by their synthesis are 
higher that the negative effects. 

In summary, our work showed that the PA4895-PA4896-PA4897 cell surface 
signalling system controls the expression of three P. aeruginosa pyocins, possibly in 
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response to extracellular siderophores, which may serve as an extra defense 
mechanism used in bacterial competition in the environment.  
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 SUMMARY AND GENERAL DISCUSSION 

 
The research described in the first part of this thesis is focussed on the role and 
characteristics of mobile genetic elements. These DNA elements give bacteria the 
ability to pass on traits, such as antibiotic resistance mechanisms and virulence 
factors. Since bacteria are continuously exchanging DNA, a rapid emergence of 
multidrug resistant microorganisms occurs. Due to a lack of fallback agents, we are 
facing problems we thought we would never face again: the loss of a cure for 
bacterial infections! This first part addresses the different aspects of both the 
epidemiology and molecular characteristics of antibiotic resistance (Chapters 1, 2, 
3A and 3B) and its relation with mobile DNA elements.  

The second part of the thesis addresses the function of  two highly variable genomic 
islands in P. aeruginosa [1], namely a family of filamentous bacteriophages that has 
been hypothesized to play a role in biofilm formation and pyocins (Chapter 4 and 5).  

 

PART 1. Mobile genetic elements and antibiotic resistance 
 
The world is facing a global pandemic of antibiotic resistance which must be tackled 
soon or as experts say, we will return to the pre-antibiotic era [2]. This will not only 
affect treatment of infectious diseases, but will also lead to a roll-back of major 
milestones in modern medicine, such as major surgery, organ transplantation and 
cancer treatment [2]. The most important disease threat in Europe is already thought 
to come from antibiotic resistant micro-organisms, and without a global response on 
the use and abuse of antibiotics, this threat will only increase [3]. Therefore, 
understanding the epidemiology and molecular aspects of antibiotic resistance is of 
critical importance to address methods to control the ongoing spread of antibiotic 
resistance. 

The nature of ciprofloxacin resistance in a collection of E. coli isolates was studied 
in Chapter 1 of this thesis. Ciprofloxacin, a fluoroquinolone, functions by inhibiting 
the bacterial type II topoisomerase/DNA gyrase [4]. Point mutations in the genes for 
type II topoisomerase and DNA gyrase (parC, parE, gyrA, and gyrB) have been long 
considered as the primary cause of ciprofloxacin resistance. In Escherichia coli, 
alterations in the GyrA subunit are possible because the sequence of this gene is by 
nature highly variable [5].  Anti-microbial pressure selects for a subset of these 
natural mutations, which easily results in a fluoroquinolone-resistant population. 
However, recently it has been shown that besides these intrinsic resistance 
mechanisms, ciprofloxacin resistant populations are also associated with the 
presence of specific DNA elements [6-8]; [9].  Since the rapid emergence of 
antibiotic resistant subpopulations is often caused by horizontal gene transfer of 
resistance genes, it is not surprising that a novel plasmid-mediated quinolone 
resistance mechanism was identified [10]. The genes responsible for quinolone 
resistance, qnr and AAC(6’)-lb-cr, are mainly found within integron class 1 
structures, but could also be found in transposon-like elements (qnrS). 
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Since we observed a significant increase in the frequency of ciprofloxacin-resistant 
E. coli strains in the haematology departments of two university hospitals in The 
Netherlands, we analysed the possible mechanisms of this resistance. We were able 
to show that the increase was not due to the emergence of unique ciprofloxacin-
resistant clones. Eighty-one % of the ciprofloxacin-resistant isolates contained an 
intI1 gene, compared to 11% of the ciprofloxacin-susceptible isolates (p < 0.0001). 
We could not detect the quinolone resistance gene qnrA in any of the integrons nor 
in dot-blot hybridisation of total DNA. Finally, conjugation experiments showed that 
ciprofloxacin resistance was not co-transferred with class 1 integrons. We did show 
that the ciprofloxacin-resistant isolates harboured mutations in the gyrA gene, which 
are known to encode ciprofloxacin resistance. These mutations might be ascribed to 
the ciprofloxacin pressure as part of the selective decontamination of the digestive 
tract of the patients included in this study. It is known that ciprofloxacin pressure 
leads to DNA damage and the induction of SOS response. A connection between 
ciprofloxacin induced SOS response and mobile DNA transfer has been made in 
Vibrio cholerae and Staphylococcus aureus [11, 12] A 100 kilobase integrative 
conjugating element, harbouring multiple antibiotic resistance genes, was transferred 
upon induction with ciprofloxacin in Vibrio cholera [11], and in S. aureus 
ciprofloxacin induction lead to  horizontal dissemination of pathogenicity island-
encoded virulence factors [12]. These observations lead to the possibility that the 
selective ciprofloxacin pressure results in increased/induction of horizontal gene 
transfer, which in turn lead to the acquisition of class 1 integrons.  In conclusion, an 
association was observed between ciprofloxacin resistance and the presence of class 
1 integrons, which could not be explained by the genetic determinants of quinolone 
resistance known at the time of the study. 

Since the discovery of plasmid-mediated quinolone resistance, only one class of 
antibiotics remains that is not affected by these resistance mechanisms. This class of 
antimicrobial agents is that of the polypeptides, and primarily comprises the cationic 
antimicrobial peptides polymyxin B and polymyxin E (colistin). The use of these 
antibiotics was partially abandoned in the 1960s because of concerns about their 
toxicity [13]. Recently, reassessment of the safety of polymyxin B and colistin 
showed that both antibiotics can be safely and adequately used to treat multidrug-
resistant infections, especially respiratory tract infections. Unfortunately, the first 
polymyxin-resistant clinical isolates have already been isolated [14]. Although the 
resistance mechanism is not fully understood, it is thought to occur through adaptive 
intrinsic resistance, rather than through plasmid-mediated resistance.  Polymyxins 
target the bacterial LPS and through lipid-A modification of LPS bacteria prevent 
access of the drug to the bacterial cell wall and subsequent killing.  Although Gram-
negative bacteria have several lipid-A modification enzymes, to our knowledge 
genes encoding for lipid-A modification enzymes have not yet been found on mobile 
DNA elements, such as plasmids.  Since polymyxins are often the last relevant 
therapeutic option for treatment of infections caused by multidrug resistant Gram-
negative bacteria, they should be used cautiously to prevent development of 
polymyxin resistance.  

In Chapter 2, the epidemiology and molecular aspects of carbapenem resistance in 
Acinetobacter baumannii in a university hospital in Turkey were studied. The study 
started with the observation of a rapid increase in the isolation of antibiotic resistant 
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microorganisms, especially carbapenem-resistant A. baumannii strains, isolated from 
patients admitted to the intensive care unit (ICU). In contrast to the study described 
in Chapter 1, genomic typing revealed three predominant genotypes. The largest 
clonal outbreak consisted of 72 clinical strains, isolated from 60 different patients. 
Molecular characterization showed the presence of the oxacillinase genes, blaOXA-58 
and blaOXA-51-like

 in the predominant genotypes. The gene blaOXA-58
  is consistently 

associated with carbapenem resistance, whereas OXA-51-like enzymes are also 
widespread in carbapenem-susceptible strains [15] [16]. Insertion sequences, such as 
ISaba1, provide promoters that enhance gene expression when adjacent to blaOXA-51-

like, and as such may contribute to the carbapenem resistance [17]. The presence of 
insertion sequences adjacent to blaoxa-51-like needs to be further evaluated to determine 
the contribution of blaoxa-51-like

 genes to the carbapenem resistance in these clinical 
isolates. In 2006, Vahaboglu et al. already reported that blaoxa-58-bearing plasmids 
were quickly spreading among multiple clones of the blaoxa-51-like

 A. baumannii 
strains in Turkey [18].  This, in combination with extensive use of carbapenems and 
a lack of strict infection control measures, most likely led to this large outbreak. As 
discussed earlier in the introduction, one of the key features that facilitate the 
emergence of A. baumannii is its ability to survive in dry conditions over prolonged 
periods. An investigation was started and an environmental isolate related to the 
major outbreak clone was recovered from a ventilator monitor, thus confirming the 
ability of A. baumannii to survive in the hospital environment. Implementation of 
strict infection control measures have led to control the outbreak, but did not 
eradicate carbapenem-resistant strains from the ICU yet. This might partially be 
caused by the difficulties in completely removing this pathogen from the hospital 
environment. Irrespective of the antibiotic pattern, Acinetobacter species need more 
stringent conditions than typically sufficient in order to eradicate all bacteria [19]. 
Seventy percent of ethanol is often used for decontamination purposes, but is 
however ineffective against Acinetobacter baumannii [20].  This shows the 
importance of adapting disinfection procedures to the bacterial pathogen 
encountered in the hospital environment, in order to fully eradicate the 
microorganism from the environment.  

The careful use of antibiotics, surveillance proGrammes, and strict infection control 
measures are thought to be responsible for the relatively low resistance levels 
observed in The Netherlands. In Chapter 3A of this thesis we evaluate clonal 
dissemination after the implementation of the new guidelines for highly resistant 
micro-organisms as published by the Dutch Working Party on Infection Control [21] 
[22] [23]. The incidence density of highly resistant micro-organisms (HRMO) 
observed was considered very low, 4.3 per 10.000 patient days [21]. Due to a lack of 
uniform definitions of highly resistant microorganisms, comparisons of our data 
with those from other studies are difficult. HRMOs identified in this study showed 
that clonal dissemination occurred in 4 occasions with Gram-negative rods, and in 4 
occasions with Gram-positive cocci [21].  Unsurprisingly, clonal dissemination was 
primarily associated with patients staying on the intensive care unit. On this unit 
contact between nursing staff and these critically ill patients is very intense, which 
increases the risk for cross-transmission. Moreover, these patients are often immune-
compromised and therefore treated with antibiotics to prevent opportunistic 
infections. As a consequence, only antibiotic resistant bacteria survive, thereby 
increasing the resistance rate.  
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A subsequent study on the contribution of horizontal gene transfer on antibiotic 
resistance follows in Chapter 3B. Integron class 1, an antibiotic resistance gene 
capture and expression system, was identified in nearly 70% of the highly resistant 
Gram-negative micro-organisms identified in the study presented in Chapter 3A. 
Characterization of gene cassettes of these integrons revealed 22 unique and 2 
prominent types. Subsequent epidemiological analysis showed that resistance genes 
in bacterial isolates obtained from seven patients (out of a total of 57) were acquired 
via horizontal gene transfer, most likely of integron harbouring plasmids. As in the 
two previous studies, dissemination was shown to occur especially in patients 
admitted to intensive care units.  In Chapter 3A we have shown that clonal 
dissemination occurred in 0.7 / 10.000 patients, in this complementary study 
horizontal gene transfer of antibiotic resistance genes, occurred almost twice as 
often. This shows the importance of horizontal gene transfer in the dissemination of 
antibiotic resistance genes between patients in a hospital environment.  

As discussed in the introduction, bacterial resistance represents a form of evolution 
in which bacteria try to circumvent the effects of antibiotics. Subsequent 
epidemiological analysis showed that resistance genes in bacterial isolates obtained 
from seven patients (out of 57) were acquired via horizontal gene transfer. Thus far, 
bacteria have been able to develop resistance mechanisms against all known classes 
of antibiotics. It is therefore reasonable to assume that bacteria will eventually 
develop new resistance mechanisms against any antimicrobial agent, whether it 
belongs to old classes or to novel ones. Therefore, compounds that do not aim to 
eradicate, but rather inhibit virulence factors might be less prone to the development 
of bacterial resistance mechanisms. Since many bacteria use quorum sensing 
systems to coordinate virulence, this might be a promising target. For example, two 
quorum sensing inhibitors, garlic extract and 4-nitro-pyridine-N-oxide (4-NPO) were 
found to reduce P. aeruginosa biofilm formation and infection in a Caenorhabditis 
elegans pathogenesis model [24]. By knocking out bacterial virulence factors only, 
the bacteria undergo less pressure, which potentially results in less evolutionary 
pressure to develop resistance mechanisms. At the moment, several studies focus on 
the identification of novel bioactive compounds directed against bacterial virulence 
factors, such as type III secretion systems.  A second advantage of these novel anti-
virulence compounds is that they will more specifically target pathogenic bacteria 
and leave most of the normal host micro flora unharmed. This specific treatment 
could also help to avoid secondary infections due to a microbial misbalance and 
therefore a further reduction of the use of antibiotics.  

 

PART 2. Variable genetic elements of Pseudomonas aeruginosa 

 
Besides antibiotic resistance, bacteria also posses other variable genetic islands, 
often involved in virulence. The last two Chapters of this thesis describe two of 
these elements of the opportunistic pathogen, Pseudomonas aeruginosa.   

In Chapter 4 we describe the characterization of filamentous bacteriophages of P. 
aeruginosa belonging to the Pf family [25].  These filamentous bacteriophages were 
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hypothesized to be involved in the formation of small colony variants and biofilm 
formation [26]. Since biofilm formation is a major virulence trait of P. aeruginosa 
we studied these bacteriophages in more detail. Our study showed that the integrated 
filamentous bacteriophage of P. aeruginosa strain PA14 (Pf5) is not involved in 
small colony formation, and therefore probably not in biofilm formation. We also 
tested 48 clinical isolates and found no association between the ability to form small 
colony variants and the presence of the Pf filamentous bacteriophages. Population 
analysis of P. aeruginosa clinical isolates has shown that the most frequent genotype 
is represented by strain PA14, whereas strain PAO1 was found to be a rare genotype 
[27]. Together this shows that the pf-like filamentous bacteriophages are generally 
not involved in small colony formation of P. aeruginosa.  

This study does however show that filamentous phages of the Pf type are present in 
a large number of P. aeruginosa strains, as was also shown in other studies. 
Moreover, these phages generally seem to be active, since phage replication forms 
can be isolated and the chromosomal insertion sites differ considerably between 
different strains. This could mean that the Pf phages do provide a specific advantage 
for P. aeruginosa strains, although at present it is not known what kind of 
advantage, since the small colony phenotype is not dependent on these phages. At 
the very least Pf phages play, because of their active replication and variable 
genome locations, a role in P. aeruginosa strain differentiation and evolution. It may 
however also provide a competitive advantage in e.g. the lungs, as it has been shown 
for other genomic prophages [28]. The impact of this evolution on the development 
of virulence remains to be investigated, but should not be underestimated.  
Bacteriophages have been shown previously to play an important role in the 
evolution of various pathogens, such as the emergence of Salmonella enterica 
serovar Typhi [29]. Perhaps in the future we will witness that also P. aeruginosa will 
develop a specific lineage that is no longer a general pathogen but a specific human 
pathogen.   

In Chapter 5 of this thesis, we studied gene regulation of pyocins. Pyocins represent, 
together with the Pf phages, probably the most variable genetic islands of clinical P. 
aeruginosa isolates [1], although their role in P. aeruginosa evolution and survival 
in the host is unclear.  In this chapter we describe a novel cell surface signalling 
system that regulates the expression of pyocins [30]. This surface signalling system 
contains an iron starvation ECF sigma factor and as such is likely to be involved in 
the uptake of heterologous iron.  In microbial populations, bacteria have to compete 
with each other for their nutrients, such as iron. Therefore, they produce iron-
scavenging siderophores. Some bacteria, like P. aeruginosa, are able to use also 
heterologous siderophores, produced by other bacteria. This is the first report that 
bacteriocins are produced upon the presence of a specific extracellular signal 
indicating the presence of other bacteria. The presence of heterologous siderophores 
indicates the presence of other bacterial species nearby and is then used to trigger 
the production of antimicrobial pyocins. In this way, Pseudomonas can combine two 
different competition mechanisms. Identification of the heterologous siderophore 
could prove this hypothesis, which would pinpoint to an unexpected complexity in 
bacterial behaviour, whereby bacteria are anticipating the presence of bacterial 
competitors.    
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General Conclusions 
 
Antibiotic changed the world for the better, but without a global response against the 
rising antibiotic resistance levels, the world will change for the worse. Mobile 
genetic elements confer bacteria with unique ways to exchange genetic information. 
As such, mobile DNA elements are an important cause of the rapid spread of 
antibiotic resistance and provide bacteria opportunities to acquire novel virulence 
factors.  

Other variable genetic elements, such as phages are studied in this thesis. Although 
at the moment the consequences of the presence of these variable DNA elements for 
therapy are perhaps minor compared to the presence of antibiotic resistance genes, 
gene rearrangements and gene acquisition of toxin-encoding genes on this 
filamentous bacteriophage could have major consequences in the future.  
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MOBIELE GENETISCHE ELEMENTEN 

IN NOSOCOMIALE PATHOGENEN 
 

SAMENVATTING EN CONCLUSIES 
 

Antibiotica zijn sinds de eerste ontdekking van penicilline in 1928 en de 
ingebruikneming in 1940, uitgegroeid tot één van de belangrijkste hoekstenen van 
de gezondheidzorg. De steeds toenemende antibioticaresistentie van pathogene 
bacteriën vormt dan ook een wereldwijd probleem voor de volksgezondheid.  
 
Het onderzoek,  dat beschreven is in het eerste deel van dit proefschrift, richt zich 
vooral op de rol van mobiele genetische elementen in antibiotica resistente bacteriën 
(Hoofdstukken 1, 2, 3A en 3B).  Deze mobiele genetische elementen voorzien 
bacteriën van de mogelijkheid om verschillende eigenschappen, zoals antibiotica 
resistentie of andere virulentiefactoren over te dragen aan elkaar. De snelle groei van 
antibiotica resistente bacteriën komt mede, doordat bacteriën continu DNA, en 
daarmee ook antibioticaresistentie, aan elkaar doorgeven. Door een gebrek aan 
‘reserveantibiotica’ verliezen we de mogelijkheid voor het behandelen van bacteriële 
infecties.  

Het tweede deel van dit proefschrift beschrijft de functie van twee variabele DNA 
regionen in Pseudomonas aeruginosa.  Namelijk, dat van een familie van 
filamenteuze bacteriofagen waarvan gesuggereerd is, dat zij een rol speelt in het 
vormen van een biofilm (Hoofdstuk 4) en dat van de productie van pyocinen, die 
deel uitmaken van het verdedigingsmechanisme van P. aeruginosa (Hoofdstuk 5). 

 

Deel 1. Mobiele genetische elementen en antibioticaresistentie  
 
Ciprofloxacin, behorend tot de groep van (fluoro)quinolonen, is een breedspectrum 
antibioticum dat zowel tegen Gram positieve als Gram negatieve bacteriën 
werkzaam is. Het blokkeert de DNA replicatie door te binden aan DNA gyrase, 
waardoor tweezijdige breuken in het DNA ontstaan. Selectie voor bacteriën met 
puntmutaties in de genen die coderen voor DNA gyrase en topoisomerase VI (gyrA, 
gyrB, parC and parE) zijn lang verondersteld als belangrijkste oorzaak voor 
ciprofloxacinresistentie. Echter, mobiele genetische elementen (b.v. integron op 
plasmiden) zijn ook verscheidene keren met ciprofloxacinresistentie geassocieerd. 
Het was dan ook niet verwonderlijk, dat een plasmide-geassocieerd 
ciprofloxacinresistentie mechanisme (qnr en AA(6’)-Ib-cr) werd ontdekt.   
 
Hoofdstuk 1 van dit proefschrift beschrijft de karakterisering van een collectie van 
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ciprofloxacinresistente Escherichia coli stammen die geïsoleerd zijn van patiënten 
van de hematologie afdeling van twee universitaire ziekenhuizen in Nederland. Door 
middel van moleculaire typeringstechnieken hebben we aangetoond dat de stijging 
die gevonden was in het aantal geïsoleerde ciprofloxacinresistente E. coli stammen 
niet veroorzaakt werd door een individuele stam. Uit verdere karakterisering bleek 
dat 81% van de resistente E. coli stammen een integrase gen (intI1) bevatten, tegen 
11% van de ciprofloxacin gevoelige stammen (p < 0.0001). Dit integrase gen, maakt 
deel uit van een DNA element, genaamd een integron klasse 1, dat 
antibioticaresistente genen kan bevatten. Echter we konden  de aanwezigheid van 
qnrA, het enige quinolone resistentie gen dat bekend was ten tijde van het 
onderzoek, niet bevestigen. Ook waren we niet in staat om onder laboratorium 
condities ciprofloxacin resistentie over te dragen samen met intergon klasse 1.  
Nadere analyse van de DNA sequentie van DNA gyrase en topoisomerase IV genen 
toonde de aanwezigheid van puntmutaties aan in de ciprofloxacinresistente 
populatie. Howel een correlatie tussen de aanwezigheid van het DNA element, 
integron klasse 1, en ciprofloxacinresistentie was aangetoond, kon een aanvullende 
verklaring hier niet voor gevonden worden.  

Carbapenems (imipenem, meropenem), behorend tot de β-lactam antibiotica, zijn 
breedspectrum antibiotica die zowel tegen Gram positieve als Gram negatieve 
bacteriën werkzaam zijn. Voor multidrug resistente Acinetobacter baumannii 
stammen is carbapenems één van de belangrijkste behandelingsmogelijkheden . De 
β-lactam antibiotica verstoren bacteriële celwandsynthese door een eiwit (penicilline 
bindend eiwit)  te binden,  dat betrokken is bij de synthese.  

Hoofdstuk 2 van dit proefschrift beschrijft de epidemiologische en moleculaire 
aspecten van carbapenem resistente Acinetobacter baummannii stammen van een 
Turks universitair ziekenhuis. In tegenstelling tot hoofdstuk 1 bleek de stijging in 
carbapenem resistente A. baummannii stammen te zijn veroorzaakt door drie 
uitbraakstammen. De grootste uitbraak omvatte 72 klinische stammen geïsoleerd 
van 60 verschillende patiënten. Moleculaire karakterisering toonde aan dat de drie 
uitbraak stammen de oxacillinase genen blaOXA-51-like

 en blaOXA-58
 bevatten. De 

aanwezigheid van dit laatste gen wordt altijd geassocieerd met 
carbapenemresistentie. Omgevingsonderzoek toonde de aanwezigheid van de 
grootste uitbraak stam aan, op een ventilator op de intensive care unit. De 
implementatie van strikte infectie preventieve methoden, zoals handen wassen, heeft 
de uitbraak onder controle gebracht. De uitbraakstam is echter nog steeds niet geheel 
uit het ziekenhuis verwijderd, aangezien deze nog steeds, maar wel sporadisch uit 
patiëntenmateriaal wordt geïsoleerd. 

Zorgvuldig antibiotica gebruik, screening en strikte infectiepreventie richtlijnen 
worden verantwoordelijk geacht voor de relatief lage bacteriële resistentie levels in 
Nederland. In hoofdstuk 3A van dit proefschrift wordt de klonale verspreiding van 
bacteriën na de nieuw geïmplementeerde richtlijnen van de Werkgroep Infectie 
Preventie (WIP) geëvalueerd. De gevonden incidentie van multiresistente bacteriën 
was vrij laag, 4.3 op 10,000 patiëntendagen. Vanwege uniformiteit in de definitie 
van deze multiresistente bacteriën, zijn de gevonden gegevens  lastig te vergelijken 
met andere studies. In totaal zijn er 4 uitbraken van Gram positieve en 4 van Gram 
negatieve bacteriën geïdentificeerd. Niet ontoevallig vonden deze allen plaats op de 



Samenvatting en Conclusies 

135 

intensive care unit, waar het contact tussen het verplegend personeel en de patiënten 
zeer intens is. Ook zijn deze veelal ernstig zieke patiënten immuundeficiënt, 
waarvoor zij behandeld worden  met antibiotica om opportunistische infecties te 
voorkomen. Door de hoge antibioticadruk kunnen alleen resistente bacteriën 
overleven, waardoor de incidentie van resistentie micro-organismen op de intensive 
care unit hoger is.  

Een vervolgstudie over het aandeel van horizontale genoverdracht in antibiotica 
resistentie is beschreven in hoofdstuk 3B. Het integron klasse 1 was gevonden in 
bijna 70% van de multiresistente bacteriën uit hoofdstuk 3A.  Karakterisering van de 
gen cassettes (het deel van het integron dat de antibioticaresistente genen bevat) van 
deze integronen werd aangetoond, dat er 22 individuele en 2 veelvoorkomende 
typen waren. Uit verdere epidemiologische analyse bleek dat bacteriën geïsoleerd 
van 7 van de 57 patiënten resistente genen hadden verkregen via horizontale 
genoverdracht, waarschijnlijk via plasmiden die integronen bevatten. Net als in de 
vorige studies, vond overdracht voornamelijk plaats op de intensive care unit. In 
hoofdstuk 3A hebben we laten zien dat klonale verspreiding voorkomt in 0.7 op 
10,000 patiënten terwijl in deze complementaire studie horizontale gen overdracht 
van antibiotica resistente genen maar liefst  2 keer vaker voorkomt. Hieruit blijkt de 
belangrijke rol die horizontale genoverdracht speelt in de verspreiding van 
antibiotica resistentie in bacteriën.  

 

Deel 2. Variabele genetische elementen van Pseudomonas aeruginosa 

Naast antibioticaresistentie, bevatten bacteriën ook andere variabele genetische 
elementen, die bijdragen aan de virulentie van het micro-organisme. De laatste twee 
hoofdstukken van dit proefschrift beschrijven twee genetische elementen van de 
opportunistische bacterie, Pseudomonas aeruginosa.  

Hoofdstuk 4 van dit proefschrift  beschrijft de karakterisering van een filamenteuze 
bacteriofaag van P. aeruginosa. Eerdere publicaties suggereerden de betrokkenheid 
van deze pf familie van bacteriofagen (Pf4 in P. aeruginosa stam PAO1) bij de 
vorming van morfologische kleine kolonie varianten en biofilms. Biofilms zijn een 
complexe gemeenschap van oppervlakte gebonden bacteriën. Bacteriën die deel 
uitmaken van een biofilm scheiden vaak polymeren af, waardoor zich een slijmerige 
mantel rond de bacteriën vormt. Vernietiging van biofilms is vaak heel lastig.  

Populatie studies hebben aangetoond dat P. aeruginosa stam PA14 het frequentst 
geïsoleerd wordt van klinische isolaten, dit in tegenstelling tot stam PAO1. 
Aangezien biofilms een belangrijke rol spelen in bacteriële virulentie, is de 
homoloog van Pf4, Pf5 in stam PA14 nader onderzocht.  
 

De filamenteuze bacteriofaag Pf5 in stam PA14 bleek niet betrokken te zijn bij de 
vorming van de morfologisch kleine kolonie varianten noch bij de vorming van 
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biofilms. Tevens werden achtenveertig klinische P. aeruginosa onderzocht, maar 
een correlatie tussen de aanwezigheid van een pf filamenteuze bacteriofaag en 
morfologisch kleine kolonie varianten werd niet gevonden. Hieruit blijkt dat pf-
achtige filamenteuze bacteriofagen in het algemeen niet betrokken zijn bij de 
vorming van kleine kolonie varianten nog bij die van biofilms. 

Pf bacteriofagen en pyocinen, vormen samen waarschijnlijk de meest variabele 
genetische eilanden in klinische P. aeruginosa stammen. Het laatste hoofdstuk van 
dit proefschrift, hoofdstuk 5, beschrijft de expressie van pyocinen, faag-achtige 
eiwitten. Drie verschillende typen pyocinen, F-, R-, and S-type zijn beschreven, 
welke allemaal via een single-hit mechanisme, bacteriën van andere stammen, maar 
meestal wel aanverwante species vernietigen. Een nieuw oppervlakte 
signaleringssysteem bleek betrokken te zijn bij de productie van de pyocinen, R2, 
F2, and S5 in P. aeruginosa. Dit oppervlakte signaleringssysteem bevat een ECF 
sigma factor, dat in lage ijzerconcentraties actief wordt, waardoor het aannemelijk is 
dat het systeem betrokken is bij ijzeropname. In microbiële populaties moeten 
bacteriën concurreren metvoedingsstoffen, zoals ijzer. Daarom produceren bacteriën 
ijzeraantrekkende sideroforen. Sommige bacteriën, zoals P. aeruginosa zijn ook in 
staat ijzeraantrekkende sideroforen van andere bacteriën te gebruiken. Dit is de 
eerste publicatie waarbij P. aeruginosa  pyocinen produceert, in reactie op de 
aanwezigheid van een specifiek extracellulair signaal, de aanwezigheid van een 
siderofoor van een andere bacterie in de nabije omgeving. Dit mechanisme verschaft 
Pseudomonas de mogelijkheid om te concurreren met bacteriële tegenstanders, maar 
duidt ook op de complexiteit van bacteriële populaties.  

 

Conclusies 
 
Antibiotica heeft de gezondheidszorg in de wereld verbeterd, maar zonder een 
wereldwijd actieplan tegen de stijgende antibioticaresistentie, verliezen we de strijd 
tegen infectieziekten op den duur. Mobiele genetische elementen voorzien bacteriën 
van de mogelijkheid om verschillende eigenschappen, zoals antibiotica resistentie of 
andere virulentiefactorenover te dragen aan elkaar. Mobiele DNA elementen spelen 
dan ook een belangrijke rol in de verspreiding van antibioticaresistentie. De 
consequenties van de andere variabele genetische elementen, de fagen en pyocinen, 
die in dit proefschrift beschreven zijn, lijken van ondergeschikt belang aan die van 
de antibioticaresistentie problematiek. Echter het verwerven van bijvoorbeeld een 
toxine gen op een filamenteuze bacteriofaag (e.g. cholera toxine)  kan grote 
consequenties hebben.  
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stukken hebt gecorrigeerd, en in het bijzonder jouw uitleg waarom zinnen beter 
anders geformuleerd konden worden. Heel erg bedankt hiervoor.  

De leden van de leescommissie bestaande uit prof.dr. J. Groeneveld, prof.dr. J. 
Luirink, dr. M.A. van Agmael, dr. A. Fluit, dr. C. Schultsz bedankt voor uw  tijd om 
mijn proefschrift te lezen en te beoordelen. Constance, ik wil jou graag ook nog in 
het bijzonder bedanken, want in mijn beginperiode op het VUmc ben je nauw 
betrokken geweest bij mijn onderzoek. Helaas, door je vertrek naar Vietnam, was 
het niet langer mogelijk om mijn begeleider te zijn, desalniettemin heb je een 
belangrijke rol gespeeld in mijn voorliefde voor medische epidemiologie. Ik was dan 
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ook heel blij te horen dat je deel uitmaakt van de leescommissie en dat je er op die 
belangrijke dag ook bij bent.   

Mijn paranimfen, Fredericke en Gert heel erg bedankt dat jullie mijn paranimfen 
willen zijn. Beste Gert, heel erg bedankt voor alle gezellige uurtjes die we samen 
hebben doorgebracht. Ik heb het altijd heel plezierig gevonden om samen een kamer 
te delen, het was toch altijd wel stil wanneer je weer terug moest naar de kliniek. 
Gelukkig ging de tijd snel en kwam je weer terug. Heel veel succes met de laatste 
loodjes van je eigen onderzoek . Het spreekwoord, ‘de laatste loodjes wegen het 
zwaarst’ klopt helemaal, maar ze zijn het meer dan waard. Beste Fredericke,  tijdens 
de laatste jaren van mijn promotie ben jij echt een goede vriendin geworden. Jouw 
hulp en steun zijn zeer belangrijk voor me geweest. Vele uurtjes hebben we samen 
in het lab en vissenhok doorgebracht en die bezigheden waren toch heel anders 
geweest zonder jou. Ik ben blij dat onze vriendschap niet alleen tot het werk beperkt 
gebleven is en dat we elkaar nu ook nog steeds buiten het werk zien/spreken.  

Mijn microbiologische laboratorium technieken heb ik zeker te danken aan alle 
microbiologen en analisten van de afdeling Medische Microbiologie (locatie 
ziekenhuis). Ooit was ik van plan om geen ziekenhuis stage te doen, maar wat ben ik 
blij dat ik het toch gedaan heb. Jullie hebben mij zoveel kennis bijgebracht, ik ben 
jullie er stuk voor stuk dankbaar voor. Faizel ik wil jou graag in het bijzonder 
bedanken, je hebt mij zoveel geleerd waar ik nog elke dag dankbaar gebruik van 
maak. Ruikt het naar Pseudomonas of is het toch E. coli, niet zeker dan toch maar 
even een oxidase testje doen. In het lab waar ik nu werk durfde niemand aan de 
bacterien te ruiken, maar zo langzamerhand begint iedereen ook hier te snuffelen.  

Voor de vele experimenten die nodig waren om dit proefschrift tot stand te brengen, 
zijn er ook heel wat voedingsbodems, buffers en andere oplossingen gebruikt. Het 
overgrote deel hiervan kon kant-en-klaar uit de voorraadkast gepakt worden want 
“de keuken” had dit al gemaakt. Ik ben heel veel dank verschuldigd aan Hans, 
Naima en Kishor voor al deze luxe! Ja, je leest het goed, luxe, want op vele labs is 
dit echt niet vanzelfsprekend en moet je gewoon je eigen LB (NaCl, Trypton, Gist 
extract) afwegen en zelfs je eigen water autoclaveren als je steriel water wilt 
gebruiken.  Mijn dank is ook groot voor Henk, die al het afval verwerkt, en er ook 
voor zorgt dat er altijd schoon en steriel glaswerk beschikbaar is. Ik kan je uit 
ervaring vertellen, ook dit is een luxe! 

Mijn eerste kennismaking met de faculteit was bij de MEP, de medische 
epidemiologie beter bekent als Madelon, Erik en Paul. Madelon en Erik heel erg 
bedankt voor alle praktische hulp die jullie mij gegeven hebben in mijn eerste 
stapjes in het onderzoek. Later kwamen ook Joyce, Nico en Martine de MEP 
versterkenen ook met hen heb ik altijd plezierig samengewerkt.  

Dear Marian, I still remember the day that Wilbert told me that you were coming 
into our office and I had to speak English. The first few days it took me ages 
formulating sentences, but I lost my fears and soon we were chatting away and had a 
great time. Sometimes the English was far from perfect, e.g. home-doctor instead of 
physician, but we understood each other. Halfway through my PHD project, I 
changed to Pseudomonas and during my Pseudomonas period, you have been of 
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great help. Thank you very much for the many talks we have had, teaching me your 
technical skills, and sharing lots of your good protocols of which many I am still 
using today. Muchas gracias! 

Ook wil ik graag dr. B.J. Appelmelk en dr. A.M. van der Sar bedanken. Beste Ben, 
bedankt voor de vele wijze adviezen/tips die ik heb gekregen van jou. Jouw warmte 
en hartelijkheid heb ik als zeer prettig ervaren. Beste Astrid, heel erg bedankt voor 
de gezelligheid en je hulp bij mijn zebravissen onderzoek. Helaas is dat deel nooit in 
mijn proefschrift opgenomen, maar dat neemt niets weg van het feit, dat ik heel veel 
van je geleerd hebt. Ook de gezellige praatjes in de metro heb ik altijd als zeer 
prettig ervaren.  

Mijn (ex) kamergenootjes, Tami, Monique, Paul, Abdallah, Nicole, Jeroen bedankt  
voor de gezellige tijd die wij hebben gehad. Abdallah, heel erg bedankt voor je hulp 
en de vele interessante gesprekken (met z’n drieën samen met Gert) en je humor, bij 
Abdallah gaat alles op z’n Abdallahs! Tami, bedankt voor de leuke tijd. Het was fijn 
een kamer met je te delen. Nicole, heel veel succes met jouw onderzoek.   

De analisten, Marion, Theo, Janneke, Roy en Carina wil ik ook graag bedanken voor 
alle hulp bij experimentele vragen en het draaiend houden van alle apparatuur. 
Carina, heel erg bedankt voor de leuke tijd en je vriendschap. Hopelijk start je 
binnenkort je eigen promotieonderzoek, heel veel succes er mee.   

Beste Wim, ik denk dat ik wel mag stellen dat de afdeling zonder jou toch aardig in 
de soep zou lopen. Wie moet zonder jou alle bestellingen doen? Alle andere klusjes? 
De pannenkoeken bakken? De labuitjes organiseren?  De vissen voeren? Het kabinet 
schoonmaken? De vissen paren? Heel, heel erg bedankt voor alle hulp en de super 
gezellige tijd!  

Tijdens mijn promotietraject heb ik drie studenten mogen begeleiden. Jacqueline, 
Sandra en Marillie heel erg bedankt voor jullie inzet. Marillie, jouw project heeft 
zelfs tot het schrijven van een publicatie geleid! Ik hoop dat er vele voor je mogen 
volgen. Ik bewonder jouw positieve instelling tijdens je stage, maar zeker ook 
daarbuiten heel erg!  

Tijdens de verschillende projecten voor dit proefschrift heb ik met onderzoekers van 
andere (buitenlandse) instituten samengewerkt. Ina en Jan, heel erg bedankt voor de 
samenwerking. Ina, jij heel veel succes met jouw onderzoek. Dear Canan, many 
mails were exchanged between Holland and Turkey, most of them were written with 
a personal touch. Thank you very much for the collaboration, I wish you all the best 
with your research. 

Natuurlijk wil ik ook alle (ex)medewerkers van Orale Microbiologie bedanken voor 
de gezellige koffiepauzes, labuitjes en in het bijzonder de overheerlijke kerstdiners.  

Tot slot wil ik mijn familie bedanken voor hun onvoorwaardelijke steun die ik van 
kleins af aan heb gehad om dit alles te bereiken. Natuurlijk mijn schoonfamilie 
daarbij niet vergetend. En als allerlaatste mijn lieve man, Machiel. Zonder jou was 
dit proefschrift nooit tot stand gekomen. Lieve schat, deze is voor jou! 
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Marlies Jorette Mooij werd geboren op 17 februari 1981 te Heemstede. Aan de 
Katholieke Scholengemeenschap Hoofddorp behaalde zij in 1998 haar HAVO 
diploma. In datzelfde jaar startte zij haar studie Hoger Laboratorium Onderwijs aan 
de Hogeschool van Amsterdam. Twee jaar later werd deze studie stopgezet in 
Amsterdam, waarna zij haar studie vervolgde aan de Hogeschool te Utrecht.  Haar 9 
maanden durende stage volbracht zij bij de diverse groepen van de afdeling 
Medische Microbiologie en Infectie preventie van het VU medisch centrum te 
Amsterdam. In de zomer van 2002 voltooide zij de HLO opleiding met als 
afstudeerrichting, medische microbiologie. Na haar stage en afstuderen, bleef zij in 
de zomermaanden werken bij dezelfde afdeling op de groep Virologie/Serologie. 
Vervolgens begon zij in september 2002 aan haar Master in Biomedische 
Wetenschappen aan de Vrije Universiteit van Amsterdam. Haar afstudeeropdracht 
werd uitgevoerd bij dr. M.L. Laine van de afdeling Orale Microbiologie in 
samenwerking met dr. S.A. Morré van de afdeling Immunogenetica van het VU 
medisch centrum. Gedurende deze gehele studie was zij parttime werkzaam als 
research analist, onder leiding van dr. C. Schultsz en prof.dr. P.H.M. Savelkoul van 
de Medische Microbiologie en Infectie Preventie van het VU medisch centrum. Na 
het behalen van haar Master is zij fulltime in dienst gekomen als assistent in 
opleiding, zodat zij het onderzoek dat zij gestart was tijdens haar studie kon 
voortzetten als promotieonderzoek.  Het in dit proefschrift beschreven onderzoek 
werd uitgevoerd onder leiding van prof.dr. P.H.M. Savelkoul, dr. W. Bitter en 
prof.dr. C.M.J.E. Vandenbroucke-Grauls. Op 21 juni 2007 trad zij in het huwelijk 
met Machiel Ivo van der Wal. Samen verhuisden ze naar Ierland, waar zij sinds 10 
september 2007 werkzaam is als wetenschappelijk onderzoeker van het Biomerit 
Research Center, Microbiology department, Universitity College Cork in Ierland 
onder leiding van prof.dr. F. O’Gara.  
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