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Abstract 

The purpose of this study was to evaluate and compare the virulence profiles of 52 recent 
clinical isolates of Pseudomonas aeruginosa distinctly originated from patients with hospital-acquired 
infections and primary cardiovascular disease. The phenotypic screening evaluated seven soluble 
virulence factors (haemolysins, lipase, lecithinase, DN-ase, amylase, gelatinase, caseinase), as well as 
the adherence ability (Cravioto adapted method) and invasion (gentamicin protection assay) of HeLa 
cells. Eight virulence genes (lasB, plcH, protease IV, exo S, exo T, exo A, exo U, pvdA) were screened 
by PCR. The statistical analysis was performed using GraphPad InStat software. The most virulent 
were blood culture and tracheo-bronchial isolates. Although cited as mutually exclusive, a significant 
number of blood culture (30%) and wound secretion (24%) isolates exhibited both exoU and exoS 
genes. The tracheo-bronchial secretions harbored with high positivity pvdA and lasB, while the surgical 
wound isolates plcH and protease IV genes. The urinary tract infections isolates exhibited less virulent 
phenotypes, and harbored with a high positivity rate the lasB gene. Correlating virulence patterns and 
infection clinical outcome could be useful for setting up efficient preventive and therapeutic procedures 
in hospitalized patients with positive P. aeruginosa cultures. 
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Introduction 

The pathogenesis of Pseudomonas aeruginosa opportunistic infections is multifactorial, as 
suggested by the large number of cell-associated and extracellular virulence determinants; 
some of these determinants help colonization, whereas others facilitate bacterial invasion. The 
virulence of P. aeruginosa depends mainly on two types of virulence determinants: (i) 
virulence factors involved in acute infection, they being usually secreted and membrane 
bound factors. As an example, pilli allow bacteria to attach on host epithelia, while 
exoenzyme S (ExoS) and other adhesins stabilize attached bacteria. The role of ExoS in P. 
aeruginosa pathogenesis is related with its capacity of inducing cytoskeleton disruption, actin 
depolimerization [1], being also involved in bacteria resistance to macrophages and 
degradation of immunoglobulin A and G [2].  Exotoxin A (ExoA) is responsible of tissue 
necrosis [3], while phospholipase C have a role of thermostable haemolysin [4]. P. 
aeruginosa produces also other proteases involved in tissue damage, one of the mechanisms 
involved referring to activation on certain ion channel controlling the local clearance [5]; (ii) 
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second group includes virulence factors involved in chronic infection, as siderophores 
(pyoverdin and pyochelin), that facilitate bacteria multiplication and growth when no or low 
iron is available [2]. Recent experimental evidence suggests that many successful pathogens 
as P. aeruginosa, generally perceived as being extracellular, can also invade and, in certain 
conditions, multiply within host cells [6, 7, 8]. The great variation of virulence profiles 
reflects the adaptive ability of the opportunistic pathogen P. aeruginosa. Due to its versatility 
and cosmopolite abundance this bacterial model is frequently used in host-pathogens studies, 
interspecies communication and virulence modulation. P. aeruginosa cause a wide range of 
acute and chronic infections in many hosts, being one of the major microorganisms 
responsible for nosocomial infections, affecting especially immuncompromised and chronic 
patients, as cystic fibrosis individuals [9]. P.aeruginosa can be found also as a member of 
normal microbiota and usually do not produce illness in normal, healthy individuals. The 
synthesis of its variety of virulence factors and their coordinated expression is regulated by 
QS signaling [2, 10, 11] or by the host signaling molecules, especially hormones [12, 13, 14]. 
The extent of the host tissue injury during pseudomonadal infection is dependent also on the 
host immunity, the size of the bacterial inoculum and on the production of specific bacterial 
exoproducts [5, 15]. Individuals with chronic disease or background injuries are more prone 
in acquiring bacterial infections. Cardiovascular disease is one of the major causes of 
mortality and morbidity worldwide and the costs that involve handling this disorder are huge. 
The 2008 overall rate of death attributable to cardiovascular disease was 244.8 per 100 000 
individuals and this rate is critically growing [16]. Recent evidence demonstrates that 
cardiovascular disorders are usually associated with increased level of stress hormones [17, 
18].  Since is clearly established that high levels of stress related molecules increase 
laboratory bacteria strains growth and virulence in vitro, evidence about the behavior of 
clinical bacteria isolated from patients prone to high levels of stress molecules is required 
[14]. The purpose of this study was to analyze and compare the phenotypic and genotypic 
virulence profiles of P. aeruginosa recent isolates from different anatomical hospital-acquired 
infection sites, occurred in patients with the same background disease.  
 

Materials and Methods 
Bacterial Strains 
The study was performed on 52 P. aeruginosa strains isolated from different infections from 
patients hospitalized in the National Institute for Cardiovascular Diseases, Prof. C.C. Iliescu 
of Bucharest, during April 2011 - June 2011. Isolates were identified using automatic Vitek II 
system and the API 20NE microtest systems (BioMerieux). Subsequently, the strains were 
maintained in the “Culture Collection of Microbiology Laboratory” of the Faculty of 
Biology, University of Bucharest. For further experiments, the bacteria were grown for 18-20 
hours in nutrient broth. P. aeruginosa isolated strains were submitted to less than 5 passages 
before being tested. 
Adherence to HeLa cells  
The bacterial adherence to different natural (skin, mucosa) or artificial (catheters, implants) 
substrata is a prerequisite in the pathogenesis of microbial infections.  
For the adherence assay, Cravioto’s adapted method was used [29, 30]. Briefly, HeLa cell 
monolayers (70-80% confluence) were washed with sterile PBS (phosphate buffer saline) and 
1 ml of fresh medium without antibiotics was aseptically added to each well. PBS suspensions 
of P. aeruginosa obtained from mid-logarithmic phase cultures grown in nutrient broth were 
adjusted to 10⁸ CFU/ml and 1 ml was used for the inoculation of each well. The inoculated 
plates were incubated for 2 hours at 37ºC [31]. After incubation, the monolayers were washed 
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3 times with sterile PBS, briefly fixed in cold methanol (3 min) and stained with 1:10 v/v 
Giemsa solution (neutral pH) for 20 min. The plates were washed, dried at room temperature 
overnight, and examined by optic microscopy using wet objective (×2500 magnification), in 
order to evaluate the adherence indexes and patterns. The adherence indexes were expressed 
as the ratio between the number of the eukaryotic cells with adhered bacteria and 100 
eukaryotic cells counted on the microscopic field using an Axiolab (Zeiss) microscope.  
Phenotypic characterization of enzymatic virulence factors  
Bacterial strains grown for 18 hours in nutrient broth were evaluated for seven enzymatic 
virulence factors [32] (pore forming toxins: lecithinase, lipase and hemolysins; exoenzymes: 
gelatinase, amylase, caseinase and DN-ase) by cultivating the strains on available media 
containing specific substrate for enzymes activity detection. For the detection of hemolysins, 
the strains were plated on agar containing 5% (vol/vol) sheep blood in order to obtain isolated 
colonies. After incubation at 37 °C for 24 h the clear zone (total lysis of red blood cells) 
around the colonies was registered as positive reaction. For lecithinase and lipase production 
the strains were spotted onto 2.5% yolk agar and respectively Tween 80 agar, containing the 
substrate at a final concentration of 1%. The plates were incubated at 37°C up to 7 days. An 
opaque, precipitation zone surrounding the spot indicate the production of the two enzymes. 
The caseinase and gelatinase production was studied onto 15% soluble casein and 
respectively on gelatin agar, containing the substrate at a final concentration of 1%. The plates 
were incubated at 37 °C up to 7 days. An opaque, precipitation zone surrounding the spot 
indicate the production of the two tested proteases. 
The amylase activity was determined using starch at final concentration of 1% in nutritive 
agar. The strains were spotted and after incubation for 24 h at 37 °C, precipitation 
surrounding the growth area indicated starch hydrolysis.  
DN-ase production was studied using DNA agar medium. The strains were spotted and after 
incubation for 24 h at 37 °C, a drop of HCl/1N solution was added to the spotted cultures and 
a clearing zone around the culture was registered as a positive reaction.  
Invasion assay 
To determine the invasion ability we used the antibiotic protection assay [33, 8]. Bacterial 
suspensions were inoculated on HeLa cells grown in 6-well plates and incubated at 37°C for 
two hours. The infection assay was performed in the same manner as the adherence assay, 
except that each bacterial strain was inoculated in two different wells from two different 
plates, first meant to reveal both adherent and invasive bacteria and second just invasive 
viable cells. After the incubation period in each invasion well were added 100μg/ml 
gentamicin and 70μg/ml amikacin in order to kill extracellular bacteria. The plates were 
further incubated for another hour in the same conditions. After incubation, plates were 
washed 3 times with sterile PBS and the HeLa cells were permeabilized with 0.1% Triton X-
100 for 15 min, at 37°C. Serial dilutions of suspended cells harvested from the plate wells 
were seeded on nutritive agar (three technical replicates for each dilution) in order to establish 
the invasion indexes, calculated as Colony Forming Units CFU/ml. 
Screening of virulence genes 
Bacterial strains were grown for 18 hours in nutrient broth, cultures were harvested by 
centrifugation and DNA purification was performed using a commercial available DNA 
isolation kit (Promega, U.S.), following manufacturer′s recommendations. Genomic DNA 
was used as a template for PCR (Polymerase Chain Reaction) screening of 8 virulence genes: 
two genes codifying for proteases - lasB (elastase) and protease IV, 4 exoenzymes – exoS, 
exoT, exoU, exoA, one phospholipase - plcH (haemolytic phospholipase C) and one gene 
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codifying for the ornithine hydroxylase - pvdA (pyoverdine A), which is an enzyme involved 
in the biosynthesis of the P.aeruginosa siderophore pyoverdin.  
PCR assays were performed in 50 μl mixes containing 25 μl Green GoTaq master mix 
(Promega), 1.25 μM forward and reverse primers and 2.5 μl template. An annealing 
temperature of 60°C was used for each of the PCRs. The sequences of primers used in PCR 
reactions and the molecular weight of the amplification products are presented in table 1.  
 
Table 1. Sequences of the primers used in PCR reactions  

Gene Primer sequence (5′–3′) Product (bp) Reference 

lasB GGAATGAACGAAGCGTTCTC 
GGTCCAGTAGTAGCGGTTGG 

300 [35] 

protease IV TATTTCGCCGACTCCCTGTA 
GAATAGACGCCGCTGAAATC 

752 [37] 

exoA AACCAGCTCAGCCACATGTC 
CGCTGGCCCATTCGCTCCAGCGCT

207 [36] 

exoS ATCGCTTCAGCAGAGTCCGTC 
CAGGCCAGATCAAGGCCGCGC 

1352 [21] 

exoT AATCGCCGTCCAACTGCATGCG 
TGTTCGCCGAGGTACTGCTC 

152 [34] 

exoU 
 

CCGTTGTGGTGCCGTTGAAG 
CCAGATGTTCACCGACTCGC 

134 [34] 

plcH GAAGCCATGGGCTACTTCAA 
AGAGTGACGAGGAGCGGTAG 

307 [35] 

pvdA GACTCAGGCAACTGCAAC 
TTCAGGTGCTGGTACAGG 

1281 [34] 

 
PCR products were separated in a 1.5% agarose gel for 1 h at 100 V, stained with ethidium 
bromide (Sigma) and detected by UV illumination. 
Statistics 
One way analysis of variance (ANOVA) was used to analyze the data. P values < 0.05 were 
considered significant. 

Results  
The qualitative assay of the bacterial adherence to the cellular substrata demonstrated that all 
tested strains adhered to HeLa cells, exhibiting different adherence profiles. Three major 
adherence patterns were identified: localized adherence, when bacteria attach to and form 
microcolonies on certain regions of the cell surface; diffuse adherence, when bacteria adhere 
evenly to the whole cell surface, and aggregative adherence, when aggregated bacteria attach 
to the cell in a stacked-brick arrangement (figure 1).  
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Figure 1. Major adherence patterns found in P.aeruginosa tested strains to HeLa cells. A=localized 
adherence, B=diffuse adherence, C= aggregative adherence. 
 
Adherence rates of P. aeruginosa tested isolates ranged from 25 to100%, but approximately 
60% of the tested strains displayed adherence indexes exceeding 80%. An interesting finding 
is that the strains revealed a particular type of adherence pattern to HeLa cells according with 
the isolation source. Therefore, isolates originated from blood cultures (59%) and urinary tract 
infections exhibited mainly diffuse adherence patterns. The samples obtained from blood 
cultures revealed only in a small proportion (17%) an aggregative pattern. On the other hand, 
only a low percent of strains isolated from tracheo-bronchial and wound secretions exhibited 
diffuse adherence patterns, tracheo-bronchial secretion derived strains revealing the greatest 
percent of aggregative adherence among all groups (53%). Wound secretion isolates exhibited 
also a high aggregative potential (41% of tested strains) while 29% of isolates adhered 
diffusely on the surface of host cells. All tested strains revealed moderate localized adherence, 
ranging from 21% (UTIs) to 35% (tracheo-bronchial secretions). 
Soluble enzymatic virulence factors patterns indicated that P. aeruginosa strains 
preferentially express the exoenzymes amylase, caseinase and lecithinase. We also observed 
certain differences in the virulence profiles of strains isolated from different clinical sources. 
Wound secretion isolated strains did not express gelatinase, while the P. aeruginosa strains 
obtained from UTIs do not express DN-ase. Tracheo-bronchial and blood culture isolates are 
the most virulent strains, expressing all tested soluble virulence determinants (figure 2). 

 
Figure 2: Graphic arrangement of soluble enzymatic virulence factors patterns observed in P.aeruginosa  tested 
strains. 
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The quantitative assay of the invasion ability showed that P. aeruginosa strains possess the 
ability to invade with different rates the epithelial, non-phagocytic HeLa cells. Bearing in 
mind the number of tested strains and the heterogeneity of the quantitative invasion assay 
results, we clustered the analyzed strains in four invasion groups according to the invasion 
rate expressed by each strain (non-invasive, low invasive, moderately invasive, highly 
invasive). Strains that expressed an invasive potential that could not be clearly included in any 
of the invasion groups have been removed.  
The invasion assay revealed that a high percentage of investigated strains are very invasive, 
31% isolates being clustered into the highly invasive group (figure 3).  
 

 
 
Figure 3. Graphic stratification in different invasion groups of P. aeruginosa analyzed strains. On the X-
axis are figured clustered strains according to their isolation source. Y axis represents the number of strains 
according to their invasive potential. 
 
Significant differences of invasive potential in tested strains, namely depending on the 
isolation source, were observed. Isolates from blood cultures showed the greatest 
invasiveness, 68% being clustered into the moderate and high invasive groups. The 
differences obtained by comparing the invasive potentials of blood culture isolates and the 
strains obtained from other anatomic sources are statistically significant (P value is 0.0051) 
(figure 4). 
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Figure 4. Statistical comparison of invasion  profiles in P. aeruginosa tested strains. One-way Analysis of 
Variance (ANOVA) was used to compare invasive potentials of blood culture isolates vs. strains obtained from 
other sources, by counting and comparing the CFU/ml values, *P < 0.05. 
 
Since phenotypic changes are usually linked with a specific genotypic background, our next 
step was to screen for the presence of virulence genes involved in the production of the 
extracellular virulence factors. PCR data demonstrate a clustered distribution of certain 
virulence genes, depending on the isolation source of the analyzed strains (table 2). 
 
Table 2. The percentage of strains positive for presence of screened virulence genes 
Source 

lasB plcH protease IV exo S exo T exo A 
exo 
U pvdA 

UTI 65% 5% 5% 40% 65% 30% 0% 0% 
blood culture 35% 40% 67% 60% 40% 65% 45% 30% 
tracheo-bronchial secretion 70% 30% 17% 12% 80% 15% 0% 0% 
wound secretion 55% 55% 75% 20% 95% 55% 30% 25% 
 
The obtained results revealed that lasB and exoT genes were the most prevalent among tested 
strains, being present at a significant level in all four strain groups.  lasB and proteaseIV 
genes codify for proteases and they are present to most of the tested strains, supporting the 
phenotypic soluble virulence factors screening results. plcH, the gene codifying for 
haemolytic phospholipase C is present in many P.aeruginosa strains isolated from blood 
cultures (40%) and wound secretions (55%), also supporting the phenotypic data 
demonstrating that isolates obtained from blood cultures and wound secretions are the most 
hemolytic. The genes codifying for Type III Secretion System (T3SS) related exotoxins exoS, 
exoT, and exoA were differently distributed among the tested strains. Isolates from blood 
cultures and wound secretions exhibit the greatest proportions of positivity for T3SS 
exotoxins codifying genes, being followed by tracheo-bronchial isolates. exoU, the gene 
codifying for highly cytotoxic exoenzyme ExoU and  pvdA gene, codifying for an important 
enzyme involved in synthesis of siderophore pyoverdine were found only in blood culture and 
wound secretion derived strains.  
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Discussion 

P. aeruginosa is estimated to be involved in 10% to 22.5% of the hospital-acquired 
infections (HAI) as well in adults as in children [36, 37], leading to increased health care costs 
and prolonged hospitalization [38]. A combination of bacteria-associated factors (intrinsic and 
acquired antimicrobial resistance, prevalence and persistence in the hospital environment, 
expression of a cocktail of virulence factors) and individual variations in host susceptibility 
influence the clinical outcome of infections [39]. Bacterial virulence is diminished in 
favorable environmental conditions and may be highly enhanced if stressful circumstances 
arise [19]. Sensing and responding to host signals represent one of the most efficient strategy 
used by versatile bacteria to modulate virulence for a better survival and persistence [13, 20] 
when facing host hostile environment. Depending on the anatomical site, a different mixture 
of signaling molecules can be found within the host and this gradient may impact on bacterial 
behavior. During this study there were analyzed 52 P. aeruginosa strains isolated from 
tracheo-bronchial secretions (50%), surgical wound infections (20%), urinary tract infections 
(UTI) (19%) and blood cultures (11%). Our phenotypic and genotypic data demonstrate that 
P. aeruginosa is able to modulate its virulence when it is the protagonist of infections 
occurring in different clinical contexts in patients with cardiovascular underlying disease. 
Furthermore, phenotypic virulence markers were correlated with some specific virulence 
genes profiles, revealing that bacteria could adapt easily to the microenvironment encountered 
within the host by modulating the expression of these genes. The most virulent strains were 
those isolated from systemic (blood cultures) and respiratory tract (tracheo-bronchical 
secretions) infections, displaying the entire spectrum of cell-associated and soluble virulence 
determinants and virulence genes tested.  

The increased virulence of the blood culture strains could be explained by the fact that 
bacteria are exposed to an enhanced stress in the host blood flow [19], therefore their 
virulence is also amplified. The results obtained after evaluating their adherence ability, 
which represents the first stage in establishing an infectious process, revealed that the tested 
isolates exhibit different ability to adhere to the cellular substrata depending on the isolation 
source. Thereby, the strains isolated from blood cultures exhibit mainly a diffuse adherence, 
since this attachment is more likely to favor the subsequent invasion [21], as an invading 
bacterium is more protected after entering the host epithelial cells, comparing with the 
situation when it has to face multiple host defense mechanisms that can be found in the blood 
flow or in the extracellular environment. This hypothesis is also supported by the fact that P. 
aeruginosa isolated from blood cultures are the most invasive in the gentamycin protection 
assay, being able to remain viable and multiply within the invaded epithelial cells at a high 
rate, when comparing with the strains isolated from other clinical contexts. By contrast with 
other studies showing an inverse correlation between the ability of P. aeruginosa to invade 
epithelial cells and respectively to induce acute cytotoxicity (31), in our study the invasion 
and intracellular multiplication of blood culture strains was associated with the presence of 
the exoS, exoT, exoA and exoU genes. The effector proteins ExoS, ExoT, ExoU are 
transported by the type III secretion system of P. aeruginosa directly into the host cells. It is 
known that the effectors ExoS, ExoY, and ExoT inhibit invasion, while ExoU confers 
cytotoxicity [22, 40, 41, 42].  Our blood culture isolates exhibited an invasion phenotype, 
although genetically they harbor a mixed invasive-cytotoxic profile. Although cited as 
mutually exclusive [43], the blood culture isolates exhibited both exoU and exoS in about 30 
percent of tested strains. The concomitant presence of exoU and exoS was also noticed in 24 
percent of the wound secretion isolates. The presence of the exoU gene was more commonly 
seen in isolates obtained from blood, followed by surgical wound infections, suggesting that 
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this ability may be important in the development of the acute invasive infections [44]. The 
strains isolated from respiratory tract specimens exclusively harbored exoS, confirming other 
studies showing that pulmonary isolates from chistic fibrosis patients harbored the exoU gene 
less frequently and the exoS gene [42]. ExoT and ExoS act on a number of host small G 
proteins, thus altering the cytoskeleton and signaling pathways [45]. Among the tested strains 
exoT gene prevailed in case of respiratory tract and surgical wound samples in inverse 
correlation with exoS (Table 2). Previous studies have shown that ExoT contributes to 
bacterial dissemination and inhibit intracellular invasion and multiplication, as suggested by 
the gentamycin protection assay showing the highest rate of non-invasive strains among the 
two types of clinical isolates [46]. The tracheo-bronchial isolates lower invasive potential 
could be also correlated with a preponderant aggregative behavior which does not favor the 
invasion usually. Bacterial aggregates are also requisite for biofilm formation [26], which is 
frequently encountered in P. aeruginosa respiratory infections. Ciara and collaborators 
studied the contributions of ExoU, ExoS, and ExoT to virulence of P. aeruginosa, by 
analyzing each effector protein in the same isogenic background, using constructed mutants 
harboring each one of the three secreted proteins alone.  Their results indicate that ExoU has 
the greatest effect on virulence of the type III secreted proteins [43]. In our study, the most 
virulent strains, i.e. those isolated from blood cultures and respiratory tract infections also 
harbored with the highest frequency exoU (Table 2), similar to other reported data for strains 
with similar infection site origins [47, 48]. However, although with a significant genotypic 
heterogeneity in the type III secretion among the clinical isolates of P. aeruginosa, all 
analyzed strains contain the genes for at least one or more effector proteins.  The ubiquity of 
type III secretion genes in clinical isolates is consistent with its important role in the virulence 
of P. aeruginosa and the understanding of the specific contribution of ExoU, ExoS, and ExoT 
to the clinical outcome of the infectious process may have important implications for the 
therapeutic management of patients infected with P. aeruginosa  [23, 43].  

Along with blood culture isolates, strains obtained from tracheo-bronchial secretions 
are harboring the pvdA gene, involved in the synthesis of siderophore pyoverdine, which is a 
valuable molecules used by these bacteria to enhance iron uptake in poor or no available iron 
environment, as mammalian serum [24]. Also, pyoverdine was found to be important for 
biofilm development and bacterial virulence of respiratory isolates [49]. Peek and 
collaborators demonstrated that pyoverdine is a stealth siderophore that evades neutrophil-
gelatinase-associated lipocalin (NGAL) recognition, the strategy by which mammals are able 
to specifically scavenge bacterial ferric and apo-siderophores, therefore preventing bacteria 
infections [50, 51]. These strains showed also elevated proportion of lasB gene encoding for 
elastase, similarly to other literature data [52]. ExoA was the most frequent among the blood 
culture and surgical wound isolates, our results being in accordance with other literature data 
[53]. This effector toxin inactivates elongation factor 2 and inhibits protein synthesis and also 
has ability to inhibit the host response to infection, being considered a promising vaccine 
candidate [53, 54]. 

The surgical wound isolates expressed, as expected, with the highest frequency plcH 
and protease IV genes, whose effectors are involved in tissue injuries.  

The strains isolated from UTI seem to exhibit less virulent phenotypes comparing with 
blood culture and tracheo-bronchial isolates (Fig. 2), aspects that could be explained by a 
phenotypic redundancy dictated by the host conditions. For example, DN-ases are useful 
virulence factors for bacteria in certain conditions, as for escaping viscous secretions and 
NETs (neutrophil extracellular traps), which are chromatin formations involved in trapping 
and killing P. aeruginosa in respiratory infections [28]. Because of its anatomy and 
physiology it is unusual to find thick mucus and NETs within the urinary tract and this may 
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explain the lack of DN-ases production in UTI isolates. UTI analized strains harbored with a 
high positivity rate lasB gene (65%), also reported for other UTI isolates of P. aeruginosa, 
harboring this gene in proportion of 90% [55].  

Conclusions 
In conclusion, P. aeruginosa strains isolated from different infection sites exhibit variations in 
virulence profiles reflecting the adaptive ability of this bacterial species. Therefore, deep 
knowledge and understanding of the contribution of different virulence factors or associations 
of them to the development of the infectious process according to the clinical outcome could 
have a significant utility for setting up efficient preventive and therapeutic procedures in 
hospitalized patients with positive P. aeruginosa cultures. 
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