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Introduction  

  

1.1 Pseudomonas aeruginosa    

1.1 Background    

  

Pseudomonas aeruginosa is a member of the Gamma Proteobacteria class of bacteria. It is a 

Gram-negative, aerobic rod belonging to the bacterial family Pseudomonadaceae. Since the 

revisionist taxonomy based on conserved macromolecules (e.g. 16S ribosomal RNA) the family 

includes only members of the genus Pseudomonas which are cleaved into eight groups. 

Pseudomonas aeruginosa is the type species of its group, which contains 12 other members. 

Like other members of the genus, Pseudomonas aeruginosa is a versatile Gram-negative 

bacterium that grows in soil, marshes and coastal marine habitats, as well as on plant and animal 

tissues (1). The opportunistic pathogen Pseudomonas aeruginosa occupies a diversity of 

ecological niches due to the versatile and non-stringent metabolic requirements and its 

resistance to many antibiotics. P. aeruginosa almost never infects immunocompetent 

individuals but can utilize breaks in the host defence system to initiate infection in hardly any 

tissue. Especially, impairment of the physical barrier as in chronic wounds, surgery and burns 

frequently results in life-threatening infection by this pathogen (2). P. aeruginosa is responsible 

for 16% of nosocomial pneumonia cases, 12% of hospital-acquired urinary tract infections, 8% 

of surgical wound infections, and 10% of bloodstream infections(3), particularly in patients 

with severe burns and in cancer and AIDS patients who are immunosuppressed. P.aeruginosa 

infection is a serious problem in patients hospitalized with cancer, cystic fibrosis, and burns. 

The case fatality rate in these patients is near 50 %. P. aeruginosa is recognised as a major 

cause of nosocomial infections associated with invasive devices, mechanical ventilation, burn 

wounds or surgery in the immunocompromised and the immunocompetent host (4). P. 

aeruginosa has properties that make it particularly problematic to hospitals, including inherent 

resistance to many drug classes, the ability to acquire resistance through mutation and a high 

virulence potential (5).   

The incidence of P. aeruginosa in bloodstream infections in Europe increased slightly from 

5.5%  to 6.8%  between 1997 and 2002, according to the SENTRY Antimicrobial Surveillance 

Program (1997–2002) where 37 medical centres from 15 European countries participated (6). 
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According to the last report of European Antimicrobial Resistance Surveillance System 

(EARSS), distributions of the non-susceptible P.aeruginosa strains for 23 European countries 

are shown in the Table 1 (7). In the table1, the antibiotic resistance have reached emergency 

levels. The presence of the multi-drug resistance (MDR) within P.aeruginosa infections further 

diminishes the treatment options for an organism an inherently resistant to many antimicrobials. 

As well as the transmitted plasmids and due to the genome of P. aeruginosa has an unusually 

large number of genes for nutrient transport, metabolic regulation and catabolism; this may be 

why the bacterium has the ability to grow in a wide range of environments and resist antibiotics  

(8).  

  

Table 1: Proportion of non-susceptible P. aeruginosa strains isolated from EU-countries 

participating in European Antimicrobial Resistance Surveillance System (EARSS), last report 

2012.  

Country  Proportion (%) of strains non-susceptible to:    

Aminoglycoside Carbapenem 

s  s  

Quinolon 

s  

Ceftazidim 

e  

Piperacillin 

s  

Austria  11,5  14,6  14,4  14  18,2  

Cyprus  25  21,1  15,4     12,8  10  

Czech  
Republic  

33,8  15,1  30,9     20,4  26,4  

Germany  10,6  31,5  19,6  9,6  15,5  

Denmark  2,4  3,9  9,1  4  4,8  

Spain  23,9  18,4  27,7  15,2  8,1  

Findland  8,7  9,4  10,9  7,7  7,3  

France  31,1  18,4  26,3  18,6  20,5  

Greece  51,9  50,5  5,9  44,8  38,4  

Croatia  43,4  28,1  33  20,5  30,2  

Hungary  34,4  21,3  29,5  15,3  16,8  

Ireland  12,5  11,2  20,5  10,3  11,8  

Italy  30,1  25  31,3  25  30  

Netherland 
s  

4,0  3,2  6,1  2,8  5,2  

Norway  2,0  3,3  5,7  6,4  7,1  

Poland  24,4  22,8  26,9  23,7  29,9  

Portugal  19,8  20,4  25,6  15,3  19,8  

Sweeden  1,7  5,3  6,7  6,2  5,9  

Slovenia  9,7  21,6  14,9  6,7  7,5  

United 

Kingdom  
 2,2  6,3  5,0  3,9  3,1  

Source of data: EARSS database, available at: http//www.rivm.nl/earss/database  
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1.2 Genome structures   

  

The opportunistic pathogen P.aeruginosa PAO1 genome was sequenced completely by Stover 

et al, (2000). Since then, the genome sequence of the widely studied P.aeruginosa strain PAO1 

revealed that is possesses a large number of genes that are involved in regulation, catabolism, 

transport and efflux of organic compounds, as well as several putative chemotaxis systems,  all 

of which potentially contribute to the remarkable ability of this bacterium to adapt to a wide 

range enviromental niches. The PAO1 strain has been and is still the major reference for genetic 

and functional studies on P. aeruginosa. The PAO1 genome consists of a 6.264-Mbp circular 

chromosome encoding 5,570 predicted protein coding sequences. Sequence and annotation are 

deposited at the National Center for Biotechnology Information (NCBI) genome database  

(Refseq. no. NC 002516) and in the Pseudomonas Genome Database (9), which also documents 

ongoing annotation updates (10).   

              

Figure 1: Circular representation of P.aeruginosa 

PAO1. The distribution of genes is depicted by colored 

boxes according to functional category and direction of 

transcription (outer band is the plus strand; inner band is the 

minus strand). A linear map of the genes, with the color 

code for functional categories, is available at 

http://www.pseudomonas.com, 01.03.2014. 

  

  

  

 

Comparison of the P. aeruginosa and E. coli (well known model bacterium) genomes 

indicate that the large genome of P. aeruginosa is the result of greater genetic complexity 

rather than differences in genome organization(1).  

At 6,3 million base pairs (Mbp), the P. aeruginosa genome is markedly larger than most of the 

25 sequenced bacterial genomes. In fact, with 5,570 predicted open reading frames (ORFs), the 

genetic complexity of P. aeruginosa approaches that of the simple eukaryote Saccharomyces 

cerevisiae, whose genome encodes about 6,200 proteins (11).  In contrast, P. aeruginosa has 

only 30±40% of the number of predicted genes present in the simple metazoans Caenorhabditis 

elegans and Drosophila melanogaster (12).  

  

 

http://www.pseudomonas.com/
http://www.pseudomonas.com/
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Table 2: Genenome features of P.aeruginosa PAO1 genome.  

General features     

Genome size (bp)   6.264.403    

G+C Content   66.6%    

Coding regions    89.4%    

Stable RNA   0.4%    

Coding Sequences   ORFs (%)  Definition  

1   372 (6,7)  P.aeruginosa genes with demontsrated 

function  

2   1059 (19,0)  Strong homologues of genes with 

demonstrated function from the other 

organisms  

3   1590 (28,5)  Genes with proposed function based on 

motif searches or limited homoloy  

4   769 (13,8)  Homologues of reported genes of unknown 

function  

5   1780 (32,0)  No homology to any reported sequences  

Total   5570 (100)    

((1) and www.pseudomonas.com,)  

  

The table 2 shows the general features of the P.aeruginosa PAO1 strain. The ORFs that 

provided the most new information about P. aeruginosa biology are those that could be 

assigned a probable function on the basis of similarity to established sequence motifs, but could 

not be assigned a definite name.   

Most of these genes encode products that are in one of three functional classes: putative 

enzymes (405 genes, transcriptional regulators (341 genes) or transporters of small molecules 

(408 genes). In some cases genomic context provided additional information, allowing to 

identify loci that appear to encode systems such as metabolic pathways and secretion systems, 

although the substrates for such systems could not be identifed (1).  

The genome sequence of the widely studied P. aeruginosa strain PAO1 revealed that it 

possesses a large number of genes that are involved in regulation, catabolism, transport, and 

http://www.pseudomonas.com/
http://www.pseudomonas.com/
http://www.pseudomonas.com/
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efflux of organic compounds, as well as several putative chemotaxis systems (13). P. 

aeruginosa genome contains a disproportionately large number of genes predicted to encode 

outer membrane proteins involved in adhesion, motility, antibiotic efflux, virulence factor 

export, and environmental sensing by two-component systems. Additionally, consistent with 

the bacterium’s metabolic versatility, the P. aeruginosa genome has a large number of genes 

encoding transport systems and enzymes involved in nutrient uptake and metabolism. 

Considering the genetic diversity of the P. aeruginosa genome, it is not surprising that it 

contains one of the highest percentages of predicted regulatory genes (8,4%) of all bacterial 

genomes (14). The understanding of transcription regulations in P.aeruginosa may offer some 

insight into how cohorts of virulence factors are coordinately expressed to influence 

pathogenesis in a range of pseudomonas infections(15).   

  

1.3 Two-component regulatory systems  

  

An important molecular device to achieve sampling of environmental signals is the so-called 

two component regulatory system (TCS) (16). The adaptation of P. aeruginosa to its 

environment, including the host, is tightly controlled by its network of regulatory systems (17). 

A large number of two-component regulatory systems encoded in its genome have equipped P. 

aeruginosa with a sophisticated capability to regulate diverse virulence and resistance 

processes (18). This system consists of a sensor, which is a histidine kinase capable of 

autophosphorylation on a conserved histidine residue, and a response regulator on which the 

phosphate is transferred.   

The phosphate is loaded onto a conserved aspartate residue in the conserved receiver domain 

of the response regulator, and the phosphorylation event results in activation of the output 

domain of the regulator (19).   
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Table 3: The selected P.aeruginosa virulence- and antibiotic resistance-associated classical 

typeresponse regulators (Gooderham & Hancock, 2008).  

PA number  Gene 

product  

Functional description  References  

PA0408  PilG  Chemosensory pili (Pil-chp) system, twitching 

motility  
(20)  

PA0929/30  PirR-PirS  Iron aquisition  (21)  

PA1099/8  FleR-FleS  Flagellar motility, adhesion to mucin. FleS likely 

cytoplasmic sensor  
(22, 23)  

PA1179/80  PhoP-PhoQ  Low Mg2+ signal. Polymyxin antimicrobial 

peptide and aminoglycosideresistance. 

Virulence, swarming motility and biofilm 

formation.  

(24, 25)  

PA 2586   

  

GacA  GacA–GacS system. Multihost virulence, 

quorumsensing-dependent regulation of 

exoproducts and virulence factors, biofilm 

formation and antibiotic resistance, swarming 

motility, type III secretion  

(26)  

   

PA 2686/7  PfeR–PfeS   Iron acquisition  (27)  

PA 5360/1   PhoB–PhoR  Phosphate level regulation, low phosphate signal, 

Quorum sensing  
(28, 29)  

PA 5483/4   

  

AlgB–KinB  Alginate biosynthesis  (30)  

  

In the table 3, two-component systems of P. aeruginosa were summarized.  This observation 

leads the systematic analysis of genes that maybe differently regulated, including rhamnolipids 

that has a role as a virulence factor with the goal of identifying novel effect on the bacterium.  

From two component system of P.aeruginosa, Phosphate-regulon PhoB-PhoR, is the most 

important system for these study since the rhamnolipid production were performed under 

Pidepletion. The effect of Pi-depletion on QS circuit in P.aeruginosa will be elucidate in the 

section of enviromental regulation of RHL production-link with QS (1.2.4).  

  

  

  

  

  

  



Introduction    I  

  

   7  

  

1.4 Virulence of P.aeruginosa  

  

The virulence of P.aeruginosa depends on a large number of cell-associated and extracellular 

factors. The virulence factors play an important pathological role in the colonization, the 

survival of the bacteria and the invasion of the tissues. There are two types of virulence factors:  

(31) factors involved in the acute infection: these factors are either on the surface of P. 

aeruginosa, either secreted. The pili allow adherence to the epithelium. The exoenzyme S and 

other adhesins reinforce the adherence to epithelial cells. The exotoxin A is responsible of tissue 

necrosis. Phospholipase C is a thermolabile haemolysin. The pathogenic role of exoenzyme S 

is attributable to the disruption of normal cytoskeletal organization, the destruction of 

immunoglobulin G and A, leads to depolymerization of actin filaments and contributes to the 

resistance to macrophages. P. aeruginosa produces at least four proteases causing bleeding and 

tissue necrosis; (2) factors involved in the chronic infection: siderophores (pyoverdin and 

pyochelin), allow the bacteria to multiply in the absence of ferrous ions. Pseudomonas 

aeruginosa strains isolated from patients with cystic fibrosis have an alginate pseudocapsule 

that guards the bacterium from phagocytosis, dehydration and antibiotics as well as it helps to 

get better attachment to epithelial cells starting a biofilm formation. Two different types of 

regulation systems control the expression of the majority of these virulence factors: the two-

component transcriptional regulatory system and the quorum sensing system. These two 

mechanisms are necessary to the survival and the proliferation of this microorganism in the 

host (32). The virulence factors and their mechanisms were listed in Table 4.   
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Table 4: Virulence approaches by Pseudomonas aeruginosa, their role in pathogenicity and 

opportunities for intervention. (* denotes Quorum sensing regulated factor) (33).  

Virulence approaches    Mechanism of action/activity  
Alginate biofilm*   Biofilm formation  

Quorum Sensing   Coordination of virulence factor production  
Immune modulation  

Phenotypic transfer and variability   Resistance acquisition  
Environmental adaptation  

Pili*   Adhesion  
Twitching motility  
Biofilm formation  
Horizontal gene transfer (natural 

transformation)  

RND efflux pumps*  

  
 Antibiotic removal QS 

molecule release  

Lectin*   

  
 Cell aggregation proteins Ciliary 

dysregulation  

Flagella  
- flagellin  

  

 Motility  
Immune induction  

Immune modulation*   AHL/AQ signal  

Rhamnolipids   Biosurfactants  
– diffusible nutrition  
Swarming/motility  
PMN necrotic killing  

Iron sequestration*   

  
 Pyoverdin  

Pyochelin  
PQS  

Enzymes  
invasion‐mediating*  
antibiotic‐modifying  

  

 Elastases  
Phospholipase  
Lecithinase 

(alkaline protease) 

β‐lactamases 

Cephalosporinase  
Aminoglycoside‐modifying enzymes  

Toxins    Lipopolysaccharide (endotoxin)  
Exotoxin A  
Exoenzyme S  

Host‐cardiovascular effect  

  
 AHL‐mediated vasodilatation –  

increasing blood flow for nutrient delivery  
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1.2 Rhamnolipids  

Pseudomonas aeruginosa was shown to produce the biosurfactant rhamnolipids, which are 

amphiphilic molecules composed of a hydrophobic fatty acid moiety and a hydrophilic portion 

composed of one or two rhamnose. Two main types of rhamnolipids (Fig. 2) are typically 

secreted when P. aeruginosa is growing in liquid cultures (34).  The most frequently mono- and 

di-rhamnolipids consist of β-hydroxydecanoic acid residues, namely α-Lrhamnopyranosyl- 3-

hydroxydecanoyl-3-hydroxydecanoate (Rha-C10-C10) and α-L-rhamnopyranosyl-(1-2)-αL-

rhamnopyranosyl- 3-hydroxydecanoyl-3-hydroxydecanoate (Rha-Rha-C10-C10), respectively 

(35). The development of more sensitive analytical techniques has lead to the further discovery 

of a wide diversity of rhamnolipid congeners and homologues (about 60) that are produced at 

different concentrations by various Pseudomonas species and by bacteria belonging to other 

families, classes, or even phyla.  For example, several Burkholderia species, such as B. 

thailandensis, B. plantarii, B. pseudomallei, and B. mallei are able to produce rhamnolipids 

which contain a C14–C14 lipid moiety (36).Recently, however, the chemical characterization 

of rhamnolipids congeners produced by the non-pathogenic B. thailandensis was reported.  

(37). Although bacterial species other than P. aeruginosa have been reported as RL producers 

(Table 5), it is important to note that many have 

not been conclusively identified (e.g., through 

16S ribosomal RNA gene sequencing) nor their 

production of RLs have been confirmed using 

highprecision analytical methods (e.g., 

HPLCMS) (38).  

  

  

  

  

  

 

 

Figure 2: Generalized structures of mono-rhamnolipids and di-rhamnolipids, m,n=4-8 (39).   
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Table 5: Taxonomical classification of different bacteria reported to produce rhamnolipids 

(modified from (38).  

Name of Bacterial species                           RL composition                               Reference 

Phylum: Actinobacteria, class: Actinobacteria  

Renibacterium salmoninarum  Mono- and di-RL                                                         (40) 

Cellulomonas cellulans  Novel rhamnose-containing                                            (41)  
glycolipid (glucorhamno- ribo-lipid)  

Nocardioides sp.   RLa(congeners unidentified)                                           (42)  

Phylum: Firmicutes, class: Bacilli  

Tetragenococcus koreensis  RL (congeners unidentified)                                           (43)  

Phylum: Proteobacteria, class: Betaproteobacteria  

B. glumae   Rha-Rha-C14-C14, C12-C14, and                                   (44)  
C14-C16 (beside their isomers)  

B. pseudomallei  Di-RL congeners with C12-C12, C12-C14, C14-C14, C14-C16, and    (45)                                      
                                                    C16-C16  

B. plantarii   Rha-Rha-C14, Rha-Rha-C14-C14                                    (46)  
   and Rha-Rha-C14-C14-C14  

B. thailandensis   Mono- and di-RL congeners with                                     (37)  
C12-C14, C14-C14, C14-C16, and C16C16  

Phylum: Proteobacteria, subphylum: delta/epsilon subdivision, class: Deltaproteobacteria  

Myxococcus sp.  Myxotyrosides A and B which are                                  (47)  
                                             rhamno-amino-lipids  

Phylum: Proteobacteria, class: Gammaproteobacteria  

Acinetobacter calcoaceticus  Mono- and di-RL with C10-C10                                        (48)  

Enterobacter asburiae   Mono- and di-RL with C10-C10                                        (48)  

Enterobacter hormaechei   Mono- and di-RL with C10-C10                                        (48)  

Pantoea stewartii   Mono- and di-RL with C10-C10                                        (48)  

P. alcaligenes   Mono- and di-RL with C8-C10,                                         (49)  
C10-C10, and C10-C12  

P. aeruginosa   Two major mono- and di- with C10-                                 (31, 50-52)  
C10 and the other with C8-C8, C8  
C12:1, C12:1-C8, C12:1-C10,  
C12:1-C12, C10-C14:1, C12-C12 

P. cepacia   RLa(congeners unidentified)                                              (53)  

P. chlororaphis  Mono-RL with C10-C8, C10-C10,                                    (54)  
C12-C10, C12:1-C10, C12-C12,  
C12:1-C10, C14-C10, and C14:1 

C10  

P. fluorescens   RLa (congeners unidentified)                                            (55, 56)  

P. putida   RLa (congeners unidentified)                                            (56)  

P. stutzeri   RLa (congeners unidentified)                                            (57)   
a
Identity of RL has not been definitively confirmed. 
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The differences in the rhamnolipids identified in Table 5 and those reported in the literatures 

could be due to the rhamnolipid isolation and analysis procedures, the growth conditions, the 

medium used, the age of the culture or the fact that a different strains or species was used (58).   

  

1.2.1 Biosynthesis of rhamnolipids in P.aeruginosa  

  

Rhamnolipids biosynthesis occurs through three sequential reactions. RhlA catalyzes the 

synthesis of the fatty acid dimer moiety of rhamnolipids and free 3-(3-hydroxyalkanoyloxy) 

alkanoic acid (HAA),while rhamnosyltransferases RhlB and RhlC catalyse the transfer of 

dTDP-L-rhamnose to either HAA, or a previously generated mono-rhamnolipid, respectively 

(59). Free HAAs also show surface-tension activities and have been directly related to the 

promotion of swarming motility. Recent studies suggest that RhlA is responsible for diverting 

the β-hydroxydecanoyl- ACP intermediate from the FASII cycle (60), by directly competing 

with FabA and FabI for this intermediate (61). In addition, RhlA is the only protein required to 

convert two molecules of β-hydroxyacyl-ACP into an HAA. The diversion of the 

bhydroxydecanoyl-ACP intermediate from the FASII cycle providing a substrate for the 

enzyme RhlAB to produce the hydrocarbon chain in the rhamnolipid molecule is an important 

step, both biotechnologically and clinically, but is still not fully understood (62).  A putative 

RL biosynthesis pathway for P. aeruginosa is given in figure 3 (9, 35, 38, 63-65). The dTDP-

Lrhamnose precursor for the hydrophilic part directly can derive from both the Entner–

Doudoroff pathway and gluconeogenesis, respectively, and is synthesized by a subsequent 

conversion of D-glucose-6-phosphate by the phosphoglucomutase AlgC (66, 67) and the 

rmlBDAC operon gene products (68, 69). The RL biosynthesis pathway is cross-linked with 

the formation of various polysaccharide species (70, 71). The de novo synthesis of the 

hydrophilic moiety occurs by classical fatty acid synthetases of type-II (FAS II) (72) which 

basically comprise the fab gene products (73, 74).  

The syntheses of the fatty acid moiety, of Nacylhomoserine lactones (75) and of 4-hydroxyl-2- 

alkylquinolens (HAQ) are closely linked to each other (76, 77). On the genetic level, 

biosynthesis of RLs in P. aeruginosa occurs through three sequential steps (31): RhlA (encoded 

by rhlA gene) is involved in the synthesis of the fatty acid dimer (HAAs) moiety of RLs from 

3-hydroxy fatty acid precursors (59) the membrane-bound RhlB rhamnosyltransferase 

(encoded by rhlB gene) uses dTDP-L-rhamnose and a HAA molecule as precursors, yielding 
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mono-RL and these mono-RLs are in turn the substrates, together with dTDP-Lrhamnose, of 

the RhlC rhamnosyltransferase (encoded by rhlC gene) to produce di-RL. In P. aeruginosa, a 

bicistronic rhlAB operon encodes the first two enzymes while rhlC is elsewhere on the genome. 

While P. aeruginosa produces a mixture of mono- and di-RLs, P. chlororaphis has been 

reported to produce only mono-RLs. It was suggested that this species lack a homologue of the 

rhlC gene which encodes for the second rhamnosyltransferase responsible for biosynthesis of 

di-RLs (54).  
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Figure 3: Putative rhamnolipid biosynthesis pathway  taken from Müller et al., 2011(78) The pathway is 

based on the sequenced and fully annotated type strain P. aeruginosa PAO1. The three major synthesis steps 

towards mono- and di-rhamnolipids and their connection to several by-products and QS molecules are illustrated  

(m, n=4–8). The biosynthesis mechanism for rhamnolipids with only one β- hydroxyalkanoic acid moiety or 

unsaturated fatty acids is still unravelled (35, 38). 
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1.2.2 Regulation of Rhamnolipids Biosynthesis  

  

The control of RL production is very complex, since it is influenced by numerous factors at both 

genetic control and environmental/nutritional levels. As typical secondary metabolites, 

biosynthesis primarily occurs from the end of the logarithmic or the onset of the stationary 

growth phases. Two factors need to be explained to make this clear: cell density-dependent 

regulation and limitation of specific nutrients.  

  

1.2.3 Cell density-dependent regulation  

  

The regulatory network for rhamnolipid production regulation on genetic level consists of very 

complex interaction of cell density dependent AHL-mediated QS and sigma factor (σ) 

transcriptional regulation (79,  80). A large proportion of these are directing the production of 

virulence factors, including proteases, lectins, HCN, phenazines, and RLs (81, 82).   

The acyl-homoserine lactons (AHLs) mediate the cellular responsiveness towards 

environmental signals. First, the expression of lasR is induced via the transcriptional regulator 

Vfr (83) and the global activator protein (GacA) (84) (Fig. 4). The N-3-

oxododecanoylhomoserine lactone (3-oxo-C12-HSL), also termed P. aeruginosa autoinducer 

1 (PAI-1), is synthesized by the LasI protein. PAI-1 binds to LasR and thus positively regulates 

the rhlABRI operon.  

The product of RhlI is the signal butanoyl-homoserine lactone, C4-HSL, which acts as the 

activating ligand of the transcriptional regulator RhlR. The RhlR/C4-HSL complex then binds 

to a specific sequence in the rhlAB regulatory region to activate the transcription. Interestingly, 

RhlR was suggested to act as a transcriptional repressor when not bound to its signaling ligand 

(85). The level of expression of rhlAB is thus dependent on the local environmental 

concentration of this signal. The expression of the second rhamnosyltransferase, encoded by 

rhlC, is coordinately regulated with rhlAB by the same quorum sensing regulatory pathway 

(65). Bound to RhlR, PAI-2 induces the expression of the rhamnosyltransferase genes rhlAB 

and rhlC (65, 86). Autoinducer signaling between surrounding cells is regulated by a complex 

network of positive and negative feedback loops on the transcriptional and post-transcriptional 

level (87). Recently and for the first time, a quorum threshold expression element (QteE) was 

identified to control the AHL-dependent QS on protein level by destabilizing LasR. Because 
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QteE can block QS when signal levels are high, this could provide a mechanism for individual 

cells to exert autonomous control over their QS regulons (88).  

  

Figure 4: Overview of the las/rhl QS system and the connection with the PQS system taken from Müller et 

al., 2011(78). The interaction of diverse regulatory elements has a deep impact on timing and strength of 

rhamnolipid biosynthesis gene expression. Functions and abbreviations are described in detail within the text.  

Arrows with solid lines indicate positive (+) or negative (−) regulatory effects. Arrows with dotted line and starting 

circles indicate gene expression. Genomic locations are related to the PAO1 genome from the Pseudomonas 

Genome Database (9).   

  

Beside RhlR/C4-HSL and LuxR/AHL–type circuits, P. aeruginosa carries a distinct quorum 

sensing system composed of the transcriptional regulator MvfR (PqsR), which directs the 

biosynthesis of HAQs (77, 88, 89) and the activation of many quorum sensing-controlled genes 

via PqsE (90-92). Among the HAQs, HHQ and PQS act as inducing ligands of MvfR regulator 

(93). The Pseudomonas quinolone signal (PQS), 2-heptyl-3-hydroxi-4- quinolone, is suggested 

to be part of the so called third quorum sensing system in P. aeruginosa (94). PQS directly 

activates the RhlRI QS system in a LasR-3OC12-HSL independent manner (91, 95). The PQS 

biosynthesis is driven by pqsABCDE operon, which is activated by PqsR (MvfR), a LysR-type 

regulator. PqsR is activated by las QS system and repressed by rhl QS system, evidencing the 

great complexity in the QS hierarchy regulation in P. aeruginosa (96). PQS production occurs 
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in the late logarithmic phase and reaches its maximum in the late stationary phase (91, 95), with 

a similar profile to that of rhamnolipid biosynthesis. It was shown that pqsR and pqsE mutants 

have reduced rhamnolipid production, even when exposed to wild-type levels of C4-HSL (85). 

This indicates a direct participation of PqsE, PqsR and/or PQS in rhamnolipid synthesis. 

Rhamnolipid regulation also requires PqsE, which is involved in bacterial response to PQS and 

PqsR (90). Thus both the LasR/3-oxo-C12-HSL and the MvfR/PQS/PqsE quorum sensing 

signaling pathways end up upregulating the activity of RhlR. Accordingly, while a rhlR 

negative mutant does not produce any RLs (97), PQS system-deficient (e.g., mvfR or pqsE) or 

lasR mutants still express rhlAB and produce RLs, but at reduced or delayed rates (91, 98, (97). 

Additional regulatory factors modulate the expression of the rhlAB operon, all of which acting 

essentially on some levels of the quorum sensing global circuitry. RsaL is a global regulator 

that represses LasI expression by binding to the LasI promoter. It exerts homeostatic effects by 

balancing the autoregulation of the las system through LasR-3OC12-HSL and modulating the 

transcriptional level of several QS-regulated genes. It was shown that RsaL controls over a 

hundred genes, independently of its effect on 3OC12-HSL production. Most of them are 

repressed by RsaL, while many are activated by LasR and/or RhlR, revealing its homeostatic 

effect on QS-controlled genes over the cell density effect (99).  RhlAB expression was shown 

not to be under direct control of RsaL, although rsaL mutant strains showed overexpression of 

rhlAB operon (100). These results lead to the conclusion that RsaL affects rhamnolipid 

production indirectly, due to its modulation of 3OC12-HSL levels, or some other regulatory 

factor.   
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1.2.4 Enviromental Regulation of Rhamnolipids Production-Links with Quorum 

Sensing  

Restriction in the availability of a number of nutrients, except the carbon source, is known to 

promote the production of RLs. For instance, under rich medium conditions the expression of 

RhlR is dependent on LasR, under phosphate-limiting conditions various transcriptional 

activators, including Vfr, RhlR, and the sigma factor σ54, participate in the expression of RhlR 

from multiple promoters. Moreover, it was demonstrated that rhlR expression can be enhanced 

under low-phosphate medium conditions, albeit phosphate limitation was shown to reduce AHL 

levels while allowing rhamnolipid production (101). The alternative sigma factor RpoN is 

associated to nitrogen metabolism and respective binding sides are reported for rhlR (85), 

rhlAB operon and the PA1131-rhlC operon (65). PhoB is a response regulator and stimulates 

rhlR expression under phosphate-limiting conditions via HAQ-dependent QS (29).Parallel 

starvation of C- and N- sources could also induce RL production in spite of a las-QS mutation 

via the regulation of alternative sigma factor RpoS (3). The rhlAB operon integrates the RpoS 

regulon and has been shown to be upregulated and partially RpoS-dependent, which indicates 

another genetic link between rhamnolipid production and nutrient deprivation and environment 

stress adaptation.   

In conclusion, the expression of the rhlAB operon and the production of RLs are regulated by 

both quorum sensing signals and environmental/nutritional factors. Accordingly, exogenously 

added signals do not modify the onset of induction for genes controlled by both the RpoS σ 

factor (σs) and quorum sensing (102, 103); now,  the rhlAB promoter appears partially 

dependent on sS for its expression. Indeed, high cell density and/or presence of both RhlR and 

its ligand signal C4-HSL do permit upregulation or advancement of rhlAB expression before 

late logarithmic-early stationary phase, when rpoS is induced (85, 87). Further studies will be 

required to elucidate the complex interplay between nutrition-based and cell-density-based 

gene regulation in P. aeruginosa.  
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1.2.4.1 Effect of the Pi-depletion on rhamnolipid production QS circuit in P.aeruginosa   

  

Adaptation and coordination of gene expression is particularly important for pathogenic 

microorganisms that need to colonize changing host environments since their ability to sense 

and respond to host environmental cues is crucial for their survival (104).  P.aeruginosa during 

phosphate depletion; they included phosphate signaling (PhoB), The MvfR (multiple virulence 

factor regulator)-PQS pathway of quorum sensing, and the pyoverdin iron acquisition system 

(29). The Pseudomonas aeruginosa MvfR-dependent QS regulatory pathway controls the 

expression of key virulence genes; and is activated via the extracellular signals 4-hydroxy-

2heptylquinoline (HHQ) and 3,4-dihydroxy-2-heptylquinoline (PQS), whose syntheses depend 

on anthranilic acid (AA), the primary precursor of 4-hydroxy-2-alkylquinolines (HAQs) (105). 

The local concentration of extracellular phosphate is one of the multiple local environmental 

cues within the intestinal tract of a surgically injured host that might converge to activate a 

lethal phenotype in P. aeruginosa (106).   

  

Figure 5: Schematic of P. aeruginosa 

virulence activation pathways due to 

bacterial sensing of low phosphate (107). 

Low phosphate in the mucous layer of the 

intestine is sensed by P. aeruginosa through 

PstS protein. This activation of PstS results 

in changes in the Pst-PhoUPhoR complex, 

leading to histidine kinase PhoR 

phosphorylation and activation of the 

transcriptional regulator PhoB that then 

binds to the pho box gene sequence that 

controls hundreds of genes including those 

encoding main regulators of quorum 

sensing, such as MvfR. MvfR is a 

transcriptional regulator that acts upstream of the operon pqsABCDE, which codes for, among other things, the 

enzymes that lead to the production of PQS, a quorum sensing compound, and the bactericidal compound HQNO. 

PQS serves three additional functions: 1) activates lecA, which leads to the production of PAI-lectin, 2) is secreted 

to bind to free iron (Fe), and 3) feeds back to enhance the binding of MvfR to the promoter sequence upstream of 

pqsABCDE.  
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1.2.5 Role of Rhamnolipids  

  

Rhamnolipids are surface active molecules of microbial origin which have been studied by 

numerous scientists all over the world (Fig. 6).  

 

Figure 6: Important events and discoveries in the field of rhamnolipids (cf. Chrzanowski et al.,  2012), (108).   

  

Several studies dedicated to this topic can be found, which mainly focus on rhamnolipid 

biosynthesis and isolation of new congeners and analytical studies concerning their chemical 

structures (109, 110), determination of their physico-chemical properties, especially in terms 

of surface activity, and potential applications (35, 38, 111, 112).   
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1.2.6 Commercial applications of RLs  

  

1.2.6.1 In Bioremediation  

  

Rhamnolipids are used in a wide range of applications. The potential use of biosurfactants in 

bioremediation of petroleum contamination has attracted a lot of attention. Additionally, the 

use of rhamnolipids brought about several advantages compared to synthetic surfactants (113) 

such as: low critical micelle concentration values (ranging from 75 to 150 mg/L); (108, 114), 

the possibility of producing biosurfactants in situ,  low environmental burden, high 

biodegradability and a high solubilization efficiency. Since the low solubility of petroleum 

hydrocarbons limited their bioavailability, it was expected that surfactant-induced 

solubilization would result in an enhanced biodegradation process (115). In this concept, 

rhamnolipids were supposed to play the role of a mediator, which connected the hydrophilic 

microorganisms living in the environment with water-insoluble hydrophobic hydrocarbons. 

Promising results were especially anticipated for polycyclic aromatic hydrocarbons (PAH), 

which are considered as dangerous and hard-to-remove environmental pollutants (116, 117).   

  

1.2.7 Rhamnolipids as an antimicrobial agent  

  

RLs have been shown to display antibacterial activities against plant, fungi and human 

pathogenic bacteria and viruses. Rhamnolipids biosurfactant increases membrane permeability 

of the bacterial cells thereby causing cell death. The RLs probably forms molecular aggregates 

in surface bacterial membrane, leading to the formation of trans-membrane pores. Studies 

conducted by Sotirova et al., (118) showed the RLs biosurfactant complex termed PS mediates 

permeabilizing effects on Gram-positive and Gram-negative bacterial strains, namely Bacillus 

subtilis and P.aeruginosa (119, 120). In B. subtilis, exposure to rhamnolipids provokes a 

complex reaction that combines the cell envelope and secretion stress response (121). 

Alternatively, the modification of microbial cell surface properties by rhamnolipids would also 

lead to an increased contact area between the cells and carbon source (122). However their 

attack to the PMLs is limited to use as a antibiotics from pathogen strains (81).  

  



Introduction    I  

  

   21  

  

1.2.8 RLs as virulence factor  

  

Rhamnolipids can be expressed in a concerted manner with different factors and are considered 

to be important virulence factors (35). Rhamnolipids are able to modulate the outer leaflet of P. 

aeruginosa mainly by removing lipopolysaccharide which results in increasing hydrophobicity 

(111, 110), thereby minimizing the distance to potentially hydrophobic substrates/surfaces, for 

instance the stratum corneum. Rhamnolipid mediated shuttle across the outer skin barrier was 

not restricted to flagellin since rhamnolipids enable psoriasin expression by the cytokines IL17 

and IL-22 after topical application on human skin (123).  Rhamnolipids are necessary and 

sufficient for invasion of a reconstituted human airway epithelium; they modulate biofilm 

architecture and lyse polymorphonuclear neutrophils (124, 125)  have observed that only 

bacteria that efficiently secrete rhamnolipids infiltrate a respiratory epithelium, while strains 

expressing all other QS-regulated factors do not. Also they have document that, once applied 

to the apical surface of epithelia, purified rhamnolipids rapidly altered the transepithelial 

resistance and the paracellular permeability of the reconstituted epithelia. Bjarnsholt et al (126) 

have demonstrated that rhamnolipid plays a major role in the defense against the cellular 

components of the immune system, especially against the polymorphonuclear neutrophilic 

leukocytes (PMNs) which dominate the immune response in the CF lung.   

  

1.2.9 RLs in motility  

  

Motility plays an important role in the pathogenesis of P. aeruginosa (127) and is crucial to the 

ability of P. aeruginosa to colonize the host and form biofilms (128). P. aeruginosa is known 

to exhibit three major forms of motility: (i) flagellum-mediated swimming in an aqueous 

environment and at low agar concentrations (0,3% wt/vol), (ii) type IV pilus mediated twitching 

on solid surfaces (1% wt/vol agar) or at the interstitial surface between the agar and plastic or 

glass (129, 130), and (iii) swarming on semisolid (viscous) surfaces (0.5 to 0.7% [wt/vol] agar), 

with amino acids serving as the nitrogen source (131).   

Swarming is a type of surface motility exhibited by Pseudomonas aeruginosa and other bacteria 

where groups of organisms coordinate to expand as an entire population over new surfaces 

(132).  In order to swarm, individual bacteria must secrete rhamnolipid biosurfactants (133) 

which are synthesized through a well characterized pathway involving the rhl gene family (61).  

P. aeruginosa swarming is influenced via the production of rhamnolipid because rhamnolipid 
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lowers the local surface tension within the thin liquid layer, which eases cell motility (134).  

Previous studies have shown that normal swarming motility is intimately related to the 

production of extracellular surface-active molecules: rhamnolipids (RLs), composed of 

monorhamnolipids (mono-RLs) and dirhamnolipids (di-RLs), and 3-(3-hydroxyalkanoyloxy) 

alkanoic acids (HAAs) (135). Under control conditions, P. aeruginosa formed tendrils 

migrating outwards from the point of bacterial inoculation, with continued branching as the 

bacteria moved farther from the center (136). Gene expression data for P.aeruginosa swarming 

motility (137) reveals that rhlAB is more highly expressed in cells from the swarm center than 

from the tendril tips, suggesting that rhamnolipids are primarily produced from cells at the 

center of a swarming colony. Optimal swarming and the interesting tendril patterns that are 

often observed during P. aeruginosa swarming are known to be dependent upon the 

selfproduced biosurfactant rhamnolipid (134). Rhamnolipids regulate swarming patterns by 

maintaining the cell-free areas between tendrils and HAA functions solely as a wetting agent 

(133). This study also demonstrated that swarming motility is completely inhibited when 

purified rhamnolipids were added to swarm plates. The study (135) has provided evidence that 

the complex swarming pattern of P. aeruginosa is modulated by a specific chemotactic-like 

response where di-RLs serve as attractants and HAAs as repellents, while mono-RLs appear to 

act as a wetting agent.   

  

1.2.10 RLs in Biofilm Formation  

  

Surface adhesion of bacteria and subsequent cell binary fission and exopolymer production lead 

to the formation of bacterial biofilms (138). This mode of development, called biofilm, has 

gained in importance particularly when it was established that he was involved in a variety of 

bacterial infections (139) and antibiotic resistance. Bacterial biofilms confer protection from 

external pressures while maintaining persistence from harsh environmental conditions (140). 

Curiously, cells in the biofilm have diverse gene expression although the community is 

comprised of clonal members (141). Biofilm-forming organisms rely on extracellular 

polymeric substance (EPS), also known as matrix, which is essential for colonization of 

surfaces and volumes (142, 143). Biofilm formaton is initiated with surface attachment by 

planktonic bacteria, followed by formation of clusters and microcolonies and subsequent 

development of differentiated structures which individual bacteria as well as the entire 
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community are surrounded by exopolysaccharides (144). Finally, biofilm populations release 

or disperse small aggregates or even individual cells for seeding of uncolonized sites and 

reinitiating the biofilm lifecycle (145-147). Detachment can occur by fluid flow shearing off 

cells (148), or by active processes on the part of bacteria (149).   

Both flagella and Type IV pili motility are important to biofilm development. These appendages 

serve to assist in attachment of cells to surfaces and in additional stages of biofilm development 

(150). Flagellar motility appears to be required for approaching surfaces and counteracting 

repulsive forces. Twitching motility, a mechanism that is mediated by type IV pili, is required 

for subsequent spreading over the surface (151). Many P. aeruginosa biofilms show the 

development of “mushroom caps”. These caps form under certain environmental conditions 

(namely sufficient iron and certain carbon sources) and require both flagella and Type IV pili. 

Interestingly, the Type IV pili appear capable of sensing extracellular DNA present from the 

initiating biofilm cells (152, 153). A previous report showed that biofilms of rhamnolipid 

synthesis mutants were abnormal, with a relatively flat architecture that did not have 

mushroom-like structures (154). Rhamnolipid synthesis is required to allow migration of a 

motile subpopulation up the stalk to form caps (155). Rhamnolipids alter cell-cell and 

cellsurface interactions. In this way the biofilm architecture is maintained, ensuring the flow of 

nutrients and oxygen into the community and the efflux of waste products. However, 

rhamnolipid production, which is controlled at the population level, not only guarantees the 

structure, and therefore the nutritional balance of the biofilm, but these surfactants also prevent 

outside invading bacteria from colonizing the open spaces in the resident biofilm (156). The 

production of the extracellular polysaccharide alginate and the rhamnolipid surfactant allow the 

maintenance of biofilm architecture and provide the biofilm with a degree of physical resistance 

(146, 154, 157). P. aeruginosa not only regulates development of its distinctive biofilm 

architecture but, once channels form, this organism utilizes rhamnolipid surfactants to actively 

maintain the void spaces surrounding macrocolonies. This data propose that rhamnolipids are 

not required for the formation of macrocolonies and channels but participate in the maintenance 

of channels once they are formed. Production of rhamnolipids by P. aeruginosa during the 

stationary phase can also lead to biofilm dispersal (158, 159) and rhamnolipids are required for 

detachment mechanism of biofilm (160).  

  

A number of genetic (161, 162) and proteomic investigations (163, 164) have determined to 

which gene regulation during biofilm development controls the switch from planktonic to 
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biofilm growth. While protein-based approaches suggest that many genes are differentially 

regulated during biofilm development, confirming significant physiological differences 

between free-living and biofilm bacteria (164). Transcriptome analyses led to the conclusion 

that only 1% (i.e. 73 genes) of the P. aeruginosa genes showed differential expression in 

planktonic and biofilm cells (165).   

    

1.2.11 GroEL protein in P. aeruginosa biofilm formation  

  

Given that amongst transcriptomic and proteomic studies during biofilm formation of 

P.aeruginosa there are genes and proteins that appear to be involved in general stress;  glycogen 

accumulation and breakdown and oxidative stress survival, quinolone signal stress response, 

iron acquisition and storage, protein degradation, type IV fimbrial biogenesis,  phenazine 

biosynthesis (166-171).  

The proteins associated with cellular stress responses, including chaperones (i.e GroEL) and 

proteins involved in post-translational folding and stabilization, showed increased abundance 

in biofilm-grown cells of P. aeruginosa mucoid strain (172). Earlier studies had indicated that 

GroEL protein is in general cytoplasmic protein, but more recent studies suggest that they are 

membrane associated in some micro-organisms or secreted from the cells (173). It has been 

reported that GroEL protein was appeared in extracellular fraction of P. aeruginosa proteomics 

(174-176). These cytoplasmic protein play important roles in the interaction with the host and 

it is tempting to speculate that some of the intracellular proteins identified in the biofilm matrix 

may have yet unknown functions in pathogenesis (177).  
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Aim of This Study  

  

P. aeruginosa infections are particularly difficult to treat due to the bacterium’s intrinsic 

resistance to a broad spectrum of antimicrobial agents and its repertoire of virulence factors 

(131). Rhamnolipids are biosurfactant produced mainly by various Pseudomonas species and 

by bacteria belonging to other families, classes, or even phyla. For example, several 

Burkholderia species, such as B. thailandensis, B. plantarii, B. pseudomallei, and B. mallei are 

able to produce rhamnolipids congeners (36). Rhamnolipids are regulated by QS molecules 

(178). Rhamnolipids have received a great deal of attention due to their good physicochemical 

properties which is allowed to use them in environmental applications (179) as well as 

antibacterial (180), antifungal (181) however diverse roles they it plays in virulence of 

P.aeruginosa ̀ s swarming motility (59) and biofilm formation (158) furthermore,  (81) and (75) 

showed that rhamnolipids form a protective shield against attaching phagocytic cells from the 

innate immune system. Rhamnolipids have been intensively investigated and extensively 

reviewed (35, 63, 111, 112).  However their intrinsic, exact role has not been yet understood.  

This thesis has focused on the following aims;  

  

First, it had to be constructed rhamnolipids mutants ∆rhlA which no ability to produce  mono 

and di rhamnolipids and ∆rhlC mutant which produce only mono-rhamnolipid.    

Additionally, mono from ∆rhlC strain and the mixture rhamnolipids from PAO1 were produced 

in a shaking flask and were purified. Following the separation mono- and di-rhamnolipids by 

column chromatography, their chemical characterization was obtained by LC-MS analysis.  

With respect to obtaining data for the exact function of rhamnolipids, the effect of the 

rhamnolipid production had to be examined in terms of their relation with Quorum Sensing 

Molecules to elucidate the underlying mechanism phenotypic characteristics of rhamnolipids.  

Furthermore, we have chosen a proteomic approach to investigate in rhamnolipids producing 

and non-producing conditions, specifically for extracellular and outer membrane, represent an 

important barrier of the bacterial cell towards environment.   
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Moreover, a further analysis was performed for one of the interesting extracellular protein to 

identify the function and contribution of the virulence of P.aeruginosa. Combining all data, the 

most promising result was the “GroEL protein which promotes the attachment of the  

P.aeruginosa to inert surfaces.”   
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II Materials and Methods  

2.1 Chemicals and Enzymes  

All antibiotics, enzymes and chemicals in p.a purity quality were used in this work, were 

obtained from the following companies;   

Antibiotics: Gerbu (Geilberg), Serva (Heidelberg), Sigma (Deisenhofen).  

Enzymes: Restriktion enzymes were obtained from MBI Fermentas (St. Leon-Rot), New 

England Biolabs (Schwalbach). Other enzymes were obtained from: Lysozym - Sigma 

(Deisenhofen), T4-DNA-Ligase, T4 DNA Polymerase – Promega (Notthingham), Pfu DNA 

Polymerase - Stratagene (Heidelberg), High Fidelitiy DNA polymerase - Roche Applied 

Science (Mannheim).   

Chemicals: Merck (Darmstadt), Fluka (Sternheim), Gibco BRL (Eggenstein), Pharmacia 

(Freiburg), Roth (Karlsruhe), Sigma (Deisenhofen), Serva (Heidelberg), Biomol (Hamburg).  

Medium components: Difco (Detroit, USA), Gibco BRL (Eggenstein), Oxoid (Wesel).  
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2.2 Bacterial Strains and Plasmids  

  

All bacterial strains and plasmids used and created in frame of this PhD thesis are summarized 

in table 6 and table 7 respectively.  

Table 6: Description of bacterial strains which used in this PhD thesis.  

Strain name  Genotype  Reference  

Escherichia coli  
DH5α  

  

supE44  
∆(lacZYA-argF)U196 (Ф80∆lacZM15) 

hsdR17 recA1 endA1 gyrA96 thi-1 relA1  

  

(182)  

Escherichia coli S17-1  Ec294::[RP4-2(Tc::Mu)(Km::Tn7)], pro, res, 

recA, Tpr, Smr  
(183)  

  

  

Pseudomonas aeruginosa  

PAOL  

Wild type PAO1  
originating from Dieter Haas laboratory 

(Lausanne, CH )  

(184)  

Pseudomonas aeruginosa  

PAO1  

Wild type PAO1  
Originating from Notthingham  

Collection  

  

Mucoid  

Pseudomonas aeruginosa  

IMET Collection  (185)  

Pseudomonas aeruginosa ∆pqsA  

  

PAO1, ∆pqsA  

  

(186)  

Pseudomonas aeruginosa  

∆rhlA  

PAO1, ∆rhlA  This study  

Pseudomonas aeruginosa  

∆rhlC  

PAO1, ∆rhlC  This study  
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Table 7: Vector and Plasmids used in this study  

Strain name  Genotype  Reference  

pBluescript II KS +/-  Cloning Vector ColE1; Apr  Stratagene  

pVLT31  lacIq, Ptac, TcR, mob, rep  (187)  

pEX18GmR  Suicide vector carrying the sacBR genes for 

sucrose sensitivity (GmR) 
(188)  

pMD4  Suicide vector carrying the sacBR genes for 

sucrose sensitivity (CmR)  
(189)  

Recombinant Plasmids      

pVLT31-groEL  groEL gene inserted in KpnI/XbaI of pVLT31  IMET collection  

pBS∆rhlA-up  500bp HindIII/EcoRI upstream of rhlA gene with 

AmpR  
This study  

pBS∆rhlA-down   500bp EcoRI/BamHI downstream of rhlA gene 

with AmpR  
This study  

pBS∆rhlA  1000bp HindIII/BamHI up and downstream of 

rhlA gene with AmpR  
This study  

pBS∆rhlC-up  500bp HindIII/EcoRI upstream of rhlC gene with 

AmpR  
Heeb et al.,(2003)  

(190)  

pBS∆rhlC-down  500bp EcoRI/BamHI downstream of rhlC gene 

with AmpR  
Heeb et al.,(2003)  

(190)  

pBS∆rhlC  1000bp HindIII/BamHI up and downstream of 

rhlC gene with AmpR  
Heeb et al.,(2003)  

(190)  

pEX18∆rhlA  ∆rhlA fragment consists of 500bp upstream 

region followed by 500bp downstream region of 

rhlA gene inserted in pEX18GmR  (Digested by  
HindIII/BamHI from pBS)  

This study  

pEX18∆rhlC  ∆rhlC fragment consists of 500bp upstream 

region followed by 500bp downstream region of 

rhlC gene inserted in pEX18GmR  (1000bp dna 

fragment was digested by HindIII/BamHI)  

This study  

pMD4∆rhlA  

  

∆rhlA fragment consists of 500bp upstream 

region followed by 500bp downstream region of 

rhlA gene inserted in pMD4 (1000bp dna 

fragment was digested by XhoI/XbaI from pBS   

This study  

pMD4∆rhlC  

  

∆rhlC fragment consists of 500bp upstream 

region followed by 500bp downstream region of 

rhlA gene inserted in pMD4 (1000bp dna 

fragment was digested by XhoI/XbaI from pBS)  

This study  
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2.3 Oligonucleotides  

Table 8. Oligonucleotides used in PCR.  

Name  DNA sequence (5`-3`  Features  

∆PA3479UpF  TATAAGCTTCGAGGCCTGCGAAGTGTC  HindIII  

∆PA3479UpR  TATGAATTCTTCGCGCCGCATTTCACAC  EcoRI  

∆PA3479DwF  TATGAATTCTACGCCTGAACCCTTGACC  EcoRI  

∆PA3479DwR  TATGGATCCACTTGGGGTGTACCGGGCG  BamHI  

PA1130F  AAAGATTCATGGACCGGACCGGATAGACATGGG  -  

PA1130R  AAAATCGATTCAGGCCTTGGCCTTGCC  -  

∆PA1130UpF  TATAAGCTTTCGTGATCGAGAAGTTTCACTG  HindIII  

∆PA1130UpR  TATGAATTCGTCTATCCGGTCCATGATCGTTC  EcoRI  

∆PA1130DwF  TATGAATTCTGAGCCTAGTCGGCGAAACGC  EcoRI  

∆PA1130DwR  TATGGATCCGCCGTTCTGCCTCTACTATCC  BamHI  

  

Oligonucleotides (Table 8) used in PCR were purchased from Eurofins SIGMA (Deisenhofen) 

as high purified salt free compounds delivered in lyophilized form. Prior to using primers were 

dissolved in sterile A. dest yielding 100 pmol/µl solutions. Resulting primer solutions were 

stored at -20°C.  

  

2.4 Bacterial Cultures  

  

Unless otherwise specified, all media were autoclaved for 20 min at 121 ° C and 200 kPa. 

Heatlabile components were sterilized (Millipore membrane filter having a pore diameter of 

0,2 microns) and were added to the medium filtered subsequently (T <60 ° C).  

2.4.1 LB Medium  

  

10 g/l Tryptone, 10 g/l NaCl, 5 g/l Yeast extract 

pH=7 was adjusted with the NaOH.   
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2.4.2 LB-glucose medium (0,5%)  

  

10 g/l Tryptone, 10 g/l NaCl, 5 g/l Yeast extract, 5 g/l glucose.  

pH = 7 was adjusted with the NaOH  

  

2.4.3 LB Agar Medium  

  

LB agar medium 10 g/l Tryptone, 10 g/l NaCl, 5 g/l Yeast extract, 15 g/l Agar   

2.4.4. PPGAS Medium  

  

5 g/l Glucose, 10 g/l Peptone, 1.08 g/l NH4Cl, 1.48 g/l KCl,   

14,6 g/l Tris-HCl, 0.36 g/l MgSO4 x 7H2O pH was adjusted at 7,2 with the HCl  

2.4.5 PPGAS+Phosphate Medium  

  

36 g Na2HPO4, 15 g KH2PO4 in 500ml A.dest.  The medium was autoclaved and added 50 ml 

of solution which sterilized by filter and added to 950 ml of PPGAS medium.  

  

2.4.6. M9 Medium  

  

Solution 1: 40 g/l glucose   

Solution 2: 25 g/l MgSO4 x 7H2O   

Solution 3: 2 g/l CaCl2   

Solution 4: 70 g/l Na2 hPO4 x 2 h2O, 30 g/l KH2PO4, 5 g/l NaCl, 10 g/l NH4Cl  Each 

solution was sterilized separately. The 1 l of medium was prepared mixing 100 ml 

solution 1, 10 ml solution 2, 10 ml solution 3 and 100 ml solution 4 with A. dest.  

2.4.7 α-Complementation Agar   

  

4 ml IPTG (100 mM in 70% (v/v) etanol)   

16 ml X-Gal (2% (w/v) in DMF)   

100 ml LB agar  
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2.4.8 Tributyrin Agar  

  

Solution 1: 15 ml tributyrine, 1,5 g Gummi Arabicum, 30 ml A. dest.   

Solution 2: LB agar medium   

The solution 1 was homogenized with the ultrasound pin (3 min, 75W, 100%) and added to 

1000 ml of solution 2.  

2.4.9 Skim-Milk-Agar   

  

300 g/l Skimmed milk powder Milk in LB agar (10 g tryptone, 10 g NaCl, 5 g yeast extract, 

15 g agar in 500 ml A.dest.) Protease activity leads to the formation of clear halos around the 

bacterial colonies.  

2.4.10 Kay´s Minimal Medium  

  

0,3%  NH4H2PO4; 0,2%  K2HPO4;  0,2%  glucose; 0,5 mg/l FeSO4;  0,1%  MgSO4 A.dest.  

2.4.11 Mineral-Salts-Medium  

  

0,7 g/l KH2PO4; 0,9 g/l Na2HPO4; 2 g/l NaNO3; 0,4 g/l MgSO4x7H2O; 0,1 g/l CaCl2x2H2O   

Trace elements solution  

2g/l FeSO4x7H2O; 1,5g/l MnSO4xH2O; 0,6 g/l (NH4)6MO7O24x4H2O  

2ml of trace elements solution was added to 1l of Mineral salt solution.  

2.5 Buffers and Solutions  

2.5.1 Tris-HCl buffer  

  

Tris-HCl base, 100mM    pH 

was adjusted with HCl  

2.5.2 PBS buffer  

  

11.247 g/l Na2 HPO4 ∙ 2 H2O   

  

1.59 g/l KH2PO4   

  

3.975 g/l NaCl Adjusted the pH to 7,4 with H3PO4  
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2.5.3 0,01M Sodium-Phosphate Buffer  

  

0,345 g NaH2PO4 in 250 ml A. dest  

0,9 g Na2HPO4 in 500 ml A. dest  

Adjust the pH to 7,4 by adding the acidic NaH2PO4 solution to the basic Na2HPO4 solution.   

2.5.4 Orcinol Test Stock Solution  

  

0,01% (w/w) rhamnose  

1,6% (w/v) Orcinol in A.dest  

60% (v/v) H2SO4  

100% Diethylether  

2.5.5 DNA electrophoresis buffer  

  

89 mM Tris-HCl, 89 mM Boric acid, 2.5mM Na2EDTA  

2.5.6 DNA loading buffer (5x)  

  

100 mM Na2EDTA, 43% (v/v) Glycerol, 0,5% (w/v) Bromphenol blue  

2.5.7 SDS electrophoresis buffer  

  

25 mM Tris-HCl, 0.129 M glycine, 0.1% (v/v) SDS  

2.5.8 SDS loading buffer   

  

10% glycerol, 0.2% (w/v) SDS, 0.125 M Tris-HCl (pH = 6.8), 0.1% (w/v) Bromphenol blue, 

2% (v/v) β-Mercaptoethanol  

2.5.9 Sample preparation solution (for 2D-GE)  

  

10.5 g Urea, 3,8 g Thiourea, 1 g CHAPS, 500 µl IPG buffer, 154 mg DTT total volume to 25 

ml with A. Dest. Stored in 2,5 ml aliquots at -20 °C.  
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2.5.10 Thiourea rehydration stock solution  

  

10.5 g Urea, 3,8 g Thiourea, 0,5 g CHAPS, 125 µl IPG buffer,  50 µl 1% Bromphenolblue total 

volume to 25 ml with A. Dest.  

2.5.11 SDS-Equilibration buffer  

  

72.1 g Urea, 10 ml Tris-HCl pH=8,8, 69 ml Glycerol (87%), 4,0 g SDS, 400µl Bromphenolblue 

(1%) total volume to 200 ml with A. Dest.   

2.5.12 4x resolving gel buffer solution (1,5 M Tris-base, pH=8,8)  

  

181.7 g Tris-base total volume to 1000 ml and addjuested the pH=8,8 with A.dest.  

2.5.13 Bromphenolblue stock solution  

  

100 mg bromphenolblue,  60 mg Tris-base total volume 10 ml with A.dest.  

2.5.14 Gel storage solution  

  

250 ml 4xresolving buffer, 10 ml 10% SDS total volume to 1l with A.dest.  

2.5.15 STET buffer  

  

8 g Sucrose, 5 ml 1M Tris-HCl pH=8, 10 ml 0,5 M EDTA, 1 ml 10% Triton X-100 total volume 

to 100 ml with A.dest.  

2.5.16 10XTBE Buffer  

  

890mM Tris, 890mM Boric acid, 20mM EDT, pH=8,0.  

  

2.5.17 Coomassie Blue staining solution  

  

100 g/l Ammonium sulphate, 1% (v/v) Phosphoric acid, 0.1% (w/v) Coomassie Brilliant Blue 

G-250, 20% (v/v) Methanol.  

  

  

  

  



Material and Methods    II  

  

   34  

  

2.5.18 Coomassie distaining solution  

  

40% (v/v) Ethanol, 10% (v/v) Acetic acid  

2.5.19 Sonification buffer  

  

50 mM Tris-HCl, 1 mM EDTA pH=7.4  

2.5.20 Rehydration solution  

  

8 M urea, 2% (w / v) CHAPS, 1% (v / v) IPG buffer (GE Healthcare, Sweden), 0.1% (v / v) 

bromophenol blue (1%)  

  

2.6 General Bacterial Growth Conditions  

2.6.1 Cultivation of E. coli and P. aeruginosa strains  

  

E. coli cultures in LB medium and P. aeruginosa cultures were cultivated in PPGAS medium 

at 37 °C unless specified otherwise. Strains carrying plasmids or recombinant plasmids were 

grown in LB medium or on LB agar plate supplemented with antibiotics were listed in table 9. 

Alternatively, a single bacterial colony grown on LB agar plate from frozen cultures for 

overnight, was inoculated in 5 ml of test tube with liquid medium (LB or PPGAS) and incubated 

at rotator (Neolab, Heidelberg). In the case of larger volumes (1 or 5l for rhl production), pre 

cultures were grown in 50 ml of Erlenmeyer flasks on shaker (Unitron, Infors HT, Bottmingen, 

CH), at 180-220 rpm. Main cultures were inoculated with a cell density, “unit of cell” (Ucell) 

which corresponded to an OD580nm of 0.5. Alternatively, to achieve a higher cell yields, 1 unit 

of cell were inoculated. The cell density of cultures was determined in a spectrophotometer at 

a wavelength of 580 nm against the corresponding medium as a reference.  
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Table 9: Final concentrations of antibiotics used for bacterial selection.  

Antibiotics  Final Concentration for E. coli  Final Concentration for P.  

aeruginosa   

Ampicillin (Ap)  100  -  

Carbenicillin (Cb)  -  600  

Chloramphenicol (Cn)  50  300  

Gentamycin (Gm)  10  25  

Irgasan (Irg)  -  25  

Nalidixic acid  -  15  

  

  

In order to control swimming and swarming motility of bacteria, a single colony of P. 

aeruginosa was inoculated with toothpick on swimming and swarming plates, which were 

prepared from M9 medium (2.4.6), incubated for 24 h at 30 °C and if necessary for following 

24 h at room temperature.  

The overexpression of GroEL protein was carried out using P. aeruginosa PAO1 and rhlA 

deficient mutant. The expression strain was grown over night at 37°C in LB medium.  Overnight 

culture was used as inoculums for expression culture. Initial OD580nm of expression culture 

was adjusted to 0.05 in LB-glucose medium (0.4% (w/v)). The culture was grown until it 

reaches logarithmic phase, OD580nm = 0.5–0.8 and at that point the overexpression were 

induced with 0.4 mM IPTG final concentration (stock solution: 100 mM IPTG in ethanol (70% 

(v/v)).  

2.6.2 Maintenance of bacterial cultures  

  

The P. aeruginosa and E.coli strains were kept at 4 °C on agar plates not more than one day. 

For a long-term storage of all bacterial liquid cultures were mixed with 8% (v/v) DMSO and 

freeze at -80°C.   
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2.7 DNA Techniques  

2.7.1 Isolation of genomic DNA  

  

The genomic DNA isolation from E. coli and P. aeruginosa were isolated with the “Wizard  

DNA isolation” from Promega or “DNeasy Tissue Kits” from Qiagen according to the manual 

of suppliers.  

  

 

 2.7.2 Plasmid DNA isolation  

  

The plasmids DNA from E. coli and P. aeruginosa were with Mini- and Midiprep kit (Qiagen) 

isolated according to the manufacturer`s protocols.   

Alternatively, E. coli plasmids were isolated by the CTAB-plasmid isolation method (191).  

  

1. The bacteria were harvested from 4 ml of the overnight culture grown in LB medium 

supplemented with respective antibiotics by centrifugation 13.000 rpm for 2 min.  

2. Discarded supernatant and washed the pellet with 500 µl of PBS buffer (2.5.2) and 

centrifuged at 13.000 rpm for 2 min.  

3. Discarded supernatant and resuspended the pellet with 200 µl of STET buffer (2.5.15).  

4. Added 4 µl of lysozyme (150 mg/ml (w/v), vortex and incubated at room temperature 

for 5 min.  

5. Boiled samples for 45 seconds and centrifuged at 13.000 rpm for 10 min.  

6. Removed the pellet with sterile toothpick, added 10 µl CTAB (5% (w/v)) and mixed.  

7. Centrifuged samples at 13.000 rpm for 10 min.  

8. Resuspended the pellet in 300 µl of 1.2 M NaCl and added 600 µl of ethanol (100% 

(v/v)) and mixed.  

9. Centrifuged at 13.000 rpm for 10 min.  

10. Aspirated off supernatant and added 600 µl of cold ethanol (70% v/v)), vortex and 

centrifuged 13.000 rpm for 5 min.  

11. Aspirated off supernatant and dried pellet using Speed-Vac.  

12. Resuspended pellet in 5 µl of RNase A and 25 µl of pure water.  
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2.7.3 Separation of DNA by agarose gel electrophoresis  

  

In order to separation and quantification of DNA, gel electrophoresis was carried out according 

to Sambrook (1989) (192). The 0.8-2% v/v agarose gel was prepared by solubilizing agarose in 

a proper volume of TBE buffer (2.5.16). For running of the gel, 0.5XTBE buffer and 0.5 µg/ml 

ethidium bromide were used during the gel migration. The elution of the DNA from gel was 

performed by using “Qiagen Clean-Up” kit. The standard marker was used as expecting DNA 

fragment (1.0 and 1.5 kb from Fermentas).  

2.7.4 In vitro Recombination of DNA  

  

The digestion of PCR products and plasmids and by restriction endonucleases, the 

dephosphorilation and blunting of DNA fragments and ligation were performed as 

recommended by the supplier.  

2.7.5 Transformation of bacteria with plasmid  

  

Preparing and transformation of E. coli chemo-competent cells were performed according the 

Hanahan (1983) (182).  

  

2.7.6 Electroporation of E.coli  

  

The electroporation was performed by transferring the plasmid with DNA to E.coli DH5α or E. 

coli S17.1 in 2 mm Electroporation cuvettes by adding the 20–30 ng of ligation solution to the 

one aliquot of Electroporation cells. The content was briefly vortexed and added in the 

precooled Electroporation cuvette. The Electroporation was carried out using the program EC2 

(MicroPulser) and immediately after the pulse 1 ml of LB medium was added and incubated 

for 1 h at 37°C for recovering and following with the selection on the respective antibiotic LB 

agar plates (overnight at 37°C).   

2.7.7 Conjugation of bacteria  

  

Conjugation was performed in biparental spot mating. By the biparental mating the mobile 

plasmids were conjugationally transferred between donor strain (E. coli S17.1) and the acceptor 

strain (P. aeruginosa). The donor and acceptor strains the overnight cultures of incubated at 
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43°C (acceptor) and 37°C (donor) were separately centrifuged and washed with 500 µl of the 

LB medium followed with centrifugation and pellets resuspended with 500 µl of LB medium.  

The donor and acceptor strains were mixed (total volume now is 1000 µl) in one of the 

eppendorf tube and centrifuged. The mixed pellet spotted on the LB agar plate and incubated 

for 6 h at 37°C. After the incubation, all growth cells transferred into 1 ml of LB medium and 

briefly vortex. The conjugants (300 µl) were spread on the LB agar plate supplement with 25 

µg/ml nalidixic acid and the respective antibiotic.  

  

2.7.8 Construction of rhlA and rhlC deficient strains of P. aeruginosa PAO1 and Notthingham  

wild type strains  

  

The method employing pBluescript II KS (+/-) plasmid was used to introduce gene 

deletioninsertion mutation in to the chromosome of P. aeruginosa PA01 and Notthingham wild 

type strains. The corresponding 1000bp upstream and downstream regions of genes were 

amplified by means of PCR and used for gene deletion. To create rhlA deletion-insertion mutant 

upstream  

and downstream regions were amplified using the ∆PA3479UpF/∆PA3479UpR and 

∆PA3479DwF/∆PA3479DwR primer pars respectively. Upstream and downstream of the 

interested gene were cloned separately into pBluescript II KS (+/-). After transferred (digestion 

and ligation) downstream region to plasmid with upstream region, digestion was carried out to 

obtain ∆rhlA gene and introduced into suicide vector pEX18 with gentamicin resistance. To 

create rhlC deletion-insertion mutant, the pBluescript II KS (+/-) plasmid with up and 

downstream region were performed by Heeb, (2003) (190) were digested and cloned in 

pEX18GmR suicide vector using the specific restriction sites.  In order to create rhlA and rhlC 

deficient strains in P. aeruginosa Notthingham wild type, the ∆rhlA and ∆rhlC genes were 

cloned by modification in restriction side with Xba I/Xho I in pMD4 suicide vector which can 

replicate in wild type strain. By this procedure was created recombination element consists of 

upstream region followed by downstream region without resistance cassette between.  

  

The suicide plasmids were transformed by biparental conjugation to the P. aeruginosa PAO1 

and Notthingham wild type strains. First, the suicide plasmid is integrated via a single-crossover 

event resulting in generation of a merodiploid containing the wild-type and mutant allele. 
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Second, the merodiploid state is resolved by sacB-mediated sucrose counterselection in the 

presence of 10% sucrose resulting in generation of the chromosomal deletion mutant. The 

presence of the correct mutations was verified by colony PCR.  

  

2.7.9 Ploymerase Chain Reaction    

  

In this work, PCR was used for the amplification of target sequence of P. aeruginosa. The PCR 

reactions were prepared with a volume of 100 µl, which were contains: 1x reaction buffer, 2.5 

mM of MgCl2, 0.2 mM of each dNTPs, 0,1 µM of each primers, 0,5 µg of genomic DNA as 

template and 1.5 U Go Taq DNA polymerase from Promega (Mannheim). PCR was performed 

in a PCR thermocycler Mastercycler using the following program:   

1x (10 min: 98 °C)   

30x (1 min: 95 °C, 1 min : 55 - 65 °C, 1 min 72 °C) (depending on the melting temperature of 

the oligonucleotides)  

1x (10 min at 72°C) (depending on the length of the fragment to be amplified) Maintenance 

at 4°C  

2.7.10 Colony PCR  

  

The colony PCR was performed using one single colony resuspended in 100 µl A. Dest and 

boiled for 5 min and used as a template. Applied PCR programs and master mix were set up as 

a standard PCR (3.2).   

2.7.11 DNA Sequencing  

  

PCR products or plasmids were sequenced using the “Services for Business” at the University 

of Notthingham, Medical Faculty.   
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2.8 Protein Techniques  

  

2.8.1 Sodium Dodecyl Sulfate-Poly Acrylamide Gel Electrophoresis (SDS-PAGE)  

  

In order to quick analysis of separation of protein samples was carried out under denaturing 

conditions in the presence of SDS in a discontinuous gel system according to Laemmli et al. 

(1970). Stacking gel (5%) and separating gels (12% or 14%) were prepared using a standard 

procedure. The samples were in SDS sample buffer (50 mM Tris/HCl, pH 6.8, 4% (w/v) SDS, 

10% (v/v) glycerol, 2% (v/v) β-mercaptoethanol, and 0.03% (w / v) bromophenol blue R-250) 

and incubated for 5 min at 95 °C prior to the application. The electrophoretic separation was 

carried out in the "Mini Protean II Dual Cell Slap" from Bio-Rad (Munich, Germany) at a 

voltage of 100-200 V. Gel was stained with Coomassie staining solution (2.5.17) followed by 

discolouring with the Coomassie distaining solution (2.5.18).  

2.8.2 Two-Dimensional Gel Electrophoresis (2DGE)  

2.8.2.1 Sample Preparation  

2.8.2.2 Isolation of Extracellular Proteins  

  

The supernatant was recovered by centrifugation (40 min at 4.000xg, at 4 °C using the Sorvall 

centrifuge RC5B Plus, SS34) and sterilized by filtration (Millipore membrane filter, pore 

diameter: 0.22 micron). Then the proteins were precipitated by adding 10/1 volume of 40% 

(v/v) of trichloroacetic acid TCA in 70% of acetone and incubated at 4 °C for overnight. 

Subsequently, the precipitated proteins were harvested by centrifugation (Sorvall centrifuge 

RC5B Plus, SS34, at 18.000xg for 45 min). The proteins were washed two times with ice-cold 

acetone 80% and the pellet which recovered by centrifugation (at 3.500xg for 20 min) and dried 

at room temperature for several minutes. The proteins were dissolved in a proper amount of  

Rehydration buffer (12 g of urea, 0.5 g CHAPS, 500 µl IPG buffer, 50 µl 1% (w / v) 

bromophenol blue, 16 ml distilled water).   
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2.8.2.3 Isolation of Outer Membrane Proteins  

  

The cells were collected by centrifugation (for 45 min at 4.000xg, 4°C) and washed twice with 

0.01 M Sodium-phosphate buffer (2.5.3) and resuspended in 3 volumes of 50 mM sonification 

buffer (2.5.19). Following cell disruption using ultrasonic (30 W, 4 min, 50%, "SONOPULS 

HD60" Bandelin, Berlin), the cell debris were pelleted by centrifugation (2.500xg, 10 min) and 

supernatant was collected and centrifuged at 45.000xg rpm for 1 h at 4 °C. The pellet was 

resuspended in a proper amount of 2% lauryl sarcosinate for solubilization of insoluble 

membrane proteins and incubated 1 h in room temperature. The supernatant was collected after 

centrifugation at 45.000xg for 1 h at 4°C and resuspended in rehydration buffer (12 g of urea,  

0.5 g CHAPS, 500 µl IPG buffer, 50 µl 1% (w / v) bromophenol blue, 16 ml distilled water).  

2.8.2.4 Isolation of Cytoplasmic Proteins  

  

In order to isolation of cytoplasmic proteins, P.aeruginosa cells were fractionated. The cells 

were harvested by the centrifugation for the 10 min at 3.000xg and 4°C. To release periplasmic 

proteins cells were resuspended in Tris-HCl buffer (100 mM, pH = 8) supplement with 10% 

(w/v) sucrose at final cell density of 10 Ucell. Afterwards the same volume of Tris-HCl buffer 

(100 mM, pH = 8) supplement with 10% (w/v) sucrose and 5 mM EDTA was added. To the 

cell suspension lysozyme was added (150 U per 1 Ucell) and cells were incubate for 30 min at 

room temperature with gently shaking. The periplasmic proteins released in the supernatant 

were removed from the spheroblasts by centrifugation for 20 min at 10.000xg and 4°C. The 

spheroplasts were disrupted by ultrasound (Branson Sonifier W250, 5 min, 50% duty cycle, 20 

watts) and the cell debris were removed by centrifugation (10 min, 3,500 × g, 4 ° C.). Total 

membrane fractions were sedimented by centrifugation (1 h, 47.000× g) and the resulting 

supernatant was used as a cytoplasm fraction (193).  
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2.8.2.5 Determination of protein concentration  

  

The extracellular, cytoplasmic and outer membrane protein concentrations were determined by 

using “2D Quant Kit” (GE Healthcare, UK) following to the manufacturer´s protocol.  

  

2.8.2.6 Rehydration of IPG stripes  

  

Rehydration of Immobiline DryStrip gels was performed with the gel side down, in the 

appropriate volume of rehydration solution (2.5.20), using Immobiline DryStrip Reswelling  

Tray. Then the Immobiline DryStrip gels were covered with Immobiline DryStrip “Cover 

Fluid” (oil) (GE Healthcare, UK) and allowed the IPG strips to rehydrate overnight.   

2.8.2.7 Isoelectric Focusing (1. Dimension)  

  

IPG stripes were transferred to Ettan IPGphor II Manifold (GE Healthcare, UK). Placed them 

face up in the tray with the anodic (+) end of the strip resting on the appropriate mark etched 

on the bottom of the Manifold trac. Placed a strip of a cup in the appropriate position and the 

same amount of protein samples (max. 150µl) were loaded. Running conditions were set up as 

following:  

1. Step and hold 500 V 3030 kVh  

2. Gradient 1000 V 808 kVh  

3. Gradient 8000 V 11311 kVh  

4. Step and hold 8000 V 1414 kVh  

5. Step and hold 500 V 24 h  

2.8.2.8 Polyacrylamide Gel Electrophoresis (2. Dimension)  

  

Before the proteins on IPG stripe separate in second dimension, they were equilibrated firstly 

in   150 mg of dithiothreitol (DTT) in 15 ml of equilibration buffer (6 M urea, 75 mM Tris-HCl 

(pH 8.8), 84.2 g of glycerol, 4 g of SDS, 0.002% (w / v) bromophenol blue, 200 ml of A. dest) 

and incubated for 15 min. Subsequently, 375 mg iodoacetamide dissolved in 15 ml of 

equilibration buffer and incubated for 15 min.  
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The separation in the second dimension was performed in vertical SDS-polyacrylamide gels. 

The running conditions were set up as starting run condition 15 mA / gel for 15 min and after 

the current was increased to 50 mA / gel for 4-5 h at 20 ° C, until the sealing dye solution 

reached to the end of the gel.  

   

  

2.8.2.9 MALDI-TOF Mass Spectrometry  

2.8.2.10 Tryptic Digestion of Proteins   

  

After the SDS-gels were analyzed by using 2D-Software Delta2D (Decodon), the interesting 

spots were cut out using a Pasteur pipette from the SDS gel and transferred into an Eppendorf 

tube. Using 350 µl of a wash solution, 10 mM Na2HCO3 in 30% (v / v) acetonitrile, the gel 

slices were incubated for 20 min at RT. The supernatant was removed and repeated the first 

steps until the gel pieces returned to transparent. After the discoloration, the gel pieces were 

dried in the vacuum centrifuge for 20 min. Then 3 µl of tyrpsin solution (0.02 µg / µl in 3 mM 

Tris HCl) was added and then incubated for 30 min at room temperature. After incubation the 

samples were over coated with a further 6 µl of Tris-HCl solution (without tyrpsin) and 

incubated overnight at RT. The elution of the proteins were washed successively with 2 µl of 

A. dest and incubated for 15 min at RT. Then 5 µl of 0.2% (v / v) trifluoroacetic acid (194) in 

30% (v / v) acetonitrile was added and incubated for 15 min in ultrasonic bath. The samples 

were analyzed directly or stored at -20 ° C until further use.  

2.8.2.11 Application of peptides for the peptide masses  

  

For the measurement of the peptide, 1 µl extract was applied to a pre-spotted Anchor chip (167) 

plate (Bruker Daltonics, Bremen, Germany) and incubated for 3 min. Then 7 µl of washing 

solution (10 mM ammonium phosphate, 0.2% (v / v) TFA) was added and 5 s incubated and 

dried with a cotton swab. Subsequently, MALDI-TOF measurements were performed with  

“Ultraflex III TOF/TOF” mass spectrometer (Bruker Daltonics, Bremen) by Dr. Melanie 

Brocker, Christina Mack in IBT-I of the Research Center Jülich.  
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2.8.2.12 Immunological Detection of Proteins  

  

The separated proteins by SDS-PAGE (2.8.1) were transferred using the apparatus "Mini 

TransBlot Electrophoretic Transfer Cell" (Bio-Rad, Munich) to a PVDF Membrane (Bio-Rad, 

Munich). Prior to the transfer, the PVDF membrane was equilibrated for 1 min in methanol and 

then for 5 min in A. dest. Then finally for 10 min in Dunn carbonate buffer (10 mM NaHCO3, 

3 mM Na2CO3, and 20% (v / v) methanol). The protein transfer was carried out at the conditions 

of 15 min at 150 mA and a further 25 min at 300 mA constant current in Dunn carbonate buffer 

(10 mM NaHCO3, 3 mM Na2CO3, 20% (v / v) methanol).  Subsequently, the PVDF membrane 

at least for 1 h at TBST (50 mM Tris-HCl (pH 6.8), 150 mM NaCl, 1 mM MgCl2, 0.2% (v / v) 

Tween 20) with 2% (w / v) skim milk powder was blocked. After 15 min washed in TBST 

buffer at 30 °C, the membrane was shaken for 1 h with the LipH-specific polyclonal antiserum 

at a dilution of 1:50,000 at 30 ° C easily. By twice 25 min washes in TBST buffer the unbound 

antibody was removed. Detection was performed according to the manufacturer with the "ECL 

Western Blotting Detection" system (Amersham Pharmacia, Buckinghamshire, UK) using the 

secondary antibody goat anti-rabbit horseradish peroxidase conjugate (Bio-Rad, Munich) in a 

dilution of 1:5,000. Visualization of signals was performed using the Stella Chemiluminescence 

Detector (raytest, Straubenhardt). The densitometric quantification of the signals was 

performed using AIDA software (raytest, Straubenhardt).  

2.9 Rhamnolipid Techniques  

  

Several techniques were used for detection, purification and separation of rhamnolipids.  

2.9.1 Rhamnolipid Detection Methods  

2.9.1.1 Detection of rhamnolipids by Orcinol Test  

  

Indirect (measure rhamnose concentration) photometrical (at A421) quantitative rhamnolipids 

Orcinol assay Ochsner (1993) (196), was performed for detection of extracellular rhamnolipids 

in 24 h and 48 h PPGAS culture supernatants at a dilation of ½ (if it is necessary) with distilled 

water or medium. Adding twice 600 µl of ethylacetate and organic upper phase was evaporated 

completely in a vacuum centrifuge.  After adding 100 µl of distilled water, 1.6 % Orcinol and 

800 µl of 60% (v/v) H2SO4, the samples were incubated for 30 min at 80 °C. Then the samples 

were incubated for 5 min at RT and the absorbance was measured at 421 nm. The rhamnose 
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concentration was determined by comparison with simultaneously rhamnolipid standard 

(0.01% w/v) series, with the reference of 1µg rhamnose= 2.5 ± 0.5 µg rhamnolipid.  

2.9.1.2 TLC for Rhamnolipids  

  

TLC chromatography was carried out using the culture supernatant recovered from 24 h and 48 

h of PPGAS and PPGAS medium supplemented by Phosphate. The supernatants were extracted 

twice with 300 µl of ethylacetate and then evaporated completely in a vacuum centrifuge. The 

rhamnolipids residue were dissolved in 10 µl of ethanol and spotted on silica gel 60 F254 (Merck, 

Darmstadt, Germany). The plate was placed in a (with the solvent chloroform: methanol: acetic 

acid (65:15:2)) provided saturated tank and removed as soon as the running front was 2 cm 

from the upper edge of the plate at RT and TLC plate was dried at RT and treated with detection 

agent (0.15 g orcinol, 42 ml distilled water, 8.4 ml 60% (v/v) H2SO4) or modified detection 

agent (10% vanillin, 5% H2SO4 in ethanol)  sprayed and dried with a heat gun. The rhamnolipids 

spots (mono and di) were stained brown and were immediately scanned. As standard was used 

0.1% (w / v) rhl which purified from P. aeruginosa PAO1 and confirmed the purity by LC-MS 

for this PhD work.   

2.9.1.3 Purification of Rhamnolipids  

  

The rhamnolipids were purified by following protocol from Deziel et al., (1999) (50) with slight 

modifications. P. aeruginosa PAO1 wild type, rhlC and pqsA deficient mutant cultures which 

grown in 5 L Erlen flasks containing 1 L of PPGAS medium were grown for 48 hour at 37 °C 

with 150 rpm shaking incubator. The cells were removed by centrifugation (30 min at 6.000xg, 

Sorvall centrifuge, GS-3). The supernatant was acidified to pH: 3 with the 12 M HCl and 

incubated overnight at 4°C, in a shaker. The resulting precipitate was recovered by 

centrifugation (1 h at 6.500xg, 10°C) and dissolved in a proper amount of A. Dest. Then 

extracted four times with ethylacetate and combined the organic fractions were dried with 

anhydrous Na2SO4 and dried with rotary evaporator. The residue dissolved in 0.05 M sodiumbi-

carbonate and acidified to pH: 2 and incubated overnight at 4°C, in a shaker. Finally precipitate 

was recovered by centrifugation (1 h at 9.000xg, at 4°C). Then rhamnolipids were dissolved in 

500 mg/l final concentration with a 10% acetonitrile (v/v), 2 mM ammonium acetate solution 

for analytical purpose. The rest of rhamnolipids were store at 4°C in the glass container for 

different uses.   
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2.9.1.4 Column Chromatography of Rhamnolipids  

  

The column chromatography was performed in IBOC with the help of Dr. Vesna Cmrecki.   

The column chromatography was carried out using the protocol from Tahzibi et al., (2004) 

(197) with slight modifications, for separation of rhamnolipids into mono and di and better 

purification of them from possible contaminating molecules. After the optimization tests for 

finding out the optimum chloroform slurry to visualize mono and di rhamnolipids, a 50x5 

(diameter) column was prepared with 160 g of activated silica gel chloroform slurry. A 3 g of 

crude rhamnolipid was dissolved in 30 ml of chloroform and loaded with Pasteur pipette. The 

column was washed with chloroform until neutral lipids were completely eluted. Chloroform: 

Methanol mobile phase was then applied in a following ratio: 50:3 (v/v) (4000 ml); 50:5 (v/v) 

(1500 ml); 50:50 (v/v) (1000 ml) at a flow speed of 1 ml min -1 and 250 ml of fractions were 

collected. Then the fractions were dried at rotary evaporator and the rhamnolipids firstly 

rhamnolipids were analyzed by HPLC-MS.  

  

2.9.1.5 HPLC-MS analysis of rhamnolipids  

  

In order to purity control of purified rhamnolipids after the column chromatography, the 

samples were applied for HPLC-MS analysis in LC-ESI-TOF mass spectrometry (LecoR  

UniqueR HT-TOF-MS, cooperation with Leco Instrumente GmbH, Mönchengladbach),  

   

2.10 Extraction of N-Acyl-Homoserine Lactones  

  

For the extraction of AHL molecules, 100 ml of cultures were prepared (OD: 0.5) and incubated 

for 24 h and 48 h in PPGAS and LB medium at 30 °C. A 400 µl of the cell-free culture 

supernatants were washed three times with 400 µl of acidified ethylacetate and shaken. 

Extraction carried out three times. The three organic phases were combined and dried in the 

vacuum centrifuge. The residues dissolved in 50 µl of methanol (HPLC grade) and were 

quantified the HSL and AQ signal molecules by HPLC-MS analysis (conducted by the research 

group of Prof. Dr. Miguel Cámara, School of Molecular Medical Sciences, Centre for 

Biomolecular Sciences, University of Nottingham, England). 
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2.11 Techniques for investigation of physiological properties  

2.11.1 Enzyme activity assays  

  

2.11.2 β-lactamase activity   

  

ß-Lactamase activity from cell extracts and supernatants were assayed spectrophotometically 

by measuring the hydrolysis of 150µM of chromogenic substrate, from the group of 

cephalosporin which is hydrolyzed by β-lactamases, in 50 mM sodium phosphate buffer (pH  

7.2) at 405 nm for 15 minutes at 30°C with a Spectrophotometer (Thermo Genesis).   

2.11.3 Protease activity: on skim milk indicator plate  

  

The detection of protease activity was performed on skim milk agar which contains casein is 

recognized as a substrate of proteases and degrade. The single fresh colonies were inoculate on 

skim milk agar with sterile toothpick and incubated for 16 h at 37 °C. Positive protease activity 

was evaluated with the clear halo formation around of the bacteria colonies.    

2.11.4 Qualitative and quantitative measurement of biofilm production  

  

The cultivation of biofilm was carried out in 24 well microtiter plates (Nunc, Langenselbold). 

From a fresh pre-culture of each strains were inoculated in 1 ml PPGAS medium with a cell 

density corresponding to an OD580nm = 0.1 and incubated for 16 h at 37 ° C. As a negative 

control 1 ml medium was added. After incubation, the cultures were stained with 200µl of 1% 

(w / v) solution of crystal violet. The crystal violet stained only the cells, but not the plastic 

surface of the plate. The plates were incubated for 15 min at room temperature, and then washed 

twice with distilled water. The ring formation on the wells counting as a biofilm formation 

(attachment) was recorded using a video documentation system.  

  

For the quantitative measurement of biofilm formation, the crystal violet was extracted with 

95% ethanol at room temperature with gentle shaking. This solution was then transferred to 

cuvettes and measured at the OD600 nm in a spectrophotometer.  
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2.12 Computer software and online databases  

  

The documentation and processing of SDS PAGEs and Western blots was performed using the 

STELLA and AIDA software Raytest. The analysis of proteomic data was carried out using the 

Delta 2D Decodon (Decodon, Greifswald) software.  The visualization of the TLC plates was 

performed with the CanoScan LiDE 100 and the corresponding software from Canon. The 

design of primers was determined using the Primer3 tools implemented (198).  

  

For the sequence and database searches on the Internet, the following addresses were used:  

  

UniProt Knowledgebase at ExPASy Proteomics Server:           http://www.expasy.org  

National Center for Biotechnological Information (NCBI)        http://www.ncbi.nlm.nih.gov  

Pseudomonas Genome Project               http://www.pseudomonas.com  

ClustalW                     http://www.ebi.ac.uk  

http://www.ebi.ac.uk/
http://www.ebi.ac.uk/
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3.Results  

3.1  Generation of chromosomal rhlA and rhlC deficient mutants in P.aeruginosa 

PAO1-Lausanne and P.aeruginosa PAO1-Nottingham strain  

To characterize the effect of rhamnolipid production on the P.aeruginosa cell, the rhlA mutants 

that rhlA lack the ability to make HAA and rhlC, lack the ability to produce 

rhamnosyltransferase II, have been constructed by deletion of  the rhlA and rhlC genes using 

the method of allelic exchange.   

  

3.1.1 Construction of chromosomal rhlC and rhlA deficient mutants in P.aeruginosa  

PAO1-Lausanne strain  

To investigate the role of RhlA, non rhamnolipid produce strain, chromosomal mutants were 

generated according to the gene replacement strategy of Schweizer and Hoang (1995) (74). As 

shown in figure 7 and 8 (appendix) , to knockout the 978 bp chromosomal rhlA gene of PAO1, 

about 500 bp with the HindIII-EcoRI restriction sides upstream and EcoRI-BamHI downstream 

region flanking the gene was cloned into pBluescript II KS +/- plasmids, containing 

carbenicillin resistance (bla) cassette.  A 1.0-kb HindIII-BamHI (up- and downstream region 

of rhlA) fragment was cloned into the suicide vector pEX18GmR (73) (figure 9, appendix).  

Construction of rhlC mutants were accomplished by cloning about 1.0 kb HindIII-BamHI DNA 

fragment  prepared from pBluescript II KS +/- plasmids containing up- and downstream region 

of 887 bp of rhlC gene, cloned into the multiple-cloning-site of the suicide vector pEX18GmR 

(Figure 10, appendix). E.coli S17-1 harboring peX18GmRΔrhlA and peX18GmRΔrhlC 

respectively were used as the donor strains in biparental matting, with P.aeruginosa PAO1 as 

recipient. For an efficient mutant isolation, transconjugants were firstly selected on sucrose 

containing media. True recombinants (gentamicin sensitive-sucrose sensitive) are based on the 

loss of two vector-associated markers, gentamicin sensitivity (GmR) and sucrose sensitivity 

(sacB). Twenty recombinants from each mutant were selected and deletions of the rhlA and 

rhlC genes were confirmed by colony PCR.   
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3.1.2 Construction of chromosomal rhlC and rhlA deficient mutants in P.aeruginosa  

PAO1-Nottingham strain   

In order to use to the mutants in the large comparing scale, rhlA and rhlC knockout mutants 

were constructed in P.aeruginosa Nottingham wild type strain. Following the same cloning 

strategy as before, construction of rhlA and rhlC deletion mutants about 1.0 kb Xho I-Xba I 

DNA fragment prepared from pBluescript II KS +/- plasmids containing up and down stream 

region of 887 bp of rhlA gene (figure 9, appendix), cloned into the multiple-cloning-site of the 

suicide vector pDM4. Transfers of these vectors into P.aeruginosa Nottingham strain were 

performed by biparental mating. For efficient mutant selection, transconjugants were firstly 

selected for the integration of the complete suicide vector by a single cross-over event using 

chloramphenicol (100µg/ml). At this point, integration of the suicide vector pMD4ΔrhlA and 

pMD4ΔrhlC into the chromosomal rhlA and rhlC operon of P.aeruginosa-Nottingham wild 

type strain was achieved. For the second step, a single colony from the first step was grown in 

sucrose media, allowing the occurrence of a second crossing-over that replaced the wild-type 

allele rhlA and rhlC with the mutant one, and then excised the plasmid-borne sacB from the 

chromosome.  The mutants were selected on their ability to grow on LB media containing 10% 

sucrose. Deletions of the rhlA and rhlC genes were proven by colony PCR.   

  

Rhamnolipids synthesis requires the rhlAB operon and rhlC gene. RhlA makes the HAA and 

rhlB encodes a rhamnosyltransferase I enzyme. RhlC encodes rhamnosyltransferase II enzyme, 

which is responsible for the addition of the second rhamnosyl group to form RL2. The mutants 

were constructed by alleic exchange and the positive clones were confirmed by colony PCR.  

  

3.2  Characterization of mutant strains affected in rhamnolipid 

biosynthesis in liquid cultures  

Environmental factors play a crucial role in influencing the productivity and efficacy of 

rhamnolipids. In the literature, plenty of studies describe the use of growth minimal media with 

phosphate, iron and other nutrients limitation as being suitable to promote rhamnolipid 

production in P.aeruginosa. It was found that phosphate limitation was most effective, giving 

high specific productivity (199). In addition, in P.aeruginosa, rhamnolipid production is 

controlled by the quorum sensing system RhlRI, which itself depends on LasRI. The RhlR 
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protein becomes a functional transcriptional activator after the late-exponential phase of growth 

when cell density becomes high and regulates rhamnolipid biosynthesis (63). In order to explore 

differences in rhamnolipid production of the wild type and rhamnolipid mutant strains, 

comparative analyses were performed.  Therefore several studies followed by Thin Layer 

Chromatography, Orcinol assays were carried out (200).   

  

3.2.1 Phosphate limited media enhances extracellular rhamnolipid production in 

P.aeruginosa  

In the first step, the wild type P.aeruginosa PAO1, ΔrhlA and ΔrhlC strains needed to be 

compared with respect to growth rate and the rhamnolipid production using the LB 

(LuriaBertani-Broth) and PPGAS (Phosphate-limited-Peptone-Glucose-Ammonium Salt) 

media. Precultures were grown in 5 ml of the same substrate as main culture for 16 hours at 

37ᵒC. Erlenmeyer flasks  (500 ml) containing 200 ml of main media were inoculated with 200µl 

preculture (OD580= 0.05) and incubated for 48 hours at 37ᵒC. After 24 and 48 hours, 5 ml of 

samples were taken and used to determine the optical density and orcinol assay as described 

before (2.8.3.3).  

As shown in Figure 11, no significant difference in the type of rhamnolipids was found between 

the ΔrhlC mutant strain and the wild type strain, PAO1. Thus, the quantitative assay used was 

incapable of distinguishing between the two types of rhamnolipids expressed by P. aeruginosa. 

The ΔrhlC mutant likely produced sufficient mono-rhamnolipid to compensate for the lack of 

di-rhamnolipid. Furthermore, even though in ΔrhlC mutant and PAO1 strains have the lowest 

growth rate, the highest rhamnolipid production could be obtained by PPGAS medium.   

The increase in rhamnolipid production in PPGAS medium, for the wild type strain amounted 

up to 4.8-fold (for 24h cultures), 20-fold (for 48h cultures), while the ΔrhlC- strain an increase 

up to 7-fold (for 24h cultures), 19-fold (for 48h cultures) was achieved comparing to LB media. 

In PPGAS medium, rhamnolipid production in the 48 hours cultures were observed to be 

increased in the ΔrhlC mutant (1.9-fold) and in the PAO1 wild type (2-fold) when compared to 

24 hours cultures. In contrast, ΔrhlA mutant was negative for rhamnolipid biosynthesis in all 

culture conditions. Growth rate in rich medium such as LB was comparable to growth rate in 

defined PPGAS medium. However, rhamnolipid production was different in these cultures. In 

the cultures of ΔrhlC- mutant and PAO1 wild type strains, poor rhamnolipid production could 



 Results    III  

  

    51  

  

be observed in LB medium, whereas in PPGAS medium, optimal   rhamnolipid production was 

observed (figure 11). These data confirm the influence of phosphate metabolism on rhamnolipid 

production (201).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Orcinol assay (A) and growth rate (B) of the ΔrhlA-, ΔrhlC- and under different physiological 

conditions. Test media LB and PPGAS medium. After 24 and 48 hours, 5 ml of samples were taken. Orcinol 

assay is shown as relative rhamnolipids concentration (1µg of rhamnose corresponds to 2.5 ± 0.5ug of 

rhamnolipids). Since there is no di-rhamnolipid production in ΔrhlC- mutant, rhamnolipid concentration (mono-

rhamnolipid) is higher than wild type PAO1, relative rhamnolipid concentration is presented with different scales. 

ΔrhlA- mutant is unable to produce any rhamnolipids. Error bars indicate standard deviation in five separate 

experiments.  

  

  

The highest rhamnolipid production was obtained using PPGAS medium. In the ΔrhlC mutant 

and PAO1, an increase of up to 20-fold in extracellular rhamnolipid biosynthesis was achieved 

in PPGAS medium.   

  

  

  

OD580 t=48h  LB medium    PPGAS medium  

PAO1  3,8    2,7  

ΔrhlA  3,2    2,5  

ΔrhlC  3,5    2,0  
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The next step examined the effect of phosphate on rhamnolipid production in ΔrhlC and ΔrhlA 

mutants and wild type PAO1. Therefore, an orcinol assay and TLC were conducted. To detect 

the effect of phosphate, a volume of 5 parts phosphate buffer (50 mM, pH 7.2) was added to 95 

parts PPGAS medium. Because preceding experiments showed that the highest rhamnolipid 

biosynthesis occurred at 48 hours, 5 ml samples were obtained only after 48 h in the P-limited 

medium, PPGAS. After determining the optical density (OD580) of cultures and rhamnolipid 

production in the supernatants using the Orcinol assay, the samples were analyzed by TLC as 

described previously (Figure 12).  

Regarding rhamnolipid concentration in the cell-free supernatant from PPGAS medium  

(Figure12A), the di-rhamnolipid-deficient mutant ΔrhlC and wild type PAO1 strains showed 

similar values when compared with previous data using the Orcinol assay (Figure 11). In the 

presence of phosphate (PO4), extracellular rhamnolipid concentrations were significantly lower 

compared to cultures grown in PPGAS medium (Figure12A). Subsequently, TLC analysis was 

performed on cell-free extracts from the PAO1 wild type strain and ΔrhlA and ΔrhlC mutant 

strains (Figure 12B). TLC analysis results from the wild type strain PAO1 samples showed two 

spots that corresponded to mono-rhamnolipid and di-rhamnolipid, while the ΔrhlC mutant 

strain only produced mono-rhamnolipid (lanes 2 and 3, Figure 12B). The TLC analysis 

demonstrated that the knockout rhlA mutant (ΔrhlA) was unable to produce either mono- or 

dirhamnolipids (lane 1, Figure 12B, C). As illustrated in Figure 12C, PO4 had no effect on rhl 

production at 24 h; however, the rhl concentrations were decreased 3.5- and 3.8-fold in the 48 

and 72 h samples, respectively. The cultures from PPGAS medium supplemented with 50 mM 

phosphate (PO4) displayed significantly lower amounts of rhamnolipids in the supernatants.  
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Figure 12: Effect of Phosphate on rhamnolipid production in ΔrhlA-, ΔrhlC- mutants and wild type PAO1.  
A. The rhamnolipid concentrations in cell-free supernatants were determined by an indirect assay (Orcinol test).  

After 48h growth, 5 ml samples were taken and used to determine the optical density and rhamnolipid 

concentration. Error bars indicate standard deviation in three separate experiments. For subsequent TLC analysis, 

for ΔrhlA-, ΔrhlC- and PAO1 strains grown in PPGAS medium (B) and PPGAS medium  supplemented with  
50mM of Phosphate (PO4) (C), ß-hydroxydecanoyl-hydroxydecanoate (ß-OH-dec)2 and rhamnosyl-

ßhydroxydecanoyl-ß-hydroxydecanoate (RL1) separated by chromatography on a Silica gel 60 column (20x20cm) 

using chloroform-methanol-acetic acid (65:15:2) as the eluent. Fractions, prepared from the same OD580 value, 

were pooled, dried by vacuum evaporation and dissolved in methanol (10 µl) and rhamnose was detected using 

orcinol/H2SO4 reagent. The rhamnolipid standard was purified from P.aeruginosa PAO1.  

 

These results confirmed that successful allelic gene replacement had occurred during the 

construction of ΔrhlA and ΔrhlC mutants. Furthermore, the presence of 50mM Phosphat 

resulted in lower rhamnolipid production. In other words, via Phosphate limitation conditions, 

higher rhamnolipid concentrations were achieved.  
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3.3 Characterization of rhamnolipids from P. aeruginosa PAO1 Lausanne- wild 

type  

Rhamnolipids are biosurfactants produced by P. aeruginosa and other bacterial strains, such as 

P. chlororaphis, P. putida, Burkholderia planarii and B. glumae (54). Rhamnolipids consist of 

hydrophilic rhamnose molecules (Rha) and hydrophobic β-hydroxy fatty acids (C8, C10, C12, 

C14, etc.), which have been detected previously by LC-MS (liquid chromatography coupled to 

mass spectrometry) to vary from 8 to 14 carbon molecules (202). Analysis of fermentation 

broths from P. aeruginosa revealed a large variety of rhamnolipid species that differed in their 

number of rhamnose molecules and fatty acid chains, as well as in their fatty acid chain lengths 

(50). The spectrum of synthesized rhamnolipids depends on the bacterial strain, the available 

substrates and the living environment of the bacterium. The most commonly produced 

rhamnolipids from P. aeruginosa have been described by Syldatk et al., (1985) (203) as 

rhamnolipid 1 (L-rhamnosyl-β-hydroxydecanoyl-β-hydroxydecanoate) and rhamnolipid 2 

(Lrhamnosyl-Lrhamnosyl-β-hydroxydecanoyl-β-hydroxydecanoate; often referred to as RL 2). 

To understand the role of rhamnolipids in wild type PAO1 P. aeruginosa and because a further 

plan was to investigate the effect of exogenous rhamnolipids on swarming motility, 

rhamnolipids were purified from the wild type PAO1 strain. To obtain pure rhamnolipids, 

rhamnolipids were separated into mono- and di-rhamnolipids by silica gel column 

chromatography.   

  

3.3.1 Cultivation of P. aeruginosa wild type and ΔrhlC mutant in shaking flasks In all 

cultivation flasks, the onset of rhamnolipid formation was approximately 72 hours after 

inoculation. This time point coincided with the transition of growth into the stationary phase. 

Rhamnolipid production of P. aeruginosa PAO1 wild type and ΔrhlC mutant strains was 

examined in shaking flasks. Pre-cultures were grown in 5 ml of the same medium as the primary 

culture for 16 hours at 37°C. Erlenmeyer flasks (5 L) containing 1 L of PPGAS medium were 

inoculated with approximately 1000 µl of pre-culture (OD580 0.05) and incubated for 72 h at 

37°C. Every 8 h, a 5 ml sample was removed, and the rhamnolipid concentrations were 

determined using the orcinol assay. Both strains produced similar concentrations of 

rhamnolipid, which were approximately 622 µg/ml. Figure 13 shows the rhamnolipid 
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concentration during optimal cultivation using PPGAS medium with wild-type P. aeruginosa 

and the ΔrhlC mutant.   

  

 

Figure 13: Rhamnolipid concentration during cultivation of P. aeruginosa PAO1 wild-type and ΔrhlC- 

mutant in shaking flasks. Primary cultures were grown overnight in PPGAS medium. Secondary cultures were 

inoculated into PPGAS medium to an OD580 of 0.05. Aliquots were removed at indicated time intervals (every 8 

h) and rhamnolipid concentrations in cell-free supernatants were determined by Orcinol assay. Error bars indicate 

standard deviation in three separate experiments.  

  

3.3.2 Isolation of Rhamnolipid  

For isolation of rhamnolipids, the pH of the supernatant obtained after removal of cells by 

centrifugation (6.500 x g for 40 min), were adjusted to 2.0 and allowed to stand overnight at 

4ᵒC. This was followed by extraction with ethyl acetate for four times. The solvent was 

evaporated and the residue dissolved in 0.01molL-1 NaHO3. The resulting yellowish, oily 2.79 

g of rhamnolipids were analyzed by TLC and subjected to the purification and separation steps.   

  

3.3.3 Purification and separation of rhamnolipid into mono and di-rhamnolipids  In order 

to separate more rhamnolipids and better purification from possible contaminating molecules, 

column chromatography was carried out. A column of 30 x 4 cm (diameter) was prepared with 

60 g of activated silica gel (230-400 mesh) chloroform slurry.  

A 1 g sample of crude rhamnolipid extract and 1-g sample of mono-rhamnolipid which were 

isolated from ∆rhlC mutant were prepared in 20 ml of chloroform separately and loaded with a 
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Pasteur pipette. The column was washed with chloroform until neutral lipids were completely 

eluted. Chloroform: methanol mobile phases were then applied in sequence: 50:3 v/v (1400 

ml); 50:5 v/v (250 ml) and 50:50 v/v (150ml) at a flow rate of 1 ml min-1 and 15 ml fractions 

were collected. After evaporation of the solvent, rhamnolipids were quantified in triplicate by 

weight and TLC plate assay. At the end of mono-rhamnolipid column chromatography, 1 g of 

pure mono rhamnolipid was gained and proceed to LC-MS analysis for the purity confirmation. 

The separation and purification were repeated three times for 2.79 g of rhamnolipid mixtures 

and at the end a total of 1 g of mono-rhamnolipid (RL1), 0.8 g of di-rhamnolipid (RL2) and 1 

g of rhamnolipid mixtures (RL1+RL2) were obtained.   

  

3.3.4 Composition and purity analysis of rhamnolipids   

For a better understanding of the relationship among the chemical structures of rhamnolipids, 

the composition of mixtures and to confirm the presence and purity of rhamnolipids, detailed 

structural analysis was necessary. Therefore the rhamnolipid samples which were purified and 

separated by column chromatography previously, were subjected to LC-ESI-TOF mass 

spectrometry (LecoR UniqueR HT TOFMS, in cooperation with Leco Instrumente GmbH, 

Mönchengladbach). The mixture rhamnolipid fractions yielded an ESI mass spectrum with two 

most intense signals at m/z 649 and m/z 503 which corresponds to the RhRhC10C10 (di 

rhamnolipid) and RhC10C10 (mono rhamnolipid), respectively (Figure 14B and A). The single 

extracted ion chromatograms are assigned to the different colors of the compounds found by 

the “peak-finding” algorithm.   

  



 Results    III  

  

    57  

  

 

Figure 14: Identification of PAO1 wild type rhamnolipids by LC-ESI-TOF-MS. The measurements of 

samples were performed by LecoR UniqueR HT TOFMS, in cooperation with Leco Instrumente GmbH,  

Mönchengladbach. According to LC-ESI-MS data, two dominant signals were measured from separated 

rhamnolipid mixture standard (A), the retention time of the mono rhamnolipid Rha-C10-C10 (B): 10:28.2 min, 

unique mass: 503amu), the retention time of the di rhamnolipid Rha-Rha-C10-C10 (C): mixture RL 8:52 min, 

unique mass: 649amu).   

As shown in figure 14 the EIC of RHL1 (m/z 503, orange color peak) and RHL2 (m/z 649, 

green color peak) are displayed. By HPLC analysis were determined two different rhamnolipids 

(RhC10C10 and RhRhC10C10) of PAO1 wild type, were proved the column chromatography 

separation was successful and the fractions samples have enough purity for the visible 

components.  
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Rhamnolipids were purified and separated into mono and di rhamnolipids from PAO1 wild type 

was cultivated in PPGAS medium for 72h. Chemical structures of the PAO1 wild type 

rhamnolipids were identified as RhC10C10 (mono rhamnolipid) and RhRhC10C10 (di 

rhamnolipid) by LC-MS. The results showed the purities of rhamnolipids (86%) were enough 

to use for further experiments.  

  

3.4 Quantification of Quorum Sensing Molecules in rhamnolipid deficient 

mutants and PAO1-wild type  

In P. aeruginosa, two primary “quorum sensing” (QS) systems, las and rhl, have been 

identified. The las system includes LasI and LasR, and the rhl system includes RhlI and RhlR. 

LasI catalyzes the synthesis of the N-(3-oxododecanoyl)-L-homoserine lactone (3O-C12-HSL) 

signal molecule, which binds to the transcriptional regulator protein LasR. RhlI catalyzes the 

synthesis of N-butanoyl-L-homoserine lactone (C4-HSL), which binds to the RhlR protein. 

These two systems form a hierarchical cascade that regulates the transcription of multiple 

structural and regulatory genes (204-206). The hierarchical QS system of P. aeruginosa consists 

of an interdependent and overlapping regulatory network using N-acylhomoserine lactone (75) 

and 2-alkyl-4(1H)-quinolone (167) QS signal molecules (82, 207). With respect to the latter, P. 

aeruginosa produces over 50 different AQ congeners that differ mainly in the length of the 

2alkyl side chain (C5 to C13), which can be saturated or unsaturated, and in the presence or 

absence of a 3-position hydroxyl substituent (208).  In P. aeruginosa, rhamnolipid synthesis is 

under control of the QS system, particularly via the RhlI-RhlR C4-homoserine lactone 

synthase/LuxR regulator system. The rhlAB promoter contains a predicted las-rhl box which 

would specifically bind RhlR-C4-HSL (103). Nevertheless, full rhlAB transcription requires 

both HSLs, probably because of the interplay between the two systems (209). Similarly, rhlC 

operon contains a las-rhl box (97) and requires both HSLs for full expression. Moreover to this 

complex rhamnolipid synthesis QS mechanism, the Pi-regulon should have different impact on 

virulence factors for each strain.   

In order to understand the role of QS circuits on rhamnolipid production, QS molecules were 

extracted from culture supernatants. The HPLC-MS analysis was carried out at the Centre for 

Biomolecular Sciences, University of Nottingham, England, during the PhD exchange program. 

Precise LC-MS quantification was carried out using well defined standards, the retention times 

and the peak areas with those of samples were compared. The rhamnolipids mutants and PAO1 
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wild type were grown in PPGAS medium and HPLC-MS analysis carried out from the 

supernatant of 24 h and 48 h cultures. The analysis performed from AHL profile; C4-HSL and 

3-oxo-C12, from AQ profile; HHQ and PQS.   

  

 

Figure 15: Extracellular concentrations of Quorum Sensing Signal Molecules (QSSM) from rhamnolipid 

mutants grown in PPGAS medium for 24h and 48h. Blue and red bar in graphs indicate the cultures which 

were grown in 24h and 48h of ΔrhlA, ΔrhlC and PAO1 wild in PPGAS medium, respectively. The measurements 

were implemented by extraction of at least three independent cultures. Error bars indicate standard deviation in at 

least three separate experiments.  

  

As shown in Figure 15, various concentrations of the quorum sensing signal molecules were 

observed in the supernatants of ΔrhlA, ΔrhlC and wild type PAO1 that were grown in PPGAS 

medium for 24 and 48 h, indicating that efficient rhamnolipid production had occurred. The 

highest concentration of QSSMs was the PQS for all strains. Then, the QSSM profile was 

followed by C4-HSL, 3-oxo-C12-HSL and HHQ. The PPGAS medium enhanced rhamnolipid 

production mainly by increasing the concentrations of PQS and C4-HSL (29). The  

C concentrations of 3-oxo-C12-HSL were also high, depending on the las and rhl system 

hierarchical connection (210),(82). The rhamnolipid-deficient mutant strains and wild type 

PAO1 strain showed differences in the measured QSS molecules; 3-oxo-C12-HSL was 

produced almost 2.5-fold higher in the rhlA mutant compared to the ∆rhlC mutant and PAO1 

wild type strains in 24 h cultures. However, 3-oxo-C12-HSL was nearly absent for all strains 

in the 48 h cultures, likely because of P. aeruginosa cell degradation. HHQ is the precursor of 
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P7 (PQS), and the concentration was 2-fold higher in the ∆rhlA mutant 24 h cultures and 

reduced in the 48 h cultures. Thus, all strains showed similar concentrations of HHQ. No 

significant differences were detected between strains for C4-HSL. The PQS concentrations 

were approximately the same among the strains in the 24 h cultures; however, in the 48 h 

cultures, PQS was 1.5-fold and 1.2-fold higher in the ∆rhlC and PAO1 strains, respectively, 

compared to the ∆rhlA mutant.  

  

  

Phosphate limitation mainly increased PQS and C4-HSL production in all strains and thus 

induced rhamnolipid production. 3-oxo-C12-HSL, which is the las system signal molecule, was 

higher in the rhlA mutant compared to rhlC and wild type PAO1 in the 24 h samples and was 

nearly absent in the 48 h samples for all strains.  

  

3.5 Proteomic Analysis of rhamnolipid mutants vs. PAO1-wild type   

The term “proteomics” was coined by Wilkins et al., (1996) (204) and is a very modern concept 

defined as the large scale study and global analysis of all the proteins expressed by any cell or 

tissue under any given conditions, with a focus on their structure and function and the way they 

work and interact with each other and are modified within the cell or tissue. In short, proteomics 

is the global and systemic analysis of complete set of proteins expressed by any organism  (211). 

Proteomics leads us from sequence of a protein to its biological function. It is the science that 

studies the proteins in general and also specific changes in their expression that result from 

various environmental conditions and/or disorders. The functional approach of proteomics 

helps us understand which set of protein is responsible for a given phenotype. While we expect 

different organisms to express different proteins, the cellular expression of enzymes for the 

same species can vary widely under different environmental conditions as well. The specific 

set of proteins expressed by an organism under specific conditions is called the proteomic 

signature.   
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3.5.1 Analysis of extracellular Proteomics of P. aeruginosa ΔrhlA mutant and PAO1wild 

type   

The metabolic pathway and genetic regulation of rhamnolipid production in P. aeruginosa are 

poorly understood. To investigate the different protein production profiles that are related 

directly or indirectly to rhamnolipid production and genetic regulation, comparative proteomics 

was conducted.  The proteome of ΔrhlA P. aeruginosa, which produces no rhamnolipids, was 

compared with the proteome of wild type PAO1, which produces both mono- and di- 

rhamnolipids. For this analysis, each P. aeruginosa strain was incubated for 48 h in rhamnolipid 

production conditions (PPGAS medium), and extracellular protein extracts were then prepared 

(2.8.2.2). Each experiment was performed using at least three independent protein preparations. 

The first dimension (isoelectric focusing, IEF) was conducted using IPG strips covering a pH 

range of 3-11. Further separation of proteins according to size was determined using 12% 

SDSPAGE (2.8.2.8). Figure 16 shows the images of 2D gels of wild-type PAO1 P. aeruginosa 

and a rhlA-negative P. aeruginosa strain, ∆rhlA. Image analysis of the 2D gels was performed 

by using the 2D software Delta2D (Decodon). After setting the parameters for spot detection, 

detection occurs automatically. The settings were applied to the series of gels within an 

experiment.   
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Figure 16: Extracellular proteome from P. aeruginosa and ∆rhlA. The top two gels show the protein patterns 

of rhlA-negative strain (blue) and PAO1-wild type. The lower image shows the superposition of the two gels. The 

culture supernatants of different strains from three independent experiments were adjusted so that they 

corresponded to the same OD580nm. Using the 2D software Delta2D (Decodon), the gels overlaid each other to 

compare, the protein spots of the wild type strain orange and rhlA-negative strain colored blue.  
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Using spot filtering and editing of the spots, 100 spots were initially detected on each gel. A list 

of 20 spots was generated by considering the proteins that were regulated at least 2-fold 

according to the spot quantification results and that were present on three gels for each strain. 

A total of 13 protein spots were successfully identified by mass spectrometry. The remaining 

samples were not identified most likely due to the low amount of protein, which was insufficient 

for mass spectrometry, and comparisons with databases could not be performed. The results of 

comparing protein patterns after successful identification by MALDI-TOF are shown in Table 

10.   

The proteins of some spots, which were identified in only one of the two strains or to varying 

degrees using the 2D software Delta2D, were identified by mass spectrometry. The resulting 

mass spectra were compared with spectra databases, and proteins were identified by positive 

matches with the databases. This analysis was performed in collaboration with Dr. Melanie  

Brocker and Christina Mack in the laboratory of Prof. M. Bott, Institute of Biotechnology 1 

(IBT-1) at the Forschungszentrum Jülich.  

A comparison of wild type PAO1 P. aeruginosa with the rhlA-negative mutant indicated 

differences in the amounts of the analyzed proteins. The expression amounts of the 13 protein 

spots from 20 spots (t-test at least 90%) were analyzed. Four spots were increased by at least 

2fold; another four spots showed a decrease of more than half the intensity; and five spots were 

expressed at the same level in the rhlA-negative P. aeruginosa strain.  

  

  

  

  

  

  

  

  

  

 

 



 Results    III  

  

    64  

  

Table 10: Selected results of the proteins that are differentially expressed in cultivation of PAO1 

wild type and ∆rhlA mutant. The proteins of interest were identified from their tryptic digest by mass 

spectrometry and database comparison. Identity of each protein spots were shown with the corresponding gene 

name and the locus number of P.aeruginosa genome project (PA number).  

 
The symbols represent the differential expression of the proteins of rhlA-negative strain compared to the wild type 

PAO1    (↑ upregulated, ↓ downregulated, ○ the same regulated).                

  

Three groups of proteins can be classified: proteins that are strongly expressed and upregulated 

in the rhlA-negative P. aeruginosa strain, proteins that are less strongly expressed than in 

wildtype PAO1, and proteins that are expressed similarly in both strains. The PPGAS culture 

supernatants of the rhlA-negative strain contained proteins that are involved largely in motility 

and biofilm formation, as well as virulence factors.   
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The chaperone GroEL was also identified. Proteins involved in biofilm formation, such as 

flagellar capping protein FliD, were down-regulated in the rhlA-negative P. aeruginosa strain. 

The expression levels of secreted proteins involved in the virulence of the bacterium, such as 

elastase, aminopeptidase and alkaline phosphatase, were not significantly different; however, 

protein protease IV was expressed strongly. The protein involved in swimming motility of the 

bacterium, flagellar protein type B, was expressed at a high but not significant level in the ∆rhlA 

mutant. The hypothetical protein PA0423 was significantly decreased. The detection of outer 

membrane proteins (see Table 10) in the extracellular proteome of the rhlA mutant and P. 

aeruginosa PAO1 can be explained in one of two ways. First, the proteins may be released into 

the culture supernatant because of cell lysis (3.7.5). The presence of the membrane proteins in 

the extracellular environment may also be due to exocytosis, in which a small portion of the 

outer membrane forms vesicles that are released into the extracellular environment (213),(214). 

Those proteins are annotated as membrane-associated proteins. No known inner membrane 

proteins were detected, which may support the hypothesis that exocytosis is occurring. The 

presence of GroEL chaperone protein will be investigated more closely in the next section 

(Section 3.7).    

To determine whether the enzymatic activity of protease IV is increased in the ∆rhlA mutant, 

protease IV activity was determined in the culture supernatant. The photometric test of protease 

IV is based on the cleavage of Chromozym PL (tosyl-Gly-Pro-Lys-p-nitroanilide) (215) (Figure 

17). EDTA was also added to the test to inhibit the activity of metalloproteinases, such as the 

elastase LasB, and a skim milk agar plate test was performed. To test the phosphate-regulating 

protein extracellular hemolytic phospholipase C, appropriate individual colonies were first 

grown on LB agar and then transferred onto egg-yolk plates, which supply lecithin and free fats 

that are substrates needed to detect lecithinase and lipase production and proteolytic activity 

(Figure 18).  
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Figure 17: The photometric detection of protease IV activity in the culture supernatant of P. aeruginosa 

wild-type PAO1 and the ΔrhlA. The first two images show the extracellular 2D-gels for ∆rhlA and PAO1-wild 

type strains (the protease IV location of the figure 11). The cell-free culture supernatants were used in the test. The 

culture supernatants were incubated after the addition of the substrate for 4 h at 37 ° C and optical density was 

measured at OD 410 nm. The single colonies which grown in LB agar were plotted on skim milk agar plate and 

incubated for 24h.    

In Figure 17, the relative protease IV activity of ∆rhlA is compared with wild-type PAO1 P. 

aeruginosa. The activities of protease IV were significantly increased in the ∆rhlA strain 

compared to wild type PAO1. These results confirmed the 2D SDS-PAGE analysis 

observations.   

Microorganisms that possess the enzyme lecithinase break down lecithin to insoluble 

diglyceride and phosphorylcholine. The insoluble diglyceride produces a white opaque zone of 

precipitation that spreads beyond the edge of the colony (216)(Figure 18A). Another 

rhamnolipid-related phenotype is its effect on extracellular lipase activity. The well 

characterized extracellular lipase LipA is secreted via the type II secretion pathway and requires 

the presence of a specific chaperone named Lif to achieve a secretion component and an 
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enzymatically active conformation (217). The role of LipA in P. aeruginosa pathogenesis is 

still unclear, although evidence was obtained for its involvement in the degradation of lung 

surfactants and the induction of mediators from platelets participating in inflammatory 

processes (169). Extracellular lipase production was tested using the Tributyrin agar plate. 

Appropriate individual colonies were first grown on LB agar and then transferred onto 

Tributyrin indicator plates, and the formation of clear halos around the colonies caused by lipase 

activity was observed (Figure 18B).  

Figure 18: Determination of 

extracellular phospholytic 

degradation and lipase activity of 

rhamnolipids mutants and PAO1 

wild-type on Egg-Yolk and  

Tributyrin agar plate. Overnight 

cultures were spotted onto Egg-yolk agar 

plates and incubated at 37°C. The 

relative amount of degradation is 

indicated by the halo of precipitation 

surrounding the colony. Phospholipases 

are active on Egg-yolk agar medium. 

Extracellular lipase activity on  

  

The rhlA mutant has a higher amount of lecithinase (phospholipase) than the rhlC mutant and 

wild-type PAO1 (Figure 18). Proteolysis is noted by the development of clear zones in the 

medium surrounding colony growth, and the rhlA mutant was clearly positive for this test when 

compared to the rhlC mutant and wild type PAO1 (Figure18 A).   

  

The extracellular proteome of ∆rhlA P. aeruginosa highly expresses Pvds-regulated protease 

IV. In the phenotypic test, LipA activity was higher in the ∆rhlA mutant compared to the other 

strain. High PQS levels (iron limitation) lead to upregulated PvdS-regulated genes in ∆rhlA.  

Tributyrin agar,  ( 31 ) ∆ rhlA ,   ∆ rhlC   and P AO1.   
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3.5.2 Analysis of extracellular Proteomics of P. aeruginosa ΔrhlC mutant and PAO1wild 

type   

The molecular characterization of rhlC, a gene encoding the rhamnosyltransferase involved in 

di-rhamnolipid  (L-rhamnose-L-rhamnose-beta-hydroxydecanoyl-beta-

hydroxydecanoate) production in P. aeruginosa, was conducted. The extracellular protein 

profile of the ∆rhlC mutant was determined using comparative quantitative proteomics.  

For this analysis, each rhlC-negative strain and wild type P. aeruginosa strain was incubated 

for 48 h in rhamnolipid production conditions (PPGAS medium), and extracellular protein 

extracts were then prepared (2.8.2.2). The proteome analysis was performed for all proteome 

experiments in the same manner described for analysis of the ∆rhlA proteome. Figure 19 shows 

images of 2D gels of wild-type PAO1 P. aeruginosa (blue) and the rhlC-negative P. aeruginosa 

strain, ∆rhlC (orange). Image analysis of the 2D gels was performed using the 2D software 

Delta2D (Decodon). Using spot detection, 105 spots on each gel were detected. Using spot 

filtering and editing of the spots, a spot picking list of 20 spots was prepared, and MALDI-TOF 

was performed. The spot locations are indicated on the gel in Figure 20, and the characteristics 

and expression levels are listed in table 11.  

The extracellular protein profile of the rhlC-negative strain compared to wild type PAO1 

resulted in the two-fold upregulation of only one protein, which is the outer 

membraneassociated protein PA4221. The protein PA1101 (FliF) was detected only in the 

∆rhlC mutant. The flagellar proteins FliC, FliD, and FliF are membrane-associated and are 

observed adjacent to each other on extracellular 2D gels. However, the extracellular flagellin 

protein map also contained many cleavage products of higher mass than the mix of flagellar 

proteins, indicating that proteins may have been missed in the database exploration for wild 

type PAO1. Additionally GroEL, aminopeptidase, FliD and FliC proteins were slightly 

downregulated in the ∆rhlC mutant. The remaining identified proteins, which are the outer 

membrane-associated proteins OprC, OprD, and OprF and the virulence factors alkaline 

metalloproteinase aprA precursor, alkaline phosphatase, elastase LasB and Pvds-regulated 

endoprotease protease IV, were expressed at the same level in the ∆rhlC mutant and wild type 

PAO1.   
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Figure 19: Extracellular proteome from P.aeruginosa PAO1 and ∆rhlC. The top two gels show the protein patterns 

of the protein patterns of rhlC-negative strain (right) and wild-type P. aeruginosa PAO1 (left). The lower image shows 

the superposition of two gels resulted from three independent experiments of different strains were adjusted so that 

corresponded to the same OD580 nm. Using the 2D software Delta2D (Decodon) analysis program were compared 

the protein spots.    
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A total of 13 protein spots were identified by mass spectrometry successfully. The results of  

comparing protein patterns after successful identification by MALDI-TOF are shown in Table 

11.  

Table 11: The result of protein identification of P.aeruginosa PAO1 wild type and ∆rhlC mutant.  
The proteins of interest were identified from their tryptic digest by mass spectrometry and database comparison. 

Identity of each protein spots were shown with the corresponding gene name and the locus number of P.aeruginosa 

genome project (PA number).  

 

The symbols represent the differential expression of the proteins of rhlA-negative strain compared to the wild type 

PAO1    (↑ upregulated, ↓ downregulated, ○ the same regulated).                
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Figure 20: 2-DE of the extracellular proteins of Pseudomonas aeruginosa PAO1 and ΔrhlC in a pH range 

of 3-11. Two proteins expression profiles which were identified most differently expressed in mono-rhamnolipid 

produces strain, ∆rhlC and PAO1-wt; PA2939-probable amino peptidase and PA101-flagellar M-ring outer 

membrane protein precursor FliF.   

From 13 identified proteins were also exist in ∆rhlA strain but with the different expression 

levels compared to PAO1-wild type.  The expression of protease IV was the same level with 

PAO1-wild type. In the protease and lipase, phospholipase activity test rhlC strain resulted in 

the same level with PAO1-wild type. The protein is involved motility of the bacterium; flagellar 

protein type B was down-regulated in the ∆rhlC mutant. In general it observed that ∆rhlC 

mutant extracellular proteins expressed low-level but not significantly compared to PAO1 

(Figure 20). 

The protein PA1101, flagella M-ring protein, was appeared only in ∆rhlC not in wild type  

PAO1, however this result may be due to mono-rhamnolipid’s making the outer membrane  

more hydrophobic thus  reducing  outer membrane proteins.  
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3.6 Outer Membrane Proteomics of rhamnolipids deficient mutant rhlA, rhlC 

and PAO1 wild type   

Rhamnolipids are biosurfactants composed of mono- or di-rhamnose linked to the lipid 

components 3-3(-hydroxyalkanoylonxy) alkanoic acids (HAAs). These glycolipids play a 

central role in swarming motility by acting as surface-modifying agents. Rhamnolipids can 

enhance cell surface hydrophobicity by inducing LPS release from the outer membrane and by 

absorbing onto the cell surface, which can in turn modify the bacterium-substrate interaction 

(218). To investigate changes in outer membrane proteins under conditions of mono- and 

dirhamnolipid production compared to conditions of no rhamnolipid production, to determine 

how rhamnolipids exit the cell, and to determine differences in the outer membrane proteins 

between these two processes, 2-D gel electrophoresis was performed on a rhlA-deficient mutant 

that cannot produce any rhamnolipids and a rhlC-deficient mutant that only produces 

monorhamnolipids. The results were compared to wild type PAO1.   

  

3.6.1 Outer Membrane Proteomics of rhlA-deficient mutant and PAO1 wild type To 

extract outer membrane proteins, each P. aeruginosa strain was incubated for 48 h in 

rhamnolipid production conditions (PPGAS medium), and outer membrane protein extracts 

were then prepared (2.8.2.3). Each experiment was conducted using at least three independent 

protein preparations. The same parameters were used for spot selection, and 9 proteins were 

identical to the database matches.    

∆rhlA outer membrane proteins are displayed in Figure 21, and the abundance of the proteins 

was classified. Several identified proteins were upregulated or downregulated, while some 

remained at a relatively constant level of abundance. The expression level of identified proteins 

is listed in table 12.  

  

From the results of the outer membrane proteome, four important proteins significantly changed 

expression levels. One protein was PA2398, the ferripyoverdine receptor FpvA, which is a 

specific outer membrane receptor of the pyoverdine-Fe (III) complex and was upregulated 

twofold in the rhlA-deficient mutant. The second outer membrane protein was PA4221, the Fe 

(III)-pyochelin outer membrane receptor precursor, which was upregulated twofold in the 

rhlAnegative mutant.  
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PA4221 has the nearly same function as the FpvA protein and is responsible for the uptake of 

ferric iron (Fe III) but with lower affinity than the FpvA receptor. These proteins are under the 

control of an iron-regulated gene that produces the “ferric uptake regulator” (Fur) protein, 

which acts as an iron-responsive, DNA-binding repressor protein (21).   

During Pi depletion, P. aeruginosa activates phosphate signaling (PhoB), MvfR-PQS, and the 

pyoverdin iron acquisition system and forms the PQS-Fe+++ complex (106). Because the rhlA 

mutant produces a high level of PQS, the Fur protein is up-regulated and iron-chelating activity 

is induced. The iron receptor proteins were upregulated in the ∆rhlA strain.   

Protein PA1777, OprF major outer membrane protein and PA1094 were significantly 

downregulated in the ∆rhlA strain.  
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Figure 21: 2-DE of the extracellular proteins of Pseudomonas aeruginosa PAO1 and ΔrhlC in a pH range of 

3-11. The top two gels show the protein patterns of rhlA-negative ΔrhlA (left) and wild-type P. aeruginosa PAO1 

(right). The lower image shows the superposition of the two gels. The culture supernatants of different strains were 

adjusted so that they corresponded to the same OD580nm. Using the 2D software Delta2D (Decodon) were 

superimposed on each other to be compared gels, wherein the protein spots of the wild-type strain the orange  and 

the rhlA-negative strain the blue colored.  
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Table 12: The outer membrane proteins of the P.aeruginosa ∆rhlA mutant and PAO1 wild type 

and. The proteins of interest were identified from their tryptic digest by mass spectrometry and database 

comparison. Identity of each protein spots were shown with the corresponding gene name and the locus number 

of P.aeruginosa genome project (PA number).  

Spot  

Nr.  

 PA  

Nr.  

Function  Gen  MW  pI  Expressions 

level  

1  

  

  

  
 2  

  

  
 3  

  

  
 

 4  

  

  
 5  

  
  

 6  

  
  

 7  

  

  
 8  

  

  

  
 9  

  

  

  

   PA0595  

  

  

  
 PA2398  

 

  
PA4710  

  

  
  

PA4221  

  

  
  PA1092  

  
   

PA1094  

  
 

PA2760  

  

  
PA1777  

  

  

  
PA0958  

  

organic solvent 

tolerance protein  
OstA precursor  

  
ferripyoverdine  
receptor        

  
Heme/Hemoglobin 

uptake  outer 

membrane receptor  
PhuR receptor  
 

Fe(III)-pyochelin  
outer  membrane  
receptor precursor  

  
Flagelln type B  

  
Flagellin capping 

protein FliD  

  
OprQ  

  

  
Major porin and 

structural outer 

membrane porin  
OprF precursor  

  
Basic amino acid, 

basic peptide and 

imipenem outer 

membrane porin  
OprD precursor  

 ostA  

  

  

  
fpvA  

  

  
phuR  

  

  

  
 fptA  

  

  
fliC   

  

  
fliD  

  
oprQ  

  

  
oprF  

  

  

  

  
 oprD 

104,3  

  

  

  
91,2  

  

  
84,7  

  

  
80  

  

  
49,2  

  

  
49,2  

  
 

46,9  

  

  
 

37,6  

  

  

  
48,4  

  

  

5,29  

  

  

  
5,28  

  

  
5,94  

  

  
 6,11  

  

  
 5,18  

  

  
6,5  

  
 

5,51  

  

  
 

4,75  

  

  

  
 4,75  

  

  

  

  

Ø  

  

  

  
 ↑  

  

  
↑  

  

  
↑  

  

  
 ↑  

  

  
↓↓  

  
 

 ↓  

  

  
 

↓  

  

  

  
 Ø  

  

  

  

The symbols represent the differential expression of the proteins of rhlA-negative strain compared to the wild type 

PAO1    (↑ upregulated, ↓ downregulated, ○ the same regulated).  

  

  

Iron-acquisition system proteins were upregulated in ∆rhlA and the rhamnolipid must have 

activated flagellin protein FliD.   

3.6.2 Outer membrane proteomics of a rhlC-deficient mutant and wild type PAO1 
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 To evaluate the effect of the mono-rhamnolipid on the outer membrane proteins, each P. 

aeruginosa strain was incubated for 48 h in rhamnolipid production conditions (PPGAS 

medium), and outer membrane protein extracts were then prepared. Because of the high 

hydrophobicity of the rhlC mutant proteins, only two, instead of three, repetitions of the gels 

of the outer membrane proteins were achieved. The reason is most likely that the 

monorhamnolipid strongly affects the release of LPS from the outer membrane, which results 

in an increase in hydrophobicity and difficulty in IEF for 2D SDS-PAGE.  The first dimension 

(183) was conducted using IPG strips covering a pH range of 3-11. Further separation of 

proteins according to size was determined using 12% SDS-PAGE (Figure 22). Image analysis 

of the 2D gels was performed using the 2D software Delta2D (Decodon). The same parameters 

were used for spot selection, and 18 spots from 24 were identified successfully by MALDI-

TOF (table 13).  
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Figure 22: 2D-PAGE of the outer membrane proteins of Pseudomonas aeruginosa PAO1 and ΔrhlC in a pH 

range of 3-11. The top two gels show the protein patterns of ΔrhlC (left) and wild-type P. aeruginosa PAO1 

(right). The lower image shows the superposition of the two gels. The culture supernatants of different strains were 

adjusted so that they corresponded to the same OD580nm. Using the 2D software Delta2D (Decodon) were 

superimposed on each other to be compared gels, wherein the protein spots of the PAO1 wild-type strain the orange  

and the rhlC-negative strain the blue colored.  
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Table 13: The outer membrane proteins of P.aeruginosa PAO1 wild type and ∆rhlC mutant.  

Identity of each protein spots were shown with the corresponding gene name and the locus number of P.aeruginosa 

genome project (PA number).  

Spot  

Nr.  

 PA  

Nr.  
 

Function  Gen  MW  pI  Expressions 

level  

1  

  

  

  
2  

  

  
3  

  

  
4  

  

  
 5,6 

 

 

 

 7 

  

  

  
 8.9  

  

  
 10 

 

 

  11 

  

  

 

  
   

 12.13 

  

  
 14  

  

  
 15  

 PA0595  

  

  

  
PA3648  

  

  
PA2398  

  

  
PA4710  

  
 

PA4221  

  

  

  
PA1583  

  

  
 

PA1092  

  

  
PA4974  

  

  
PA0958  

  

  

  

  
PA2760  

  

  
PA0943  

  

  
PA1777  

 organic solvent 

tolerance protein  
OstA precursor  

  
outer  membrane 

protein Opr86  

  
ferripyoverdine 
receptor        
  
Heme/Hemoglobin 

uptake  outer 

membrane receptor 

PhuR receptor  
 

Fe(III)-pyochelin  
outer  membrane  
receptor precursor  

  
succinate 

dehydrogenase(A  
subunit)  

  
Flagelln type B  

  

  
probable outer 

membrane protein  
precursor  

  
Basic amino acid, 

basic peptide and 

imipenem outer 

membrane porin  
OprD precursor  
 

OprQ  

  
 

hypothetical  
protein  

  
Major porin and 

structural outer 

membrane porin  

ostA  

  

  

  
opr86  

  

  
fpvA  

  

  
phuR  

  

  
 fptA  

  

  

  
sdhA  

  

  
fliC  

  

  
opmH  

  

  

  
oprD  

  

  

  
  

oprQ  

  

  

  

  
 

oprF  

104,3  

  

  

  
88,3  

  

  
91,2  

  

  
84,7  

  

  
 80  

  

  

  
63,5  

  

  
49,2  

  

  
53,4  

  

  

  
48,4  

  

  

  

  
46,9  

  

  
27,2  

  

  
37,6  

5,29  

  

  

  
4,8  

  

  
5,28  

  

  
5,94  

  

  
6,11  

  

  

  
6,47  

  

  
 5,18  

  

  
5,88  

  

  

  
4,75  

  

  

  

  
5  

  

  
8,67  

  

  
4,75  

Ø  

  

  

  
↓  

  

  
↓  

  

  
Ø  

  

  
↓↓  

  

  

  
Ø  

  

  
↓  

  

  
Ø  

  

  
 

↑  

  

  

  

  
 ↑  

  

  
Ø  

 

 
Ø 

The symbols represent the differential expression of the proteins of rhlC-negative strain compared to the wild type 

PAO1    (↑ upregulated, ↓ downregulated, ○ the same regulated).  
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In the outer membrane proteome of ∆rhlC and wild type PAO1, 15 proteins were identified 

successfully. Only two outer membrane proteins, PA2760 (OprQ) and PA0958 (OprD), were 

slightly upregulated, while six proteins, PA3648 (Opr86), PA2398 (ferripyoverdine receptor), 

PA4221 (Fe+-pyochelin outer membrane receptor precursor), PA1092 (Flagellin type B), and 

PA1673 (hypothetical protein), were down-regulated. The Fe (III)-pyochelin outer membrane 

receptor protein PA4221 was significantly down-regulated in the ∆rhlC mutant. Relatively 

constant levels of abundance of the following proteins were found in the rhlC-negative mutant 

compared to wild type PAO1: protein PA1583 (succinate dehydrogenase-A subunit) that has a 

role in energy metabolism, PA2639 (NADH dehydrogenase I chain C, D) that is involved in 

pyocyanine production and motility, PA0943 (hypothetical protein), the major porin PA1777 

(OprF), PA0651 (indol-3-glycerol-phosphate synthase), PA4974 (OpmH) and PA4710 

(Heme/hemoglobin uptake outer membrane receptor, PhuR receptor protein). Three identified 

proteins, PA1092 (Flagellin type B), PA2760 (OprQ) and PA4221 (Fe+-pyochelin outer 

membrane receptor precursor), were found in more than one location. The appearance of 

proteins at more than one location on the two dimensional gel is indicative of post-translational 

modification (219). Post-translational phosphorylation and glycosylation modifications of P. 

aeruginosa proteins have been previously reported (220). The presence of proteins that were 

differentially expressed in the ∆rhlC mutant can be sorted into the following classifications: 

motility, biofilm formation, iron-related pyocyanine production and some QS-regulated 

proteins (Table 13). The outer membrane protein profiles of the solely mono-

rhamnolipidproducing strain ∆rhlC showed less abundance of outer membrane proteins 

compared to wild type PAO1. The structural differences between mono-rhamnolipids and di-

rhamnolipids nevertheless lead to their different adsorptive affinity to the two P. aeruginosa 

strains. Monorhamnolipids have a greater reducing effect than the mixture of rhamnolipids 

produced by wild type PAO1 on the outer membrane proteins of P. aeruginosa.   

  

Mono rhamnolipid has caused a significant reduction of outer membrane proteins of P. 

aeruginosa.  
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3.7 Extracellular GroEL promotes adherence of the ∆rhlA mutant to inert surfaces The 

results of 2D gel electrophoresis provide an overview of the proteins affected in the 

rhlAnegative strain. Only one cytoplasmic protein, GroEL, was present in the extracellular 

space and changed in abundance. The next step was to investigate whether the presence of 

GroEL in the extracellular space resulted from cell lysis or a different function. How the GroEL 

protein was secreted or its presence in the extracellular space of the rhlA-negative strain as a 

result of cell disruption should be examined. Overexpression of GroEL should cause the same 

amount of protein in the extracellular space observed in the rhlA-negative strain. Because the 

rhlAnegative strain has no rhamnolipid production to function as a bio detergent to cause cell 

lysis, overexpression analysis is required to determine the possible function of GroEL in the 

transport of inner, periplasmic or cytoplasmic proteins to the extracellular space. Therefore, the 

GroEL protein was overexpressed in the rhlA-negative and wild type PAO1 strains to compare 

the expression levels and determine the protein function in the extracellular space.    

  

3.7.1 Overexpression of the GroEL protein in the ∆rhlA strain  

GroEL was overexpressed in the rhlA-negative strain and wild type PAO1. To over express 

groEL in the strains, the groEL operon from the existing plasmid pVLT31groEL (IMET 

collection) and a control empty vector pVLT31 were introduced chemically into the rhlA-strain 

and wild type PAO1, and the expression of groEL was induced under standard IPTG conditions 

(2.6.1).  

  

3.7.2 Extracellular 2D analysis of overexpressed groEL in the rhlA mutant  

The overexpression of the GroEL protein was observed by 2D gels (Figure 23). The 

extracellular and cytoplasmic protein samples were prepared from the same cultures, which 

were optimally induced at an OD580 nm of 0.05 and cultured for 24 h. Protein quantification, was 

carefully performed using the 2D Quant Kit (GE Healthcare) to avoid false proteomics 

expression results. For this experiment, each P. aeruginosa strain was incubated for 24 h in 

rhamnolipid production conditions (PPGAS medium), and extracellular protein extracts were 

prepared (2.8.2.2). Each of the experiments was conducted using at least three independent 

protein preparations. The first dimension (183) was performed using IPG strips covering a pH 

range of 3-11. Further separation of the proteins according to size was determined using 12% 
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SDS-PAGE (2.8.1). After Colloidal Coomassie Blue staining of the gels, the images were 

analyzed using the 2D software Decodon analysis system (Figure 23).   

  

 

Figure 23: Overexpression of GroEL protein. The top two gels show the extracellular protein  patterns of  

∆rhlA-pVLT31 empty vector (left) and the protein patterns of ∆rhlA-pVLT31groEL (right). The lower images 

show the superposition of the two gels. The culture supernatants of different strains were adjusted so that they 

corresponded to the same OD580nm. Using the 2D software Delta2D (Decodon) were superimposed on each other 

to be compared gels, wherein the protein spots of ∆rhlA-pVLT31 (empty vector) blue and ∆rhlA-pVLT31groEL 

strain orange colored. The expression level comes in view on the screen automatically and the level of the 

extracellular overexpressed GroEL increased 4.25 fold (green bar chart).  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Expression Profile of  
Extracellular    
GroEL   

∆ rhlA pVLT31(e.v)   ∆ rhlA pVLT3 1 groEL   
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As shown in Figure 23, the overexpressed GroEL protein appeared significantly in the 

extracellular proteome. After overexpression of the GroEL protein, the expression level of 

extracellular GroEL increased 4.25-fold. To identify the proteins that are present in the 

modified ∆rhlA strain, the corresponding bands were eluted from the gel, tryptic digests were 

performed (2.8.2.10) and mass spectrometry (MALDI-TOF) (2.8.2.11) was analyzed. 

MALDITOF-MS was performed using an Ultraflex III TOF / TOF mass spectrometer (Bruker 

Daltonics, Bremen). To compare the measured mass pattern with the theoretical proteome of P. 

aeruginosa PAO1, the software ProteinProspector was used. In both gels, these proteins were 

identified as a 57 kDa GroEL protein (Figure24).  

 

Figure 24: Peptide Mass Fingerprint (PMF) result of GroEL protein. The peptide masses derived from the 

MS spectrum, the peptide mass fingerprint (PMF) is then compared to the theoretical peptide masses and a score 

is calculated and assigned. The result showed in the figure was the best match between the experimental and 

theoretical peptides. The available program MS-FIT (at www.prospector.ucsf.edu/) was used to perform the 

peptide search.  

  

3.7.3 Cytoplasmic 2D-gel analysis of overexpressed groEL in rhlA mutant  

In order to compare the expression level of the cytoplasmic GroEL after overexpression, the 

cytoplasmic 2D gels were compared. The cytoplasmic proteins from the same cultures, which 

already were used for the extracellular proteom, were isolated by standard protocol (2.8.2.4) 

and analyzed by 2D-Gel electrophoresis (figure25).  

  

  

  

  

  

  

Result summary of Mass fingerprint of GroEL protein   

  

  

http://www.prospector.ucsf.edu/
http://www.prospector.ucsf.edu/
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 ∆rhlApVLT31 (e.v)  ∆rhlApVLT31groEL  

Figure 25: 2D-PAGE of the cytoplasmic 

fractions of overexpressed GroEL in ∆rhlA 

strain in a pH range 3-11. The first two gels  
show the cytoplasmic protein patterns of 

∆rhlApVLT31 empty vector (left) and ∆rhlA- 
pVLT31groEL (right). The next images show the 

superposition of the ∆rhlA-pVLT31 empty 

vector and ∆rhlA pVLT31groEL. The culture 

supernatants of different strains were adjusted so 

that they corresponded to the same OD580nm. 

Using the 2D software Delta2D (Decodon) were 

superimposed on each other to be compared gels,  
wherein the protein spots of ∆rhlA-pVLT31 

(empty vector) orange and ∆rhlA-pVLT31groEL strain blue colored. The expression levels of cytoplasmic GroEL 

in ∆rhlA-pVLT31 empty vector (red bar chart) and ∆rhlApVLT31groEL (green bar chart).  

  

Figure 25 shows cytoplasmic GroEL in the rhlA-negative strain with the empty vector pVLT31 

compared to overexpressed GroEL protein in the rhlA-negative strain. Cytoplasmic protein 

patterns were examined in the wild type PAO1 strain as a control. The change in expression 

level after overexpression of groEL was analyzed by 2D software Delta2D, and the expression 

level increased 3.55-fold in the ∆rhlApVLT31groEL strain.   

Heat shock GroEL proteins are predicted to be located in the cytoplasm, which is supported by 

the fact that no member of the GroEL family possesses a secretion signal sequence or other 

recognizable motifs that would suggest its export (221). To observe partial exit of the GroEL 

protein from the cytoplasm to the extracellular space in the rhlA-negative mutant, the 

extracellular 2D gels were compared to cytoplasmic 2D gels and analyzed for the GroEL 

protein (Figure 26). Figure 26 compares the extracellular and cytoplasmic GroEL proteins in 

the rhlAnegative strain. The cultures were grown in PPGAS medium for 24 h, and the 

extracellular and cytoplasmic proteins were isolated using a standard protocol (2.8.2.4).   

The extracted proteins were subjected to first dimensional gel electrophoresis in the pH range  

3-11 and second dimensional 12% SDS-PAGE were performed. After Colloidal Coomassie  

Blue staining of the gels, image analyses were done by 2D software Decodon analysis system.   

The expression level of the cytoplasmic GroEL was 6 fold more than extracellular GroEL, that 

almost 17% of cytoplasmic GroEL was out of the cell. This result confirmed that GroEL was 

basically a cytoplasmic protein in the rhlA-negative strain. However GroEL protein was clearly 
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exist in extracellular fraction. Moreover, there are an increasing number of reports indicating 

an additional extracytoplamic location of GroEL in pathogenic bacteria. Surface-associated 

Hsp60 has been reported in Mycobacterium leprae (222), Salmonella enterica serovar 

Typhimurium (223), Clostridium difficile (173), Helicobacter pylori (224-227),  Legionella 

pneumophila (228) and Haemophilus ducreyi (229).                  
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Figure 26: The comparison of the extracellular and cytoplasmic GroEL of rhlA-negative strain. The top two 

gels show the extracellular (left) and cytoplasmic (right) 2D-gels of rhlA-negative strain. Both fractions were 

prepared using the same cultures which were adjusted to the same OD580. The lower gels show the gels 

superimposed on each other which were obtained using the Delta2D software and the lowest image is the 

expression profile of the extracellular (red bar chart) and cytoplasmic (green bar chart) GroEL.  

∆ rhl A   ( extracellular )         ∆ rhl A   ( cytoplasmic )   
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3.7.4 Identifying the extracellular function of the GroEL protein  

Considering the data obtained for extracellular and cytoplasmic GroEL and considering 

surface-associated GroEL, we can predict with high probability that extracellular GroEL has a 

specific function that is not simply coincident with the extracellular fraction of GroEL in the 

rhlA-negative strain. P. aeruginosa produces several surface-associated proteins and adhesins 

that promote attachment (biotic or abiotic) and contribute to the virulence of this pathogen. To 

identify the extracellular function of the GroEL protein, an attachment assay, which is a 

conventional method of determining concentrations of attached bacteria, was performed. For 

this study, a crystal violet (CV) assay was used. The wild type and rhlA-negative mutant was 

compared to overexpressed groEL in the rhlA-negative mutant and wild type. The 

∆rhlCnegative strain (di-rhl negative mutant) was used as a control and mucoid strains of P. 

aeruginosa served as a positive control. A medium control (negative control) was added to the 

24-well PVC plate.  All strains were prepared as previously described and diluted to an optical 

density of 0.1. One hundred micro liter aliquots of the bacterial strain were pipetted into the 

wells of a 24-well PVC plate. The plate was incubated for 8 hours (initial attachment) at 37°C. 

The most reliable results were found at 8 hours, and after 30 min, the attached the bacteria were 

stained with 0.1% crystal violet (Figure 27B). The amount of CV staining was quantified by 

dissolving the CV in 200 µl of ethanol (80%), and CV concentration was determined by 

measuring the OD540 of the dissolved CV dye (Figure 27A).   

As an alternative, an adherence assay was performed using mixed supernatants of overnight 

cultures of ∆rhlA-pVLT31 (e.v) and ∆rhlA-pVLT31groEL strains and PAO1- pVLT31 (e.v) 

and PAO1- pVLT31groEL strains (Figure 27C).   
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Adherence assay (8h) 

 

 

Figure 27: Adherence assay from rhlA-negative strain and wild type PAO1 comparing with overexpressed 

groEL. The graphic shows the measurement of the CV at OD540 (A). The adherence assays for 8 h show 3 replicate 

of the CV staining for rhlA-negative strain and PAO1 compared to overexpressed groEL in the same strains using 

control of rhlC-negative strain and mucoid PAO1 (B). The last figures were performed with using mix supernatant 

with ∆rhlA-pVLT31 (e.v) and ∆rhlA-pVLT31groEL strains and ∆rhlA-pVLT31 (e.v) strain was used as a control. 

The same process was applied for PAO1 wild type. (C).  
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In Figure 27A, B and C, surface-associated GroEL clearly promoted the attachment of P. 

aeruginosa. In detail, overexpression of groEL in the rhlA-negative strain increased the 

attachment of P. aeruginosa to the inert surfaces 4-fold, whereas in wild type PAO1, attachment 

increased 1.5-fold (high volumes of attachment are difficult to determine by crystal violet 

assay) after overexpression of the GroEL protein.   

  

To test whether the expression of extracellular adhesion proteins changed by the overexpression 

of groEL, the expression levels of attachment-related proteins were determined by the Delta2D 

Decodon software program (28). The change in protein expression level of Flagellin type B and 

cup protein FliD may not be completely sufficient (1.034 and 2.66, respectively) to confer 

biofilm promotion of adherence, but most likely, the changes involve interaction with GroEL 

and the cell (Figure 28).   

Figure 28: Comparison of the extracellular flagellin type B and 

Flagellar cupping protein FliD from rhlA-negative mutant and 

rhlA-pVLT31groEL strain. The same gels which were used to 

compare GroEL protein after overexpressed groEL gene from rhlA-

negative strain with rhlA-pVLT31groEL, were compared to control 

of the proteins which can be involve to attachment, motility and 

biofilm formation. Differences of the expression levels for the 

flagellin type B protein and FliD protein were nearly equal.    
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3.8 Control of cell disruption   

To eliminate autolysis, β-lactamase activity was measured. ß-lactamase is an enzyme located 

in the periplasm that inactivates β-lactam molecules before they reach their targets, penicillin 

binding proteins, on the cytoplasmic membrane. The ß-lactamase enzyme analyses were 

negative for the supernatants of the rhlA-negative mutant, rhlA-pVLT31groEL, wild type 

PAO1 and the medium control. Positive samples were obtained from cell extracts of wild type 

PAO1 (Figure 29).  

 

Figure 29: Autolysis control test: ß-lactamase activity. The ß-lactamase activity assay was performed by 

incubating 10 µl sample (0.06 mg/ml) with 150 µl substrate at 30ᵒC. The increase in A405nm was continuously 

recorded during 30 min and kinetic parameters were determined by using SpfX program. RhlA-pVLT31 (e.v) 

strain compared with rhlA-pVLT31groEL, wild type-PAO1 supernatant and sonificated cell pellet served as a 

negative and positive control, respectively.  

  

Figure 29 shows that the supernatants of rhlApVLT31 (e.v), rhlApVLT31groEL, wild type  

PAO1 were negative for extracellular ß-lactamase activity and that the PAO1 cell-disrupted 

sample was positive.   
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As a second autolysis control test, Western immunoblotting was performed for LipH, an inner 

membrane protein in the LifS class in P. aeruginosa. LipH was immunologically detected by 

Western blot using an antibody against LipH. For this purpose, the expression cultures were 

diluted to an OD580 nm of 0.10, and expression was induced in a culture with an OD580 nm 

of 0.3 - 0.5 by the addition of IPTG (0.4 mM final concentration). The expression cultures were 

incubated for 16 h at 30 °C, and total cell extracts were prepared. Immunological detection of  

LipA and LipH by SDS-PAGE (2.8.2.8) and Western blot (2.8.2.12) was performed (Figure 

30).  

       6                

Figure 30: LipH western immunoblot analysis. 

Western immunoblot analysis is shown of LipH (37kDa) 

in supernatant and cell extract of strains detected with 

antibody against LipH. Lanes:1, supernatant of rhlA 

negative mutant; 2, cell extract of rhlA negative mutant; 

3, supernatant of overexpressed groEL in rhlA mutant; 

4, cell extract of overexpressed  
groEL in rhlA mutant; 5, supernatant of wild type PAO1; 6, cell extract of wild type PAO1. Each lane contain 

same amount of protein.   

  

Immunoblot analysis shows that the supernatant samples (lanes 1, 3, and 5) were negative for 

LipH protein and samples prepared from the cell extract (2.8.2.4) (lanes 2, 4, and 6) were 

positive for inner membrane protein LipH. The results of the ß-lactamase assay and Western 

immunoblot analysis show that no cytoplasmic ß-lactamase enzyme or inner membrane protein 

LipH is found in the supernatant of rhlApVLT31 (e.v), rhlApVLT31groEL or wild type PAO1. 

These two autolysis control tests show that cytoplasmic and inner membrane proteins present 

in the sample supernatants cannot result from autolysis.    

  

Extracellular GroEL promotes adherence of ∆rhlA  mutant to inert surfaces  

Data obtained by overexpressed GroEL protein shows that extracellular GroEL protein, which 

was found in extracellular proteom of ∆rhlA mutant, demonstrated a promoter role in the 

adherence of the P.aeruginosa ∆rhlA mutant to inert surfaces.  
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4. Discussion  

  

Rhamnolipids (RLs), the glycolipid biosurfactants produced mainly by Pseudomonas 

aeruginosa, are the most intensively studied biosurfactants. This interest arises from two 

contrasting facts. First, rhamnolipids display comparatively high surface activities and are 

produced in relatively high yields after reasonably short incubation periods by a 

wellunderstood, easy-to-cultivate microorganism. Second, rhamnolipids are one of the 

virulence factors contributing to the pathogenesis of P. aeruginosa infections, and 

consequently, many aspects of RL biosynthesis have been investigated, in part, to control their 

production and effects (230). The complex gene regulatory network involved in rhamnolipid 

biosynthesis represents a challenge to understanding their exact functions. The regulatory 

factors include quorum-sensing system proteins, environmental responses and global regulatory 

systems within the basal bacterial physiology, which act either at the transcriptional or 

posttranscriptional level (62). Consequently, “the investigation of the effects of rhamnolipid 

production in P. aeruginosa” in detail is required.  

Within the scope of thesis, 1) Rhamnolipids mutants (∆rhlA and ∆rhlC) were created and 

monorhl (∆rhlC) and di-rhl from PAO1 were characterized.  The QSSMs profiles were 

identified for rhamnolipids mutants and PAO1. 2) The extracellular and outer membrane 

proteins were identified by 2DGE during the mono and mixture rhls production. 3) One 

interesting protein was overexpressed and the possible function was characterized.   
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4.1  Characterization of mono and di-rhls produced from ∆rhlC and wild type  

PAO1 strains  

  

Rhamnolipids are predominantly constructed from the union of one or two rhamnose sugar 

molecules and one or two β-hydroxy (3-hydroxy) fatty acids (54). The rhamnolipids produced 

by P. aeruginosa are described as a mixture of four congeners: Rha-Rha-C10-C10 and Rha-

RhaC10, as well as their mono-rhamnolipid congeners Rha-C10-C10 and Rha-C10 (38). The length 

of the carbon chains found on the β-hydroxyacyl portion of the rhamnolipid can vary 

significantly.   

However, in the case of P. aeruginosa, 10-carbon molecule chains are the predominant form 

(231). The rhamnolipid congeners have slightly different physico-chemical properties and, 

thus, contribute to the various physiological functions and roles attributed to RLs in the 

producing bacteria. For example, Burkholderia thailandensis has impressive tensio-active 

properties, and these bacteria possess long chain rhamnolipids compared to the well-studied, 

short chain rhamnolipids found in P. aeruginosa (37). The medium composition, in particular 

the organic substrate component, can affect rhamnolipid biosynthesis, yield and congener 

distribution.  Rhamnolipids were produced using the (PO4)
-3-limited condition (201), which 

leads to an increase in rhamnolipid production. The influence of phosphate on rhamnolipid 

production was confirmed by the addition of PO4 to the culture medium. The separation of 

mono- and di-rhls was achieved with 65% recovery using silica gel chromatography. After a 

second purifying chromatography, the identification of rhamnolipids by LC-ESI-TOF mass 

spectrometry analysis revealed a mixture of Rha-C10-C10 and Rha-Rha-C10-C10 (from wild type 

PAO1) and Rha-C10-C10 (from ∆rhlC) with 86% purity.  

In this study, under (PO4)-limited conditions, wild type PAO1 and ∆rhlC strains produced a 

mixture of mono- and di-rhls, and only mono-rhls contain a C10-C10 moiety. This result will be 

useful in the evaluation of subsequent experiments.   
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4.1.2 Rhamnolipids and their regulation by Quorum sensing molecules  

  

The rhlAB operon and rhlC gene encoding rhamnolipid production enzymes are regulated by 

the RhlRI Quorum sensing (QS) system (97),(65). P. aeruginosa produces two AHLs as QS 

signal molecules that act as the auto-inducer of a specific sensing and responding system; 3oxo-

C12-HSL acts on the las system, and C4-HSL acts on the rhl system. The core of each system 

is composed of a synthase producing an AHL for the activation of a specific transcriptional 

regulator (232); LasI produces 3-oxo-C12-HSL for the activation of LasR (233),(234),(205), 

and RhlI produces C4-HSL for the activation of RhlR (235),(236).   

These two hierarchical QS systems are embedded into a large regulatory network, which 

includes a third communication molecule, 2-heptyl-3- hydroxy-4 quinolone, which is more 

commonly known as the Pseudomonas quinolone signal (PQS) (237),(238). The latter encodes 

the enzyme responsible for the last step of PQS synthesis: the modification of 2-heptyl-

4quinolone (HHQ) in PQS (209). The fact that QS systems are part of a large regulatory 

network leads to the view that P. aeruginosa QS is not only dependent on cell density but also 

on a wide variety of environmental signals (101).  

The two main classes of bacterial QSSMs are the N-acyl-L-homoserine lactones (AHLs) and 

the 2-alkyl-4-(1H) quinolones (AQs), and both consist of large families of lipid-like molecules 

of closely related structures with a range of acyl/alkyl chain lengths (239). AHL-dependent QS 

systems encompass a family of more than 30 different QSSMs that differ in the length (from 

C4 to C18), degree of unsaturation (none, one or two double bonds) and substitution at C3 

(which can be 3-oxo,3-hydroxy or unsubstituted) of the acyl side chain (240).  

We analyzed the AHL profile, the C4-HSL, 3-oxo-C12-HSL, and AQ profiles, and HHQ and 

PQS in rhls mutants and wild type PAO1. The samples were isolated from 24 and 48 h PPGAS 

cultures and subjected to LC-MS/MS. As expected because rhamnolipid production is 

dependent on both PQS and RhlRI between the QS system, the highest peak concentrations 

were observed for PQS in PPGAS medium for 24 h cultures, followed by the C4-HSL 3-

oxoC12-HSL and HHQ concentrations and finally. These values were attained during the 24 h 

cultures at the stationary phase. The QSSM molecules produced in wild type PAO1 in LB 

medium were defined as C4-HSL, PQS, HHQ, 3-oxo-C12-HSL and other QS molecules  

(241),(242) and were present as lower concentrations than in PPGAS medium. In the literature, 

the QSSM profiles of PAO1 were identified for the exponential growth phase. In addition, 
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QSSM molecules found at a high concentration are also dependent on the culture volumes in 

which the samples were prepared.   

  

Furthermore, the PQS-dependent depletion of phosphate led to the activation of a major 

phosphate signaling/uptake system (PhoB), the MvfR–PQS pathway of quorum sensing, and 

the pyoverdin iron acquisition system. Depletion of phosphate led to the activation of a major 

Pi-signaling/uptake system, PstSPstCABD-PhoU-PhoB (243), multiple phosphate 

acquisitionrelated genes, and genes associated with the alternative type II secretion (244).  

Consequently, the medium enhanced the rhamnolipid production via increasing the 

accumulation of PQS and C4-HSL (29). In the 24 h samples, the QSSM 3-oxo-C12-HSL 

concentration level was high for all strains, but the level was 2-fold higher in the rhlA-negative 

strain; however, in the 48 h samples, 3-oxo-C12-HSL nearly disappeared for all strains. This 

result may be attributable to the fact that PQS has a negative effect on the las system (245). The 

production of C4-HSL in the ∆rhlA and ∆rhlC rhamnolipid mutants was similar to wild type 

PAO1 in the 24 h samples, and while its level was the same for ∆rhlC and wild type PAO1, in 

the rhlA-negative strain, C4-HSL remained at a high level, in the 48 h samples, like the 

concentration of PQS, perhaps as a result of no rhamnolipid production. For the HHQ 

production no significant differences have been observed between those strains. In this text, we 

have presented the rhamnolipid production-related QSSM profiles, and these data will be useful 

in elucidating the physiological behavior of the rhamnolipid mutants.   

The rhlA-negative mutant QSSM profile is a good example for elucidating the non-rhamnolipid 

and non-swarming phenotype of the ∆rhlA mutant by inducing the swarming phenotype using 

rhamnolipids from other bacteria or by exogenously adding them (Figure 31). The expression 

of rhlA is the only requirement for the initiation for rhamnolipid synthesis in P. aeruginosa 

(61), which makes the genetic regulation of the rhlAB operon key to the use of rhamnolipid 

biosurfactants as cooperative secretions. An important social behavior of bacterial lifestyle is 

that environments change constantly. Bacteria likely evolved mechanisms to regulate 

cooperative secretions, which may, in turn, affect their evolutionary costs and benefits (246). 

Accordingly, wild type bacteria do not secrete biosurfactants or swarm unless both 

quorumsensing and nutrient conditions are suitable.   
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This characteristic suggests that P. aeruginosa have evolved to ensure that biosurfactants are 

only secreted when both the cell density is high enough for the secretions to be useful and when 

an excess of carbon is present to minimize the impact of biosurfactant synthesis (247). These 

data show that the ∆rhlA, while unable to swarm alone, can swarm in the presence of a 

biosurfactant-producing strain and, thus, that the ∆rhlA cells can use exogenous biosurfactants 

for swarming. Notably, secretion also depends on the hierarchical quorum-sensing systems 

regulating rhlAB (235). The presented data are consistent with the ∆rhlA strain having the 

suitable QSSM profile for initiating the swarming phenotype (Figure 31). The addition of 

quorum sensing molecules might support improving of the swarming phenotype.  

Figure 31: Swarming motility of rhamnolipid mutants 

and wild type PAO1. ΔrhlA, ΔrhlC mutants and wild type 

PAO1 cells were spotted on a swarm agar plate and 

incubated at 37ᵒC for 48 h. Diffused rhamnolipids from the 

ΔrhlC mutant and wild type PAO1 modulate the swarming 

motility in the ΔrhlA mutant (red arrow).   

  

  

  

  

  

4.2 Studies on the effect of rhamnolipid production on the extracellular and  

outer membrane proteins  

To investigate the effect of rhamnolipid production on the extracellular and outer membrane 

composition, the proteins were isolated and analyzed by 2D PAGE. In the extracellular protein 

profiles of ∆rhlA, the non-rhamnolipid production phenotype, the proteins responsible for 

motility and biofilm formation were expressed differently compared to wild-type PAO1. Here, 

the rhlA and rhlC mutants will be discussed together to describe the different phenotypes in 

both strains.   

However, the outer membrane proteins of the rhlC mutant were evaluated scarcely due to their 

strong effect on the cell surface and the outer membrane proteins could be analyzed for two 

repetitions instead of three on a SDS gel. The outer membrane protein profiles of rhlC mutant 
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showed that mono-rhamnolipoid has strong reducing effect on the outer membrane proteins. 

The literature revealed that mono-rhamnolipids interact with the Pseudomonas aeruginosa cell 

membrane and cause the membrane to become more hydrophobic than di-rhamnolipids because  

of the polar head group unit on di-rhl is too large to penetrate the LPS layer (248). This 

hydrophobic effect of mono-rhl produced from rhlC mutant might have caused the more 

challenge of proteomic analysis.  

The virulence factor protein protease IV (PA4175) was different in the rhlA and rhlC mutants. 

The protein was up-regulated in the rhlA mutant, while the level in the rhlC mutant was similar 

to wild tape PAO1. The apr proteases, phoA alkaline phosphatase, exotoxin A, lasA elastase, 

and phospholipases were virulence genes induced by phosphate depletion.  In the rhlA mutant, 

had detected a two-fold high concentration of 3-oxo-C12-HSL molecules compared to the rhlC 

and wild type PAO1 strains. Lipases are also induced by phosphate depletion and the 

phospholipases were expressed at a high level in the rhlA mutant compared to the rhlC and wild 

type PAO1 strains. The high level of PQS influences the iron-regulated, protein PrpL-encoded, 

PvdS-regulated proteases for iron uptake to the cell. Consistently, in the rhlA mutant pyoverdine 

production was visible compared to the other strains.  These phenotypes of rhamnolipid mutants 

and wild type PAO1 showed that the cell turns highly virulent and toxic after Pi depletion. 

Furthermore, the virulence of the rhlA mutant seemed higher than the rhlC and PAO1 strains. 

Nevertheless, the PQS-Fe+++-rhamnolipid complex is called “red death” (106).   

PA1092, flagellar type-B protein, was upregulated in the rhlA mutant compared to wild type 

PAO1. P. aeruginosa generally expresses a single polar flagellum, which exhibits the typical 

conserved structure established for many gram-negative pathogens (249). These flagella 

provide motility and chemotaxis functions for organisms. The protein PA1092, flagellar 

filament protein flagellin type B, promotes swimming motility in liquid environments (23). The 

rhlA-negative strain is able to swim properly, and PA1092, flagellin type B protein levels were 

higher than in wild type PAO1.  This result is one of the confirmations of 2D gel 

electrophoresis.   

 One other important protein for motility and biofilm formation that was downregulated in the 

rhlA mutant extracellular proteome was PA1094, the flagellar capping protein FliD.  

Consistently, in the rhlA mutant outer membrane profiles, this protein was significantly 

downregulated compared to wild type PAO1.  FliD capping protein, which is located at the end 
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of the flagellum and is found at the tip of the flagellar filament, was shown to be the mucin-

specific adhesin (250). The FliD protein was capable of specifically inhibiting the association 

of P. aeruginosa cells with mucin. Scanning electron photomicrographs of the surface of CF 

epithelia suggest that the initial interaction of the flagellar tip is with mucin (204).   

This fragile interaction can be then strengthened by further attachment with additional FliD 

proteins located in the outer membrane, which are synthesized as a consequence of flagellar 

breakage following the initial binding step (250). Migration-dependent formation of the cap 

portion of the mushroom-shaped structures in P. aeruginosa biofilms is known to be facilitated 

by biosurfactant production. The RhlA mutant and the pilArhlA double mutant both formed flat 

biofilms (158). The FliD protein was also down-regulated in the rhlC mutant extracellular 

protein profiles. Nevertheless, the effect of mono-rhamnolipid surfaces on the cell membranes 

is different compared to wild type PAO1, and their effect on surface motility and adhesion is 

diverse (Figure 32).   

Figure 32: Different types of swarming 

with mixed RLs (PAO1) and mono-RL 

(∆rhlC). Thin-repellent type of swarming 

is found in the rhlC mutant, whereas in 

PAO1, the repellents are thick. A single 

colony was spotted on swarming agar, and 

the pictures were taken after 24 h.   

  

OprF is one of the very few general porins (251) allowing non-specific diffusion of ionic species 

and small polar nutrients (252). OprF is also a major structural protein, anchoring the outer 

membrane to the peptidoglycan layer. OprF has also been identified as a Lectin B binding 

surface-associated protein (253). The protein OprF was down-regulated significantly especially 

in the outer membrane protein profiles of the rhlA mutant. A recent study showed that OpF is 

required for rhamnolipid production, and in the OprF mutant, mRNAs encoding the 

rhamnolipid biosynthetic enzymes RhlA and RhlB were strongly decreased in the absence of 

OprF (212). This result was also confirmed in our study, and the level of extracellular OprF 

protein in the rhlC mutant was expressed at the same level as wild type PAO1. Furthermore, 
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this finding of the relationship between OprF and rhamnolipid production was indicated in 

published data, and the rhamnolipid production phenotype is characteristic of environment 

colonization.   

Pi depletion led to the up-regulation of pyoverdin-associated genes. Because pyoverdin 

biosynthesis is induced by iron limitation, pyoverdin might be required to supply iron or to act 

as a direct signal to activate phosphate signaling pathways (106).  This scenario is true for all 

strains for outer membrane proteins, including Fe (III)-receptor proteins, PA4221, Fe 

(III)pyochelin outer membrane receptor precursor, PA2398, and ferripyoverdine receptor 

FpvA. In rhlA, these iron-receptor proteins were upregulated depending on a high PQS level 

(Figure 9, 48 h samples). Then, this iron can form a red PQS-Fe+++ complex (254).   

In this section of the discussion, we have defined the phenotypic characteristics of the rhl 

mutants and wild-type PAO1 by a proteomic-based study and have confirmed the phenotype 

using enzymatic activity tests under conditions of Pi depletion.   

  

4.3  Extracellular GroEL promotes adherence of the rhlA-negative strain to 

inert surfaces  

  

The extracellular proteome of the rhlA-negative strain contained one cytoplasmic protein that 

was downregulated in a rhamnolipid-deficient mutant. This protein was GroEL, which was 

considered to have a new role in the extracellular space.  GroEL (Hsp60) is a ubiquitous, highly 

conserved molecular chaperone. Bacterial HSPs have been shown to stimulate innate immunity, 

as well as to act as adhesins to mammalian cells. To determine the increased extracellular level 

of the GroEL protein, GroEL was successfully overexpressed in rhlA and wild type PAO1 

strains. The pVLT31 vector was used as a control, and the overexpression results were 

confirmed by 2D analysis.  By overexpression, extracellular GroEL increased by 17% in the 

extracellular space. This positive result eliminated the possibility of cell lysis in the 

nonrhamnolipid (no detergent)-produced cultures. Furthermore, the cytoplasmic proteome 

showed that GroEL was present at a higher concentration. No member of the known GroEL 

family possesses a secretion signal sequence or other recognizable motifs that would suggest 

its export (221). However, an increasing of number of reports indicates an additional 

extracytoplasmic location of GroEL in pathogenic bacteria. The minor size differences between 
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surfaceassociated GroEL and cytoplasmic GroEL indicate that perhaps post-translational 

modifications occur in the GroEL destined for extracellular transport (255).  

However, GroEL has been detected at the cell surface of many pathogenic bacteria, but to our 

knowledge, this report is the first to describe the presence of GroEL in the extracellular space 

of Pseudomonas aeruginosa.  

How the P. aeruginosa GroEL exits the cell is unclear because the protein does not possess a 

classical signal peptide. Therefore, the protein might be released by translocon, secreted by type 

III or IV secretion machinery, or transported by a simple system, such as an ABC transporter 

in the extracellular space, and then absorbed on adjacent bacteria (256). Subsequently, the 

obtained literature data might explain the surface-associated GroEL in P. aeruginosa, and we 

predicted that GroEL has an additional function and is not coincidently present in the 

extracellular space of the rhlA mutant.   

As described in the second part of the discussion, the rhlA mutant exhibits a different biofilm 

phenotype compared to wild type PAO1 due to non-rhamnolipid production capability. In the 

initial attachment, the rhlA mutant produces less biofilm and does not form microcolonies or 

caps; therefore, the rhlA mutant forms flat, thick 4-5-day mature biofilms (154).  

Our finding regarding cell surface-associated GroEL contributes to the initial biofilm formation 

of rhlA and promotes attachment to surfaces. In fact, the crystal violet attachment assay resulted 

in the groEL-overexpressing rhlA strain producing a biofilm as strong as wild type. Here we 

have identified a non-classical secreted protein with a new surface attachment function.  Even 

though we have no evidence of how GroEL contributes to attachment or biofilm formation, two 

hypotheses can be proposed. The first hypothesis is that the reactivity of the proteins or cells is 

altered by GroEL to promote the attachment of P. aeruginosa, for example by the 

overexpression of the proteins involved in attachment. As related to our proteomics findings, 

GroEL overexpression leads to up regulation of the flagellar cap protein FliD, which is 

responsible for mucin adhesion (250), and flagellin type B is required for the initial attachment 

to surfaces (257).   

The other hypothesis is that GroEL binds to a human epithelial cell surface protein after 

secretion and then interacts with a bacterial cell surface protein forming a bridge between P. 

aeruginosa and the epithelial cells, as described for the Vibrio cholerae GbpA protein (258). 
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GroEL, a well-known heat shock protein present in various pathogens, can elicit humoral and 

cellular immune responses in different host models (259),(260).  

In this section, our presented results showed that GroEL enhances the initial attachment of P. 

aeruginosa under conditions of Pi limitation. This finding might help to identify a receptor on 

the host-cell for Pseudomonas surface-associated GroEL. The surface-associated GroEL is a 

promising, novel therapeutic target for modulating the immune response in infection and 

inflammatory conditions.  
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5. Summary  

  

Pseudomonas aeruginosa is a notorious human pathogen associated with a range of 

lifethreatening nosocomial infections. P. aeruginosa is known to produce a range of virulence 

factors that enhance its ability to damage the host tissue and cause disease. One of the most 

important virulent-related molecules is rhamnolipid. The rhamnolipids are known in P. 

aeruginosa as a multifunctional surfactant. Identifying the functions of rhamnolipids in detail 

is clearly warranted to elucidate of the mechanisms of P. aeruginosa pathogenesis and to 

explore new strategies for treatment. P. aeruginosa regulates rhamnolipid production by using 

an intercellular communication mechanism called quorum sensing, which is mediated by small 

signaling molecules, or auto-inducers.   

In the present study, two rhamnolipid mutants were constructed and their physiological 

functions on P. aeruginosa were investigated under Pi depletion conditions. In this study, the 

surface-associated GroEL protein, which can be a host-pathogen interaction and anti-biofilm 

target, promoted early biofilm formation in P. aeruginosa. Pi depletion is known to rapidly 

develop following major surgery and organ injury and independently predicts the development 

of lethal sepsis (261),(106).    

The QSSM profile identification study for rhamnolipid-deficient mutants revealed high PQS 

and C4-HSL levels that significantly impact several virulence-associated phenotypes, such as 

Pvds-regulated endoprotease, lipase and phospholipase production, which was confirmed by 

extracellular proteomic and phenotypic analyses. However, similar phenotypic characteristics 

for a mono-rhamnolipid-producing strain and wild type PAO1 were obtained.   

The non-swarming and flat biofilm forming phenotype of the ∆rhlA strain suggested an altered 

outer membrane protein profile, which was verified by proteomic analyses.   

Furthermore, the GroEL protein was detected at different expression levels in a 

rhamnolipiddeficient mutant compared to wild type PAO1. This result led to the question of 

whether GroEL has an additional function, and GroEL was successfully overexpressed in a 

rhamnolipiddeficient mutant for subsequent functional characterization. The higher expression  
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level of extracellular surface-associated GroEL protein was confirmed by extracellular and 

cytoplasmic proteome analyses. The suggested role was shown by crystal violet assay and the 

control of cell lysis was confirmed by β-lactamase activity assay and LipH Western blotting 

analyses.   

The presented data in this study is the first report of a proteome-based study of rhamnolipid 

mutants and the surface-associated GroEL and its new role in P. aeruginosa. Moreover, these 

results indicate anti-biofilm targets in P. aeruginosa.   
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6. Summary in German  

Zusammenfassung auf Deutsch  

Pseudomonas aeruginosa ist ein berüchtigter menschlicher Krankheitserreger im 

Zusammenhang mit lebensbedrohlichen nosocomial-Infektionen. P. aeruginosa ist bekannt, 

eine Reihe von Virulenzfaktoren zu produzieren, die seine Fähigkeit verbessern, das  

Wirtsgewebe zu beschädigen und Krankheit zu verursachen. Eine der wichtigsten 

Virulenzbezogenen Moleküle sind Rhamnolipide. Die Rhamnolipide in P. aeruginosa sind 

bekannt dafür, multifunktionale oberflächenaktive Stoffe zu sein. Die Identifizierung der 

Funktionen von Rhamnolipiden im Detail, ist von vorrangiger Wichtigikeit,  um die 

Pathogenese von P. aeruginosa zu verstehen und neue Strategien für die Behandlung zu finden. 

P. aeruginosa reguliert die Produktion von Rhamnolipiden mittels eines 

Kommunikationsmechanismus, auch  

Quorum Sensing genannt, bei dem kleine Signalmoleküle oder Autoinduktoren Informationen 

zwischen den Zellen vermitteln. In der vorliegenden Studie wurden zwei 

RhamnolipidMutanten kreiert und ihre physiologische Wirkung auf P. aeruginosa wurde unter 

Phosphat  

(Pi)-Mangel untersucht. In dieser Studie förderte das an der Zelloberfläche vorkommende 

Eiweiß  GroEL, das ein Ziel für eine Wirt-Krankheitserreger-Interaktion und ein  Ziel für 

Biofilminhibitoren sein kann, eine frühe Ausformung an Biofilm in P. aeruginosa. Es ist 

bekannt, dass Pi-Mangel sich rasch nach größeren Operations- und Organverletzung entwickelt, 

und dass er die Entwicklung tödlicher Sepsis unabhängig vorhersagen kann (261), (106).  

Die QSSM Profilidentifikationsstudie für Mutanten, die keine Rhamnolipide mehr herstellen, 

offenbarte hohe Werte an PQS und C4-HSL, die mehrere virulenzzugehörige Phänotypen wie 

Pvds-regulierte Endoprotease-, Lipase- und Phospholipaseproduktion beeinflussen. Dies wurde 

mittels Analyse des extrazellulären Proteoms und des Phänotyps bestätigt. Es wurden jedoch 

ähnliche phänotypische Merkmale zwischen einem Stamm, der nur ein mono rhamnolipid 

produziert, und dem Wild Typ  PAO1 festgestellt.  

 

http://en.pons.eu/german-english/Pseudomonas
http://en.pons.eu/german-english/Pseudomonas
http://en.pons.eu/german-english/ein
http://en.pons.eu/german-english/ein
http://en.pons.eu/german-english/er%C3%BCchtigter
http://en.pons.eu/german-english/er%C3%BCchtigter
http://en.pons.eu/german-english/menschlicher
http://en.pons.eu/german-english/menschlicher
http://en.pons.eu/german-english/Krankheitserreger
http://en.pons.eu/german-english/Krankheitserreger
http://en.pons.eu/german-english/lebensbedrohlichen
http://en.pons.eu/german-english/lebensbedrohlichen
http://en.pons.eu/german-english/nosocomial-Infektionen
http://en.pons.eu/german-english/nosocomial-Infektionen
http://en.pons.eu/german-english/nosocomial-Infektionen
http://en.pons.eu/german-english/nosocomial-Infektionen
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Der Phänotyp des ∆rhlA-Stammes, der nicht schwärmt und einen flachen Biofilm formt, weist 

auf ein geändertes Profil der Eiweißzusammensetzung hin; dies wurde mittels Analyse des 

Proteoms überprüft.  

Desweiteren zeigte das GroEL-Eiweiß ein anderes Expressionsniveau in einer 

RhamolipidMutante verglichen mit dem Wildtyp PAO1. Dieses Ergebnis führte zur Frage, ob 

GroEL eine  

zusätzliche Funktion hat und GroEL wurde erfolgreich in der Rhamolipid-Mutante 

überexpremiert für eine anschließende funktionelle Charakterisierung.   

Das höhere Expressionsniveau des extrazellulären oberflächenzugehörigen GroEL-Eiweißes 

wurde mittels extrazellulären und zytoplasmatischen Proteom-Analysen bestätigt. Die 

vorgeschlagene Rolle für GroEL wurde mittels eines Krystallviolettetest bestätigt, wobei die 

Zellyse mittels einer β-Lactamase Aktivitätsprüfung und eines Western Blots gegen LipH 

kontrolliert wurde.  

Die in dieser Studie gezeigten Daten sind der erste Bericht über eine Proteom-basierte Studie 

über Rhamnolipid-Mutanten und das oberflächenzugehörige GroEL und seine neue Rolle in  

P. aeruginosa. Außerdem weisen diese Ergebnisse auf  Ziele für Biofilminhibitoren in P.  

aeruginosa hin. 
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Figure 7: Schematic drawing of the construction of pBluescript II SK (+/-) cloning vector/rhlA up region. 

Hind III/EcoRI; 0.5 kb upstream sequence of rhlA gene of P.aeruginosa PAO1 was constructed in PBS vector.  
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Figure 8: Schematic drawing of the construction of pBluescript II SK (+/-) cloning vector/rhlA down 

region. EcoRI/BamHI; 0.5 kb upstream sequence of rhlA gene of P.aeruginosa PAO1 was constructed in PBS 

vector.  
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Figure 9: Schematic drawing of the construction of pBluescript II SK (+/-) cloning vector/rhlA up/down 

regions.  HindIII/BamHI; 1 kb up/down sequences of rhlA gen of P.aeruginosa were constructed in PBS vector.  
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Figure 10: Schematic drawing of the construction of pEX18 GmR suicide vector/rhlA up/down regions. 

HindIII/BamHI; 1 kb up/down sequences of rhlA gene of PAO1 were constructed into suicide vector pEX18Gm. 
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