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Abstract

The  opportunistic  bacterium  Pseudomonas  aeruginosa  is  a  major  nosocomial  pathogen 

causing both  devastating acute and chronic persistent  infections.  During the  course of  an 

infection,  P.  aeruginosa rapidly  adapts  to  the  specific  conditions  within  the  host.  This 

adaptation should be in large parts reflected in a specific transcriptional profile. In the present 

study,  we  aimed  at  the  identification  of  genes  that  are  highly  expressed  during  biofilm 

infections such as the chronically infected CF lung, burn wounds and subcutaneous mouse 

tumors.  We found a  common subset  of  differentially  regulated  genes  in  all  three  in  vivo 

habitats and evaluated whether their inactivation impacts on the bacterial capability to form 

biofilms  in vitro and to establish biofilm-associated infections in a murine model. Additive 

effects  on  biofilm  formation  and  host  colonization  were  discovered  by  the  combined 

inactivation of several highly expressed genes. However, even combined inactivation was not 

sufficient  to  abolish  the  establishment  of  an  infection  completely.  These  findings  can  be 

interpreted as evidence that either redundant traits encode functions that are essential for  in  

vivo survival  and  chronic  biofilm  infections  and/or  bacterial  adaptation  is  considerably 

achieved at a post-transcriptional level. Supplemental screens, possibly uncovering important 

post-transcriptional targets, will have to be applied in order to identify the minimal set of key 

genes that is essential for the establishment of chronic infectious diseases. 



Introduction

Pseudomonas  aeruginosa is  a  prominent  example  of  a problematic  gram-negative 

opportunistic  bacterial  pathogen  (12).  The  bacterium  is  a  frequent  cause  of  severe  life-

threatening acute  infections.  In  addition,  chronic  infections  such as  the  infection  of  burn 

wounds (1) and lungs of cystic fibrosis (CF) patients, where  P. aeruginosa persists within 

biofilm structures,  are frequently observed (9,  46). Although antibiotics have significantly 

improved life expectancy of chronically P. aeruginosa infected patients, the biofilm mode of 

growth protects the bacteria from classical antimicrobial therapy as well as the host immune 

response.  Thus, most patients experience ongoing infection and inflammation (48) (7). As 

consequence, novel therapies aimed to decrease bacterial biofilm formation and the associated 

inflammatory response represent an important treatment option in chronically infected CF and 

burn wound patients (4, 15, 37) (10, 16, 17). 

Knowledge on the molecular mechanisms underlying the establishment and maintenance of P. 

aeruginosa biofilms has significantly increased over the past decade.  Nevertheless, it  still 

remains unclear which bacterial components as well as humoral and cellular host responses 

contribute to the establishment of chronic infections associated with biofilms and how novel 

treatment strategies could control such infections (8, 36). In the last decade, a large number of 

mostly in vitro screens has successfully uncovered a plethora of bacterial factors important for 

attachment and biofilm establishment as well as the formation of structured biofilms and their 

maintenance (2, 19, 20, 23, 25, 30, 31, 35, 38, 43, 45). Although the inactivation of a range of 

these factors was clearly shown to result in diminished biofilm formation, many of the effects 

were only observed under certain environmental conditions. Furthermore, although in several 

studies highly significant anti-biofilm effects were described, biofilm formation was rarely 

completely abolished (30). Thus, on the way to develop novel anti-biofilm treatment regimes 

for the clinic, the identification of singular bacterial factors as anti-biofilm targets may only 

be the first step. In order to robustly abolish biofilm formation, we might need to address 



more than one target to provide the rational for the development of effective anti-biofilm 

therapies.

In the present study we aimed at the identification of a common set of genes that is highly 

expressed during chronic biofilm-associated infections and thus might represent reasonable 

targets for novel therapeutic approaches. We isolated bacterial RNA ex vivo from chronically 

P. aeruginosa infected  CF lungs and compared the  transcriptional  profile  with  that  of  P. 

aeruginosa in burn wounds and a subcutaneous mouse tumor (2). In the latter model, which 

was recently established by us (24),  P. aeruginosa was shown to establish robust biofilms. 

Several genes were highly up-regulated under all three  in vivo conditions. Importantly, we 

could demonstrate that the isolated inactivation of most of these genes did not profoundly 

affect the bacterial capability to establish infections in the mouse tumor model. However, the 

combined inactivation of a set of genes revealed additive effects on in vitro biofilm formation 

and tumor colonization. This indicates that the strategy to address several targets might in the 

future provide a basis for the development of alternative therapeutic approaches  having the 

potential to combat chronic biofilm infections.



Materials and methods

Bacterial strains, cell lines and animals

P. aeruginosa PA14 wild type and transposon mutants were derived from the non-redundant 

set  of  transposon  mutants  (PA14NR) [13].  The  transposon  mutant  strains  used  and  the 

deletion mutants generated in this study are listed in Table 1. Isolation of routine sputum 

samples  from  CF  patients  for  bacterial  RNA  ex  vivo extraction  was  approved  by  the 

Bioethical Committee of the Hannover Medical School. 

Female 7-10 weeks old BALB/c mice were purchased from Janvier, CT26 colon carcinoma 

cells (ATCC CRL-2638) were grown as monolayers in Iscove's modified Dulbecco's medium 

(IMDM; Life Technologies Bethesda Research Laboratories) supplemented with 10% (v/v) 

heat-inactivated FCS (Integro) and 250 μmol/L β-mercaptoethanol (Serva).

Generation of knock-out mutants

All knock out mutants were generated by the gene replacement method with use of plasmid 

pEX18ap and a gentamycin resistance cassette flanked by Flipase Recombination Target (Gm-

FRT) originating from plasmid pPS856 (21). The mutant fragment was constructed by PCR 

extension overlap (6) during which the BamHI site was introduced between the upstream and 

downstream region of the target gene and this restriction site was used to insert the Gm-FRT. 

Resulting  plasmids  pEX18ap-ΔPA0781:Gm,  pEX18ap-ΔhasAp:Gm,  pEX18ap-ΔbetIB:Gm 

and pEX18ap-ΔPA3600-PA3601:Gm were transferred to P. aeruginosa PA14 by two-parental 

mating using the donor strain  E. coli S17-1.  P. aeruginosa cells were selected on nalidixic 

acid  (20μg/ml)  and  gentamycin  (60μg/ml).  The  occurrence  of  the  double  cross-over  was 

checked  by  plaiting  at  least  30  colonies  from  the  mating  result  on  gentamycin  and 

carbenicillin  (400μg/ml)  containing  agar  plates.  Gentamycin  resistant  and  carbenicillin 

sensitive bacteria were isolated and the insertion of the Gm-FRT cassette ensured by PCR. 

Finally the Gm-FTR cassette was removed from the chromosomal DNA with help of flipase 



encoded  on  pFLP3  plasmid  (5).  The  clear  knock  out  mutation  was  confirmed  by  PCR 

reaction.

Infection of tumor-bearing mice

Seven to  ten-week-old  female  BALB/c  mice  were subcutaneously (s.c.)  inoculated  at  the 

abdomen with 5 × 105 CT26 cells. Mice bearing tumors of 4 to 7 mm diameter were infected 

i.v. with 5 × 106 colony-forming units (CFU) of Pseudomonas suspended in PBS. All animal 

experiments  were  carried  out  with  the  permission  of  the  local  authorities  (LAVES  – 

Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit; permission 

Nr.  33.9-42502-04-12/0713). At indicated time points mice were sacrificed and tumors and 

livers were homogenized in 2 mL of ice-cold 0.1% (v/v) Triton X-100/PBS using a Polytron 

PT3000 homogenizer (Kinematica), serially diluted and plated. 

Acute mouse pneumonia model

To establish an acute pneumonia in mice, P. aeruginosa were administered  intratrachealy as 

described (29). In short: BALB/c mice were pre-treated with atropine 0,5 µg/10g body weight 

(BBraun)  to  avoid  intense  salivation.  Ten  minutes  after  the  pre-treatment,  mice  were 

anaesthetized  by  an  intraperitoneal  injection  of  a  mixture  of  1mg  ketamine 

(Inresa,Freiburg,Germany) and 50µg midazolam (DeltaSelect,) per 10g mouse body weight. 

The trachea  was  intubated  via  the  oral  cavity.  An i.v.  catheter  0,7x19mm (BBraun,)  was 

placed into the trachea and P. aeruginosa cells (1x 107/50µl PBS) were instilled into the lungs. 

RNA extraction ex vivo 

Sputum samples from two chronically  P. aeruginosa infected CF patients (approximately 2 

ml)  were  mixed  with  RNAprotect  reagent  (Qiagen),  incubated  for  5-15  min  at  room 

temperature, centrifuged for 15 min at 4000g at 4°C and the pellet was frozen at –70°C. RNA 



isolation was performed using RNAeasy MiniKit (Quiagen). RNA was eluted twice from the 

column with  RNase-free  water  and  treated  a  second time  with  DNase  I.  Enrichment  for 

bacterial RNA was achieved by using the MicrobEnrich Kit (Ambion, Austin, Texas, USA). 

All of the samples including the controls were treated for enrichment. For RNA extraction 

from  in  vitro samples, P.  aeruginosa strains  were  recovered  from  the  clinical  material 

following plating of the samples onto Columbia Agar plates as well as McConkey agar. The 

bacteria were grown in LB medium to stationary phase (in triplicates) and RNA isolation was 

performed using RNAeasy MiniKit (Quiagen) as described above. 

Transcriptional profiling 

Extracted  RNA from  ex  vivo and  in  vitro conditions  was  amplified  by  the  use  of  the 

MessageAmp  Bacteria  Kit  (Ambion)  with  use  of  modified  nucleotides:  biotin-11-CTP 

(PerkinElmer  Life  sciences,  Waltham,  MA,  USA)  and  biotin-16-UTP  (Roche  Applied 

Science, Basel, Switzerland). As a result antisense biotinylated RNA was obtained, ready to 

use for GeneChip (Affymetrix, Santa Clara, CA, USA) hybridization that were performed in 

duplicates (technical replicates) according to the Affymetrix guidelines. As the number of 

replicates was low, the “rank products” algorithm was used to identify differentially expressed 

genes [14].  The  computations  were  performed  using  function  RPadvance  from  the 

“RankProd” package. A list of significantly differentially expressed genes in the CF habitat as 

compared  to  the  in  vitro growth  conditions  as  well  as  in  comparison  to  the  data  of  the 

previously published (3)  burn wound and tumor model  GeneChips  was created.  Data  are 

accessible through GEO series accession number GSE25945. 

Biofilm imaging



Static  biofilms  at  the  bottom of  half-area  96-well  plates  (μClear,  Greiner  Bio-One)  were 

cultivated as previously described (30) with some modifications. In brief, optical densities 

(OD600) of LB cultures grown over night were adjusted to 0.05 with fresh LB medium and 100 

µl of the inoculum transferred to the wells of the microtiter plate; the plate was covered with  

an air-permeable foil and incubated at 37°C in a chamber with humid atmosphere. Additional 

medium was added after 24 h of growth containing the dyes Syto9 and propidium iodide in 

concentrations as proposed by the manufacturer (LIVE/DEAD BacLight Bacterial Viability 

kit, Molecular Probes/Invitrogen). Biofilms were incubated for another 24 h before biofilm z-

stacks were acquired in the center of each well using a confocal microscope (Fluoview 1000, 

Olympus) equipped with an x40/0.85 dry objective and a z step-size of 2 µm. Gray-scale 3D-

projections of the biofilms are visualized with the software IMARIS (version 5.7.2, Bitplane).



Results

P. aeruginosa ex vivo transcriptional profiling

P. aeruginosa causes devastating chronic infections in the lungs of CF patients where the 

microbes  persist  within  biofilm  encapsulated  microcolonies.  Similarly,  P.  aeruginosa 

infections are a major problem in wound infections, e.g. in severely burned patients, where 

despite  intensified  antimicrobial  therapy  the  bacteria  are  rarely  eradicated.  The  common 

denominator for the pathogenicity of P. aeruginosa under these conditions is the formation of 

biofilms. To render biofilm formation experimentally accessible, we have recently established 

a  novel  mouse  model  system  where  P.  aeruginosa resides  within  biofilms  in  solid 

subcutaneous tumors (24).

To characterize bacterial adaptation to such specific in vivo habitats on a genome-wide scale, 

we  determined  the  transcriptional  profile  of  P.  aeruginosa following  the  preparation  of 

bacterial RNA directly  ex vivo. Previously, we were able to isolate bacterial RNA directly 

from  wound  material  of  three  severely  burned  patients  and  we  infected  mice  bearing 

subcutaneous  CT26  tumors  with  the  three  clinical  P.  aeruginosa isolates  that  had  been 

recovered from the burn wounds. We also isolated RNA from tumor colonizing P. aeruginosa 

ex vivo (3). In the current study, we extended the transcriptional profiling of P. aeruginosa as 

the causative agent of chronic infections by extracting the bacterial RNA directly from the 

sputum  of  two  CF  patients,  chronically  infected  with  P.  aeruginosa and  compared  the 

expression profile with that derived from the two other in vivo conditions (Fig. 1).

We also recovered the P. aeruginosa strains from the respective clinical samples. From one of 

the two CF sputum samples,  a single  P. aeruginosa morphotype could be recovered.  The 

second CF sputum sample harbored four distinct  P. aeruginosa morphotypes.  The isolates 

were grown to stationary phase in rich medium and RNA was extracted (Fig.  1). For the  

determination of the in vitro transcriptional profile of the isolate containing four morphotypes, 

we mixed those four morphotypes, grew them to stationary phase and isolated the RNA from 



the pooled sample. All processing steps employed during the ex vivo RNA isolation procedure 

where also applied for the rich medium control samples. The latter transcriptional profiles 

served as a reference to pin-point genes that are differentially expressed in the in vivo habitats. 

As depicted in Fig. 2, the transcriptional profiles of the  P. aeruginosa strains in the mouse 

tumor largely resembled those of the CF lung and the burn wound. Overall, we found 1183 

distinct genes that were differentially expressed in the in vivo habitats (658 genes in the burn 

wounds, 689 genes in the CF lung and 646 genes in the mouse tumor). Among those, 278 

genes (23.5%) were found to be commonly expressed in all three habitats (Table 3). 

The comparison of the genes differentially regulated in the mouse tumor and the burn wound 

shows an overlap of 36.5 %. Interestingly, although the clinical strains of the CF lungs were 

not identical to those used for mouse tumor infection, still 32.9 % of the genes differentially 

expressed in the CF lung were also identified in the mouse tumor.  Furthermore,  the high 

overlap of differentially expressed genes in the habitat of the burn wound and the CF lung 

(43.6 %) strengthens the hypothesis that it is the habitat of a chronically infected site and not 

the strain background that largely determines the transcriptional profile of P. aeruginosa (3). 

These data also strongly indicate that all three in vivo habitats share common features. 

Differentially regulated genes in the in vivo habitats

Among the genes (Table 3), that were found to be differentially regulated in the three in vivo 

habitats  as  compared  to  the  respective  stationary  phase  cultures,  248  genes  were 

homogenously down-regulated and 17 were homogenously up-regulated.  For 11 genes we 

found a  heterogeneous  regulation  i.e.  in  one  in  vivo habitat  the  genes  were  up-regulated 

whereas in another they were down-regulated. 

The  rpoS gene  encoding  the  stationary  phase  sigma  factor  was  found  to  be  specifically 

enriched in the in vitro stationary phase cultures and was down-regulated in all of the in vivo 

habitats. 60 genes including e.g.  the  coxAB-colII and the  napABCDE operon, and various 



other  mainly hypothetical  genes,  previously described to  be induced by RpoS (40),  were 

down-regulated accordingly in vivo (Table 3). We also found within all three in vivo habitats a 

reduced expression of  69 genes (Table 3) previously described to be regulated by the acyl-

homoserine  lactone  (ASL)  mediated  quorum sensing  system (41).  Strikingly,  also  the  4-

quinolone biosynthetic operon  pqsA-E was down-regulated  in vivo. Since the expression of 

this operon has been shown to be essential for biofilm formation in vitro (30) as well as  in  

vivo (24) this finding might appear unexpected. However, previous studies implicated that the 

presence  of  large  amounts  of  the  4-quinolones  down-regulate  the  expression  of  the 

biosynthetic operon (18). This situation might be encountered in the in vivo habitats as under 

these conditions biofilms are already established when RNA is extracted. 

Nevertheless, we found a small but common subset of genes (17 genes) that were more highly 

expressed during  in vivo growth. 9 of these genes were hypothetical genes, two (mreD and 

mreB)  are encoding proteins involved in the regulation of the cell  shape,  liuR is  a Cu(I)-

responsive  transcriptional  regulator,  glpD is  involved  in  anaerobic  metabolism,  pvdA 

encoding  the  pyoverdine  biosynthetic  enzyme  L-ornithine  N5-oxygenase  and hasAp are 

involved in iron acquisition and  betB/betI encode proteins of  the osmoregulatory choline-

glycine betaine pathway. The conserved hypothetical protein PA3600 and PA3601 are non-

zinc binding paralogues of normal ribosomal proteins (L31 and L36) (28) which have been 

shown to be up-regulated under zinc starvation conditions in Pseudomonas protegens (online 

available only), and PA0781 is a hypothetical protein with homology to a family of TonB-

dependent outer membrane receptor/transporters acting on iron-containing proteins such as 

hemoglobin, transferrin and lactoferrin. PA0781 was demonstrated to be overexpressed in a 

small colony variant of a clinical CF P. aeruginosa strain (50) as well as during growth in CF 

sputum (33) and can be found the periplasm (22).

Taken  together,  transcriptional  profiling  revealed  a  strikingly  large  overlap  of  the 

transcriptional profile of P. aeruginosa in the in vivo habitats compared in this study. This is 



remarkable since the conditions of growth e.g.  in respect  to the availability of nutritional 

sources are expected to differ significantly between the habitat of a CF lung, the burn wound 

and the mouse tumor and, most importantly, the comparison of the transcriptional profiles ex 

vivo were performed in different strain backgrounds. The large overlap of genes specifically 

expressed in the different in vivo habitats clearly shows that the three habitats share common 

traits. This obviously has a large impact on the bacterial physiology.  In addition, it stresses 

that the murine tumors closely reflect the clinical situation of chronic P. aeruginosa infections 

in CF lungs and burn wounds.

Inactivation of single in vivo highly expressed genes of P. aeruginosa does not impact on 

tumor colonization

To determine whether the genes that are highly expressed in all three  in vivo habitats, are 

important for the establishment and persistence of an P. aeruginosa infection, we selected the 

respective mutants from the PA14 transposon mutant library of the Harvard Medical School 

(27).  We  first  verified  the  correct  insertion  of  the  transposon  by PCR and  subsequently 

infected tumor bearing mice intravenously with the PA14 mutant strains. As depicted in Fig. 3 

the  PA14  wild-type  colonized  the  tumor  tissue  at  approximately  107CFU/g  tumor  tissue. 

Interestingly, despite the high expression of the particular bacterial gene in the tumor, none of 

the  12  transposon  mutants  showed  any  pronounced  difference  in  tumor  colonization 

capability. 

Since  P. aeruginosa causes biofilm infections in the CF lung, burn wound and the mouse 

tumor,  we also compared the transcriptional  profile  of  P. aeruginosa in  the three  in  vivo 

habitats with that of P. aeruginosa grown under biofilm conditions in vitro (13). Four of the 

genes  found to  be  highly expressed  in  the  three  in  vivo habitats  (pvdA,  hasAp,  PA2405, 

PA0320)  were  also  found  to  be  highly  expressed  under  biofilm  growth  conditions  (13). 

However, testing of the complete PA14 transposon mutant library by the use of an optical 



system to  monitor  P.  aeruginosa biofilm formation  in  a  96-well  plate  format  previously 

revealed  that  none  of  the  12  respective  transposon  mutants  was  particularly  poor  in  the 

formation of biofilms (30).

Inactivation of highly expressed P. aeruginosa genes acts additive on biofilm formation 

and tumor colonization

The lack of a pronounced phenotype by any of the 12 P. aeruginosa mutants rendered us to 

hypothesize  that  such  particular  traits  might  be  highly  important  for  the  survival  of  P. 

aeruginosa in vivo. Hence, they could be encoded in a redundant way. We therefore decided 

to inactivate more than one of the highly expressed genes.  We chose genes known to be 

involved  in  the  adaptation  of  P.  aeruginosa to  various  environments,  such  as  betI,  betB 

important for adaptation to osmotic stress (14, 47, 49, 51), hasAp encoding a heme acquisition 

protein  (53) and  PA0781, encoding a hypothethical protein annotated as a  TonB-dependent 

hemoglobin/transferrin/lactoferrin  receptor  family  protein (26,  51)  which  might  be  of 

importance under iron starvation encountered in the eukaryotic host., In addition, we deleted 

genes PA3600/PA3601 with high similarity to the ribosomal proteins L31 and L36 which are 

possibly involved in a zinc limitation response (32). Furthermore, we inactivated the three 

gene loci  PA3600/PA3601,  hasAp and  PA0781 in combination with  betI/B,  the gene locus 

PA3600/3601 in combination with hasAp, and PA3600/PA3601 in combination with PA0781. 

We  also  generated  two  triple  mutants,  which  we  reasoned  should  be  affected  in 

osmoprotection,  iron  acquisition  as  well  as  a  zinc  limitation  response  Therefore,  we 

inactivated PA3600/PA3601 in combination with PA0781 and betI/B,  and PA3600/PA3601 in 

combination with  hasAP and betIB. Of note, neither of the single, double or triple mutants 

was affected in their in vitro growth (data not shown).

We first  compared the  biofilm phenotype of  the mutants  with  singular  clean deletions  in 

PA0781, hasAp, betIB and PA3600/PA3601 as compared to the PA14 wild-type. As depicted in 



Fig. 4 the ΔhasAp, the ΔbetI/B and the ΔPA3600/PA3601 mutants produced biofilm structures 

that resembled that of the PA14 wild-type, whereas the Δ0781 mutant strain produced more 

uniformly distributed biofilms. The deletion mutants with a combined inactivation of PA0781 

and betI/B also produced uniformly distributed biofilms. Interestingly, although strains with a 

singular  inactivation  of  hasAp  or betI/B did  not  exhibit  an  altered  biofilm  structure  the 

combined inactivation of the two gene loci revealed a similar phenotype than that observed 

for the ΔPA0781 deletion mutant, exhibiting a uniformly distributed and unstructured biofilm. 

Whereas the inactivation of betI/B and hasAp only exhibited an altered biofilm phenotype if 

inactivated in combination, the combined inactivation of any of the three genloci  PA0781,  

betI/B and hasAp with PA3600/PA3601 did not lead to additional effects on biofilm formation 

(Fig.  4).  Along  the  same  line,  the  combined  inactivation  of  PA3600/PA3601 in  the 

ΔPA0781ΔbetI/B or  the  ΔbetI/BΔhasAp deletion  mutant  did not  further  impact  on biofilm 

formation. 

We next intravenously infected tumor bearing mice with the PA14 wild-type and the mutants 

with singular clean deletions in PA0781, hasAp, beI/B and PA3600/PA3601 as well as with the 

respective double and triple mutant strains. Interestingly, the ΔPA0781 mutant, that was shown 

to exhibit an altered in vitro biofilm phenotype, showed a trend towards lower CFU counts in 

the tumor tissue, whereas the ΔhasAp,  ΔbetI/B and ΔPA3600/PA3601 single deletion mutants 

were  not  significantly  affected  in  tumor  colonization.  Along  the  same  line,  two  double 

mutants that exhibited an altered more evenly distributed biofilm structure (ΔbetIB/ΔhasAp 

and  ΔbetI/B/ΔPA0781)  also  showed  significant  defects  in  tumor  colonization  capabilities, 

whereas  the  two  fully  biofilm  competent  double  mutants  ΔPA3600PA3601ΔbetI/B and 

ΔPA3600PA3601ΔhasAp were not impaired in tumor colonization. The additional inactivation 

of a third gen locus (PA3600/PA3601) did not further reduce the capability of the deletion 

mutants to colonize the tumor tissue. Of note, while the double  ΔbetIB/ΔhasAp mutant was 



significantly  impaired  in  tumor  colonization,  the  triple  ΔPA3600/ΔbetIB/ΔhasAp mutant 

colonized the tumor at comparable rates to that of the wild-type. 

We did not only determine the CFU counts of the single, double and triple mutants in the 

tumor tissue, but also recorded the CFU counts from the liver of the P. aeruginosa infected 

tumor bearing mice (Fig. 5B). The mutants that were affected in biofilm formation and tumor 

colonization  also  exhibited  significantly reduced  CFU counts  in  the  liver.  For  the  single 

PA0781 deletion mutant, the two double mutants (ΔbetI/BΔhasAp and ΔbetI/BΔ0781) and all 

three triple mutants significantly less bacteria were recovered from the liver (Fig. 5B). Since 

we do not expect P. aeruginosa to form biofilms in the liver, these results implicate that the 

mutants colonize the tumor tissue at lower cell numbers not only because they are deficient in 

forming structured biofilms but because they are impaired in survival within the eukaryotic 

host. 

To further explore this, we intatracheally infected BALB/c mice and determined the CFU 

counts in the lungs 24 h p.i. (Fig 6). Whereas the two single deletion mutants  ΔhasAp  and 

ΔbetIB replicated in the lung tissue as observed for the PA14 wild-type, the ΔPA0781 and the 

two  double  deletion  mutants  ΔbetIBΔhasAp  and  ΔbetIBΔPA0781 exhibited  decreased  in 

numbers in the lung (Fig. 6). 



Discussion

There is a great need for effective treatment strategies to control biofilm-associated bacterial 

infections. However, despite constantly advancing levels of knowledge on biofilm formation 

processes, to date no novel anti-biofilm therapies have been successfully brought into the 

clinic. One of the main reasons is the paucity of suitable targets that can serve as the basis for 

the development of novel therapeutic drugs or approaches (34, 39, 42, 52). 

To be a  successful  bacterial  pathogen,  P.  aeruginosa has  to  rapidly adapt  to  the  specific 

conditions during the course of an infection and to the given environmental conditions of the 

specific infection site within the host. These adaptations are reflected in the transcriptional 

profile of the bacterial pathogen and it is reasonable to assume that there are distinct subsets 

of genes that are essential and thus highly expressed during colonization of the host. In this 

study, we aimed at the identification of a common subset of genes that is highly expressed 

during chronic biofilm-associated infections such as the chronically infected CF lung, burn 

wounds and subcutaneous mouse tumors. Transcriptional profiling revealed a strikingly high 

overlap of genes that were differentially regulated in all three  in vivo habitats. This clearly 

shows that firstly,  the transcriptional profiles are more habitat than strain specific (3) and 

secondly, that there are common adaptations reflected by the transcriptional profile that might 

be especially relevant for the establishment and maintenance of an infection process. 

Overall  we found 248 genes that were homogenously down-regulated in the three  in vivo 

habitats as compared to an LB P. aeruginosa culture grown to stationary phase and only 17 

that were homogenously up-regulated. Many of those most highly expressed genes under the 

in vitro LB growth conditions were shown to be RpoS dependent, indicating that the majority 

of the differentially expressed genes do not reflect an adaptation to the in vivo habitat but to 

the stationary phase of growth. Furthermore, some of the genes that might have been expected 

to be important for the establishment of an infection such as several ASL-mediated quorum 

sensing  genes  as  well  as  genes  encoding  the  quinolone  biosynthetic  operon  were  more 



strongly expressed under  in vitro growth conditions. Although we cannot exclude that their 

expression  is  more  important  for  the  adaptation  to  stationary  phase  of  growth,  the  low 

expression in the three in vivo habitats might also be the result of a preceding high expression 

at earlier stages of the infection process. Nevertheless, we found 17 genes that were strongly 

expressed under  in vivo growth conditions, and several of them seemed to be involved in 

bacterial  adaptation  to  various  environmental  conditions  such as  iron  limitation  (PA0781, 

hasAp  and  pvdS), osmotic stress (betI/B) and paucity of zinc (PA3600/PA3601), conditions 

likely to be encountered within the eukaryotic host. Assuming that those genes that are highly 

expressed  in  the  three  in  vivo habitats  are  of  importance  for  the  establishment  and/or 

maintenance  of  chronic  P.  aeruginosa infections,  we  selected  12  PA14  mutants  with 

transposon insertions in the respective genes and tested their capability to colonize mouse 

tumors (Figure 3). Colonization by bacteria  in vivo is highly complex. Several components 

bacterial as well as host derived have to interplay starting from breaching barriers like lung 

epithelia  or  tumor  endothelia  immune effectors  etc.  and this  is  probably reflected  by the 

heterogeneity of the CFUs and the high standard deviation. Nevertheless, a clear statement is 

possible for several  combinations of mutations.  We did not observe a strong effect on  P. 

aeruginosa tumor colonization capability for any of the mutants. We then inactivated several 

of those in combination and choose such genes that apparently encode for different traits (iron 

acquisition,  osmoprotection,  zinc  limitation  response)  in  one  P.  aeruginosa strain  and re-

evaluated the effects on tumor colonization and biofilm formation. Importantly, none of such 

variant strains showed any growth defects in vitro. Whereas the inactivation of single genes 

did not have an impact on tumor colonization, the combined inactivation of genes involved in 

iron  acquisition  (hasAp and  PA0781)  and  osmoprotection  (betI/B)  revealed  an  impaired 

colonization of the tumor tissue as well as an altered biofilm structure. In contrast, a combined 

inactivation  of  iron  acquisition  genes  (PA0781  and hasAp)  or  genes  involved  in 

osmoprotection (betI/B) with PA3600/PA3601, the latter of which might be involved in a zinc 



limitation response,  did  not  have additive effects  on either  tumor  colonization or  biofilm 

formation. 

Intriguingly, all the double and triple mutants that were affected in tumor colonization were 

also impaired in in vitro biofilm formation. This implicates that the loss of biofilm formation 

correlates with a low capability to colonize the tumor tissue. This is in line with our findings 

that biofilm formation might protect the bacteria against effector mechanisms of the immune 

system of the host (11). However, we found that the same set of mutants were also impaired in 

the colonization of the mouse liver and did not replicate in the acute pneumonia mouse model. 

It is unlikely that biofilm formation plays a decisive role for the bacteria under such in vivo 

conditions.  Thus,  although  not  impaired  in  growth,  the  double  and  triple  mutants  were 

affected in in vitro biofilm formation and general survival in the animal host. This indicates 

that a common set of genes involved in both iron acquisition and resistance to osmotic stress 

might  be important  for  P. aeruginosa to adapt to those two habitats  i.e.  biofilms and the 

eukaryotic host in general. 

Despite the proof of concept that additive effects on biofilm formation and host colonization 

can be achieved by the combined inactivation of several highly expressed genes, bacterial 

colonization of the tumor tissue as well as biofilm formation was only reduced as compared to 

the PA14 wild-type, but not abolished. Thus, although highly expressed genes are important 

for tumor colonization, the effect of their - even combined - inactivation was not sufficient to 

inhibit the establishment of an infection. These results indicate that redundant traits might 

encode functions that are essential for  in vivo survival and biofilm formation. In addition, 

bacterial adaptation processes to complex habitats might to a large part be achieved on a post-

transcriptional level. In the future, it will be crucial to apply alternative screens that add to the  

transcriptional profiling with the aim to identify the minimal set of key target genes that are 

essential for the establishment of chronic infectious diseases. This should pave the way to a 

successful anti-biofilm therapeutic strategy.
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Table 1. Bacterial strains and plasmids used in this study.

Strain or plasmid Characteristic/Genotype Source

Strains

   P. aeruginosa PA14 Wildtype burn wound isolate (27)

   P. aeruginosa CFp1.1 CF patient isolate This study

   P. aeruginosa CFp1.2 CF patient isolate This study

   P. aeruginosa CFp1.3 CF patient isolate This study

   P. aeruginosa CFp1.4 CF patient isolate This study

   P. aeruginosa CFCZ CF patient isolate This study

   PA14 PA0320::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14 PA0781::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14 liuR::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14 pvdA::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14 PA2405::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14 hasAp::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14 PA3431::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14 PA3432::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14 glpD::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14 PA3601::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14 betB::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14 betI::MAR2xT7 Transposon mutant of PA14, Gmr (27)

   PA14∆0781 Knock out mutant of PA14 This study

   PA14∆ hasAp Knock out mutant of PA14 This study

   PA14∆betI,betB Knock out mutant of PA14 This study

   PA14∆betI,betB, ∆PA0781 Knock out mutant of PA14 This study

   PA14∆betI,betB, ∆hasAp Knock out mutant of PA14 This study

   PA14∆3600-1:Gm Knock out mutant of PA14, Gmr This study

   PA14∆hasAp, ∆3600-1:Gm Knock out mutant of PA14, Gmr This study

   PA14∆betI,betB, ∆3600-1:Gm Knock out mutant of PA14, Gmr This study

   PA14∆betI,betB, ∆hasAp, ∆3600-1:Gm Knock out mutant of PA14, Gmr This study

   PA14∆PA0781, ∆3600-1:Gm Knock out mutant of PA14, Gmr This study

   PA14∆betI,betB, ∆PA0781, ∆3600-1:Gm Knock out mutant of PA14, Gmr This study

  E. coli DH5α F-, j80dlacZDM15, D(lacZYA-argF)U169, 
deoR, recA1, endA1,
hsdR17(rk-, mk+), phoA, supE44, l-, thi-1, 
gyrA96, relA1. Strain used for standard DNA 
manipulations.

Invitrogen

  E. coli S17-1 pro thi recA hsdR (r_ m+) TpR SmR Kms W 
RP4-2-Tc::Mu-Km::Tn7.
Strain used for conjugation of plasmids into P. 
putida.

(44)



Plasmids

   pEX18Ap oriT+, sacB+, gene replacement vector Apr (21)

   pPS856 Gmr cassette flanked with FRT sequences Apr 
Gmr

(21)

   pFLP3 Flp recombinase Tcr, Apr (5)

   pEX18ap-ΔPA0781:Gm PA0781 knockout vector. Sucs, Ampr, Gmr This study

   pEX18ap-ΔhasAp:Gm hasAp knockout vector. Sucs, Ampr, Gmr This study

   pEX18ap-ΔbetIB:Gm betI, betB  knockout vector. Sucs, Ampr, Gmr This study

   pEX18ap-ΔPA3600-PA3601:Gm PA3600,PA3601 knockout vector. Sucs, Ampr, 
Gmr

This study



Table 2. Primers used in this study.

Primer name Sequence

BetIBupF EcoRI CGGAATTCAGGCGACGAAGAACAGGTAGG

BetIBupR BamHI CGGGATCCCAGGGTGGCGTGAATCAGTTGC

BetIBdownF GCAACTGATTCACGCCACCCTGGGATCCCGAGCGTGTGACCGATGGAG

BetIBdownR HindIII CCCAAGCTTCCTCTTTTCTCGGCATGACACCG

HasApupF EcoRI CGGAATTCCGAACACATGCCGATGGACCG

HasApupR BamHI CGGGATCCTATTACTGCCGTCCACCACCTGG

HasApdownF GGTGGACGGCAGTAATAGGATCCCGTGAGCAACTGTCCACGATAGCG

HasApdown R HindIII CCCAAGCTTCGTAGATGCGCTGGTTGAGTTGC

PA0781upF EcoRI CGGAATTCCTGCAAGACGTGACTGGCTTTGA

PA0781upR BamHI CGGGATCCGCGGACGGGAAGGGAAAAGG

PA0781downF CTTCCCGTCCGCGGATCCCGTTCTACAGCCGCTTCTCCAACTACA

PA0781downR HindIII CCCAAGCTTGTCTCAGAACGCCACCTTCACC

PA3600(1)upF EcoRI CGGAATTCGCGTCTGGATCAGGTCGAACAG

PA3600(1)upR BamHI CGGGATCCCGAGGTGTCATGGAACAGGACG

PA3600(1)dwF GTTCCATGACACCTCGGGATCCGGCCGAAGCCGAAGATCAAGC

PA3600(1)DwR HindIII CCCAAGCTTGAATGCTTCGAGCAGACCGATTAC



Table 3  List of genes, which were found to be differentially expressed in all three  in vivo 

habitats (mouse tumor, CF lung and burned wound) as compared to stationary phase grown 

cultures of the respective infecting P. aeruginosa strains

Gene ID
Gene 
name Product name

Tumor/
stationary 
phase

Burned 
wound/ 
stationary 
phase

CF/
stationary 
phase

Upregulated

PA0102 probable carbonic anhydrase 2.40 4.04 9.17

PA0320 conserved hypothetical protein 4.06 3.44 14.71

PA0781 hypothetical protein 2.96 2.77 7.87

PA2016 liuR regulator of liu genes 2.37 3.88 5.71

PA2386 pvdA L-ornithine N5-oxygenase 3.20 3.68 27.39

PA2405 hypothetical protein 2.42 6.17 12.41

PA2412 conserved hypothetical protein 2.53 10.67 8.05

PA3407 hasAp heme acquisition protein HasAp 15.38 35.02 101.06

PA3431 conserved hypothetical protein 23.38 12.26 46.36

PA3432 hypothetical protein 35.50 8.39 65.18

PA3584 glpD glycerol-3-phosphate dehydrogenase 28.27 12.31 17.23

PA3600 conserved hypothetical protein 27.49 677.63 419.86

PA3601 conserved hypothetical protein 20.57 286.45 285.33

PA4479 mreD rod shape-determining protein MreD 4.17 3.18 9.93

PA4481 mreB rod shape-determining protein MreB 2.37 6.07 10.78

PA5373 betB betaine aldehyde dehydrogenase 3.92 4.91 26.74

PA5374 betI transcriptional regulator BetI 10.54 29.63 77.08

Downregulated

ig_1996806_1997509_at -5.09 -4.18 -8.74

ig_1997509_1996806_at -4.14 -3.81 -15.24

PA0007 hypothetical protein -3.09 -4.38 -6.06

PA0105 coxB cytochrome c oxidase, subunit II -24.15 -13.74 -40.65

PA0106 coxA cytochrome c oxidase, subunit I -82.64 -57.14 -111.11

PA0107 conserved hypothetical protein -37.59 -51.28 -67.11

PA0108 coIII cytochrome c oxidase, subunit III -71.94 -90.09 -93.46

PA0110 hypothetical protein -12.87 -17.12 -31.15

PA0111 hypothetical protein -26.81 -20.12 -26.67

PA0112 hypothetical protein -4.85 -5.59 -5.07

PA0113 probable cytochrome c oxidase assembly factor -8.23 -9.29 -12.56

PA0114 senC SenC -2.77 -2.67 -2.78

PA0122 conserved hypothetical protein -20.92 -23.31 -54.05

PA0173 probable methylesterase -3.56 -3.56 -3.71

PA0174 conserved hypothetical protein -2.82 -2.76 -3.31

PA0175 probable chemotaxis protein methyltransferase -8.89 -8.87 -10.38

PA0176 aer2 aerotaxis transducer Aer2 -11.53 -13.74 -13.61

PA0177 probable purine-binding chemotaxis protein -9.99 -10.34 -10.94

PA0178 probable two-component sensor -7.84 -11.30 -13.40

PA0179 probable two-component response regulator -46.95 -24.45 -47.39

PA0180 cttP
chemotactic transducer for trichloroethylene [positive 
chemotaxis], CttP -4.95 -4.75 -5.03

PA0215 malonate transporter MadL -4.83 -6.72 -4.02

PA0256 hypothetical protein -3.37 -2.73 -3.49

PA0312 conserved hypothetical protein -2.63 -5.06 -3.09



PA0329 conserved hypothetical protein -4.23 -2.91 -3.56

PA0365 hypothetical protein -4.97 -4.99 -4.89

PA0484 conserved hypothetical protein -4.36 -4.08 -6.40

PA0505 hypothetical protein -16.56 -5.29 -12.02

PA0540 hypothetical protein -2.72 -2.80 -2.83

PA0586 conserved hypothetical protein -5.41 -3.49 -9.06

PA0587 conserved hypothetical protein -3.58 -2.75 -5.91

PA0588 conserved hypothetical protein -4.27 -2.73 -5.07

PA0656 probable HIT family protein -3.25 -5.04 -7.18

PA0743 probable 3-hydroxyisobutyrate dehydrogenase -3.08 -3.29 -3.95

PA0745 probable enoyl-CoA hydratase/isomerase -3.76 -3.01 -3.96

PA0865 hpd 4-hydroxyphenylpyruvate dioxygenase -31.35 -8.74 -31.85

PA0866 aroP2 aromatic amino acid transport protein AroP2 -11.07 -7.20 -10.60

PA0870 phhC aromatic amino acid aminotransferase -7.37 -6.87 -5.93

PA0871 phhB pterin-4-alpha-carbinolamine dehydratase -9.77 -7.14 -11.90

PA0872 phhA phenylalanine-4-hydroxylase -9.58 -3.99 -7.42

PA0921 hypothetical protein -7.75 -3.40 -6.91

PA0959 hypothetical protein -3.18 -2.96 -5.13

PA0960 hypothetical protein -6.96 -6.66 -4.29

PA0997 pqsB
Homologous to beta-keto-acyl-acyl-carrier 
protein synthase -6.02 -4.55 -74.07

PA0998 pqsC
Homologous to beta-keto-acyl-acyl-carrier 
protein synthase -7.85 -7.35 -52.63

PA0999 pqsD 3-oxoacyl-[acyl-carrier-protein] synthase III -4.43 -3.29 -30.21

PA1000 pqsE Quinolone signal response protein -4.37 -4.31 -30.58

PA1001 phnA anthranilate synthase component I -5.33 -3.58 -33.33

PA1002 phnB anthranilate synthase component II -3.35 -3.96 -69.44

PA1027 probable aldehyde dehydrogenase -5.32 -5.34 -5.61

PA1041 probable outer membrane protein precursor -20.16 -41.84 -25.84

PA1118 hypothetical protein -2.50 -2.74 -5.43

PA1135 conserved hypothetical protein -4.11 -4.99 -8.78

PA1172 napC cytochrome c-type protein NapC -3.67 -4.14 -8.96

PA1173 napB cytochrome c-type protein NapB precursor -4.03 -5.42 -7.39

PA1174 napA periplasmic nitrate reductase protein NapA -9.46 -17.04 -32.79

PA1175 napD NapD protein of periplasmic nitrate reductase -7.07 -10.42 -16.56

PA1176 napF ferredoxin protein NapF -13.48 -14.60 -31.55

PA1177 napE periplasmic nitrate reductase protein NapE -6.12 -23.26 -42.37

PA1178 oprH
PhoP/Q and low Mg2+ inducible outer membrane 
protein H1 precursor -19.12 -37.74 -2.52

PA1180 phoQ two-component sensor PhoQ -5.97 -5.61 -2.37

PA1190 conserved hypothetical protein -17.27 -11.01 -11.31

PA1202 probable hydrolase -3.32 -2.47 -6.02

PA1289 hypothetical protein -4.55 -5.43 -5.97

PA1327 probable protease -3.85 -4.18 -4.95

PA1340 amino acid ABC transporter membrane protein -2.90 -5.51 -5.36

PA1342
probable binding protein component of ABC 
transporter -7.73 -7.58 -4.21

PA1348 hypothetical protein -3.70 -5.48 -10.87

PA1353 hypothetical protein -3.60 -3.79 -4.23

PA1437 probable two-component response regulator -2.32 -2.27 -2.19

PA1545 hypothetical protein -4.17 -3.61 -8.58

PA1617 probable AMP-binding enzyme -6.35 -9.86 -10.32

PA1618 conserved hypothetical protein -2.65 -2.84 -2.55

PA1641 hypothetical protein -2.50 -2.41 -2.97

PA1728 hypothetical protein -9.93 -7.70 -23.36

PA1733 conserved hypothetical protein -3.49 -2.51 -6.24

PA1760 probable transcriptional regulator -4.47 -3.83 -4.36



PA1761 hypothetical protein -3.55 -3.19 -4.61

PA1784 hypothetical protein -2.96 -4.16 -4.00

PA1860 hypothetical protein -2.50 -3.39 -4.13

PA1875 probable outer membrane protein precursor -7.18 -8.16 -8.22

PA1876
probable ATP-binding/permease fusion ABC 
transporter -2.96 -2.96 -2.96

PA1887 hypothetical protein -5.35 -6.51 -6.51

PA1888 hypothetical protein -3.92 -3.68 -3.92

PA1914 conserved hypothetical protein -2.97 -3.16 -3.22

PA1930 probable chemotaxis transducer -4.18 -4.17 -4.20

PA2007 maiA maleylacetoacetate isomerase -5.67 -3.12 -3.17

PA2008 fahA fumarylacetoacetase -4.58 -4.19 -4.17

PA2009 hmgA homogentisate 1,2-dioxygenase -4.79 -5.19 -4.21

PA2024 probable ring-cleaving dioxygenase -7.14 -6.04 -13.79

PA2027 hypothetical protein -51.28 -45.45 -54.05

PA2030 hypothetical protein -4.70 -7.13 -10.46

PA2071 fusA2 elongation factor G -5.00 -3.49 -3.84

PA2166 hypothetical protein -9.06 -2.20 -46.73

PA2232 pslB PslB -2.83 -2.60 -3.56

PA2233 pslC PslC -3.60 -2.48 -3.81

PA2247 bkdA1 2-oxoisovalerate dehydrogenase (alpha subunit) -8.30 -5.39 -13.35

PA2248 bkdA2 2-oxoisovalerate dehydrogenase (beta subunit) -5.92 -5.78 -7.29

PA2249 bkdB
branched-chain alpha-keto acid dehydrogenase 
(lipoamide component) -5.54 -9.78 -11.27

PA2250 lpdV lipoamide dehydrogenase-Val -13.53 -9.85 -4.69

PA2302 ambE AmbE -2.40 -2.48 -2.66

PA2364 hypothetical protein -3.89 -4.46 -8.66

PA2365 conserved hypothetical protein -7.37 -6.39 -7.44

PA2366 uricase PuuD -6.11 -5.80 -6.20

PA2367 hypothetical protein -4.24 -5.07 -5.78

PA2368 hypothetical protein -5.09 -5.41 -6.26

PA2375 hypothetical protein -2.71 -4.78 -7.52

PA2378 probable aldehyde dehydrogenase -2.71 -2.86 -2.63

PA2379 probable oxidoreductase -2.42 -2.38 -2.30

PA2381 hypothetical protein -3.12 -2.43 -11.59

PA2422 hypothetical protein -3.07 -2.90 -2.79

PA2501 hypothetical protein -3.14 -9.79 -13.76

PA2504 hypothetical protein -6.27 -11.03 -9.01

PA2513 antB anthranilate dioxygenase small subunit -5.48 -5.48 -5.48

PA2514 antC anthranilate dioxygenase reductase -2.94 -2.93 -2.94

PA2564 hypothetical protein -6.90 -10.93 -17.86

PA2565 hypothetical protein -20.88 -21.19 -28.99

PA2566 conserved hypothetical protein -10.43 -13.48 -20.62

PA2571 probable two-component sensor -2.35 -4.38 -6.74

PA2573 probable chemotaxis transducer -3.30 -5.73 -10.20

PA2591 probable transcriptional regulator -9.51 -4.73 -13.70

PA2618 hypothetical protein -3.57 -3.38 -6.80

PA2621 conserved hypothetical protein -3.61 -2.46 -3.03

PA2622 cspD cold-shock protein CspD -6.45 -8.88 -22.94

PA2640 nuoE NADH dehydrogenase I chain E -4.39 -4.08 -2.61

PA2643 nuoH NADH dehydrogenase I chain H -4.04 -3.90 -2.13

PA2646 nuoK NADH dehydrogenase I chain K -2.67 -3.04 -2.69

PA2746 hypothetical protein -10.73 -8.76 -27.70

PA2747 hypothetical protein -3.79 -2.64 -12.94

PA2762 hypothetical protein -10.55 -6.04 -10.55

PA2771 conserved hypothetical protein -4.05 -3.41 -4.14



PA2779 hypothetical protein -7.26 -6.22 -5.90

PA2799 hypothetical protein -3.05 -3.28 -3.21

PA2849 ohrR OhrR -3.58 -2.94 -4.23

PA2897 probable transcriptional regulator -5.43 -2.28 -2.67

PA2915 hypothetical protein -5.21 -5.64 -7.82

PA2920 probable chemotaxis transducer -3.81 -2.31 -4.79

PA2937 hypothetical protein -27.32 -13.37 -29.15

PA3017 conserved hypothetical protein -3.47 -3.50 -3.06

PA3032 snr1 cytochrome c Snr1 -3.72 -3.42 -4.03

PA3038 probable porin -3.24 -2.69 -3.46

PA3186 oprB
Glucose/carbohydrate outer membrane porin OprB 
precursor -8.77 -5.98 -6.53

PA3187 probable ATP-binding component of ABC transporter -4.87 -6.09 -8.67

PA3188 probable permease of ABC sugar transporter -4.91 -4.91 -5.49

PA3189 probable permease of ABC sugar transporter -3.84 -3.78 -3.84

PA3190
probable binding protein component of ABC 
sugar transporter -7.69 -7.76 -17.01

PA3216 hypothetical protein -3.37 -6.71 -10.54

PA3234 probable sodium:solute symporter -5.97 -4.94 -10.49

PA3235 conserved hypothetical protein -15.02 -4.79 -20.83

PA3236 probable glycine betaine-binding protein precursor -4.47 -4.60 -4.81

PA3326 probable Clp-family ATP-dependent protease -5.34 -3.57 -27.55

PA3343 hypothetical protein -2.45 -2.46 -2.61

PA3346 probable two-component response regulator -3.63 -3.41 -3.79

PA3347 hypothetical protein -3.52 -2.59 -8.94

PA3349 probable chemotaxis protein -5.94 -5.22 -9.73

PA3353 hypothetical protein -3.16 -3.23 -5.15

PA3361 lecB fucose-binding lectin PA-IIL -6.03 -2.14 -24.88

PA3385 amrZ alginate and motility regulator Z -9.85 -2.80 -3.21

PA3415 probable dihydrolipoamide acetyltransferase -4.73 -9.42 -19.69

PA3416
probable pyruvate dehydrogenase E1 
component, beta chain -5.70 -11.66 -18.76

PA3418 ldh leucine dehydrogenase -8.53 -11.95 -30.77

PA3451 hypothetical protein -4.48 -4.20 -4.60

PA3496 hypothetical protein -4.28 -5.44 -5.06

PA3520 hypothetical protein -2.20 -3.31 -5.20

PA3568 probable acetyl-coa synthetase -15.31 -9.22 -13.77

PA3569 mmsB 3-hydroxyisobutyrate dehydrogenase -6.84 -3.89 -7.30

PA3570 mmsA methylmalonate-semialdehyde dehydrogenase -3.67 -2.86 -5.39

PA3622 rpoS sigma factor RpoS -17.09 -5.62 -22.83

PA3628 probable esterase -4.74 -4.50 -3.80

PA3629 adhC alcohol dehydrogenase class III -3.69 -4.01 -4.26

PA3662 hypothetical protein -3.97 -6.87 -19.80

PA3684 hypothetical protein -10.32 -9.16 -2.50

PA3688 hypothetical protein -5.55 -5.22 -9.40

PA3690 probable metal-transporting P-type ATPase -3.46 -4.56 -4.94

PA3723 probable FMN oxidoreductase -5.77 -5.36 -24.45

PA3724 lasB elastase LasB -9.01 -2.33 -39.06

PA3740 hypothetical protein -3.04 -2.72 -4.59

PA3784 hypothetical protein -2.51 -4.78 -2.80

PA3786 hypothetical protein -2.50 -3.47 -3.03

PA3792 leuA 2-isopropylmalate synthase -6.72 -6.60 -5.76

PA3846 hypothetical protein -3.68 -4.69 -4.36

PA3848 hypothetical protein -3.59 -3.38 -3.76

PA3858 probable amino acid-binding protein -4.77 -3.99 -4.79

PA3922 conserved hypothetical protein -15.08 -11.66 -20.79



PA3923 hypothetical protein -9.48 -6.71 -8.30

PA3957 probable short-chain dehydrogenase -6.70 -5.64 -12.18

PA3986 hypothetical protein -11.66 -11.57 -16.42

PA4012 hypothetical protein -3.16 -3.00 -2.84

PA4112 probable sensor/response regulator hybrid -4.00 -4.86 -5.33

PA4129 hypothetical protein -3.34 -8.53 -10.02

PA4293 pprA two-component sensor PprA -2.85 -2.88 -2.89

PA4294 hypothetical protein -7.82 -7.67 -10.87

PA4296 pprB two-component response regulator, PprB -8.08 -8.94 -39.06

PA4297 tadG TadG -4.57 -4.57 -4.58

PA4298 hypothetical protein -7.63 -7.63 -7.62

PA4300 tadC TadC -4.24 -6.58 -8.04

PA4301 tadB TadB -3.34 -3.36 -4.31

PA4302 tadA TadA ATPase -10.44 -10.24 -11.04

PA4303 tadZ TadZ -7.66 -6.95 -7.70

PA4304 rcpA RcpA -13.12 -13.35 -13.35

PA4305 rcpC RcpC -11.35 -15.72 -19.42

PA4306 flp Type IVb pilin, Flp -9.00 -20.79 -20.83

PA4324 hypothetical protein -5.17 -3.21 -3.24

PA4362 hypothetical protein -3.14 -3.15 -3.17

PA4377 hypothetical protein -13.00 -4.80 -5.77

PA4507 hypothetical protein -9.95 -16.37 -6.05

PA4535 hypothetical protein -2.29 -2.30 -2.29

PA4572 fklB peptidyl-prolyl cis-trans isomerase FklB -13.11 -5.82 -5.35

PA4573 hypothetical protein -26.74 -21.23 -17.70

PA4590 pra protein activator -3.97 -4.46 -7.44

PA4607 hypothetical protein -10.87 -8.64 -38.17

PA4608 hypothetical protein -6.04 -8.18 -18.35

PA4611 hypothetical protein -6.04 -4.95 -10.18

PA4630 hypothetical protein -5.12 -4.85 -4.82

PA4641 still frameshift hypothetical protein -4.32 -4.24 -4.64

PA4648 hypothetical protein -11.09 -8.81 -16.45

PA4702 hypothetical protein -5.27 -3.24 -9.58

PA4703 hypothetical protein -6.87 -3.69 -11.49

PA4717 conserved hypothetical protein -2.78 -2.21 -4.41

PA4733 acsB acetyl-coenzyme A synthetase -7.39 -7.42 -7.52

PA4787 probable transcriptional regulator -4.05 -7.43 -8.55

PA4811 fdnH
nitrate-inducible formate dehydrogenase, beta 
subunit -3.01 -7.04 -7.90

PA4874 conserved hypothetical protein -4.37 -4.02 -6.34

PA4913
probable binding protein component of ABC 
transporter -5.76 -5.27 -7.66

PA4915 probable chemotaxis transducer -9.53 -8.20 -12.18

PA4925 conserved hypothetical protein -11.47 -8.73 -12.71

PA4929 hypothetical protein -7.12 -8.81 -9.57

PA5058 phaC2 poly(3-hydroxyalkanoic acid) synthase 2 -3.67 -2.99 -3.93

PA5101 hypothetical protein -5.00 -5.95 -13.35

PA5153

amino acid 
(lysine/arginine/ornithine/histidine/octopine) ABC 
transporter periplasmic binding protein -3.83 -3.95 -5.29

PA5196 hypothetical protein -2.54 -2.20 -2.61

PA5208 conserved hypothetical protein -2.48 -3.63 -4.71

PA5213 gcvP1 glycine cleavage system protein P1 -4.10 -4.12 -4.48

PA5288 glnK nitrogen regulatory protein P-II 2 -4.87 -5.05 -3.81

PA5301 probable transcriptional regulator -5.41 -2.53 -3.01

PA5348 probable DNA-binding protein -18.62 -10.25 -20.37



PA5350 rubA2 Rubredoxin 2 -3.09 -3.34 -2.55

PA5380 gbdR GbdR -4.88 -4.89 -4.87

PA5396 hypothetical protein -4.81 -4.81 -4.83

PA5397 hypothetical protein -3.76 -3.75 -3.76

PA5410 gbcA GbcA -6.94 -6.61 -6.94

PA5419 soxG sarcosine oxidase gamma subunit -3.54 -3.54 -3.54

PA5421 fdhA
glutathione-independent formaldehyde 
dehydrogenase -2.88 -2.85 -3.16

PA5527 hypothetical protein -5.33 -3.79 -3.29

PA5543 hypothetical protein -3.90 -3.59 -4.64

PA5545 conserved hypothetical protein -3.59 -3.30 -4.50

PA5546 conserved hypothetical protein -4.79 -3.83 -5.37

Pae_tRNA_Ser_f_at -2.14 -3.51 -48.31

Inconsistent 

PA1559 hypothetical protein -7.09 -5.66 13.50

PA1560 hypothetical protein -6.68 -6.55 9.69

PA2146 conserved hypothetical protein -2.37 12.35 -50.51

PA2478 probable thiol:disulfide interchange protein -2.82 -3.15 11.35

PA3719 armR antirepressor for MexR, ArmR -1.79 2.86 -2.71

PA4110 ampC beta-lactamase precursor -4.12 -3.93 89.43

PA4111 hypothetical protein -4.40 -2.84 71.40

PA4220 hypothetical protein -2.09 -1.14 5.40

PA4359 conserved hypothetical protein -2.48 -1.91 14.80

PA4773 hypothetical protein -3.56 -3.36 20.04

PA4774 hypothetical protein -2.71 -3.99 10.18

QS regulated genes (Schuster et al., 2003) are in bold; RpoS regulated genes, (Schuster et al., 2004) in italics.



Figure 1. Graphic representation of P. aeruginosa RNA extraction of burn wound patients and 
mouse tumor material (3) and CF sputum samples (this work).



Figure 2. Venn Diagram of differentially regulted genes in the P. aeruginosa infected CF 
habitat, the burn wound and the mouse tumor. Venn diagram generated with eulerApe 
(http://www.eulerdiagrams.org/eulerAPE/)



Figure 3. Bacterial colonization of solid CT26 tumors. Tumor bearing groups of at least five 
mice were infected i.v. with P. aeruginosa PA14 wild-type and respective transposon mutants. 
CFUs per gram tumor tissue were determined 24 h p.i. following organ homogenization and 
plating of serial dilutions on LB agar plates. Horizontal lines represent the median value for 
each group and open diamonds the CFU/g tissue values of an individual mouse. Significance 
was assessed by two tailed student t-test (with unequal of equal variance, as judged by F-test). 
None of the samples were significantly different to PA14 wild-type at p<0.01.



Figure 4.  In vitro biofilm formation of P. aeruginosa PA14 wild type and respective single, 
double and triple deletion mutants. A)  P. aeruginosa PA14, B) ∆0781, C)  ∆3600/3601, D) 
∆PA0781∆3600/3601,  E) ∆hasAp,  F)  betI/betB,  G)  ∆hasAp∆3600/3601,  H) 
∆betI/betB∆3600/3601,  I) ∆betI/betB∆PA0781,  J)  ∆betI/betB∆hasAp,  K) 
∆betI/betB∆PA0781∆3600/3601, L) ∆betI/betB∆hasAp∆3600/3601



Figure 5. Bacterial colonization of solid CT26 tumors and the liver. Tumor bearing groups of 
at least ten mice were infected i.v. with  P. aeruginosa PA14 wild-type and respective clean 
deletion mutants. CFUs per gram (A)in tumor tissue and (B)in the liver were determined 24 h 
p.i.  following  organ  homogenization  and  plating  of  serial  dilutions  on  LB  agar  plates. 
Horizontal lines represent the median value for each group and open diamonds the CFU/g 
tissue  values  of  an  individual  mouse.  (*)  indicates  significant  differences  (p<0.01)  as 
determined by student t-test (with unequal of equal variance, as judged by F-test).





Figure  6.  Bacterial  colonization  of  the  lung  following  an  intratracheal  acute  P. 
aeruginosa infection.  7-8week  old  BALB/c  mice  were  infected  intratrachealy  with  P. 
aeruginosa PA14 and the respective clean deletion mutants. 24 h p.i. lungs were homogenized 
and plated to determine the CFUs per gram organ The data are represented as the ratio of the  
CFU counts per organ and the infection dose. The number of mice per group varies between 
3-7.
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