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Originality-significance Statement

Pseudomonas aeruginosa is an opportunistic pathogen, a causative agent of a wide range of 

devastating acute, but also chronic persistent infections. Given this remarkable versatility, an 

important question is whether the environmental cues drive the initiation of an acute virulent 

versus a chronic biofilm formation  program by P. aeruginosa.  This ultimately  determines 

very diverse disease outcomes. Here, we have used  in vivo selection of transposon mutant 

libraries  in  mouse  models  of  acute  or  biofilm-associated  infections.  We demonstrate  that 

expression of flagella was negatively selected during acute P. aeruginosa lung infections. In 

contrast,  flagella  play  a  key  role  in  the  establishment  of  biofilm-associated  infections. 

Apparently,  a complex interplay between adaptive bacterial  behavior and the host defense 

exists. It seems that  the host response to the infectious agent rather than the activation of 

distinct pathogenic traits of the bacteria is a major driver for acuteness or duration of the 

infection. This work should be of high interest to the readers of Environmental Microbiology. 

It  contributes  to  our  understanding  of  the  establishment  of  biofilm-associated  infectious 

disease. The finding that the bacteria apparently form biofilms as an adaptive response to the 

immune reactions of the host has serious implications for the prevention and treatment of 

chronic persistent infections.
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Summary 

Pseudomonas aeruginosa is an environmental microorganism and a causative agent of diverse 

acute and chronic, biofilm-associated infections. Advancing research-based knowledge on its 

adaptation to conditions within the human host is bound to reveal novel strategies and targets 

for therapeutic intervention. Here, we investigated the traits that P. aeruginosa PA14 as well 

as a virulence attenuated ∆lasR mutant need to survive in selected murine infection models. 

Experimentally,  the  genetic  programs that  the  bacteria  use  to  adapt  to  biofilm-associated 

versus  acute  infections  were  dissected  by  passaging  transposon  mutant  libraries  through 

mouse  lungs (acute)  or  mouse tumors  (biofilm-infection).  Adaptive  metabolic  changes  of 

P. aeruginosa were  generally  required  during  both  infection  processes.  Counter-selection 

against flagella expression was observed during acute lung infections. Obviously, avoidance 

of flagella-mediated activation of host immunity is advantageous for the wildtype bacteria. 

For the ∆lasR mutant, loss of flagella did not confer a selective advantage. Apparently, other 

pathogenesis  mechanisms  are  active  in  this  virulence  attenuated  strain.  In  contrast,  the 

infective  process  of  P. aeruginosa in  the  chronic  biofilm  model  apparently  required 

expression of flagellin. Together, our findings imply that  the host immune reactions against 

the infectious agent are very decisive for acuteness and duration of the infectious disease. 

They direct disease outcome.
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Introduction

The  ability  to  thrive  in  diverse  aquatic  and  terrestrial  habitats  is  a  hallmark  of  the 

metabolically versatile environmental bacterium Pseudomonas aeruginosa (Bjarnsholt et al., 

2013;  Folkesson  et al.,  2012;  Klockgether  &  Tümmler,  2017).  At  the  same  time, 

P. aeruginosa is  a  successful  pathogen  that  causes a  wide  spectrum  of  opportunistic 

infections in a broad range of different hosts (Dubern et al., 2015; Rahme et al., 1995, 2000). 

In general,  two types of clinical  manifestations  can be distinguished: an  acute, often life-

threatening course of infections  (Chatzinikolaou  et al.,  2000;  Crouch Brewer,  Wunderink, 

Jones,  & Leeper,  1996;  Nathwani,  Raman,  Sulham,  Gavaghan,  & Menon,  2014;  Osmon, 

Ward,  Fraser,  & Kollef,  2004) and a  chronically  persistent, progressive course,  involving 

biofilm-formation  (Bjarnsholt, 2013; McManus, Mason, McManus, & Pruitt, 1985; Wagner 

& Iglewski, 2008).  P. aeruginosa rapidly and efficiently adapts to challenging habitats, e.g. 

the respiratory tract of cystic fibrosis patients (Breidenstein, de la Fuente-Núñez, & Hancock, 

2011; D’Argenio et al., 2007; Hancock et al., 1983; Häussler, Tümmler, Weissbrodt, Rohde, 

& Steinmetz, 1999; Luzar & Montie, 1985; Mahenthiralingam, Campbell,  & Speert, 1994; 

Oliver, Cantón, Campo, Baquero, & Blázquez, 2000; E. E. Smith et al., 2006). More effective 

intervention strategies to combat these devastating acute as well as therapy-refractory chronic 

infections  are  an  important  goal  of  biomedical  research.  Steps  towards  this  goal  require 

knowledge  on  mechanisms  driving  the  different  clinical  manifestations  of  P. aeruginosa 

infections.

A selection of individual genes of  P. aeruginosa  is expected to be required for survival in 

particular  habitats.  These  can  be  efficiently  assessed,  by  in  vivo selection  of  transposon 

mutant libraries in combination with insertion tracking by deep sequencing (Kwon, Ricke, & 

Mandal, 2016). Relative frequencies of transposon (Tn) insertions in input pools of mutant 

4

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

7
8



libraries compared to output pools, that have been passaged in vivo,  can be determined in a 

high  throughput  manner.  By  using  murine  models,  such  Tn  sequencing  studies  have 

uncovered the role of gene products of P. aeruginosa that are involved in the establishment of 

infections in the agar bead lung infection model ((Bianconi et al., 2011; Potvin et al., 2003), 

bacterial colonization of the mouse intestine  (Goodman et al., 2004; Roux et al., 2015) and 

its subsequent systemic dissemination (Skurnik, Roux, Aschard, et al., 2013; Skurnik, Roux, 

Cattoir,  et al., 2013). Furthermore, mouse wound infections have been shown to be suitable 

systems to study the contribution of individual  P. aeruginosa genes to the establishment of 

chronic versus acute soft tissue infections (Turner, Everett, Trivedi, Rumbaugh, & Whiteley, 

2014). 

In the present study we passaged Tn mutant libraries of P. aeruginosa PA14 and the virulence 

attenuated ∆lasR deletion mutant in two established in vivo systems. First, we used a mouse 

model of acute pneumonia, where we instilled bacterial cells intra-tracheally. Alternatively, 

we infected solid tumors of mice with the Tn libraries. We had shown before that bacteria  

colonize the tumor tissue upon intravenous infection and rapidly establish biofilm structures. 

Thus this tumor model is perfectly suited to study requirements for the initiation of biofilm 

formation in an infected host. According to the gene expression profile of P. aeruginosa, the 

bacteria  recognize  this  niche  as  a  habitat  similar  to  cystic  fibrosis  lungs  (Bielecki  et al., 

2011). Consequently, residence of the bacteria in this neoplastic tissues leads to development 

of therapy-refractory biofilm infections (Crull et al., 2011; Komor et al., 2012; Pawar et al., 

2015b). Comparison of the in vivo selected mutant pools from both systems implies that the 

immune  response  of  the  host  against  the  infectious  agent  rather  than  the  expression  of 

bacterial virulence traits modulates disease outcome and drives acuteness and duration. Our 

results  highlight  the value of functional  genomics  approaches to  study bacterial  strategies 

responsible for acute versus biofilm-associated infections. 
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Results

P. aeruginosa PA14 wildtype and the virulence attenuated lasR mutant in mouse models 

of acute and biofilm-associated infections

We wanted to determine the contribution of non-essential genes of  P. aeruginosa to overall 

fitness  in  acute  versus  biofilm-associated  infections.  Therefore,  we  tested  a  previously 

generated PA14 wildtype (WT) Tn mutant library (Skurnik, Roux, Aschard,  et al., 2013) in 

two  in vivo systems. Similarly, a  lasR Tn mutant library, which has been generated in this 

study,  was  employed.  LasR  is  a  global  quorum  sensing  regulator,  which  governs  the 

production of a large array of virulence factors (Feltner  et al., 2016; J. Lee & Zhang, 2015; 

Lima et al. 2018; Yan et al. 2018). Mutants of lasR are attenuated in several models of acute 

infections (Lesprit et al., 2003; Lorè et al., 2012; Rumbaugh, Griswold, Iglewski, & Hamood, 

1999; Tan, Rahme, Sternberg, Tompkins, & Ausubel, 1999; Tang et al., 1996). Interestingly, 

despite the important role of LasR in quorum sensing and its regulation of virulence factors, 

isolates of P. aeruginosa that bear mutations in the lasR gene are frequently recovered from 

the  chronically  infected  respiratory  tract  of  cystic  fibrosis  patients (Cabrol  et al.,  2003; 

Feltner et al., 2016; Marvig, Sommer, Jelsbak, Molin, & Johansen, 2015; E. E. Smith et al., 

2006; Wilder et al., 2009). The variant isolates are believed to elicit a strong flagella-driven 

immune  response,  which  could  play  an  important  role  in  the  establishment  of  biofilm-

associated infections (LaFayette et al., 2015). 

We  compared  PA14  WT  with  its  lasR mutant  in  this  study,  in  order  to  evaluate  i) 

P. aeruginosa pathogenicity traits that are independent of the activity of lasR and ii) bacterial 

factors that contribute to the selective advantage of lasR mutants in chronic biofilm-associated 

infections. 
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As in vivo model, we first employed acute infections of lungs by  P. aeruginosa via a non-

invasive installation of bacteria into the trachea of mice. Since the input Tn pool needed to 

contain the complex near-saturated Tn mutant library, the inoculum was carefully titrated to 

an optimal infection dose of 5×106 colony forming units (cfu) in 50 µl. At this infection dose, 

highly reproducible bacterial colonization of the murine lung was achieved 24 post infection 

(pi) (Fig. S1). At 48 h and 72 h pi, indication of fast clearance of the bacterial colonization 

was  observed,  accompanied  by  a  rapid  body  weight  regain  (Fig.  S1).  Histology  of  the 

P. aeruginosa-challenged  lungs showed hemorrhaging,  vacuolization  and perivascular  and 

alveolar  inflammatory  cell  infiltration  24 h  pi,  whereas  PBS-treated  controls  exhibited  no 

pathological changes (Fig. 1). 

As second model  we employed a  transplantable  tumor  infection  model  to  study biofilm-

associated  infections.  This  model  had  been  established  and  intensively  characterized 

previously by us (Crull et al., 2011). Such subcutaneous tumor tissue is quickly colonized by 

the bacteria after intravenously infection of the mice. Biofilms develop within 24 h and the 

bacteria  exhibit  an  in vivo transcriptional  profile that resembles the  in vivo transcriptional 

profile of P. aeruginosa residing in the cystic fibrosis lung (Komor et al., 2012; Pawar et al., 

2015a). To ensure that the near saturated Tn mutant libraries were fully represented in the 

input mutant pool, we adapted this tumor infection model and applied an inoculum of 5×106 

bacteria  intra-tumorally  (it).  Under  these conditions,  the tumors  were colonized  in a  very 

similar  fashion  compared  to  systemically  infected  mice.  However,  the  dissemination  of 

bacteria to other organs was restricted (Fig. S2- S4). The preferred niche of  P. aeruginosa 

within the tumor appears to be at the interface of viable and necrotic regions (Fig. S5, Fig. 2).
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Abundance of Tn mutants in input and output pools of P. aeruginosa PA14 and ΔlasR 

Tn mutant libraries 

We first sequenced independent input mutant pools (5×106 bacteria) of the two Tn mutant 

libraries. For the PA14 Tn mutant library, we confirmed the highly saturated homogenous 

distribution of transposon insertions at genomic loci that contain thymine-adenine (TA) sites 

across the PA14 chromosome  (Skurnik, Roux, Aschard,  et al., 2013). The chromosome of 

PA14 contains 5,826 genes that harbor two or more TA sites within the first 90 % of the gene 

sequence. For 5,188 genes, Tn insertions were detected in at least one of three independent 

input sequencing approaches. 82.8 % of those genes were found to be represented in all three 

input pools (Fig. S6). Similarly, analysis of 5×106 bacteria aliquots of input samples of the 

∆lasR  Tn mutant library also revealed a homogenous distribution of transposon insertions 

across the genome. 5,111 genes with at least two disrupted TA sites in the first 90 % of their 

sequence were detected in at least one out of five sequencing approaches. 88.6 % of those 

genes were identified in all five input mutant pools (Fig. S7). 

To  identify  genes  that  influence  P. aeruginosa pathogenicity  during  acute  infections,  we 

infected  mice intra-tracheally  with 5×106 bacteria  of the PA14 Tn mutant  library and the 

∆lasR Tn mutant library (Fig. 3). After 24 h, the Tn mutant output pools were recovered by 

streaking lung homogenates  onto agar  plates.  We also infected  tumor-bearing  mice  intra-

tumorally with 5×106 bacteria of the PA14 mutant library and the ∆lasR Tn mutant library. 

Tumor-passaged Tn mutants were recovered from homogenates 48 h pi on agar plates. 

Subsequently,  we  subjected  the  ex vivo output  Tn  mutant  pools  to  high-throughput 

sequencing.  Overall,  compared to  the  input  sample  the  number  of  individual  Tn mutants 

within the pools (and thus the diversity of the mutant pool) decreased in the ex vivo samples, 

indicating  that  a  strong selection  took  place.  The  number  of  Tn  tagged  genes  that  were 
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recovered in the output mutant pools of PA14 and ∆lasR following acute lung infections were 

overall 4,130 and 3,759, respectively (corresponding to 80 % and 65 % of the input mutant 

pools).  Similarly,  the number of  tagged genes  that  were recovered following infection  of 

tumors was 3,565 for PA14 and 1,510 for the ∆lasR mutants, respectively. This corresponds 

to 69 % and 26 % of the respective input mutant pools.

Identification  of  positively  and  negatively  selected  Tn  mutants  of  distinct  functional 

classes during acute infections

Analysis of the output pool from acute infections revealed positively and negatively selected 

Tn mutants. They were ranked by their fold-change (input/output) and false discovery rate 

(FDR)  (S1  Table).  Fig.  4  depicts  the  functional  categories  which  were  significantly 

overrepresented within the top 500 of the Tn-disrupted genes of the positively and negatively 

selected mutants in the acute infection model of both libraries. Table 1 lists the corresponding 

genes that were affected. From these lists it becomes clear that negative selection was mainly 

observed  for  genes  involved  in  respiration  and  oxidative  phosphorylation,  indicating  that 

these genes are functionally required. Positively selected mutants harbored Tn insertions in 

genes involved mainly in biogenesis and regulation of type IV pili and flagella, suggesting 

that P. aeruginosa isolates that lost these structures have a selective advantage.

Obviously,  mutants  with  Tn  insertions  within  genes  encoding  different  sub-units  of  the 

proton-pumping  NADH:ubiquinone  oxidoreductase,  respiratory  complex  I,  (nuo genes) 

accounted for the bulk of negatively selected mutants in the lungs during acute infections 

(Fig. 5). The NADH:ubiquinone oxidoreductase couples the electron transfer from NADH to 

ubiquinone with the translocation of protons across the membrane. This function is obviously 

of  importance  for the establishment  of  acute  infections  in  both  P. aeruginosa strains,  the 

PA14 wildtype and the lasR mutant. On the other hand, mutants that lack type IV pili due to 

Tn insertions in genes encoding for structural components as well as type IV biogenesis (pilA,  
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B, E, M, N, O, P, Z, F, Q and fimU) were positively selected upon passage of both, the PA14 

and  (to  a  lower  extend)  the  ∆lasR mutant  libraries,  in  the  mouse  lung  (Fig.  6).  This  is 

suggesting that bacteria lacking type IV pili are preferentially able to colonize the lung. This 

is in agreement with the notion that the pilus structures are believed to be potential targets for 

early immune recognition  by host defense mechanisms.  This would promote clearance of 

P. aeruginosa  (Lindestam  Arlehamn  &  Evans,  2011;  Sutterwala  et al.,  2007).  Indeed,  a 

positive association between lack of type IV pili and P. aeruginosa colonization has also been 

reported  in  a  previous  study  of  in  vivo  determinants  for  mouse  gastrointestinal  tract 

colonization and subsequent systemic dissemination (Skurnik, Roux, Aschard, et al., 2013). 

In addition to type IV pili,  the flagellar system of  P. aeruginosa is known to activate the 

immune system of the host (Andersen-Nissen et al., 2005; Hayashi et al., 2001; K. D. Smith 

& Ozinsky, 2002). Strains with Tn insertions in several genes encoding flagella components 

have been demonstrated to be positively selected during colonization of the gastrointestinal 

(Skurnik, Roux, Aschard,  et al., 2013) and respiratory (Roux, Danilchanka, Guillard  et al., 

2015) tract of mice. This suggests that it is beneficial for P. aeruginosa to avoid activation of 

the  host  immunity  via  Toll-like  Receptor  5  as  it  would  promote  bacterial  clearance.  In 

accordance, in P. aeruginosa PA14 Tn mutants within 24 genes with inactivating insertions in 

structural or flagellar biogenesis function genes (flgG, B, C, F, H, I, C, J, E, L and fliJ, I, C,  

O, D, F,Q, R and motB, C, D, and flhA, B) were enriched in the acute murine infection model. 

However, it was striking to see that none of those 24 genes were positively selected for in the 

∆lasR mutant strain (Fig. 7). 

Identification  of  positively  and  negatively  selected  Tn  mutants  of  distinct  functional 

classes during biofilm-associated tumor infections

We also ranked the positively or negatively selected Tn insertion mutants derived from the 

biofilm-associated tumor infection by the fold-change (input/output) and false discovery rate 
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(FDR) (S1 Table). We selected the top 500 Tn mutant candidates and assigned the transposon 

disrupted genes to their functional category. Table 2 lists the corresponding genes that were 

affected.  Upon passage of the Tn mutant libraries in biofilm associated infections,  mainly 

negative  selection  was  observed.  Interestingly,  negative  selection  was  observed  almost 

exclusively  in  Tn  mutants  that  harbored  insertions  in  genes  involved  in  respiration  and 

oxidative phosphorylation. As observed already for the in vivo lung passage, mutants with Tn 

insertions within the nuo genes encoding sub-units of the proton-pumping NADH:ubiquinone 

oxidoreductase were negatively selected in the tumor tissue in both P. aeruginosa strains, the 

PA14 wildtype  and the  lasR mutant  (Fig.  5).  This  indicates  that  a  functional  respiratory 

complex I is important for in vivo survival of P. aeruginosa.

Opposed to the acute lung infection model, in the tumor model no functional categories were 

significantly overrepresented within the Tn-disrupted genes of the positively selected mutants 

of both libraries (Fig. 8). Thus, in stark contrast to the passage in the mouse lung, we did not 

find a positive selection of flagella negative mutants in the tumor model.  

Flagellin is required for the fitness of the ∆lasR mutant in the biofilm-associated tumor 

infection

One of  the  most  striking  finding of  our  Tn-seq studies  was that  in  contrast  to  the  acute 

pneumonia  infection,  no inactivating  mutants  of flagella  mutants  of PA14 or  ∆lasR  were 

enriched in biofilm-associated infections. Apparently, it is advantageous for P. aeruginosa to 

express  flagella  during the chronic infection  process.  Since  the ∆lasR  mutant  exhibited  a 

slight loss of mutants with transposon insertions in the flagellar filament gene fliC (Fig 9 A), 

we generated a clean ∆lasR ∆fliC double deletion mutant to corroborate the importance of 

flagella in chronic infections. We infected tumor-bearing mice with a mix of PA14 and the 

∆lasR mutant or of PA14 and the ∆lasR ∆fliC double mutant (Fig. 9 B). No fitness advantage 
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of  the  ∆lasR mutant  over  PA14 was  observed.  However,  when  both  lasR  and  fliC were 

inactivated, a clear trend was observable. In most tumors, the ∆lasR ∆fliC double mutant was 

outcompeted  by  the  wildtype.  Thus,  flagellin  appears  to  be  an  important  factor  also  for 

survival of the ∆lasR mutant during chronic biofilm-associated infections. 

Discussion

Some  highly  pathogenic  microorganisms  pursue  the  strategy  to  express  a  few  but  very 

effective  virulence factors  (Chandrasekaran & Lacy, 2017; Fowler  et al., 2017; M.-S. Lee, 

Koo,  Jeong,  &  Tesh,  2016).  In  contrast, the  success  of  the  opportunistic  pathogen 

P. aeruginosa can  be  attributed  to  a  highly  complex  virulence-regulatory network 

(Balasubramanian,  Schneper,  Kumari,  &  Mathee,  2013).  P. aeruginosa has  evolved  to 

express a fine-tuned broad array of virulence genes to enable infection and efficient evasion 

of host defense mechanisms (D. G. Lee et al., 2006). 

To shed more light on the pathogenic landscape of P. aeruginosa, we investigated depletion 

or  enrichment  of  transposon  insertion  mutants  after  in  vivo selection  in  acute  murine 

pneumonia or biofilm-associated murine tumor infection models. The Tn mutant library of 

P. aeruginosa PA14  had  been  used  previously  in  a  mouse  infection  model  that  mimics 

intestinal  colonization  and  systemic  dissemination  of  P. aeruginosa in  humans  (Skurnik, 

Roux, Aschard, et al., 2013). While the previous study identified almost all known virulence 

factors to be of importance for PA14 in vivo dissemination, this was not the case in the acute 

pneumonia  or  the  biofilm-associated  tumor  infection  used  in  our  study.  Nevertheless,  a 

common requirement was observed for genes involved in respiration, energy utilization and 

nutrition  during both infection  processes  as  indicated  by the  counter-selection  of  mutants 

bearing  Tn  insertions  in  such  genes.  Thus,  especially  respiration and  oxidative 

phosphorylation  seems to  represent  a  metabolic phenotype  of  P. aeruginosa required  for 

survival during the infection process in the mammalian host.
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More recently, transposon sequencing technology has been used to identify genes important 

for P. aeruginosa survival in acute burn and chronic surgical wound infections (Turner et al., 

2014).  In  accordance  with  our  results,  it  was  demonstrated  that  bacterial  adaptation  to 

conditions encountered during such infection processes is accompanied by metabolic changes. 

Similarly, only limited infection type-specific genetic pathways appeared to be important for 

acute versus chronic courses of soft tissue infections. This is remarkable. It suggests that the 

host  response against  the  infectious  agent  rather  than the actual  use of  specific  virulence 

factors  by  P. aeruginosa is  the main  driver  for pathogenicity  and duration  of  the disease 

under distinct environmental conditions (Turner et al., 2014). 

The P. aeruginosa flagellar system is known to activate the host immune system via the toll-

like receptor five (TLR5)  (Miao, Andersen-Nissen, Warren, & Aderem, 2007). In our acute 

lung infections using the PA14 Tn mutant library a strong positive selection of mutations 

inactivating flagella was observed. This indicates that the loss of the TLR5 stimulatory ligand 

was supporting bacterial  survival.  Similarly,  strains  with inactivating  insertions  in several 

genes  encoding  flagella  components  have  been  previously  demonstrated  to  be  positively 

selected during colonization of the gastrointestinal  tract in mice  (Skurnik, Roux, Aschard, 

et al., 2013) and for acute lung infections (Roux et al., 2015). Thus, a loss or lack of flagella 

expression is advantageous for P. aeruginosa to avoid activation of the host immunity and to 

prevent clearance from the infected site. In accordance, it was recently shown that, probably 

due to the efficient recognition by the immune system, P. aeruginosa strains which produce 

functional flagellin are more rapidly cleared in acute infection models (Lovewell et al., 2011; 

Patankar et al., 2013; Ramphal et al., 2008). This appeared to be independent of whether the 

bacteria were motile or only produced flagellin (Balloy et al., 2007). 

However, high production of flagellin induced increased mortality rates in acute infection 

models  (Balloy  et al., 2007). Importantly, in the present study we found no enrichment of 
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inactivating flagella mutants in the lasR mutant output pool neither in the acute nor biofilm-

associated  infection  model.  Thus,  one  could  argue  that  in  a  ∆lasR mutant  that  lacks  the 

production of an array of virulence factors, the presence of high amounts of flagellin might be 

important  for  the  establishment  of  an  acute  pneumonia  infection.  A  hyper-inflammatory 

response might efficiently substitute for the lack of other virulence factors (LaFayette et al., 

2015). Along the same line, the type II secretion system (T2SS) is a target of LasR and it has 

been shown that the importance of the T2SS for bacterial pathogenicity can only be evaluated 

in a fliC mutant background (Jyot et al., 2011). 

In  contrast  to  the  acute  lung  infection,  during  biofilm-associated  infections,  we  did  not 

observe a selective advantage for mutants that have lost their flagella. This implies that while 

during  acute  pneumonia  infections  it  might  be useful  for  P. aeruginosa to  hide  from the 

immune system. This is not the case in biofilm-associated infections. One explanation might 

be that  the  microenvironment  of  the tumor tissue down-regulates  genes  encoding flagella 

biosynthetic components. Thus, no selective advantage of respective mutant isolates would be 

encountered.  On  the  other  hand,  the  presence  of  flagella  might  aid  the  establishment  of 

biofilms as flagella constitute a component of the extracellular biofilm matrix (Klausen et al., 

2003). However, we did not observe any other component of the biofilm matrix to be selected 

against in the tumor model. A third explanation for the importance of flagella during biofilm-

associated  infections  could  be  that  flagellin  elicits  a  host  immune  response  and that  this 

immune response is the key driver for in vivo biofilm formation as has been suggested before 

(Jensen, Givskov, Bjarnsholt, & Moser, 2010).

Interestingly,  in  the  ∆lasR  Tn  mutant  library,  mutants  inactivating  fliC  were  slightly 

underrepresented in the tumor infection. These results indicate that the presence of flagella 

might be advantageous. LasR governs the production of the two proteases AprA and LasB. 

Both have previously been demonstrated to degrade flagellin  (Bardoel  et al., 2011; Casilag 
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et al., 2015). Thus, it is conceivable that in tumors infected by the  lasR mutant even more 

flagellin is present than in PA14 colonized tumors. 

In our biofilm-associated tumor infection model, the ∆lasR mutant did not out-compete PA14. 

However,  in  accordance  with  a  role  of  flagellin  in  the  establishment  or  maintenance  of 

biofilm-associated tumor infections a clean ∆lasR∆fliC double deletion mutant was confirmed 

to be weaker when competing with PA14 compared to the ∆lasR mutant. These results thus 

corroborate the hypothesis that a flagellin-mediated induction of an inflammatory response 

could be the main reason for the selection of lasR mutants in chronically infected CF lungs 

(LaFayette et al., 2015).

Taken  together,  our  results  indicate  that  adaptation  of  P. aeruginosa  to  the  challenging 

conditions of the human host as simulated by our mouse infection models requires the activity 

of  genes  involved  in  respiration,  energy  utilization  and  nutrition  during  the  infection 

processes. Remarkably, most of those changes have been found independent of differences in 

infection  trajectories.  Acuteness  and  biofilm  formation  could  be  rather  dictated  by  the 

immune response of the host against  the bacteria.  Our results  thus highlight  the complex 

interplay  of  adaptive  bacterial  behavior  and  suggest  a  role  of  the  immune  response  in 

modulating severity and infection types.
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Experimental Procedures

Bacterial strains, cell lines and primers

All  bacterial  strains  used  in  this  study  are  listed  in  Table  S2.  The  donor  strain  for  Tn 

mutagenesis of the ∆lasR  Tn mutant library,  E. coli SM10λpir, carried the plasmid pBT20 

encoding the mariner HimarI C9 transposon. Inoculums (input samples) of transposon mutant 

libraries were prepared by plating bacteria from glycerol stocks on 20 LB agar plates, and 

incubating  them overnight  at  37°C.  Grown cells  were  pooled,  washed and  adjusted  to  a 

infection  dose  of  5×106cfus/50 µl.  CT26  colon  carcinoma  cells  (ATCC CRL-2638)  were 

cultivated  in  monolayers  in  Iscove’s  modified  Dulbecco’s  medium  (IMDM)  (Life 

Technologies, Germany) supplemented with 10% (vol/vol) heat-inactivated fetal calf serum 

(Integro) and 250 mmol liter-1 β-mercaptoethanol (Serva).

P. aeruginosa ∆lasR Tn mutagenesis

Tn mutagenesis was carried out by mating the ∆lasR deletion mutant with E. coli SM10λpir 

[pBT20],  followed  by  selection  for  P. aeruginosa cells  harboring  the  Tn  gentamicin-

resistance on gentamicin agar plates. In brief: donor  E. coli cells (SM10λpir/pBT20) were 

cultivated overnight at 37°C and P. aeruginosa was grown at 43°C overnight in LB. Cultures 

were centrifuged, re-suspended, mixed at a 1:1 ratio before incubation for 2 h at 37°C. Mating 

mixtures  were  then  plated  on  Vogel-Bonner-Minimal  (VBM)  agar  supplemented  with 

gentamicin  (60µg/ml)  and  grown  overnight  at  37°C.  ∆lasR  Tn  mutants  were  harvested, 

glycerol stocks prepared and stored at minus 80°C.

∆lasR Tn mutant library sequencing library preparation

Sequencing  library  preparation  was  performed  as  previously  described  for  transposon 

insertion directed sequencing (TraDIS) by Barquist  et al.  (Barquist  et al., 2016). In brief: 1 

µg DNA of the ΔlasR transposon mutant pools was sheared to approx. 300 bp fragments 
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(Adaptive  Focused  Acoustics  (AFA)  technology,  Covaris®,  10 %  Duty  cycle,  10%; 

Intensity 5; 200 Cycles and Time 60 s). The fragments were subsequently end-repaired (New 

England Biolabs Next End Repair Module) and dA-tailed (New England Biolabs Klenow). A 

splinkerette adapter was ligated to DNA fragments using TA ligase mastermix, according to 

the  manufacturer’s  instructions  (NEB Next  Quick  Ligation  Module,  NEB).  Size  selection 

(300 – 400 bp) and purification was performed using the Agencourt AMPure® XP-Kit (NEB, 

Beckman Coulter Life Sciences), following manufacturer’s instructions. Next, fragments were 

amplified  using  SplAP5.x  primers  (8  nt  barcode sequence)  and High Fidelity  Mastermix 

(NEBNext® High-Fidelity  2X  PCR Master  Mix).  Quality  was  controlled  by  Bioanalyzer 

(Agilent genomics) and the library was subsequently subjected to Illumina sequencing using 

HiSeq 2500  in  single-end  mode  (50  nt)  with  customized  Read1primer  and  iPCRtagSeq 

primers. Primers are listed in Table S3.

PA14 Tn mutant library preparation for sequencing

Sequencing library preparation of the PA14 Tn mutant library was performed as published by 

Surnik  et al. (Skurnik, Roux, Aschard,  et al., 2013). Briefly: 10 µg DNA of the PA14 Tn 

mutant pools were MmeI (NEB) digested and approx. 1,5 kb fragments were excised from 0.8 

% agarose  gels.  LIB_adaptBT adapters  (with  barcode)  were  ligated  with  T4 DNA ligase 

(NEB) overnight and gel-purified. Fragment amplification was carried out with LIB_PCR_5/3 

primers and Phusion® DNA polymerase (High Fidelity DNA polymerase, NEB). Sequencing 

library quality was verified by Bioanalyzer (Agilent genomics) and library fragments were 

sequenced on HiSeq 2500 in single-end mode (50 nt) with standard NEB Next primers.

Animals

Female 6-7 weeks old female BALB/c mice were purchased from Janvier (BALB/cByJRj). 
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Histology

Mouse lungs and tumors were fixed for 24 h in 4 % buffered formaldehyde and embedded in 

paraffin. Sections 3 µm in thickness were prepared and stained with hematoxylin and eosin. 

For immunostainings, a biotin coupled  P. aeruginosa antibody was used at a 1:150 dilution 

(polyclonal  rabbit  isotype IgG antibody, Biotrend).  Following the addition of Streptavidin 

conjugated  with  horseradish  peroxidase  the  sections  were  incubated  with  3,3´-

diaminobenzidine  (DAB,  Sigma).  Analysis  was  carried  out  with  an  Olympus  BX51 

microscope with Olympus U-CMAD3 camera using the software ZEN 2009.

Live Imaging (IVIS®)

Infection kinetics of PAO1/pCTX::lux infected tumor-bearing mice were visualized with the 

IVIS® Spectrum in vivo imaging system (Xenogen IVIS® 200, Perkin Elmer, USA), following 

the instructions of the manufacturer and analyzed using the Living image 3.0 software (Perkin 

Elmer, USA).

Infection of tumor-bearing mice

Mice were subcutaneously (sc) inoculated at the abdomen with 5×105 CT26 cells and tumors 

were  grown  to  a  diameter  of  approx.  7  mm.  Tumor-bearing  mice  were  anesthetized  by 

inhalation of isofuran gas (2 % of IsoFlo®, Abbott) and intra-tumorally infected with 5×106 

cfu of P. aeruginosa transposon library pools. 

Lung infection

Mice  were  anesthetized  by  intraperitoneal  injection  of  100  µl/10  g  bodyweight 

ketamine/xylamine and infected non-invasively via the trachea by using an Introcan Safety 

24G catheter (BI Braun), covered with a polyethylene tubing (Becton Dickinson). Bacterial 

suspension  of  P. aeruginosa  Tn  mutant  library  pools  (5×106  cfu)  in  50  µl  PBS  was 

administered.

18

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

35
36



CFU counts of infected tissue and recovery of ex vivo transposon mutants for sequencing

Lung infected mice were sacrificed 24 h pi and tumor-infected mice 48 h pi. For cfu counts, 

organs were homogenized and plated in serial dilutions. For transposon sequencing, whole 

homogenates were plated, because the total number of transposon mutants in the tissue was 

too small for direct isolation of genomic bacterial DNA.  Plating of the homogenate was done 

on  overall  20  agar  plates/animal  in  order  to  expand  all  mutants  present  and  incubated 

overnight  at  37°C.  Bacterial  material  was scraped off,  pooled per  organ,  centrifuged  and 

genomic  DNA  extracted.  

Ethics statement

All animal experiments performed were in agreement with the German Animal Welfare Act 

(Tierschutzgesetz, 1998) and international laws and policies governing the use of animals for 

scientific purposes (EC Council Directive 86/609, OJ L 358,1, 12 December 1987; and NIH 

Guide for the Care and Use of Laboratory Animals, U.S. National Research Council, 1996). 

The protocol met the approval by the ethical board of the local authorities (Niedersächsisches 

Landesamt  für  Verbraucherschutz  und  Lebensmittelsicherheit  [LAVES],  Oldenburg, 

Germany). The permission number is 33.9.42502-04-050/09. 

Data analysis

Sequence  reads  of  the  ΔlasR  Tn  mutant  library were  mapped  to  the  reference  strain 

Pseudomonas  aeruginosa PA14  using  bowtie2  (default  settings)  (Langmead  & Salzberg, 

2012). TA sites were not part of the sequence reads and were therefore extracted according to 

the reference sequence. For the PA14 Tn mutant library, no mismatches were allowed because 

of their short genomic sequence length of 16-17 nt and TA sites were extracted from the 3’ 

end of these sequences. Read counts had been duplicated for TA sites that were shared by two 

opposite genes.
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To reduce the number of genes that are disrupted but still functional (false positives), we did 

not consider mutants with transposon insertions within 10% from the 3’ end of the gene. This 

assumption is based on our observation that transposon-insertion mutants survive if essential 

genes are disrupted in this region. Therefore, genes (with at least 10 TA sites) were split into 

7 regions, three 5% regions at each end of the gene and 70% of the gene center. While there 

was no allowed TA disruption in the gene center (assumed as essential genes), there had to be 

at least one disruption at any other region of the gene. There was a clear trend that transposon 

mutants with gene disruptions at the 5’ end and 10-15% at the 3’ end did not survive, but  

those with disruptions at the 10% of the 3’ end did (data not shown). 

Disrupted genes were counted to allow direct comparison of different samples. Therefore, TA 

reads were normalized using the weighted trimmed mean of M-values (TMM). To reduce 

number of false positives, genes with at  least 2 TA sites with TMM > 1 were defined as 

disrupted genes.

Genes  with  at  least  2  counts  per  million  (cpm)  in  at  least  4  samples  were  included  in 

functional enrichment analysis. Gene depletion and enrichment was calculated using the R 

package  edgeR  (Robinson  et al.,  2010).  Because  the  size  of  the  input  mutant  pool  was 

restricted in the mouse experiments,  only few genes, which were depleted/enriched in the 

output  mutant  pool  passed  the  significance  filter.  Therefore,  we  focused  on  significant 

functional enrichment of gene subsets within those pools, which exhibited an at least two-fold 

enrichment/depletion. The analysis was performed on the top 500 genes, ordered according to 

their  p  value.  Functions  (biological  processes,  Gene  Ontology  (Ashburner  et al.,  2000; 

The Gene Ontology Consortium,  2017) of  these  genes  were  defined  to  be  significantly 

enriched using the hypergeometric test (R function phyper, FDR adjusted p value ≤ 0.05). 

Raw transposon sequencing data have been submitted to the European Nucleotide Archive 

(ENA) under the accession number PRJEB26817.
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Tables

Table 1 Functional enrichment of negatively and positively enriched transposon mutants in acute lung 

infection

Tn 
mutant 
bank

Enrichment Functional classes FDR value All genes with Tn insertion from top 
500 listGenes with Tn insertion

PA14 wt Negative 
selection

Generation of precursor 
metabolites and energy

4.1×10-7 nuoN,  nuoB,  nuoD,  nqrF,  nuoH,  
nuoK, crc, nuoE, ubiH, ccmG, nuoG,  
trpE, cioB, nqrB, nqrC, nuoL, nqrD,  
nqrA,  nuoF,  nuoM,  cycB,  zwf,  idh,  
ccoN, nuoI

Tryptophan biosynthetic 
process

0.0063 trpG, trpB, trpE, trpC, aroQ2

Histidine biosynthetic 
process

0.0153 hisE, hisI, hisD, hisH, hisC1, hisA

Oxidative phosphorylation 5.46×10-7 nuoB, nuoD, nuoH, nuoK, nuoE, 
nuoG, nuoL, nuoI

Positive 
selection

Type IV pilus-dependent 
motility

0.0002 algR, pilO, pilP, pilE, pilN, fimU, 
pilB, pilA, pilM, pilY1, pilW, pilX

Type IV pilus-dependent 
biogenesis

1.46×10-6 pilO, pilP, pilE, pilN, fimU, pilB, 
pilD, pilQ, pilM, pilW

Pilus assembly 0.0100 pilZ, pilE, fimU, pilB, pilD, pilQ, 
pilW, pilX

Bacterial-type flagellum-
dependent cell motility

8.98×10-8 flgG, flgB, flgF, flgH, flgI, flgC, flgJ,  
fliJ, flgE, flgL, fliI, motD, motC, fliC,  
motB, fliF, PA14_69100

Bacterial-type flagellum 
assembly

7.26×10-12 flgG, flgB, flgF, flhB, flgI, flgC, flgJ, 
flhA, flg, flgL, fliI, fliQ, fliR

Bacterial-type flagellum 
organization

0.0012 flgG, flgF, fliD, fliC, fliO

ΔlasR Negative 
selection

Bacterial-type flagellum-
dependent swimming 
motility

0.0406 lon, ccmF, ccmC, PA14_66100

Generation of precursor 
metabolites and energy

0.0029 exaB, glpD, crc, ccmG, nuoN, nqrD, 
nuoM, asp, ccmH, nuoG, nuoE, 
nuoK, nqrF, nuoL, nuoD

Cytochrome complex 
assembly

0.0025 ccmB, ccmE, ccmF, PA14_45340, 
ccmH, ccmC

Oxidative phosphorylation 4.83×10-5 nuoG, nuoE, nuoK, nuoL, nuoD
Cellular response to 
antibiotics

0.0241 clpP, lon, phoQ, typA, nuoN, ydhD, 
PA14_00120

Positive 
selection

Type IV pilus-dependent 
motility

6.17×10-4 pilE, fimU, algR, pilB, pilA, pilP, 
pilM, pilO, pilF, pilN

Type IV pilus-dependent 
biogenesis

4.60×10-6 pilE, fimU, pilB, pilP, pilQ, pilM, 
pilO, pilF, pilN

Pilus assembly 0.0255 pilE, fimU, pilB, pilZ, pilQ, pilF
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Table 2 Functional enrichment of negatively selected Tn mutants during biofilm-associated infections

Tn mutant 

bank

Functional class FDR 

value

All genes with Tn insertion from 

top 500 list
PA14 Oxidative 

phosphorylation

1.00×10-6 nuoL, nuoK, nuoI, nouH, nuoG, 

nuoE, nuoB, nuoA, nuoD
Generation of precursor 

metabolites and energy

0.0056 nuoA, nuoB, nuoD, nuoE, nuoF, 

nuoG, nuoH, nuoI, nuoK, nuoL, 

nuoM, nuoN, narH, narI, nwrD, 

nqrF, pykA, crc, napA, aspP
Zinc II ion transport 0.0395 znuA, znuC

ΔlasR Oxidative 

phosphorylation

0.0119 nuoK, nuoJ, nuoI, nuoG, nuoE, 

nuoB
Cytochrome complex 

assembly

0.0223 ccmH, ccmG, ccmF, ccmE, 

PA14_45340, ccmC
Cellular response to 

antibiotic

0.0120 clpP, nuoN, phoQ, ydhD, mpl, 

phoP, typA, PA14_00120
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Fig 1. Histopathology of P. aeruginosa infected murine lungs

Lungs of BALB/c instilled with P. aeruginosa were removed 24 h pi, formalin fixated, embedded in 

Paraffin, sectioned at 3 µm thickness and stained with H & E. Control mice (A, B) were treated with 

PBS only. Mice (C, D) were infected with 5×106 cfu P. aeruginosa. (A, C) Overview of the right 

superior lobe at low magnification (scalebar 200 µm), (B, D) inset at higher magnification 

(scalebar 50 µm). (E) Infected lungs show areas with cytoplasmic vascuolization (thick black arrows) 

and innate immune cell infiltration (thin black arrows) (scalebar 20 µm).
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Fig. 2. Immunohistology shows cluster formation of P. aeruginosa in murine CT26 tumors

Histological analysis of intra-tumorallyor  intravenously infected tumors (scalebar 100 µm), stained 

with H&E (A-C) or with an anti-P. aeruginosa antibody (D-F) counterstained with diaminobenzidine. 

Arrows indicate presence of bacterial clusters.
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Fig 3. Schematic experimental design.  Two Tn mutant libraries (input) were applied to either a 

murine acute lung infection model or a murine biofilm-associated tumor infection model. Individual 

clones of Tn mutants are indicated by different colors and color intensity. After in vivo selection,  

clones of the output pools were recovered from tissue homogenates pi and subjected to transposon  

sequencing. Comparison of clonal frequencies in the input pool and the output pool revealed neutral or  

positive and negative selection of the mutants in vivo.
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Fig. 4. Functional enrichment of Tn mutants in acute lung infection

Tn  mutant  pools  were  instilled  into  murine  lungs  and  recovered  from  homogenates  24  h  after 

instillation (infection dose of 5×106cfu). The functional enrichment of mutants assorted to relevant 

biological processes is shown for depletion (left panel) and enrichment (right panel). The reference 

percentage (grey) was calculated with the whole P. aeruginosa genome. The functional enrichment of 

PA14 Tn mutants of one independent experiment (n=5) is shown by light pink bars. Enrichment of 

ΔlasR transposon mutants from two independent  experiments  (n = 7)  is  shown in light  blue bars. 

Enrichment was calculated by preparing ranked top 500 lists of lung (output) vs inoculum (input) data.  

Terms  of  biological  processes  are  defined  by  the  Gene  Ontology  Consortium.  Asterisks  denote 

significant enrichment.
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Fig 5. TA site sequencing reads in the nuo operon.

Members  of  the  NADH  dehydrogenase  (nuo)  gene  family  were  jointly  depleted  in  acute  lung 

infections and biofilm-associated tumor infections in both transposon mutant libraries (PA14 wt and 

ΔlasR). The bottom of the figure depicts the corresponding nuo genes (grey horizontal bars). TA sites 

present within these genes are indicated by black vertical bars. The left and the right panels show 

averaged and log transformed TMM-normalized TA reads for the transposon library of PA14 wt (two  

independent experiments) and ΔlasR (two independent experiments), respectively. Each panel depicts 

the results for acute lung infection (lung; PA14 wt n = 10, ΔlasR  n = 7), biofilm-associated tumor 

infection (tumor; PA14 wt n = 10, ΔlasR n = 10) and the inoculum (inoc).
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Fig 6 TA site sequencing reads in the pil operon 

Members of the pilus (pil) gene family show increased transposon disruptions in acute lung infections 

of the PA14 wt and ΔlasR transposon mutant library. For detailed description see figure 5.
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Fig. 7 TA site sequencing reads in the flg operon 

Members of the flagellum (flg) gene family that were jointly enriched in transposon disruptions in 

acute  lung infections  of  the  PA14  wt  but  not  the  ΔlasR transposon  mutant  library.  For  detailed 

description see figure 5.
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Fig 8 Functional enrichment of Tn mutants in biofilm-associated tumor infections.

Transposon mutant pools were infected directly into the tumor tissue (infection dose: 5×106cfu). After 

48 h mutant clones were recovered from tumor homogenates. The functional enrichment of mutants  

assorted to relevant  biological  processes is  shown for depletion (left  panel)  and enrichment (right 

panel). The reference percentage (grey) was calculated with the whole  P. aeruginosa genome. The 

functional enrichment of PA14 wt Tn mutants of one independent experiment (n = 5) is shown by dark 

red bars.  Enrichment  of  ΔlasR transposon mutants  from two independent  experiments  (n = 10)  is 

shown in dark blue bars. Enrichment was calculated using ranked top 500 lists of lung (output) vs  

inoculum  (input)  data.  Biological  process  terms  are  defined  by  the  Gene  Ontology  Consortium. 

Asterisks denote significant enrichment.
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Fig. 9 In vivo fitness of lasR/fliC mutants.

A) Tn insertion sites of the fliC gene. The lower part of the figure depicts all present TA sites within 

the first 90 % of the fliC gene (black vertical bars). Panels show the averaged TMM normalized TA 

reads for  the  ΔlasR transposon mutant  bank (two independent  experiments).  The top and bottom 

micrographs show TA site hits for biofilm-associated tumor infections (n = 10) and the input sample,  

respectively. B) Competitive index (CI) of ΔlasR and ΔlasRΔfliC strains versus PA14. BALB/c mice 

were subcutaneously injected with 5×105 CT26 cells. After tumor development (about 10 days) mice 

were intravenously injected (5×106 cfu) with equal amounts of PA14 and ΔlasR, or ΔlasRΔfliC mutant 

strains.  Bacteria  were recovered from the tumor tissue 48 hours post  inoculation.  CI  values were 

calculated  as  the  ratio  of  colonies  recovered  from mutant  strain  versus  wild-type  strain  (output) 

divided by the ratio of mutant strain to wild-type strain present in the inoculum (input). The scatter  

plot displays values obtained for individual mice, and the mean and standard deviation are shown.  

Groups  were  tested  non-significantly  different  by  Mann-Whitney  test  (p = 0.1685).  However,  an 

obvious trend becomes apparent.
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