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Zusammenfassung 

Mikrobielle Infektionskrankheiten können entweder durch eine pathogene Spezies oder 

durch komplexe Multi-Spezies-Gemeinschaften verursacht werden. Pseudomonas 

aeruginosa, einer der bedeutsamsten Gram-negativen opportunistisch humanpathogenen 

Bakterien, ist häufig an Multispezies-Infektionen beteiligt. Ein besseres Verständnis der 

molekularen Anpassung dieses Erregers an die Wirtsumgebung ist unerlässlich um neue 

Strategien für wirkungsvolle antiinfektiöse Therapien zu entwickeln. Eines der Hauptziele der 

vorliegenden Dissertation war es daher, die molekularen Anpassungsmechanismen von 

P. aeruginosa an infektionsrelevante Bedingungen mittels moderner Proteom-Analysen zu 

entschlüsseln. Des Weiteren sollten Struktur, Funktion und Interaktionen komplexer 

mikrobieller Gemeinschaften mittels neu etablierter Metaproteom-Analysen untersucht 

werden.  

Die Ergebnisse der vorliegenden Arbeit zeigen, dass sich P. aeruginosa durch 

Mutationen, die zu einem Selektionsvorteil führen, und/oder durch eine durch 

Umweltfaktoren bedingte Veränderung der Genexpressionsprofile an die Wirtsumgebung 

anpassen kann. Im Rahmen von Studie I wurde untersucht, wie sich das in der Klinik häufig 

eingesetzte Antibiotikum Ciprofloxacin auf die Proteinexpression von P. aeruginosa Biofilmen 

auswirkt. Die Ciprofloxacin-Behandlung induziert die Expression von Proteinen, die an der 

Lex-abhängigen SOS-Antwort und am Antibiotika-Export beteiligt sind, sowie von 

Prophagen-Proteinen und reprimiert die Expression von Porinen und DNA-bindenden 

Proteinen. In Studie II wurde die Langzeitanpassung von zwei klonalen P. aeruginosa Linien 

aus Mukoviszidose-Patienten mittels Proteom- und Transkriptomstudien untersucht. Eine 

zwei Jahre nach der initialen Besiedlung auftretende Mutation des RetS- Sensorkinase Gens 

führt zu einer verstärkten Expression von Genen deren Produkte an chronischen Infektionen 

beteiligt sind, darunter das Typ 6 Sekretionssystem (T6SS). Nach vier Jahren wurden 

weitere Mutationen in Genen des GacA/GacS Zweikomponentensystem (TCS) entdeckt, die 

zu einer Repression der Gene des T6SS führen, die Expression des Typ 3 

Sekretionssystems (T3SS) jedoch induzieren. Die Expression des T3SS wird mit akuten 

Infektionen assoziiert. In Studie III wurde die Anpassung von P. aeruginosa an 

wirtsspezifische Nischen mittels Proteom- und Metabolom-Analysen verschiedener Isolate 

aus unterschiedlichen Infektionsgeschehen untersucht. Dabei konnte gezeigt werden, dass 

Isolate aus Harnwegsinfektionen im Vergleich zu Mukoviszidose-Isolaten mehr Proteine 

exprimieren die an der Aufnahme von Mikronährstoffen (z.B. Eisen) und Kohlenhydraten 

beteiligt sind. Ein Großteil mikrobieller Infektionen wird durch Multi-Spezies-Gemeinschaften 

hervorgerufen, dies gilt auch für Katheter-assoziierte Harnwegsinfektionen (CAUTIs). In 

Studie IV konnte mittels 16S rDNA Sequenzierung und Metaproteom-Analysen gezeigt 

werden, dass sich die untersuchten CAUTI-assoziierten Biofilme aus zwei bis fünf 
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verschiedenen Spezies zusammensetzen, wobei ein oder zwei Spezies die Hauptmasse des 

Biofilms ausmachen. Im Rahmen einer Folgestudie (Studie V), in der der Biofilm eines 

langzeit-katheterisierten Patienten untersucht wurde, konnten P. aeruginosa, Morganella 

morganii, aber auch geringe Mengen des obligat anaeroben Bakteriums Bacteroides sp. 

identifiziert werden. Ein Vergleich der in vivo und in vitro Proteinexpressionsprofile der 

isolierten P. aeruginosa und M. morganii Stämme zeigte, dass Eisen und Kohlenhydrate 

limitierende Wachstumsfaktoren in der Blase darstellen und die beiden Pathogenen 

unterschiedliche Strategien zur Aufnahme von Nährstoffen aus dem Urin verfolgen. 

Vergleicht man die Proteinprofile des Urins gesunder Personen und katheterisierter 

Patienten, so kommen im Patientenurin verstärkt Proteine des angeborenen Immunsystems 

vor. Zudem finden sich im Patientenurin auch deutlich mehr Proteine die an der Bindung von 

Eisen, Kalzium und Magnesium beteiligt sind. In Studie VI wurden Interaktionen der 

Uropathogenen Proteus mirabilis und P. aeruginosa untersucht. P. mirabilis produziert große 

Mengen an Urease, was zu einer Alkalisierung des Mediums und damit zu einer Präzipitation 

von essentiellen Spurenelementen führt. Der Mangel an diesen Mikronährstoffen induziert 

das PhoP-PhoQ Zweikomponentensystem von P. aeruginosa, was letztendlich zu einer 

erhöhten Antibiotikaresistenz und Biofilmbildung führt. Studie VII, die die Interaktionen 

zwischen den CF-Pathogenen P. aeruginosa und Staphylococcus aureus untersuchte, 

zeigte, dass auch die Co-Kultivierung mit S. aureus die Expression von Genen des  

P. aeruginosa PhoP-PhoQ TCS induziert. Die Ergebnisse der beiden Studien demonstrieren, 

dass die Virulenz einzelner Pathogener durch co-infizierende Bakterien gesteigert werden 

kann.  

In Studie VIII wurde die Struktur und Funktion der Flechte Lobaria pulmonaria mithilfe 

kombinierter Metagenom- und Metaproteom-Analysen untersucht. L. pulmonaria besteht aus 

einer Gemeinschaft aus Pilz, Alge, Cyanobakterien und einem komplexen bakteriellen 

Mikrobiom. Die Metaproteom-Analysen weisen darauf hin, dass Cyanobakterien alleinig für 

die Stickstofffixierung in der Flechte verantwortlich sein könnten. Das eigentliche Mikrobiom 

besteht aus mehr als 500 verschiedenen Bakterienspezies, die wichtige Funktionen 

innerhalb der symbiotischen Gemeinschaft ausüben. Darunter fällt z.B. die Produktion von 

wachstumsfördernden und antimikrobiellen Substanzen, die zukünftig als neue Wirkstoffe 

dienen könnten.  

Die in der hier vorliegenden Arbeit erzielten Ergebnisse tragen wesentlich zu einem 

besseren Verständnis prokaryotischer Anpassungsmechanismen an infektionsrelevante 

Bedingungen oder Umweltstress bei und fördern damit die Entwicklung neuer Strategien zur 

Prävention und Bekämpfung mikrobieller Infektionskrankheiten.   
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Summary 

Microbial infections can be either caused by a single species or complex multi-species 

consortia. One of the most prominent opportunistic human pathogens leading to mono- or 

mixed-species infections is the Gram-negative bacterium Pseudomonas aeruginosa. 

Understanding the molecular basis of its adaptation to infection-related stresses is an 

essential prerequisite for the prevention and treatment of P. aeruginosa infections. We 

therefore employed state-of-the-art proteomics approaches to elucidate the molecular 

adaptation mechanisms of P. aeruginosa to infection-related conditions. Moreover, structure, 

function and interaction of complex microbial consortia containing P. aeruginosa and causing 

catheter-associated urinary tract infections were investigated by metaproteomics analyses.  

Our investigations revealed that the adaptation of P. aeruginosa during infection is either 

based on gene expression changes caused by environmental signal integration or by gene 

mutations leading to a selective advantage in a particular host environment. In study I, 

investigating the proteome response of P. aeruginosa biofilms to the clinical relevant 

antibiotic ciprofloxacin, global changes in the protein profile were observed. Ciprofloxacin 

induced the expression of proteins involved in the Lex-induced SOS-response, drug efflux 

pumps and gene products of the ciprofloxacin-responsive prophage cluster and repressed 

the expression of porins and DNA-binding proteins. In study II the transcriptome and 

proteome of two clonal P. aeruginosa lineages during long-term colonization of cystic fibrosis 

(CF) patient’s lungs were analyzed. Point mutations in global regulator genes, i.e. retS, gacS, 

and gacA, were identified by genomic sequencing. Inactivation of RetS, found two years after 

the initial colonization, induced the expression of genes involved in chronic infections and 

coding for the type 6-secretion system (T6SS). Additional mutations in the GacS/GacA two-

component regulatory system (TCS) were found to repress the expression of T6SS proteins 

and to induce the expression of proteins belonging to the type 3-secretion system (T3SS). In 

study III we elucidated the niche-specific adaptation of P. aeruginosa isolates from different 

infection sites by investigating their protein expression patterns and glucose metabolic fluxes. 

We could show that isolates from the urinary tract express a higher amount of proteins 

involved in the acquisition of micronutrients (i.e. iron) and carbohydrates compared to 

isolates from the CF lung. We also identified proteins that are constantly and highly 

expressed by all clinical P. aeruginosa isolates, which might be considered as promising 

novel targets for anti-infective compounds. 

Most human infection diseases are polymicrobial. This holds also true for catheter-

associated urinary tract infections (CAUTIs). In study IV 16S rDNA sequencing and 

metaproteomics were employed to demonstrate that the investigated CAUTI-related biofilms 

consisted of two to five different species with one or two species dominating the mixed 

community. Following this line of research, we investigated in study V structure and function 
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of a biofilm of a long-term catheterized patient, which was predominantly composed of 

P. aeruginosa and Morganella morganii, but also contained a minor proportion of the obligate 

anaerobe Bacteroides sp.. The comparison of in vivo and in vitro protein expression profiles 

of P. aeruginosa and M. morganii indicated that iron and carbohydrates are the major 

growth-limiting factors in the bladder. Whilst P. aeruginosa expresses a large number of 

proteases and proteins involved in amino acid uptake, M. morganii mainly expresses sugar 

uptake proteins under in vivo conditions. These results indicate different nutritional strategies 

of the two pathogens in the bladder environment. A comparison of urinary protein profiles of 

healthy persons and catheterized patients suggested that the human innate immune system 

is induced by CAUTIs. Moreover, numerous proteins involved in nutritional immunity, e.g. 

iron-, calcium- and magnesium-binding proteins, were found to be more abundant in the 

urine of catheterized patients.  

A follow-up (meta)proteomics study (study VI) aiming at the elucidation of interspecies 

interactions during multi-species infections indicated that the urease-positive uropathogen 

Proteus mirabilis induces the precipitation of metal ions by urine alkalization and thereby 

limits the availability of these important micronutrients for other co-infecting bacteria. This 

limitation seems to be sensed by the P. aeruginosa PhoP-PhoQ two-component system 

(TCS) leading to an increased resistance to antimicrobial peptides and biofilm-forming 

capacity of the pathogen. Also during co-cultivation of P. aeruginosa with 

Staphylococcus aureus a slight increase in the expression of the PhoP-PhoQ TCS and the 

alkaline protease could be observed (study VII). These data suggest that virulence of certain 

pathogens might be significantly increased by the presence of co-infecting bacteria.  

In study VIII a combined metagenomics and metaproteomics approach was employed to 

investigate structure and function of the lichen Lobaria pulmonaria, a complex consortium 

consisting of a fungus, an algal partner, cyanobacteria, and a highly diverse bacterial 

microbiome. Our proteomics data indicate that nitrogen fixation might be exclusively 

performed by the cyanobiont. Moreover, we could show that the complex microbiome on 

lichens consists of more than 500 different bacterial species and exhibits important symbiotic 

functions, i.e. the production of growth promoting and antimicrobial compounds, which could 

also be considered as novel antimicrobial drugs.  

The results presented in this work contribute to a better understanding of the manifold and 

complex bacterial adaptation mechanisms to infection-related and environmental stress and 

thereby foster the development of novel treatment and prevention strategies.   
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Results summary 

1 Introduction 

The opportunistic pathogen Pseudomonas aeruginosa is one of the most prominent 

causative agents of nosocomial-acquired infections of wounds, the urinary tract, and the 

respiratory tract (16). Due to its biofilm-forming capability, P. aeruginosa is also able to 

colonize diverse medical devices, especially urinary tract catheters (28, 62, 96, 137, 224). 

Most prevalent, P. aeruginosa can be isolated from the lungs of cystic fibrosis (CF) patients, 

but also from persons with weakened or suppressed immune responses such as elderly 

people, patients after cancer treatment and fire victims (16). P. aeruginosa infections are 

mainly treated with antibiotics, but their eradication is often not efficient or impossible, since 

most clinical isolates possess multiple resistance and persistence mechanisms (131, 193). 

Moreover, resistance against antibiotics and the human immune system is extremely 

enhanced in biofilms (191). Interestingly, most of the (biofilm-associated) infections caused 

by P. aeruginosa are polymicrobial (28, 42, 46, 49, 62, 63, 80, 96, 105, 137, 170, 215, 218, 

224, 226). Until today, relatively little is known about the extent to which the infection site 

influences resistance against antibiotics and the human immune system. Especially the 

adaptation strategies of P. aeruginosa to the (catheterized) urinary tract are largely 

unexplored. Moreover, there is little knowledge on how antibiotic resistance is maintained in 

biofilms growing in the bladder environment. Another “hot topic” in P. aeruginosa research 

deals with it´s long-term adaptation to the CF lung by beneficial mutations (8, 9, 19, 74, 145, 

158, 173, 174, 189). A better understanding of the progression of P. aeruginosa infections in 

the CF lung is an essential prerequisite for any improvement of the current CF treatment 

strategies. Even less information is available regarding the consequences of polymicrobial 

infections on the antibiotic susceptibility and the physiology of the different members of a 

pathogenic consortium. 

To elucidate the molecular basis of P. aeruginosa adaptation to infection-relevant 

conditions, the proteomic response of this pathogen during (i) the treatment with the 

antibiotic ciprofloxacin, (ii) long-term colonization of the CF-lung, (iii) mixed biofilm-formation 

on bladder catheters, and (iv) co-cultivation with Proteus mirabilis or Staphylococcus aureus 

should be investigated. Moreover, we compared proteome profiles and metabolic fluxes of 

several clinical isolates from different infection sites, i.e. the CF lung, wounds and the urinary 

tract. Complex microbial communities are widespread in nature and can also cause severe 

infections in humans. In order to increase our knowledge on structure, functionality and 

interactions between the different members of such consortia or microbes and their host, two 

different microbial communities with an either low or high diversity should be analyzed by a 

state-of-the-art metaproteomics approach. Polymicrobial catheter-associated urinary 

infections (CAUTIs) are often caused by microbial communities that harbor only a few 
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different species (28, 62, 96, 137, 224). A better understanding of these polymicrobial 

infections and their impact on the host’s immune system is essential for an effective 

treatment of mixed species urinary tract infections. The other extreme is the highly complex 

lichen microbiome that often consists of hundreds of different bacterial species (10). Until 

today, the lichen microbiome is only poorly characterized and its contribution to the symbiotic 

lichen community is still unclear. Some lichen-associated bacteria are believed to exhibit 

antimicrobial activities and thus can be considered as a promising source for novel anti-

infective compound suitable for the treatment of mono- and mixed-species microbial 

infections.  

Classical microbial proteomics and state-of-the-art metaproteomics approaches are 

ideally suited for a global investigation of the above-mentioned research questions. In 

contrast to (meta)genomics, (meta)transcriptomics and (meta)proteomics provide information 

on the actual expression of genes in response to certain environmental stimuli. However, the 

correlation between mRNA and protein levels is often only weak (101, 155), which can be 

caused by post-transcriptional and post-translational regulatory processes and different 

protein stabilities (140). Moreover, proteins possess a higher half-live compared to mRNA 

(hours versus minutes), which dramatically affects the biological outcome of transcriptome- 

or proteome-based studies. Proteomics analyses have been proven to be a powerful tool to 

answer diverse research questions, for instance dealing with the molecular elucidation of 

P. aeruginosa cell-cell communication (5, 109), biofilm formation (164, 201) and adaptation 

to infection-related stresses (171, 223). Moreover, state-of-the-art metaproteomics has 

already been used to investigate diverse microbial habitats such as oceans (147, 198, 214), 

soil (35, 36, 110, 210), leaf litter (180, 181), wastewater treatment plants (1, 83, 216), the 

human salivary (104, 179) and intestinal tract (55, 114, 118, 207). Moreover metaproteomics 

could shed first light on symbiotic interactions in lichens (182) and gutless marine worms 

(115, 116). 
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2 (Meta)Proteomics - a powerful tool in microbial ecology and infection biology 

The term proteomics describes the holistic analysis of proteins expressed by a biological 

system at a certain point of time. Basic proteome analyses focus on the identification of 

proteins, whereas more sophisticated proteomics methodologies offer additional information 

about protein quantity, structure, function, interactions, post-translational modifications and 

sub-cellular localization. For many years, microbial proteome research has exclusively been 

performed on microorganisms grown as mono-species cultures under highly artificial 

laboratory conditions. These experimental setups are certainly useful, if the effect of a single 

factor, e.g. an antibiotic compound or a specific nutrient, on the protein expression profile of 

a single microbial species should be investigated. However, no information is gained on the 

impact of more complex infection-related conditions (i.e. the host immune response) on 

bacterial protein expression or the molecular interplay between different microbes during 

polymicrobial infections or within a symbiotic community. Such interactions can either be 

studied by proteome analyses of in vitro co-cultures of two or more microbial species or by 

metaproteome analyses of samples directly derived from the environment or an infected 

host. In the last decade, metaproteomics has become a powerful tool to investigate structure, 

function and interactions of microbial consortia from diverse environments (see above). This 

is mostly due to the fact that metaproteomics investigations also cover uncultivable microbes, 

which certainly account for the majority of environmental microbes and does not rely on any 

simulation of natural/environmental conditions, which might be difficult or even impossible 

depending on the environment under investigation.   

However, (meta)proteomics analysis is still complex and suffers from numerous 

drawbacks, which will be also discussed in the following paragraphs. A typical 

(meta)proteomics experiment generally consists of four important steps, namely (I) protein 

extraction and sample preparation, (II) mass spectrometric analyses, (III) database search, 

and (IV) data analysis and visualization (Figure 1).  
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Figure 1: Schematic overview of a typical (meta)proteomics workflow. Protein databases can either be 

based on (meta)genome sequence data of the investigated organism(s) or habitat (sample specific 

database) or can be composed of sequences from large sequence collections (sample unspecific 

database).  

2.1 Sample preparation during (meta)proteomics analysis 

Sample preparation has a major impact on the analytical and biological outcome of a 

(meta)proteomics study (Figure 1). Depending on the properties of the specimen under 

investigation an enrichment of microorganisms might be necessary. This accounts for 

environmental samples but also for samples gained from infection models. Typically, 

microbial proteins in these samples are underrepresented and their mass spectrometric 

analysis is hampered by highly abundant proteins of the host, the colonized biotic surface or 

the eukaryotic symbiotic partner. As a consequence, several techniques for the enrichment 

of bacteria have been developed (Table 1): marine liquid samples are often stepwise filtered 

to enrich bacteria from large volumes (147, 198, 214) and bacteria living in gutless marine 

worms or present in fecal samples can be enriched by density gradient centrifugation or 

differential centrifugation (DC), respectively (115, 197, 207). However, protein identification 

and quantification of the enriched samples can be severely biased as soon as 

microorganisms are densely embedded in the surrounding substrate. In a recent 

metaproteomics study, the impact of enrichment on the microbial composition of stool 

samples has been examined (196). A comparison of the microbial composition of bacteria 

enriched by differential centrifugation with the one of an original stool sample revealed 
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significant changes in the ratio of Firmicutes and Bacteroidetes and indicated a higher 

amount of extracellular proteins in the non-treated samples. Moreover, any enrichment can 

cause the loss of important host proteins, which might have a significant impact on the 

physiology of the prokaryotic pathogen or symbiotic partner.  

Enriched microorganisms or original samples directly derived from a certain environment 

are the basis for cell lysis and protein extraction (Figure 1, Table 1). The most commonly 

used approaches to lyse microbial cells are ultrasonic cell disruption (1, 115, 116, 214), bead 

beating (30, 114, 118, 198), or lysis buffer-based strategies (55, 104, 207). The composition 

of buffers used for protein extractions can greatly differ and has to be tested and optimized 

for each sample type independently. However, even if an optimized extraction protocol has 

been used one should keep in mind, that protein extraction can be biased and select or reject 

proteins according to their biochemical characteristics (110, 125, 146, 221).  
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Table 1: Sample preparation and MS measurement strategies applied in comprehensive metaproteomics studies 

 Sample preparation MS measurement 

Reference Sample type 
Enrichment of 

microorganisms 
Cell lysis Dimensions Fractionation 

MS 
method 

MS platform 

Morris et al. 2010 (147) Seawater Filtration French press 1D RP
5
 Shotgun LTQ

10
-Orbitrap 

Teeling et al. 2012 (198) Seawater Filtration Bead beating 2D GeLC (RP)
6
 Shotgun LTQ

10
-Velos Orbitrap 

Williams et al. 2012 
(214) 

Seawater Filtration Sonication 2D GeLC (RP)
6
 Shotgun LTQ

10
-Velos Orbitrap 

Article II CAUTIs
1
 None Sonication 2D GeLC (RP)

6
 Shotgun LTQ

10
-Velos Orbitrap 

Article III Lichen  None 
Grounding in liquid 
nitrogen 

2D GeLC (RP)
6
 Shotgun LTQ

10
-Elite Orbitrap 

Schneider et al. 2011 
(182) 

Lichen  None 
TCA

4
-acetone and 

phenol 
2D GeLC (RP)

6
 Shotgun LTQ

10
-Orbitrap 

Jagtap et al. 2012 (104) 
Human 
saliva 

None Boiling 3D 
IEF

7
, SCX

8
, 

RP
5
 

Shotgun LTQ
10

-Orbitrap 

Erickson et al. 2012 (55) 
Human GI

2
 

tract 
DC

3
 Single tube lysis 2D RP-SCX-RP

9
 Shotgun LTQ

10
-Orbitrap 

Kolmeder et al. 2012 
(118) 

Human GI
2
 

tract 
None Bead beating 2D GeLC (RP)

6
 Shotgun LTQ

10
-Orbitrap 

Daniel et al. 2014 (45) 
Murine GI

2
 

tract 
DC

3
 Bead beating 2D GeLC (RP)

7
 Shotgun LTQ

10
-Velos Orbitrap 

Pérez-Cobas et al. 2013 
(166)  

Human GI
2
 

tract 
DC

3
 Sonication 2D GeLC (RP)

7
 Shotgun LTQ

10
-Orbitrap 

 

1 
= Catheter-associated urinary tract infections; 

2
 = Gastrointestinal tract; 

3
 = Differential centrifugation; 

4
 = Trichloroacetic acid; 

5
 = Reversed phase; 

6
 = SDS-

PAGE liquid chromatography; 
7
 = Isoelectric focusing; 

8
 = Strong cation exchange; 

9
 = Reversed phase- strong cation exchange- reversed phase 

chromatography; 
10

 = Linear ion trap mass spectrometer (Thermo Scientific, Waltham, MA)  
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Table 2: Database assembly and data analysis strategies applied in comprehensive metaproteomics studies  

 Database assembly Data analysis 

Reference Algorithm Type of database 
Protein 
entries 

FDR estimation Protein grouping 
Resolving 
of protein 

groups 
Quantification 

Morris et al. 2010 (147) 
SEQUEST 
(54) 

Sea-specific >6,000,000 None 
Peptide prophet 
(111) 

n.a.
7
 SC

9
 

Teeling et al. 2012 (198) 
SEQUEST 
(54) 

Metagenome 1,579,724 Decoy database 
Peptide prophet 
(111) 

n.a.
7
 SC

9
 

Williams et al. 2012 (214) 
Mascot 
(167) 

Artic-sea-specific n.a.
7
 Probability based 

Peptide prophet 
(111) 

n.a.
7
 n.a.

7
 

Article II 
SEQUEST 
(54) 

(I) 16S-RNA based       
(II) human UT

2
 

specific 

(I) 342,642     
(II) 889,035 

Decoy database 
Peptide prophet 
(111) 

Prophane
8
 AUC

10
 

Article III 
Mascot 
(167) 

Metagenome 2,473,550 Probability based 
Peptide prophet 
(111) 

Prophane
8
 SC

8
 

Schneider et al. 2011 (182) 
Mascot 
(167) 

UniRef100
3
 7,200,000 Probability based 

Peptide prophet 
(111) 

Prophane
8
 n.a.

7
 

Jagtap et al. 2012 (104) Paragon
TM 1

 Human-oral-specific 
(I) 1,687,426   
(II) 152,724 

Decoy database n.a.
7
 n.a.

7
 n.a.

7
 

Erickson et al. 2012 (55) 
SEQUEST 
(54) 

(I) Metagenome         
(II) HMRGs

4
 

(I) n.a.
7
          

(II) 259,891 
Decoy database n.a.

7
 n.a.

7
 SC

9
 

Kolmeder et al. 2012 (118) 
OMSSA 
(65) 

(I)-(III) Human GI
5
- 

(IV) Food-, (V) 
Human-specific 

(I) 3,267,604       
(II) 947,087       
(III) 600,752 

Decoy database n.a.
7
 n.a.

7
 SC

9
 

Daniel et al. 2014 (45) 
Mascot 
(167) 

(I) 81 microbial 
genomes (II) NCBInr

6
 

(I) ~500,000        
(II)  
~14,000,000 

Probability based 
Peptide prophet 
(111) 

n.a.
7
 SC

9
 

Pérez-Cobas et al. 2013 
(166) 

MaxQuant 
(41) 

Metagenome ~500,000 n.a.
7
 n.a.

7
 n.a.

7
 AUC

10
 

1
 http://sciex.com/products/software/proteinpilot-software; 

2
 = Urinary tract; 

3
 http://www.uniprot.org/help/uniref; 

4
 Human microbial isolate reference genomes; 

5
 = Gastrointestinal tract; 

6
 http://www.ncbi.nlm.nih.gov/refseq/; 

7
 = not available, 

8 www.prophane.de; 
9
 = Spectral counting; 

10
 = Area under the curve  

http://sciex.com/products/software/proteinpilot-software
http://www.uniprot.org/help/uniref
http://www.ncbi.nlm.nih.gov/refseq/
http://www.prophane.de/
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2.2 Protein separation and mass spectrometric analyses of highly complex 

peptide mixtures 

During (meta)proteomics analysis complex protein extracts have to be separated prior to the 

identification of individual proteins (Figure 1). Until recently, two-dimensional gel 

electrophoresis (2DE) used to be the gold standard in protein separation (157). In the first 

dimension proteins are separated by a pH gradient during isoelectric focusing (IEF) and in 

the second dimension by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) according to their molecular mass. Separated proteins are subsequently trypsin-

digested “in-gel” and the resulting peptides are then (most commonly) identified by matrix 

assisted lased desorption ionization (MALDI) time-of-flight (TOF) mass spectrometry (MS).  

Another frequently used approach relies on the separation of proteins by one-dimensional 

SDS-PAGE (1DE) according to their molecular weight. Subsequently, proteins are digested 

“in-gel” into peptides by trypsin (Table 1). The resulting peptides are eluted from the gel and 

are separated in a second-dimension by reversed phase liquid chromatograph (RP-LC) 

based on the hydrophobic properties of the peptides. This separation strategy is also referred 

to as “gel electrophoresis - liquid chromatography” (GeLC). Alternatively, proteins are 

digested in solution, followed by peptide separation employing one, two- or multi-dimensional 

LC, which can be based on different chromatographic strategies, e.g. RP (reversed phase), a 

combination of SCX (Strong cation exchange) and RP, or RP-SCX-RP.  

Separated peptides are then directly injected into the mass spectrometer. Aim of the mass 

spectrometric measurement is the accurate determination of peptide masses, intensities and 

fragmentation patterns. State-of-the-art mass spectrometric protein analysis is performed in 

two steps and referred to as “tandem mass spectrometry” (MS/MS). During the first step the 

mass and intensity of intact peptides are determined (MS spectra). Subsequently, selected 

peptides (selection is based on the peptide intensity) are fragmented by collision-induced 

dissociation (CID) and masses of the resulting fragment ions are measured (MS/MS 

spectra). These fragment masses are essential for the subsequent identification of the 

corresponding peptide. Since peptide fragmentation is intensity-dependent, the described 

approach is referred to as “data-dependent acquisition”.  

In contrast to the above-described data-dependent MS technique, “data-independent 

acquisition” (DIA) allows the fragmentation of all peptides above the detection limit of the 

instrument in an untargeted and unbiased fashion. The so-called IMSE acquisition mode 

works in two-steps: (i) overview-scans alternating with (ii) a simultaneous fragmentation of all 

peptides. In most analytical setups, the peptide mixture is pre-fractionated prior to MS by RP-

LC (LC-IMSE).  
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2.3 Database construction  

The quality of the protein databases used to search MS-data have a crucial and often 

underestimated impact on (meta)proteomics data quality (Figure 1). Compared to databases 

employed for “classical” proteomics experiments, which mostly consist of protein sequences 

of one single well-characterized model-organism, metaproteomics databases often contain 

protein sequences from a multitude of different organisms and are thus extremely large 

(generally more than 106 entries). In order to reliably identify proteins of complex mixtures, 

the protein sequence of every protein present in the sample should be included in the 

database, which will be used for the data analyses. Moreover, common contaminations 

which originate from sample preparation and MS analysis should be included, e.g. trypsin 

and keratin. Additionally, redundant protein entries should be excluded from the database. 

Employing an inappropriate protein database dramatically increases the number of false 

positive protein identifications and subsequently leads to incorrect biological hypotheses (32, 

117).  

If the analyzed microorganisms are sequenced and well annotated, database construction is 

straightforward and basically consists of a combination of matching protein sequences with 

common contaminations. The same accounts for environmental samples if metagenome 

data of the identical or a closely related sample is available (55, 104, 147, 166, 198, 214). 

Metaproteomics data analysis gets, however, more challenging if no metagenome data are 

available. In this case, two strategies can be applied:  

(I) The first strategy is based on huge sequence collections containing protein sequences 

from almost all sequenced organisms until today (45, 182) e.g. provided by NCBI, UniProt 

or other databases. Compared to the above-mentioned metagenome-based approach no 

DNA-sequencing is needed to analyze mass spectra generated from environmental 

samples, which saves costs and time. However, working with such large sequence 

collections bears major disadvantages i.e. computational processing time increases with 

the size of the database and the number of assigned protein families from different 

taxonomic classes increases due to the increase of homologous peptides within the 

database. These problems can be reduced by a two-step searching approach, in which 

the database size will be reduced based on the proteins found in a first search in the 

entire database with loose filter criteria (103). This database reduction leads to higher 

reliability of the assignment of proteins to different functional and phylogenetic groups.  

(II)  The second metagenome-independent strategy to construct a sample-specific protein 

database is based on a preceding characterization of the taxonomic sample composition 

by 16S rDNA sequencing. The obtained taxonomic information can be subsequently used 

to generate a sample-specific protein database by extracting the protein sequences of the 
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identified phylogenetic units from the NCBInr database and to validate quantitative protein 

distribution. A drawback of this method is that the taxonomic groups found by the DNA-

based screening have to be available in any public database. In this case a virtual 

metagenome database including (curated) functional and taxonomic protein assignments 

can be constructed. 

 

2.4 Protein identification and quantification 

Analysis of proteomics data is performed hierarchically by sophisticated algorithms such as 

Sequest (54), Mascot (167) or MyriMatch (194). First, the acquired peptide and fragment 

spectra are assigned to computationally determined (theoretical) peptide masses, based on 

the employed protein database. Subsequently, these identified peptides are matched to 

protein sequences (Figure 1). 

In order to estimate false positive identifications, a false discovery rate (FDR) is 

calculated. The gold standard of FDR calculation relies on a database search against 

reverse protein sequences (decoy database) of the original database. Often these reverse 

sequences are fused with the original database consisting of forward protein sequences 

(108). However, if databases reach sizes above several gigabytes FDR estimations do not 

rely on target-decoy search approaches anymore (147, 181, 198, 214) (Table 2). Most 

commonly a probabilistic method is applied to estimate the accuracy of peptide 

identifications, i.e. the Protein Prophet algorithm (111, 154). Moreover, stringent filtering of 

protein identifications can be performed to reduce false positive identifications, e.g. replicate 

filters accepting identifications only if a protein was identified in two out of three replicates. In 

addition, a more stringent filter only allows protein identification based on two or more unique 

peptides.  

Peptide to protein matching is problematic since the connection between protein and 

peptide gets lost during tryptic digestion (153). Peptides can be matched to a specific protein 

in the database (= unique peptides) or to more than one protein (= shared peptides). The 

latter case causes the so-called “protein interference problem” (153): proteins that harbor 

shared peptides as well as unique peptides can be distinguished, however, no differentiation 

is possible if proteins are identified by only shared peptides. In this case proteins are 

clustered in “protein groups”. Protein grouping increases with the number of protein 

sequences in the database due to the increase of homologous proteins containing identical 

peptide sequences (184). Especially in metaproteomics approaches protein databases are 

often extremely large and contain high numbers of homologous protein sequences. To 

resolve protein groups, specific software i.e. Prophane (www.prophane.de (182)) or 

MetaProteomeAnalyzer (https://code.google.com/p/meta-proteome-analyzer/ (151)) is 

http://www.prophane.de/
https://code.google.com/p/meta-proteome-analyzer/
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needed to identify the smallest common denominator with respect to the phylogenetic origin 

and function of the respective proteins. Protein groups consisting of taxonomically or 

functionally heterogeneous proteins should be excluded from the analysis.  

Protein quantification can be performed by the aid of chemical labels or in a label-free 

fashion. Chemical labels are introduced via diverse methods, e.g. during growth of the 

organisms in synthetic media (stable isotope labeling by amino acids in cell culture (SILAC) 

(159)), during sample preparation on the protein level (isotope-coded affinity tag (ICAT) 

(185)) or the peptide level (isobaric tags for relative and absolute quantitation (iTRAQ) (213)). 

Protein quantification by chemically modified peptides is generally more accurate compared 

to label-free methods. Nevertheless, quantification via label-free approaches is characterized 

by larger dynamic range and is generally less cost intensive and time-consuming (152).  

Protein quantification in metaproteomics studies is most commonly performed by label-

free approaches (Table 2). In many studies the so-called spectral counting approach has 

been employed, where fragment ions of distinct peptides recovered from the MS/MS level 

are examined. It is well known that abundant proteins generate more distinct spectra than 

less abundant proteins. To normalize spectral counts from different samples the normalized 

spectral abundance factor (NSAF) is calculated (227). The sum of unique spectral counts per 

protein is normalized by the amino acid length of the corresponding protein, assuming that 

the digestion of a longer protein results in more tryptic peptides and therefore in more 

spectra than a short protein. These values are normalized by the sum of all protein values 

per sample.  

 

The second label-free quantification approach is based on the peptide intensity acquired 

during MS scans. Quantitative values are obtained via integration of peptide precursor 

peaks, the so-called area under the curve (AUC). It has been shown that the average of the 

three most intense peptide AUCs (Top3 or Hi3 approach) corresponds to the amount of 

protein (186). After AUC calculation, quantitative protein amounts are normalized by the sum 

of all proteins in the sample.  

 

In principle raw data suitable for NSAF calculation is also suitable for NAUC calculations. 

However, NAUC calculation needs to be performed by software, which is able to calculate 

AUC values. If NAUC calculation is based on GeLC-MS/MS (see above) one has to keep in 

mind that highly abundant proteins can be present in several gel blocks, which interferes with 
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some calculations implemented in the software. In our hands, the combination of Proteome 

Discoverer and Scaffold has proven to be best suited for the analysis of such samples, since 

identical distinct peptides identified and quantified from different gel blocks or retention times 

within a sample can be considered. In general, NAUC values enable a more precise 

quantification compared to the NSAF values. Because the linear dynamic range of NAUC 

values is higher, discrimination between high and low abundant proteins is enhanced (Figure 

2). A mixture of high and low abundant proteins is quite common in proteomics and 

especially important when host-pathogen interactions are investigated.  

 

Figure 2: Comparison of relative protein quantification methods. Displayed is the urinary proteome of 

one representative healthy person. Quantitative values: NSAF (normalized spectral abundance factor), 

NAUC (normalized area under the curve). 

 

2.5 Proteomics analysis of bacterial co-cultures to unravel interspecies 

interactions 

A better understanding of the molecular basis of interspecies interactions during 

polymicrobial infections is urgently needed for an efficient therapy. Even though numerous 

methods for label-free protein quantitation by mass spectrometry have been developed 

recently, a reliable approach for a “2DE-free” quantitative analysis of proteins expressed in 

microbial co-cultures has been still missing and needed to be established for the analysis of 

interspecies-interactions. To this end, P. aeruginosa and S. aureus or P. mirabilis were 

cultivated as co-cultures (AB) and as mono-cultures (A and B), respectively and protein 

profiles of were investigated as described below (Figure 3).  

To determine the abundance of the two bacteria in the mixed culture (AB), proteins 

extracted from the co-culture were analyzed by GeLC-MS/MS and NAUC values for proteins 
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uniquely assigned to either one or the other bacterium (A or B) were calculated. The 

probability to detect a certain peptide in a sample decreases with sample complexity. Thus, 

only samples with a similar complexity can be directly compared. To circumvent this problem 

an artificial sample was generated by mixing protein extracts of organism A and B grown as 

monocultures according their abundance in the mixed culture. This sample, which is 

characterized by a similar complexity and the sample derived from the mixed cultures has 

then been used as reference.  

 

Figure 3: Experimental design of the label-free proteomics workflow employed to investigate protein 

expression in bacterial co-cultures.  
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3 Proteome analyses aiming to elucidate the molecular basis of P. aeruginosa 

to different infection-related stresses 

P. aeruginosa, a gram-negative, rod-shaped and mono-flagellated bacterium, was first 

isolated from an infected wound by Carle Gessard in 1882 (69). P. aeruginosa occurs 

ubiquitously and can be isolated from diverse environments such as soil, water, plants, 

animals, or humans. Most prevalent human diseases caused by P. aeruginosa are 

pneumonia in CF patients, infections of burns, and CAUTIs (16). The respective infection 

sides differ remarkably in their local chemistry, nutrient availability or other factors, such as 

the human immune response or the presence or absence of co-infecting microorganisms. 

Nevertheless, P. aeruginosa is able colonize these highly different host environments by the 

expression of specific genes coded on its highly conserved genome (161, 204, 219). It’s 

therefore of outmost importance to investigate site-specific gene expression, e.g. by 

transcriptome or proteome analyses, to fully understand how P. aeruginosa can adapt to 

different infection scenarios. Before addressing our own investigations, the following 

paragraphs will briefly summarize what is already known on adaptation strategies of 

P. aeruginosa to different infection-sites antibiotics, and co-infecting pathogens.  

Early observations of infected wounds revealed a greenish coloration of the infection 

site. This was actually the first discovery of P. aeruginosa, which produces the greenish 

compounds pyoverdine and pyocyanin. The siderophore pyoverdine is especially secreted in 

iron-restricted environments, binds iron with high affinity and thereby enables the uptake of 

iron by cognate receptors (39). In vivo transcriptome analyses of P. aeruginosa directly 

derived from infected wounds revealed that genes involved in iron-uptake were highly 

expressed compared to in vitro growth conditions, where iron was not limited (14, 15). 

Moreover, genes involved in cell-shape determination (mreD and mreB), the osmoregulatory 

choline-glycine betaine pathway (glpD, betB, and betI), and genes up-regulated during zinc 

starvation in Pseudomonas protegens (PA3600 and PA3601) were found to be highly 

expressed under in vivo conditions (14, 129). Transcriptome analyses of P. aeruginosa gene 

expression in a murine burn model indicated that the superoxide response regulator gene 

(soxR), the gene for a malate synthase G homologue (glcG), an antisense transcript of a 

putative regulator responding to copper (copR) and the PtrA suppressor of the type III 

secretion system (T3SS) were highly expressed in vivo (81). Interestingly, it has been shown 

that the copper responsive CopR–CopS two-component regulatory system (TCS) induces 

PtrA expression and thereby suppresses T3SS expression during infection of a burned 

mouse model by P. aeruginosa (82). On the contrary, a comprehensive study on 

P. aeruginosa gene expression during infection of two different murine wound models (burn 

and chronic) revealed that the transcription of genes involved in type 2 and 3 secretion was 

enhanced. Notably, it has been shown that T3SS contributes to P. aeruginosa fitness in both 
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wound models (203). The same study revealed that P. aeruginosa genes involved in cell 

envelope biogenesis were differentially expressed when infections of burns and chronic 

wounds were compared, indicating infection-site specific alterations of the cell-surface. By 

infecting burn and chronic wounds with auxotrophic P. aeruginosa strains the authors 

demonstrated that many amino acids are available in vivo, which was also mirrored by the 

fact that transcripts of genes involved in amino acid biosynthesis were less abundant under 

in vivo conditions. Other amino acids, cofactors, and metabolites such as purines, 

spermidine, putrescine, and riboflavin were unavailable in vivo and genes involved in their 

synthesis were highly expressed during infection. It was also shown that long-chain fatty 

acids serve as a major carbon source in vivo and mutants in genes encoding for proteins 

involved in long chain fatty degradation (faoAB) are attenuated in the wound infection model.  

Bacterial adaptation to the CF lung starts in the early childhood of patients after initial 

colonization by P. aeruginosa strains. Long-term adaptation of P. aeruginosa to the CF lung 

has been studied most extensively (4, 61, 95, 189). Investigations on longitudinally sampled 

P. aeruginosa CF-isolates revealed that several different clonal lineages can persist over 

years in the same patient (145, 189). Up to one third of the isolates can be designated as 

“hypermutable” (158). These mutator-linages accumulate three mutations per year compared 

to 0.25 mutations per year in non-mutator lineages (145). Adaptive mutations of 

P. aeruginosa in the CF-lung can result in diverse phenotypes such as the production of high 

amounts of mucus, amino acid auxotrophy, avirulence or antibiotic resistance (8, 9, 189). 

The transition from a non-mucoid to a mucoid P. aeruginosa phenotype is caused by 

overproduction of the exopolysaccharide alginate, which can be due to mutations in the 

alginate biosynthesis operon (algD-A) or in corresponding regulators (mucABCD) (19, 74, 

172). Interestingly, mutations in the anti-sigma-factor MucA lead to an active sigma-factor 22, 

which induces the transcription of genes involved in alginate production, heat shock 

response, osmotic stress and oxidative stress. In turn, sigma-factor 22 negatively regulates 

the expression of proteins involved in motility or virulence (i.e. flagella, pili, T3SS, Rhl 

quorum sensing signal synthesis and rhamnolipid production) (141, 174, 222). Alginate 

overproduction also prolongs the persistence of P. aeruginosa within the CF-lung by (i) 

increasing its resistance against hypochlorite, reactive oxygen species and antibiotics, (ii) 

preventing neutrophil attraction and complement system activation, (iii) protecting bacterial 

cells against macrophage-killing, (iv) and modifying biofilm structures (86, 124, 165, 187). 

Due to the relatively high concentration of amino acids in the CF lung, auxotroph 

P. aeruginosa strains can be isolated from CF sputum (8, 9, 199). Most commonly 

methionine auxotroph strains have been found, more rarely also leucine, arginine, valine, 

histidine, tryptophan, lysine and isoleucine auxotroph strains were identified (8). Notably, the 

expression of genes involved in amino acid synthesis was found to be reduced when 
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P. aeruginosa RNA expression profiles from cells grown in sputum were compared to cells 

grown in complex media, whilst transcripts of genes coding for amino acid transporters were 

highly expressed under these conditions (163). In CF lung isolates commonly loss-of-function 

mutations in the gene coding for the quorum sensing transcriptional regulator LasR can be 

observed (189). These mutations lead to a less virulent phenotype since LasR-dependent 

genes code for various virulence factors, e.g. the alkaline elastase LasB. Interestingly, LasR-

inactivation also enhances the capability of P. aeruginosa to grow on certain amino acids, 

especially phenylalanine (44).  

It´s well-known that during infection of the CF lung, the catheterized urinary tract or 

wounds P. aeruginosa needs to cope with oxygen-limitation or even anaerobe conditions (12, 

190, 220). Moreover, obligate anaerobe organisms often co-colonize these infection sites 

(84, 177, 202). Major metabolic adaptations to the absence of oxygen rely on the oxygen-

sensitive Anr regulator, which induces the expression of proteins involved in denitrification 

and fermentation (57, 225). During denitrification four reductases (NarGHI, NirS, NorCB, and 

NosZ) enable anaerobic respiration by using nitrate and nitrite as electron acceptors. These 

reductases are also regulated by the nitrate-sensing NarXL TCS and the NO-responsive Dnr 

regulator (70, 183). Expression of proteins involved in arginine fermentation (arcDABC) is 

directly induced by Anr and can be enhanced by a second regulator, named ArgR (64, 132, 

205). During fermentation ATP is generated by the conversion of arginine to ornithine. Anr-

regulated pyruvate fermentation allows P. aeruginosa to survive under anaerobic conditions, 

but does not lead to sufficient ATP-production enabling growth (57). Most interestingly, 

oxygen-limitation also induces an increased antibiotic tolerance in P. aeruginosa (17, 59, 89). 

However, the molecular basis of oxygen-dependent antibiotic resistance mechanisms is still 

unclear.  

Ciprofloxacin is a broad-spectrum antibiotic and belongs to the family of synthetic 

quinolones, which inhibit the bacterial gyrase GyrA involved in maintaining DNA topology 

(68). Infections caused by P. aeruginosa are commonly treated with ciprofloxacin, but often it 

is impossible to completely eradicate the bacteria (40). This might be due to the high intrinsic 

antibiotic resistance of P. aeruginosa, but also the formation of biofilms that exhibit a 

dramatically increased antibiotic resistance compared to their planktonic counterparts (99, 

139). Transcriptome analyses have demonstrated that ciprofloxacin strongly induces the 

expression of about 35 bacteriophage-like R2/F2 pyocins in planktonic cultures of 

P. aeruginosa (21, 37). Mutations in this region lead to an increased resistance to 

ciprofloxacin (22). The same studies showed that ciprofloxacin induces the LexA-dependent 

SOS response. Sensing of single-stranded DNA by RecA activates autocleavage of the 

transcriptional repressor LexA, which in turn leads to the transcription of genes involved in 

DNA repair, i.e. RecNX, LexA, YebG (37). Also multi-drug efflux pumps, i.e. MexC and 
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MexR, have been demonstrated to be involved in the adaptation of planktonic P. aeruginosa 

cells to ciprofloxacin (193). Moreover, the diffusion-mediated uptake of ciprofloxacin into cells 

is reduced by decreasing the expression of porins, i.e. OprD, OprG, and OprI (21, 37). It has 

also been shown that periplasmic polymeric substances, e.g. glucans, are involved in 

ciprofloxacin resistance (138). Interestingly, the highest resistance against ciprofloxacin has 

been observed in clinical isolates harboring mutations in the gyrase GyrA, whilst mutations in 

efflux transporters seem to play only a minor role in resistance development (88, 149). 

Microbial infections are often caused by a combination of viruses, bacteria and fungi. It 

has been hypothesized that the presence and activity of one microorganism generates a 

specific niche that might then be colonized by other microorganisms (26). Also during 

P. aeruginosa infections of the CF lung, wounds or the urinary tract microbial co-colonizers 

are quite common (28, 29, 42, 46, 49, 62, 63, 71, 80, 96, 105, 133, 137, 170, 215, 218, 224, 

226). The most intensely studied polymicrobial infections are probably infections of the CF 

lung (29, 42, 71, 80, 133, 215, 226). Culture-dependent studies that investigated the 

microbial community in CF lungs have identified P. aeruginosa, S. aureus, members of the 

Burkholderia cepacia complex (Bcc), and Haemophilus influenzae as predominant CF-

associated pathogens, which form mostly consortia of low diversity (29, 71, 133). More 

recent studies, however, using culture-independent approaches have proven that the 

bacterial diversity in the CF-lung is much higher than previously anticipated. On average 

between 36 and 280 operational taxonomic units (OTUs, defined as species or strains that 

share ≥97% 16S rRNA sequence identity) per patient could be identified (42, 80, 215, 226).  

Wound infections are normally also polymicrobial, but compared to the CF lung their 

microbial diversity appears significantly lower. A short time ago, the identification of bacteria 

from infected wounds suffered from the typical limitations of culture-dependent approaches 

(63, 105). Culture-independent investigations of wound swaps indicate the presence of three 

to four times more taxonomic units (i.e. on average 3 to 13 different species) than estimated 

by culture-dependent approaches (46, 63, 105, 170, 218). Even though microbial diversity in 

wounds has been found to be much more complex than expected, P. aeruginosa and 

S. aureus were among the most frequently identified pathogens (46, 63, 105, 170, 218). 

Other bacterial species typically identified from wounds are Enterococcus sp., 

Enterobacter sp., Corynebacterium sp., Finegoldia sp., Peptoniphilus sp., Proteus sp., 

Salmonella sp., Serratia sp., and Stenotrophomonas sp. (46, 49, 170, 218).  

Compared to infections of the CF lung or chronic wounds, the microbial diversity during 

urinary tract infections (UTIs) is until now only poorly characterized. Most studies applying 

culture-dependent approaches revealed that Escherichia coli is by far the most commonly 

identified pathogen infecting the bladder (122). Depending on the patient´s clinical 
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environment (ambulance, hospital, nursing home), Klebsiella sp., Enterococcus sp., 

Streptococcus sp., Proteus mirabilis, P. aeruginosa and S. aureus have been identified as 

major uropathogens. Interestingly, catheter-associated biofilms causing UTIs have been 

found to often consist of multiple species, most frequently Enterococcus faecalis, 

P. aeruginosa, E. coli, P. mirabilis and Morganella morganii (28, 62, 96, 137, 224).  

Besides our knowledge on the frequent occurrence of polymicrobial infections, surprisingly 

little is known on the molecular basis of synergistic or competitive interactions between 

individual species of complex microbial communities. Recent studies dealing with these 

interactions have mainly focused on P. aeruginosa and S. aureus, which are frequently co-

isolated from CF lungs (33, 60, 85, 92, 113, 119, 136, 142). It has been noticed that 

P. aeruginosa is able to produce a compound that inhibits growth of several staphylococcal 

species, including S. aureus (136). Moreover, it was shown that 4-hydroxy-2-heptylquinoline-

N-oxide (HQNO) secreted by P. aeruginosa inhibits respiration and induces fermentation in 

S. aureus (60, 92). When S. aureus was grown for several days in the presence of HQNO or 

siderophores produced by P. aeruginosa, growth of S. aureus small colony variants (SCVs) 

resistant to aminoglycosides was induced (60, 92). Finally, it has been demonstrated that 

during co-cultivation S. aureus is lysed by P. aeruginosa in a Pseudomonas quinolone signal 

(PQS)-dependent manner and subsequently serves as an iron source for P. aeruginosa 

(142). P. aeruginosa is able to sense the peptidoglycan of co-colonizing bacteria, which in 

turn stimulates the production of lytic compounds such as pyocyanin, hydrogen cyanide or 

extracellular proteases, i.e. elastase LasB (33, 85, 113, 119).  

As mentioned above, CF-patients already infected with P. aeruginosa often get co-

infected with members of the Bcc. This observation suggests complex interactions between 

the co-colonizing pathogens. Both organisms employ N-acylhomoserine lactone (AHL)-

mediated cell-to-cell communication (quorum sensing) systems to regulate the expression of 

virulence factors in a cell-density dependent manner (51, 126, 127). It has been 

demonstrated recently, that Burkholderia cenocepacia is able to enhance biofilm formation of 

P. aeruginosa, however, without increasing its general capacity to establish chronic infection 

(20). On the contrary, P. aeruginosa is able to inhibit biofilm formation of B. cenocepacia 

under laboratory conditions (200). About two decades ago, McKenney et al. have shown that 

cell-free supernatant of P. aeruginosa induces the production of siderophores, lipase and 

protease by B. cepacia (143). More recently, it has been shown that B. cenocepacia is able 

to respond to quorum-sensing signal molecules produced by P. aeruginosa, which in turn 

leads to an increased production of the above mentioned virulence determinants. Notably, 

the observed interspecies signaling appeared to be unidirectional, namely only from 

P. aeruginosa to B. cenocepacia and not the other way around (176). However, 

P. aeruginosa co-isolated with B. cepacia from CF sputum was found to produce less AHL-
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signaling molecules than reference strains (66). Lastly, P. aeruginosa is able to sense 

Burkholderia sp.-produced ornibactin (212).  

Manifold molecular interactions between P. aeruginosa and fungal pathogens have been 

reported in the literature. The co-cultivation of Candida albicans and P. aeruginosa leads to a 

significant reduction of colony forming units of both organisms (7). In good accordance with 

this finding Kerr showed that P. aeruginosa is able to inhibit fungal growth (112). Recent 

studies revealed that P. aeruginosa is able to attach to filamentous, but not yeast-formed 

cells of C. albicans via type IV pili and subsequently kills the pathogenic fungus by the 

secretion of phospholipase C, pyocyanin and phenazines (93). Notably, the chitin-binding 

protein CbpD has been proven to be responsible for the strong physical interactions of 

P. aeruginosa with C. albicans hyphae (160). Intriguingly, C. albicans produces ethanol, 

which induces biofilm formation and the production of certain phenazines in P. aeruginosa, 

which in turn stimulate ethanol production of the yeast (34). In absence of ethanol, however, 

P. aeruginosa mainly produces phenazines with strong antifungal properties (34). 

Furthermore, C. albicans produces farnesol, a sesquiterpene, which decreases PQS- and 

pyocyanin production in P. aeruginosa (43). In turn, it has been shown that the quorum 

sensing signal 3-oxo-C12 homoserine lactone produced by P. aeruginosa inhibits 

filamentation of C. albicans (94). Notably, in mixed biofilms with C. albicans, P. aeruginosa 

secretes higher amounts of virulence factors and siderophores, whilst the fungal metabolism 

and the expression of proteins involved in iron-acquisition was found to be significantly 

reduced. 

 

3.1 Elucidation of molecular adaptation strategies of P. aeruginosa biofilms to 

ciprofloxacin by comparative integrated omics approach (study I) 

Even though the molecular adaptation of planktonically-grown P. aeruginosa to sub-lethal 

concentrations of ciprofloxacin has already been investigated by two transcriptomics studies 

(21, 37), it is still unclear whether similar adaptation mechanisms could also be observed in 

cells grown as biofilms under urinary tract-like conditions. In order to investigate this 

question, biofilms of the urethral catheter-isolate P. aeruginosa MH19 (208) were grown in an 

in vitro-urinary tract catheter system (48) in absence and presence of ciprofloxacin by our 

collaborators Sandra Kerstan and Ann-Kathrin Meyer (TU Braunschweig, Germany). The in 

vitro biofilm system was inoculated by exponentially grown cells and cells were allowed to 

attach to the catheter surface for two hours before the flow of artificial urine medium (AUM) 

was started. To investigate the long-term effect of ciprofloxacin on mRNA and protein 

expression biofilms were continuously cultivated in the presence of 0.6µg/ml (= minimal 

inhibition concentration for planktonic cells) antibiotics for 120 hours. In parallel, control 
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biofilms were grown in the absence of ciprofloxacin. To analyze the adaptation to 

ciprofloxacin on the protein level, biofilms from 1cm pieces were mechanically detached from 

the silicone surface, washed and stored at -80°C. Cell pellets were used for protein and 

mRNA extraction. For the proteome analyses, a whole-cell protein extraction protocol was 

used. Briefly, biofilm cells were solubilized in a urea-containing buffer and cell disruption was 

performed by sonication. Unlike bead beating approaches our optimized extraction protocol 

also works with very small amounts of sample. Moreover, DNA is randomly fragmented by 

sonication (53) with simplifies follow-up preparation steps without the addition of DNase. In 

order to concentrate the samples and to get rid of interfering substances an acetone 

precipitation was performed. After centrifugation the protein pellets were re-solubilized in the 

urea-containing buffer including 1% SDS. Protein extracts were separated in the first 

dimension by SDS-PAGE. Before trypsin digestion proteins were reduced and alkylated in 

order to resolve disulphide bonds, which would interfere with the subsequent MS analysis. 

Subsequently, peptides were analyzed by LC-MS/MS. We choose the GeLC-MS approach 

since it has been proven to result in higher proteome coverage and seems better 

reproducible compared to 2D- or multidimensional-LC-MS-based approaches (58, 169). 

Moreover, GeLC is compatible with detergent-containing buffers, which are often used to 

extract membrane proteins and the SDS-PAGE is ideally suited to clean the samples from 

contaminants, that would hamper trypsin-digestion or LC-MS (11). Mass spectra were 

searched against a strain-specific target-decoy protein database by the SEQUEST algorithm. 

Stringent filters were applied to accept protein identifications (replicate filter, FDR<1%) and 

relative protein amounts were estimated by NSAF calculation. Finally, statistic differences in 

relative protein amounts were determined by using t-test (p<0.05). 

In total, 254 proteins were identified to be more abundant or uniquely present in 

ciprofloxacin-treated P. aeruginosa biofilms, whilst 107 proteins were missing or found to be 

less abundant under the same conditions (Figure 4, Suppl. File 1). Proteins highly 

expressed in response to the presence of ciprofloxacin were identified as membrane efflux 

pumps (MexCE, AcrBF, SilC, OprJ), DNA helicases (RecNQ, RhlBE, DeaD), bacteriophage-

like proteins (PaMH19_5016, PaMH19_4325, PaMH19_402, PaMH19_432, PaMH19_4323, 

PaMH19_4324), proteins involved in LexA-dependent SOS response (RecNX, LexA, YebG) 

and or belonged to more general functional categories such as energy metabolism, protein 

synthesis, protein fate and amino acid biosynthesis. Proteins, which were low-abundant or 

absent in ciprofloxacin-treated biofilms were assigned as porins (OpdDH, OprDE, 

PaMH19_5194) or DNA binding proteins (HupA, PaMH19_1581, PaMH19_5313). Results 

from the parallel transcriptome analyses were partly in good agreement with our proteomics 

findings. Genes involved in the SOS-response (lexA, recA), multidrug efflux (mexC, oprJ, 

arcF, silC) and in DNA topology (recN, deaD) were found to be highly expressed in 
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ciprofloxacin-treated biofilms. Notably, also transcripts of the bacteriophage-like gene cluster 

(PaMH19 5002-5030) were found to be more abundant in the presence of ciprofloxacin. In 

accordance with the proteomics data, transcripts encoding porins (opdDH) were less 

abundant during antibiotic adaptation. Besides that, the overlap of the results gained from the 

transcriptomics and proteomics approaches appeared to be quite low. Whilst proteins 

involved in metabolic pathways, i.e. the tricarboxylic acid (TCA) cycle and amino acid and 

amine metabolisms, were found to be highly expressed in response to ciprofloxacin, this 

does not account for the corresponding coding genes. Moreover, transcripts involved in the 

uptake of nutrients such as amino acids, metals and carbohydrates were found to be less 

abundant during ciprofloxacin treatment, whilst our proteomics data indicated a slight 

increase in the abundance of these proteins. These differences might be explained by the 

fact that the biofilms for the transcriptome and proteome analyses were harvested at the 

identical time points.  

Results obtained by our complementary omics approach are in good agreement with 

former transcriptome studies on planktonically grown P. aeruginosa (see above) and thus 

indicate that molecular response of P. aeruginosa cells located in biofilms to ciprofloxacin 

strongly resembles the response of their planktonic counterparts (21, 37). In conclusion, 

short-term response of P. aeruginosa to ciprofloxacin seems highly multifaceted, whilst long-

term adaptation of P. aeruginosa to ciprofloxacin in clinical environments is mainly based on 

mutations in the GyrA coding gene (88, 149).  
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Figure 4: Voronoi treemaps (13) comparing the mRNA (A) and the protein (B) expression profile of 

P. aeruginosa MH19 grown in an in vitro-urinary tract catheter system with or without 0.6µg/ml 

ciprofloxacin for 120 hours. Protein functions are based on minor TIGRFAMS roles. Only proteins or 

transcripts with functional annotations and significant changes in abundance (in both approaches) are 

visualized. Transcripts and proteins, which were more abundant or uniquely identified in the presence 

of ciprofloxacin, were depicted in reddish colors, whilst proteins, which were less abundant or absent 

during ciprofloxacin treatment were depicted in bluish colors. Transcripts or proteins which did not 

exhibit a significant change in abundance were depicted in gray.  
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3.2 Proteome and carbon flux analysis of P. aeruginosa clinical isolates from 

different infection sites (study II) 

In order to get further insights into molecular mechanisms underlying niche adaptation of 

P. aeruginosa we investigated the expression rates of proteins commonly expressed by 

different clinical isolates from the CF lung (RN03, BT02, RN43, RN45), burn wounds 

(WS136, WS610, WS617, PA14) and the urinary tract (MH27, MH38, RN13) using 

P. aeruginosa PAO1 as a reference strain. Moreover, the metabolic diversity of our isolates 

was investigated by 13C-metabolic flux analyses in close collaboration with Antje Berger (TU 

Braunschweig) and Christoph Wittmann (University of Saarland) (Experimental Design see 

Article I - Material and Methods). All strains were cultivated in minimal medium containing 

glucose as carbon source and harvested in the mid-exponential growth phase. 

Subsequently, cells were lysed by bead-beating and cell debris was removed by 

centrifugation. The concentration of buffer-soluble proteins was determined and equal 

amounts were used for in-solution reduction, alkylation and trypsin digestion. Before MS 

analysis a defined concentration of yeast-derived alcohol dehydrogenase (ADH) peptides 

was added to the samples (Article I – Material and Methods). In order to compare 

expression profiles of the different strains we decided to apply a data-independent LC-IMSE 

approach (see above). The big advantage of this approach is that, in contrast to data-

dependent MS approaches, all peptides above the detection limit are identified and 

quantified. This leads to an increased detection of low-abundant peptides, an important 

prerequisite for a comprehensive and accurate comparison of our isolates. Protein 

expression rates were only considered if corresponding proteins were identified by an 

identical set of peptides, which were also present in proteins of our reference strains 

P. aeruginosa PAO1. Moreover, only proteins, which were identified by two unique peptides, 

were accepted. Due to these stringent identification and quantification filters, only a small 

number of proteins were analyzed in detail. In order to compare the relative protein amounts 

identified from the different strains the relative standard deviation (RSD) was calculated. In 

total, 363 proteins have been identified and relatively quantified in all of the 12 investigated 

strains (Article I Fig. 2, Suppl. File 2). Most of these proteins were quite constantly 

expressed when the different isolates were compared. Notably, the expression rates of 42 

proteins differed significantly between strains depending on the infection site they were 

isolated from. Constantly expressed proteins could be assigned to various functions, e.g. 

translation, post-translational modification and degradation, nucleotide biosynthesis and 

metabolism, transcription, RNA processing and degradation, energy metabolism, adaptation 

and protection, chaperons and heat shock response. Protein, expression of which varied 

strongly between the isolates, were mainly transcriptional regulators, membrane proteins or 

proteins involved in cell division, central intermediate metabolism, amino acid biosynthesis 
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and degradation, fatty acid and phospholipid metabolism, and biosynthesis of cofactors, 

prosthetic groups and carriers. Eight proteins involved in the transport of small molecules 

were showing particularly high variations. These proteins were localized in the periplasm, 

participated in iron (HitA, BfrB, PA5217) and amino acid transport (BraC, PA5153) or have 

been annotated as ABC-transporters (PA2204, PA3187, PA5076). Interestingly, isolates from 

the urinary tract expressed about three times more HitA and BraC compared to CF-lung 

isolates. Our observation might be explained by the fact that the viscous sputum of CF 

patients (162) contains much more nutrients than the urinary tract (27), i.e. the concentration 

of free amino acids is five times higher in sputum compared to urine. Moreover, the 

expression rates of OprH and PhoP encoded by the oprH-phoPQ operon were found to be 

highly variable between the twelve strains. More specifically, all isolates from burn wound 

infections exhibit elevated levels of both, OprH and PhoP. PhoP and PhoQ form a TCS that 

regulates the expression of the outer membrane protein OprH, which is involved in 

P. aeruginosa antibiotic resistance (67, 134). In addition, the TCS has been shown to control 

cytotoxicity and inflammation in response to contact with epithelial cells (67) and to be 

induced by low extracellular magnesium concentrations (79, 135). Our data are in good 

accordance to the finding that mutants of the response regulator PhoP or the membrane 

protein OprH show a reduced fitness during infection of the murine burn models (53). 

Our fluxome analysis revealed that all strains exclusively use the Entner-Doudoroff 

pathway and not glycolysis for pyruvate production independent from the infection site they 

have been isolated from (Article I Fig. 3, Suppl. File 3). However, the strains significantly 

differed in pathways, which re-direct carbon fluxes downstream of the pyruvate pool. Whilst 

isolates from the urinary tract employed the so-called glyoxylate shunt, lung and wound 

isolates did not use the anaplerotic reactions of the TCA cycle. The glyoxylate shunt is 

essential for growth on carbon sources such as acetate and is also involved in virulence (50, 

130). The integration of proteome and fluxome data did not indicate any clear correlation 

between protein amount and flux, but rather points to additional layers of regulation that 

mediate metabolic adaption of P. aeruginosa to different host environments.  

In conclusion, our data suggest that isolates from the urinary tract have to adapt to a 

rather nutrient poor environment (with respect of micronutrients and carbohydrates) 

compared to isolates from the CF lung. Even though iron limitation has been reported for 

both host environments (8, 70), we hypothesize that the iron availability in the urinary tract 

must be even lower than in the CF lung. Proteins that are constantly and highly expressed by 

P. aeruginosa strains isolated from different infection sites might be considered as promising 

novel targets for anti-infective compounds and thus our study might also inspire drug 

development for the treatment of P. aeruginosa infections. 
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3.3 Proteomic characterization of adaptive P. aeruginosa mutants isolated 

during CF-lung long-term colonization (study III, article I) 

During long-term colonization of the lung of CF-patients so-called adaptive mutations can 

accumulate in infecting P. aeruginosa strains (see above). Aiming on a deeper insight into 

molecular adaptation mechanisms of P. aeruginosa infecting the CF lung, complementary 

genome, transcriptome and proteome analyses of two clonal lineages (DK17 and DK41) 

isolated from lungs of two young CF patients (Figure 5 and 6, Suppl. File 4) were performed 

in close collaboration with Mikkel Lindegaard, Helle Krogh Johansen and Søren Molin 

(Technical University of Denmark, Lynby). As a starting point the genomes of the initial 

isolates (DK17 strain R isolated in 2007 and DK41 strain 366 isolated in 2008) and their 

clonal derivatives (DK17 strain G isolated in 2008, strain M and Y isolated in 2010; DK41 

strain 359 isolated in 2009, strain 380 isolated in 2010 and strain 364 isolated in 2012) were 

sequenced (Figure 5 and 6). Notably, clonal derivatives of lineage DK17 and DK41 exhibited 

often mutations in the Gac (global activator of antibiotic and cyanide synthesis) TCS system 

(107), and the sensor kinase RetS, i.e. DK 17 - strain G: retS, strain M: retS gacS and strain 

Y: retS gacA, DK41 - strain 359: retS gacS, strain 380: retS and strain 364: gacS.  

The GacA/GacS TCS is involved in the regulation of virulence, biofilm formation, and 

swarming motility of P. aeruginosa. The system consists of the sensor kinase GacS and the 

response regulator GacA. Phosphorylation and activation of GacA by GacS induces the 

translation of the small non-coding RNAs (snRNAs) RsmZ and RsmY (107). These snRNAs 

bind and thereby inactivate the RsmA repressor, which in turn leads to the induction of genes 

encoding proteins involved in secretion (T6SS (24)), pyocyanin and exopolysaccharide 

biosynthesis (24, 168) and hydrogen cyanide (168) production. These proteins are regarded 

as virulence factors and have been associated to chronic infection. If RsmA is not inactivated 

by RsmZ and RsmY, the above mentioned genes become repressed, whilst genes involved 

in motility (Type IV pili (24)), secretion (T3SS (24)), rhamnolipid biosynthesis (87) and lipid 

degradation (lipase (87)) and associated to acute infection become expressed. The 

GacA/GacS TCS is regulated by the membrane-located sensor kinases RetS and LadS. 

Activated RetS inactivates GacS by direct interaction, which in turn leads to the expression of 

genes associated with acute infection and the repression of genes associated to chronic 

infections (206). LadS acts in an opposite manner as RetS and activates GacS, leading to 

the expression of genes involved in chronic infection (206).  

To shed light on the role of the observed mutations on global gene expression 

complementary transcriptome and proteome analyses of all isolates were performed. To this 

end, all strains were cultivated in Lysogeny broth (LB) medium and harvested in the mid-

exponential growth phase. In order to compare expression profiles of the different strains a 
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data-independent LC-IMSE approach was performed as described for study II (Article I – 

Material and Methods). Based on reference peptides of yeast ADH, absolute protein 

quantities were calculated (Suppl. File 4). Moreover, a comprehensive transcriptome 

analysis was performed by our collaborators on samples harvested in parallel to the 

proteome samples (Suppl. File 4). During data analyses we mostly focused on the 

expression of mRNAs and proteins regulated by the GacA/GacS TCS. According to what 

was expected, mutations in retS resulted in enhanced expression of mRNAs and proteins 

associated to T6SS (Fig. 5 C and D, Fig. 6 C and D). A reduced expression of the pel and 

the psl operon could only be observed on the mRNA level in the retS-deficient strain G (Fig. 

5 A vs. C). In this strain also the expression of mRNAs encoding type IV pili and of the 

corresponding proteins was significantly reduced compared to the initial colonizer strain R 

(Fig. 5 A vs. C). Double mutations in retS and gacS induced in both clonal lineages the 

expression of transcripts and proteins associated with T3SS and type IV pili (Fig. 5 E and F, 

Fig. 6 E and F). Additionally, the expression of mRNAs and proteins associated with T6SS, 

pyocyanin biosynthesis and hydrogen cyanide (HCN) production were found to be repressed 

compared to the initial colonizers and the retS mutants (Fig. 5 A-F, Fig. 6 A-F). In the retS 

gacA double mutant the expression of genes associated with T3SS and type IV pili was 

strongly induced, whilst the expression of genes encoding proteins involved in T6SS, 

polysaccharide and pyocyanin biosynthesis and in HCN production was found to be 

repressed. Proteins involved in rhamnolipid biosynthesis and lipase were not detected, albeit 

their corresponding mRNA was found to be constantly expressed in almost all mutants with 

exception of the retS gacA double mutant in which the expression of mRNAs associated with 

rhamnolipid biosynthesis was found to be slightly repressed.  

In conclusion, our comprehensive expression analyses indicated that the initial 

P. aeruginosa isolates express numerous genes coding for proteins involved in chronic 

infection, i.e. related to T6SS, pyocyanin production, and polysaccharide biosynthesis. 

Analysis of retS mutants recovered from the same patients one or two years later indicated 

that the expression of these genes was even higher than in the initial colonizers. In contrast, 

clonal derivatives of the initial colonizers isolated three and four years later from the same 

patients and carrying retS gacA/S double mutations express a significantly higher amount of 

genes involve in acute infection, i.e. genes coding for T3SS and type IV pili.  
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Figure 5: Time line indicating the time points at which P. aeruginosa strains were isolated from CF 

patient A and the mutation(s) that were observed by genome sequencing. Voronoi treemaps depicting 

the expression of mRNA (A, C, E, G) and proteins (B, D, F, H) associated either to acute (T3SS, 

lipase, type IV pili and rhamnolipid biosynthesis) or chronic infection (T6SS, phenazines, Pel and Psl 

polysaccharide biosynthesis, hydrogen cyanide production,) of in the initial isolates and subsequent 

mutants. Identified mRNAs or proteins: red. Not identified: grey. Red color intensities correlate with the 

expression rates of the particular mRNA or protein. 
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Figure 6: Time line indicating the time points at which P. aeruginosa strains were isolated from CF 

patient B and the mutation(s) that were observed by genome sequencing. Voronoi treemaps depicting 

the expression of mRNA (A, C, E, G) and proteins (B, D, F, H) associated either to acute (T3SS, 

lipase, type IV pili and rhamnolipid biosynthesis) or chronic infection (T6SS, phenazines, Pel and Psl 

polysaccharide biosynthesis, hydrogen cyanide production,) of in the initial isolates and subsequent 

mutants. Identified mRNAs or proteins: red. Not identified: grey. Red color intensities correlate with the 

expression rates of the particular mRNA or protein. 
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3.4 Structure and function of urinary tract catheter biofilms as revealed by 

cultivation-independent 16S rRNA gene-sequencing and metaproteomics 

(study IV) 

The majority of bacterial biofilms growing in and on urinary tract catheters contain more than 

one species (28, 62, 96, 137, 224). Until now, most studies dealing with the bacterial 

diversity on these biofilms have been based on culture-dependent approaches. However, 

culture-dependent approaches often fail to identify all bacterial species present in a certain 

(host) environment, as many bacteria cannot be cultured under laboratory conditions. 

Therefore, we decided to analyze the phylogenetic diversity of five selected catheter-

associated multi-species biofilms by two complementary culture-independent approaches, 

i.e. a metaproteomics approach and single strand conformation polymorphism (SSCP) 

analysis (Figure 7). Catheter-associated biofilms were cut into 1 cm pieces and directly used 

for protein and DNA extraction. To avoid loss of DNA or proteins bacteria were not enriched 

prior to the extraction. Due to the limited amount of available biomass on the catheters only 

one measurement per sample could be performed. In order to strip the biofilm from the 

catheter surface and to lyse the biofilm-associated bacteria for the metaproteome analyses, 

the pieces were transferred to a urea-containing buffer. Subsequently, samples were 

sonicated. The catheter pieces were removed and the remaining cell lysate was precipitated 

by ice-cold acetone. Resulting protein-containing pellets were solubilized in a urea-containing 

buffer in the presence of 1% SDS. In order to reduce sample complexity and contaminations 

proteins were separated by SDS-PAGE prior to trypsin digestion. The protein containing gel 

was cut into pieces, which were washed. Cysteine containing proteins were reduced and 

alkylated before trypsin digestion. Resulting peptides were eluted from the gel pieces, 

concentrated and desalted. These peptide samples were subjected to GeLC-MS/MS analysis 

employing a fast-scanning instrument (i.e. Orbitrap Velos). Database searches were 

performed on a Mascot-based software platform on the NCBInr database. Data analysis was 

performed by the metaproteomics analysis tool Prophane (www.prophane.de, 180) that 

evelautes protein groups identified by a common set of peptides. Proteins within these 

groups can be assigned to bacteria with different taxonomic origins. More rarely, proteins 

from these protein groups are assigned to diverse functions. The Prophane software is 

automatically searching for the smallest taxonomic and functional denominator for every 

protein group. If protein groups are too heterogeneous regarding taxonomy or function they 

become excluded from the dataset. Finally, Prophane calculates NSAF values for 

quantitative protein expression analysis.  

The metaproteomics analyses revealed in contrast to the SSCP analysis, which identified 

two to seven different taxonomic units in the selected biofilms, only the presence of one to 

five different bacteria (Figure 7, Suppl. File 5). This might be due to the fact that the SSCP 

http://www.prophane.de/
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analysis is highly sensitive and therefore also detects low abundant bacteria, whilst the 

metaproteomics analysis only identifies proteins from highly abundant and dominating 

taxonomic units. Proteins extracted from the biofilms could be assigned to Pseudomonas sp., 

Aerococcus sp., Proteus sp. and Enterococcus species, but not to potential fungal co-

colonizers. Proteins involved in iron, manganese, peptide and amino acid uptake indicating 

(micro)nutrient limitation were found to be highly expressed in the bladder environment. 

Interestingly, Pseudomonas sp. and Proteus sp. were found to express proteins associated 

to siderophore- and heme-uptake, whilst Enterococcus sp. was found to express proteins 

involved in manganese-uptake. Also proteins involved in amino acid and peptide uptake 

were proteins involved in the defense against reactive oxygen species (ROS), i.e. superoxide 

dismutase, catalase, peroxiredoxin and thioredoxin reductase, were found to be highly 

expressed in the biofilms. Notably, the expression of proteins associated with tellurite 

resistance and found in Proteus sp.- and Enterococcus sp.-dominated catheter biofilms 

suggest that so far uncharacterized resistance mechanisms might play an important role 

during colonization of the human urinary tract.  

In conclusion, the SSCP analyses indicated a higher diversity in the biofilms than the 

metaproteomics analyses that revealed that each of the tested biofilms was dominated by 

one or two genera, i.e. Pseudomonas sp., Proteus sp., Enterococcus sp. or Aerococcus sp.. 

Our metaproteome analyses also demonstrated the high expression of proteins related to 

iron- or manganese-, amino acid- or peptide-uptake systems (except in Aerococcus sp.) and 

thus highlights that these (micro)nutrients are limiting bacterial growth in the bladder. 

Moreover, numerous proteins involved in response to oxidative stress and starvation were 

found to be highly expressed by the different biofilm inhabitants. Notably, other “typical” 

virulence factors, e.g. hydrolytic enzymes, were not expressed or below the detection limit of 

our metaproteomics analyses.  
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Figure 7: Bacterial diversity of biofilms during catheter-associated urinary tract infections. Microbial 

diversity was determined by metaproteomics and SSCP analysis of five selected biofilms. Protein 

quantification and corresponds to the areas of the pie charts. 

 

3.5 A metaproteomics approach to elucidate host and pathogen protein 

expression during catheter-associated urinary tract infections (study V, 

article II) 

Long term-catheterization inevitably leads to catheter-associated bacteriuria caused by 

multispecies bacterial biofilms growing on and in the catheters. To shed light on structure, 

function and interactions between members of a selected mixed-species biofilm of a long-

term catheterized patient, metaproteome analyses of the biofilm was combined with in vitro 

proteome analyses of the dominating bacteria isolated from the biofilm and 16S rDNA 

sequencing (Article II Fig.1). Furthermore, the metaproteome of the corresponding urine 

was analyzed. Extraction, sample preparation and MS measurement of the biofilm-

associated proteins was performed as describes for study IV. However, in contrast to the 

above described database search against the NCBInr protein database, a sample-specific 

protein database was generated based on the taxonomic information gained from the DNA 

analysis. The database was complemented with human protein sequences and common 

contaminations. In order to unravel to which extend proteins of the human innate immune 

system are involved in defense mechanisms against CAUTIs, urinary proteomes of three 

catheterized patients were compared to three urinary proteomes from healthy persons. Data 

analysis of these urinary proteomes was performed employing a database containing human 

proteins and proteins of seven uropathogens most commonly found during CAUTI. Database 

searches were performed on a SEQUEST-based software platform and AUC values (see 

chapter 2.4) were determined for the identified proteins.  
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Our metaproteomics analyses and complementary 16S-rDNA sequencing demonstrated 

that the catheter biofilm is dominated by three bacterial species, i.e. P. aeruginosa, 

M. morganii and Bacteroides sp. (Article II Fig. 2, Suppl. File 6 and 7). After isolation of the 

two major biofilm inhabitants, P. aeruginosa and M. morganii, in vitro proteome analyses of 

the pathogens grown in artificial urine medium were performed (Article II Fig. 3 and 4, 

Suppl. File 8 and 9). A comparison of the in vivo and in vitro protein expression pattern 

identified iron limitation as one of the major challenges in the bladder environment. 

P. aeruginosa and M. morganii employ different strategies to adapt to the urinary tract. Whilst 

P. aeruginosa seems to express secreted and surface-exposed proteases to escape the 

human innate immune system and metabolizes amino acids, M. morganii is able to take up 

sugars and to degrade urea (Fig. 8). 

A second goal of our study was to elucidate the molecular interaction between the biofilm-

inhabitants and the human immune system. To this end urine protein profiles of three long-

term catheterized patients were compared with those of three healthy control persons 

(Article II Fig. 5, Suppl. File 10). The results indicate an elevated level of proteins 

associated to neutrophils, macrophages and the complement system in patient urine, which 

might point to a specific activation of the innate immune system in response to biofilm-

associated urinary tract infections. We thus hypothesize that the often asymptomatic nature 

of CAUTIs might be based on a fine-tuned balance between the expression of bacterial 

virulence factors and the human immune system.  

 

Figure 8: Proposed host-pathogen interactions during catheter-associated urinary tract infections due 

to P. aeruginosa (green), M. morganii (brown) and Bacteroides sp. (yellow), which form a multispecies 

biofilm on the catheter surface (detailed legend in Article II).  
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3.6 A proteomics approach to unravel interspecies interactions of the two 

uropathogens P. aeruginosa and P. mirabilis (study VI) 

Urinary tract catheters are often co-colonized by P. mirabilis and P. aeruginosa (see also 

page 24). A recent study of Siryaporn et al., investigating interactions between the two 

pathogens, however, indicated that P. mirabilis is able to reduce growth and biofilm formation 

of P. aeruginosa (188). The same authors also hypothesize that P. mirabilis outgrows 

P. aeruginosa due to a higher growth rate and faster swarming motility (188). P. mirabilis is 

known as a urease-degrading pathogen and increasing the pH in the urinary tract 

environment via ammonia production (192). Urine alkalization leads to magnesium saturation 

and precipitation with phosphate and ammonia, resulting in struvite ((NH4)Mg[PO4]) formation 

(75) and to the precipitation of calcium in form of apatite (Ca5(OH)(PO4)3). These precipitates 

are well known as urinary stones, which can be found in the bladder, ureter or kidney (76). 

During catheter-associated urinary tract infections urease-producing P. mirabilis is the major 

cause for catheter blockage and the formation of bladder stones (102, 192). Interestingly, 

biofilm co-cultivation of P. mirabilis and P. aeruginosa under laboratory conditions in a 

bladder model resulted in a delayed catheter blockage compared to the P. mirabilis mono-

culture (137).  

To shed further light on the molecular interactions of both uropathogens, a comparative 

proteomics analysis of co-cultured P. mirabilis HI4320 and P. aeruginosa MH19 grown as 

planktonic cultures in iron-depleted AUM, has been performed. Mono- and co-cultures of 

both bacteria were analyzed after five and eight hours of planktonic growth as described in 

chapter 1.5 (Fig. 9). Briefly, cells were resuspended in a urea-containing buffer and disrupted 

by sonication. The resulting cell lysates were mixed with ice-cold acetone to precipitate 

proteins and to get rid of contaminations such as salts and lipids. After centrifugation, protein 

pellets were solubilized in a urea-containing buffer supplemented with 1% SDS. As a starting 

point, samples generated from the co-cultures were analyzed by a GeLC-MS/MS approach 

and the ratio between P. mirabilis and P. aeruginosa was calculated based on relative 

protein amounts. Proteins quantification was based on AUC enabling a better differentiation 

between high and low abundant proteins compared to NSAF based quantification. In a next 

step, protein extracts gained from the mono-cultures were mixed according to the estimated 

ratio determined for the co-culture. Subsequently samples were analyzed and processed on 

a SEQUEST-based software platform. Since both strains were sequenced, a target decoy 

search was performed. 
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Figure 9: Analyses of co-cultured P. aeruginosa and P. mirabilis. During co-cultivation the growth of 

the individual strains was monitored by optical density (A) and fluorescence microscopy employing 

GFP-tagged P. aeruginosa and DAPI staining of all bacteria (B). Samples were taken after five (t1) 

and eight (t2) hours of growth and analyzed by GeLC-MS/MS. Comparison of P. aeruginosa protein 

abundance at t2 when comparing co-culture and mono-culture (C). OprH expression of P. aeruginosa 

in response to the addition of cell-free supernatants (SN) from different uropathogens or alkaline 

buffer. Shown is a Coomassie-stained SDS-PAGE of the membrane-enriched protein fraction (D). 

Urease activity of the tested uropathogens (E). Precipitates of cell-free supernatants of the different 

uropathogens or alkaline buffer after incubation with AUM (F). 
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Our proteomics analysis revealed that the presence of P. aeruginosa induces iron limitation 

in P. mirabilis, which is indicated by an increase of proteins involved in iron-acquisition, i.e. 

PMI2960, HmuS and PMI0842 (Suppl. File 11). In contrast, P. aeruginosa proteins involved 

in iron uptake, i.e. proteins responsible for pyoverdine synthesis (PvdHFLA), the ferric 

pyoverdine receptor FpvA, the ferric pyochelin receptor FptA, and the regulator PchR, were 

found to be less abundant after eight hours of co-cultivation (Fig.10). Since these 

observations were quite unexpected, we tested whether the increased pH might be 

responsible for the decreased expression of P. aeruginosa proteins involved in iron uptake. 

Indeed, growth of P. aeruginosa is inhibited by an increasing pH of the AUM (Fig. 11). 

Moreover, P. aeruginosa growth rate correlates to pyoverdine production that was monitored 

by fluorescence measurements as describes previously (171) (Fig. 11). Therefore, we 

suggest that the alkalization of the medium by P. mirabilis inhibits growth and interferes with 

pyoverdine production of P. aeruginosa. To further validate these findings, we monitored the 

growth of each bacterium during co-cultivation. To this end, P. aeruginosa was tagged 

chromosomally by the constitutively expressed green fluorescence protein (GFP). Samples 

were taken hourly from mono- and mixed-cultures, stained by 4′,6-Diamidin-2-phenylindol 

(DAPI) and counted by fluorescent microscopy. Since DAPI stained both uropathogens but 

only P. aeruginosa cells were GFP-tagged, the ratio of both species during co-cultivation 

could be calculated (Fig. 12 and 13). Cell counting supported the above describe growth 

inhibition as the growth rate of both strains was found to be reduced during co-cultivation 

compared to the mono-cultures (Fig. 12). Aiming on a more detailed picture of the molecular 

adaptation of P. aeruginosa to alkaline conditions, P. aeruginosa cultures were stressed by 

shifting the pH to 9 after four hours of growth. Stressed cells were harvested after additional 

three hours of growth in alkaline AUM and protein expression was analyzed as described 

above. In good agreement with our hypothesis, the alkaline growth conditions caused a 

significant decrease in the expression of proteins involved in iron uptake compared to the 

control cultures (Fig. 10).  

Notably, P. aeruginosa outer membrane protein OprH was found to be highly induced 

during co-cultivation with P. mirabilis (Fig. 9). The expression of OprH is controlled by the 

PhoP-PhoQ TCS. PhoP was also found to be strongly expressed in the co-culture compared 

to the mon-culture. It is well known that PhoP-PhoQ TCS senses the extracellular 

magnesium level (135). We thus hypothesize that struvite formation due to the AUM 

alkalization by P. mirabilis might lead to the reduction of soluble magnesium in the medium, 

which is then sensed by the PhoP-PhoQ TCS. To test this hypothesis, we enriched 

membrane proteins of P. aeruginosa grown in AUM and supplemented (1/4 (v/v)) with cell-

free supernatant of P. mirabilis overnight cultures. Membrane proteins were subsequently 

separated by SDS-PAGE and stained by Coomassie. Compared to controls, supplemented 
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the membrane proteome of supplemented P. aeruginosa cultures contained an additional 

protein band identified as OprH by MALDI-Tof-MS (Fig. 9 and 14). We could also show that 

OprH expression was induced if pH of the medium was increased to 9, even when the 

medium contained up to 2 mM magnesium. In addition, we tested, whether cell-free culture 

supernatants of other uropathogens, i.e. E. coli, Enterobacter cloacae or M. morganii were 

able to induce OprH expression. As figure 9 shows, this was not the case. This is in good 

agreement with the fact that struvite and/or apatite precipitates were observed after AUM 

incubation with P. mirabilis cell-free supernatant, but not with the supernatant of the urease-

negative uropathogens E. coli, Enterobacter cloacae or M. morganii (Fig. 9). In a next step, 

OprH expression of P. aeruginosa PAO1 and its isogenic phoP mutant was compared 

(Fig. 15) indicating that the phoP mutant does not express OprH. It seems that the observed 

OprH expression is completely dependent on PhoP since OprH could not be identified in the 

phoQ mutants during growth in P. mirabilis cell-free supernatant (Figure 15). Finally, OprH 

expression of P. aeruginosa grown in pooled human urine supplemented with P. mirabilis 

culture supernatant was monitored (Fig. 14). To this end, P. aeruginosa MH19 was grown for 

nine hours in urine before cell-free supernatant of P. mirabilis AUM-overnight cultures was 

added. After 15 hours of growth, P. aeruginosa was harvested and the extracted membrane 

proteins were visualized by Coomassie-stained SDS-PAGE. Also in human urine, OprH 

expression was found to be significantly induced in the presence of P. mirabilis supernatant.  

 

 

Figure 10: Voronoi treemaps indicating different iron-uptake mechanisms in P. aeruginosa PAO1 (A) 

and the respective identified proteins (B and C). Expression of P. aeruginosa iron-uptake associated 

proteins after eight hours of co-cultivation with P. mirabilis (B) or after growth in AU medium shifted to 

pH 9 (C) compared to mono-cultures grown in standard AUM. Identified proteins: colored. Not 

identified: grey. Yellow to red coloring corresponds to increasing and light to dark blue coloring 

to decreasing protein amount, respectively. 
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Figure 12: Growth of P. aeruginosa and P. mirabilis during co-cultivation. P. aeruginosa was tagged 

chromosomally by constitutively expressed GFP. Samples were taken every hour during growth, 

stained by DAPI and approximately 200 fluorescent cells per sample were counted employing 

fluorescent microscopy. Since P. mirabilis and P. aeruginosa could be distinguished by their 

fluorescent staining, growth of the two species during co-cultivation could be followed (A and B). RFU 

corresponding to pyoverdine production of P. aeruginosa was determined by measuring fluorescence 

with a wavelength of 400 nm excitation and 460 nm emission (C). After eight hours of growth, 

pyoverdine was visible in the P. aeruginosa mono-culture (D) but not in the co-culture.  

Figure 11: Influence of the growth medium pH on 

growth and pyoverdine production of 

P. aeruginosa. Bacterial growth was determined by 

measuring the optical density at 600 nm (A). 

Pyoverdine production was followed by 

fluorescence measurement (Excitation: 400 nm, 

emission: 460 nm, relative fluorescent units (RFU), 

B) Ratio between OD and RFU (C).  
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Figure 13: The ratio between P. aeruginosa and P. mirabilis during co-cultivation was determined 

based on quantitative proteomics data (AUC) and by fluorescence microscopy after 300 and 480 min 

of growth.  

 

 

Figure 14: Expression of OprH in P. aeruginosa MH19 was visualized by separating the membrane-

enriched protein fraction by SDS-PAGE and Coomassie-staining. Cultivation was performed in AUM or 

urine and after four hours of growth (urine: 9 hours) the medium was supplemented with either 

P. mirabilis culture supernatant (SN), NH4Cl (final pH 9) or 2 mM magnesium or combinations of these 

components. After 3 (AUM) or 15 (urine) hours of growth in absence or presence of the supplements 

cells were harvested for further analyses of OprH expression.  
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Figure 15: Expression of OprH in P. aeruginosa PAO1 and oprH or phoP transposon mutants was 

visualized by separating the membrane-enriched protein fraction by SDS-PAGE and Coomassie-

staining. Cultivation was performed in AUM and after four hours of growth the medium was 

supplemented with P. mirabilis culture supernatant (SN). Cells were harvested after 3 hours of growth 

in presence of P. mirabilis SN. The identity of the OprH protein band was confirmed by MALDI-Tof-

MS. 

 

The PhoP-PhoQ two-component system is not only involved in sensing of extracellular 

magnesium but also mediates resistance to aminoglycosides, polymyxin B, and antimicrobial 

peptides (135) (Fig. 16). To this end, the TCS activates the expression proteins coded by the 

arnBCADTEF operon and modifying lipid A by the covalent addition of 4-aminoarabinose, 

resulting in resistance against polymyxin B and cationic peptides (73, 144, 148). Modified 

lipid A leads to an increased host inflammatory response (56). Mutants in phoQ are also 

impaired in twitching motility, biofilm formation and display an attenuated phenotype in rat 

lung tissue (25, 73, 173). In conclusion, we suggest that the pathogenic potential of 

P. aeruginosa might be induced by co-infecting urease-positive uropathogens such as 

P. mirabilis via Mg2+ limitation, which in turn affects the expression of regulators controlling 

LPS modification, type IV pili, and biofilm formation. 
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Figure 16: The P. aeruginosa PhoQ-PhoP TCS is activated by low concentrations of Mg
2+

 and Ca
2+

, 

by epithelial cells (67), extracellular DNA (eDNA) (150), during in co-infections with S. aureus (study 

VII) or P. mirabilis (study VI). Urease activity of P. mirabilis dramatically decreases the concentration 

of freely available Mg
2+

 or Ca
2+ 

in the bladder. Genes belonging to the core regulon of the PhoQ-PhoP 

TCS include oprH-phoPQ and arnBCADTEF (73, 144).  

 

3.7 A proteomics approach to unravel interspecies interactions of the CF-

pathogens P. aeruginosa and S. aureus (study VII) 

As described before, also the lung of CF-patients is often co-colonized by more than one 

bacterial pathogen, e.g. co-infections of S. aureus and P. aeruginosa can be observed in a 

relatively high number of patients (29, 42, 71, 80, 133, 215, 226). In order to unravel 

molecular interactions between P. aeruginosa and S. aureus, we performed a comparative 

proteome analysis of clinical P. aeruginosa and S. aureus CF isolates, which were kindly 

provided by our collaboration partner Barbara Kahl (Universitätsklinikum Münster, Germany). 

All strains originate from one patient and have been isolated between 1995 and 2012 from 

the patient’s sputum or throat (Fig. 17). S. aureus S1, S2 and S3 have been isolated in 1995, 

2008 and 2012, respectively. Multilocus sequence typing (MLST) revealed that these isolates 

belong to one clonal lineage. P. aeruginosa P1, P2 and P3 were isolated between 2011 and 

2012. Work to unravel, whether these isolated belong to one clonal lineage is in progress. 

For investigating molecular interactions between the two CF pathogens, the P. aeruginosa 

isolate P1 and S. aureus isolate S2 were chosen representing the earliest co-infection event 

that has been documented in this patient. Mono- and mixed-species were cultured in 

complex 3-(N-Morpholino)propansulfonsäure (MOPS) buffered medium. Samples for 
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proteome analyses were taken after seven and ten hours of growth. The cell pellets were 

resuspended in triethylammonium bicarbonate (TEAB) buffer and disrupted by bead beating. 

Cell debris was removed by centrifugation and resulting complex protein mixtures were 

separated by SDS-PAGE. Further sample preparation, MS and data analysis was performed 

as described in chapter 3.6.  

Growth of individual strains during co-culturing was monitored by fluorescence 

microscopy. To this end, S. aureus S2 was tagged by plasmid-encoded GFP and cells of  

S. aureus and P. aeruginosa were additionally stained by DAPI. As already observed for  

P. aeruginosa and P. mirabilis (study VI), growth of P. aeruginosa but also S. aureus was 

found to be significantly reduced in mixed-cultures compared to the pure culture controls. 

After seven hours of co-cultivation P. aeruginosa was even slightly overgrown by S. aureus 

(Figure 17). The comparison of the protein profiles of S. aureus and P. aeruginosa grown in 

mono- and mixed-species cultures indicated significant changes in the protein expression 

profiles of both bacteria in response to the presence of the respective co-cultivated strain 

(Suppl. File 12). Most interestingly, proteins involved in anaerobiosis, i.e. pyruvate-formate 

lyase-activating enzyme, alcohol dehydrogenase Adh, pyruvate-formate lyase PflA, 

acetolactate decarboxylase BudA1, and acetoin reductase, were found to be more abundant 

or uniquely expressed in S. aureus in response to the presence of P. aeruginosa. Notably, 

S. aureus proteins responsible for ROS detoxification, i.e. catalase KatA and superoxide 

dismutase SodA, were less abundant in during co-cultivation with P. aeruginosa. Our findings 

are in good agreement with a recently published study investigating molecular interactions of 

P. aeruginosa and S. aureus on the transcriptome level and demonstrating a strong 

expression of S. aureus genes involved in anaerobiosis (pflAB, adh and Idh) in response to 

the presence of P. aeruginosa (60). The authors showed that HQNO, secreted by 

P. aeruginosa and known to suppress respiration in S. aureus (92), was responsible for the 

activation of fermentation in S. aureus (60). Notably, some P. aeruginosa proteins, i.e. an 

alkaline protease, PhoP and OprH, which have been previously shown to be involved in 

P. aeruginosa immune evasion (98, 121) and antibiotic resistance (Fig. 16, (73, 144, 148)) 

were found to be induced by the presence of S. aureus. These results are in good agreement 

with our investigations on molecular interactions between P. aeruginosa and P. mirabilis in 

study VI we also observed an increase in the abundance of PhoP and OprH, which was 

probably due to the pH-dependent precipitation of magnesium and calcium in the medium. In 

contrast to P. mirabilis, S. aureus is not increasing the medium pH during co-cultivation. In 

conclusion, S. aureus must induce PhoP and OprH expression in P. aeruginosa by an 

alternative, yet unknown mechanism.  
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Figure 17: P. aeruginosa (P1-3) and S. aureus (S1-3) were isolated from one patient between 1995 

and 2012. Selected isolates (P1 and S2) marked by red circles were co-cultivated in a complex 

medium. Growth of P1 and S2 was monitored by fluorescence microscopy (lower left graph). After 

seven (t1) and ten (t2) hours samples were taken to perform comparative proteome analyses of mono- 

and mixed-cultures. Significant changes in protein expression during co-cultivation are indicated. 
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4 Metaproteomics analyses to unravel structure, function and interactions of 

fungi, algae and the bacterial microbiome in lichen symbiotic communities 

(study VIII) 

 

Lichens have been described as symbiotic communities consisting of a fungal and 

photosynthetic partner, also designated as myco- and photobiont (97). Whilst 98% of the 

lichen-forming and “shape-giving” fungi have been identified as Ascomycota, the 

photoautotrophic partner can either belong to algae and/or cyanobacteria (cyanobiont) (97). 

More recently, it has been shown, that the lichens are also colonized by multispecies 

bacterial biofilms; the functional role of these bacteria is still under investigation (31, 78). 

Lichens can also be co-colonized by non-symbiotic fungi (123). More than 1.000 different so-

called lichenicolous fungi have been described until today. Their host specificity is very high, 

since 95% of these fungi colonize only a single lichen genus. Non-lichen fungi can be easily 

distinguished from the mycobiont by their morphology and influence the lichen ecology, i.e. 

as commensals and pathogens.  

The lichen body, also termed thallus, is surrounded by a protective tight cortex of fungal 

cells (2). The algae are located below the upper cortex or close to the upper and lower cortex 

incorporated in dense fungal hyphae (medulla), whilst the cyanobacterial photobiont is 

located in enclosed capsules within the thallus, the so-called cephalodia (38, 106). It is well 

known that the photobiont fixes carbon via photosynthesis and secretes mobile 

carbohydrates (e.g. glucans such as ribitol, sorbitol or erythriol (91, 175)), which can be used 

as carbon source by the fungal partner (90). In return, the mycobiont supplies the 

photobionts with water and minerals. Lichens are able to grow in all different kinds of 

habitats, usually in nutrient-poor environments, where plants reach their physiological limits, 

e.g. above the timberline or in the tundra due to their enormous resistance against various 

environmental stresses such as heat, cold and desiccation.  

In recent years, various groups have been investigating the epiphytic model-lichen 

Lobaria pulmonaria (L.) Hoffm. also known for its use in herbal medicine due to the 

production of anti-inflammatory and anti-ulcerative compounds. L. pulmonaria predominantly 

grows on old deciduous trees (120, 178) in areas with high rainfall preferably in coastal, but 

also alpine regions. L. pulmonaria has turned out to be a suitable indicator for ecosystem 

health, forest biodiversity (156) and continuity in Europe (120, 178). During the last decades 

L. pulmonaria populations are constantly declining (178, 217). L. pulmonaria is formed by a 

an ascomycotal mycobiont, which surrounds an algal (i.e. Dictyochloropsis reticulata) and a 

cyanobacterial (i.e. Nostoc sp. (38)) partner. 

As mentioned above, the diversity and function of non-cyanobacterial prokaryotes living 

on lichens and designated as “lichen microbiome” is until now only poorly understood. Eighty 
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years ago first reports on bacterial lichen co-colonizers were published (reviewed in Grube 

and Berg (77)). In the last decade more sophisticated and holistic approaches were applied 

to investigate the bacterial community present on lichens employing culture independent 

methods. In 2008, fluorescence in situ hybridization (FISH) combined with confocal laser 

scanning microscopy (CLSM) was used by Cardinale et al. to investigate the spatial 

distribution of different bacterial taxa within Cladonia arbuscula (31). The authors showed 

that the majority of the bacterial co-colonizers belonged to the Alphaproteobacteria. 

Additionally, SSCP was applied to investigate C. arbuscula microbiome diversity, which 

indicated the dominance of Acetobacteraceae within the Alphaproteobacteria (31). A little 

later, the same research group compared the taxonomic composition of the microbiome of 

C. arbuscula with the one of two other alpine lichens Lecanora polytropa and 

Umbilicaria cylindrica employing FISH-CLSM and DNA-fingerprinting (78). More recently, the 

distribution of bacteria in rock-growing lichens, i.e. Parmelia sulcata, Rhizoplaca chrysoleuca, 

Umbilicaria americana and Umbilicaria phaea, has been investigated by Bates et al. (10) by 

16S rDNA sequencing and revealed the presence of 257 to 1,082 different bacterial 

phylogenetic groups depending on the lichen species. Also rock-associated lichens were 

dominated by Alphaproteobacteria. In 2011, an initial metaproteomics analysis of the lung-

lichen L. pulmonaria, assigning around 460 distinct proteins or protein clusters to 

phylogenetic and functional groups, indicated the presence of a highly diverse prokaryotic 

community dominated by the Alphaproteobacteria (182). High-throughput sequencing of 16S 

rDNA from L. pulmonaria sampled from different locations indicated that the samples shared 

an overall bacterial community composed of Proteobacteria (39.8–44.9%), Bacteroidetes 

(8.2–15.3%), Actinobacteria (6.1–20.0%), Cyanobacteria (9.1–9.7%), Verrucomicrobia (6.6–

8.9%), Acidobacteria (1.8–2.5%) and Planctomycetes (1.0–1.3%) which seems independent 

from the collection site (6). 

 

4.1 Overall structure and function of the lichen Lobaria pulmonaria (study VIIIA) 

In order to further improve our knowledge on structure and function of the lung-lichen 

L. pulmonaria a comprehensive state-of-the-art metaproteomics approach employing 

metagenomics and metaproteomics analyses of identical samples was employed. Since the 

initial metaproteomics study published by Schneider et al. in 2011 (11), technical advances in 

mass spectrometry led to an enormous increase of sensitivity and velocity. Moreover, the 

number of protein entries in publically available sequence collections increased significantly. 

Whilst the database used by Schneider et al. (180), i.e. the UniRef100 database contained 

only 7.200.000 entries, the NCBInr database used for the recent metaproteome analyses 

consisted of 59.642.736 entries. Based on these achievements, we decided to repeat our 
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metaproteomics analyses, which should result in a significantly higher number of reliably 

assigned proteins. To this end, thalli from L. pulmonaria were grounded under liquid nitrogen 

and proteins were extracted after several washing steps in TCA/acetone, methanol and 

acetone (211). As we intended to investigate all symbiotic partners within the lichen, we did 

not enrich the bacterial fraction. After protein precipitation the samples were processed and 

analyzed by the above-described GeLC-MS/MS approach employing a fast-scanning and 

highly accurate mass spectrometer (Orbitrap Elite). Subsequently, MS data were analyzed 

by a two-step approach on a Mascot-based software platform as described in chapter 2.3. 

First, data was searched against the entire NCBInr protein database containing 59.642.736 

entries. Based on the preliminary assignment of protein to different phylogenetic groups a 

second, much smaller subset database containing only 142.410 protein entries was 

constructed (103). As mentioned before, this approach improves peptide to sequence 

assignments and allows adding reverse protein entries to calculate the false discovery rate 

(103). Moreover, our MS-data were searched against a metagenome-derived protein 

database containing 2.473.550 entries to directly compare the metagenomics and 

metaproteomics data (Article III). However, the metagenome sequence data were generated 

from the enriched lichen microbiome and not from the entire L. pulmonaria sample. 

Metaproteomics data were further processed by the Prophane software as described above. 

Protein quantification was based on NSAF values.   

In total, almost 6.000 proteins or protein groups could be unambiguously assigned to 

diverse phylogenetic and functional groups, 13-fold more than in our first metaproteomics 

analysis (180). Our results indicate the presence of proteins assigned to the L. pulmonaria 

mycobiont, algal photobiont, cyanobiont, a lichenicolous fungus and diverse bacterial species 

forming the lichen microbiome (Fig. 18, Suppl. File 13). Moreover, a limited number of 

proteins have been assigned to the Archaea. Overall, the lichen metaproteome was 

dominated by proteins assigned to the Ascomycota mycobiont (2669 out of 5981 proteins 

that could be assigned to different phylogenetic groups). A significant number of proteins 

could also be assigned to a lichenicolous fungus belonging to the Basidiomycota, which, 

interestingly, only account for less than 5% of all lichenicolous fungi (123). However, the 

functional assignment of the proteins did not reveal whether the lichenicolous fungus acts as 

commensal or as pathogen. Notably, one functional group was found to be highly abundant 

in the lichenicolous fungus, namely proteins involved in intracellular trafficking, secretion and 

vesicular transport.  

271 proteins could be assigned to an algal origin, many of which involved in photosynthesis. 

As already mentioned it is well established that lichen photobionts synthesize and secret 

glucans, which are then taken up and metabolized by the fungus. However, our knowledge 

on the exact fungal glucan uptake-mechanism is still scarce. Notably, our metaproteomics 
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dataset contained also proteins that were assigned as fungal transport proteins belonging to 

the so-called major facilitator superfamily (MFS), which might be involved in the transport of 

soluble carbohydrates secreted by photobiont or cyanobiont. Several members of the MFS 

have already been proven to be involved in sugar uptake (209). Moreover, two fungal 

inorganic phosphate transporters were found possibly involved in the uptake of solubilized 

phosphate from the microbiome (see next paragraph). Based on the fungal protein dataset, 

which contains five fungal glutamate decarboxylases, we hypothesize that the fungus in turn 

provides nitrogen to the photobiont via the production of γ-amino butyric acid (GABA). GABA 

produced by α-decarboxylation is well known to act as nitrogen source for plants (18, 23). 

Moreover, GABA is involved in the regulation of the cytosolic pH, signaling and the protection 

against oxidative as well as osmotic stress and insects (18) and may also play an important 

role in protecting the lichen against various stresses.  

2.653 proteins of the lichen metaproteome were assigned to bacterial origin (see next 

paragraph). Out of these proteins, 135 proteins were assigned to Cyanobacteria. The 

detected cyanobacterial proteins were found to be predominantly involved in photosynthesis 

and nitrogen fixation.  
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Figure 18: Structure and function of the lichen L. pulmonaria based on metaproteomics data. (A and 

B) Voronoi treemaps based on NSAF values visualizing the phylogenetic composition of the lichen 

community. Eukaryotic (red) and the prokaryotic organisms (blue) are indicated. (C and D) Functional 

categories (KOG/COG categories plus photosynthesis and nitrogen fixation) based on TIGR functional 

assignments of eukaryotic (C) and prokaryotic (D) proteins.  
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4.2 Structure and function of the lichen’s microbiome (study VIIIB, Article III) 

Even though a multitude of studies have meanwhile investigated the phylogenetic 

composition of the lichen microbiome our knowledge on the functions expressed by lichen-

associated prokaryotes and their contribution to the symbiotic community is still scarce. To 

shed light on these functions we investigated the microbiome of the model lung lichen 

L. pulmonaria by a multi-omics approach in close collaboration with Martin Grube and 

Gabriele Berg (TU Graz). Metagenomics sequencing revealed that more than 800 different 

bacterial species were present on the lichen (Article III Fig. 1). The most abundant 

taxonomic groups were Alphaproteobacteria followed by Betaproteobacteria, Actinobacteria, 

Acidobacteria, and Bacteroidetes. Our metaproteomics analysis indicated the presence of 

only 541 different bacterial phylogenetic groups, which might be due to the lower sensitivity 

and resolution of the metaproteomics approach (Article III Fig. 5). The most abundant 

taxonomic groups found by metaproteomics were Alphaproteobacteria followed by 

Cyanobacteria and Acidobacteria. These results were confirmed by FISH-CLSM analysis 

(Article III).  

As mentioned before culture-dependent approaches are not suited to identify the entirety 

of microbes living in a certain habitat since the majority (~99%) of environmental prokaryotes 

is not able to grow under laboratory conditions (3, 100, 195). Nevertheless, functional 

screenings of cultured lichen isolates have suggested important functions bacteria may fulfill 

in the lichen consortia. Liba et al. have identified bacterial species, which were able to fix 

nitrogen, synthesize growth-promoting compounds (indole acetic acid (IAA) and ethylene) 

and solubilize phosphate (128). These observations were confirmed by a second study 

investigating Alphaproteobacteria and Firmicutes isolated from lichens (78). These isolates 

were found to mobilize phosphate and to produce indol-3-acetic acid (IAA) and exhibited lytic 

as well as antagonistic activities against other microorganisms (78). Especially in 

cyanobacteria-free lichens the microbiome might play an important role in N-fixation since 

the uptake of soil organic nitrogen by mat-forming lichens is not efficient (52). Another 

culture-dependent study also indicated that Actinomycetes isolated from lichens are able to 

produce antimicrobial compounds (72). Moreover, Streptomyces isolates from lichens were 

shown to produce uncialamycin, a potent antibiotic (47). These finding suggest, that the 

microbiome may protective lichens against invading pathogens.  

In our recent multi-omics study (Article III, Suppl. File 14) we were able to link structure 

and function of the L. pulmonaria microbiome on a global scale, including also the 

uncultivable part of the prokaryotic community (Figure 19). Notably, the microbiome 

expresses various proteins involved in phosphate solubilization. This is in good agreement 

with the finding that ~20% of the isolated lichen-associated bacteria were able to form 
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clearing zones on National Botanical Research Institute's Phosphate (NBRIP) agar, 

indicating the widespread ability of lichen-associated bacteria to solubilize micronutrients.  

The genomic sequencing revealed the presence of genes coding for T6SS. It is thus not 

surprising that members of the Acidobacteria, Alpha- and Betaproteobacteria were found to 

express proteins associated with T6SS, e.g. a hemolysin-coregulated protein, a type VI 

secretion ATPase and a type VI secretion protein. Not only antibacterial, but also antifungal 

activities were represented by genes coding for proteins involved in phenazine and 

clavulanic acid biosynthesis. Culture-dependent inhibition assays confirmed the production of 

antimicrobial compounds by lichen associated-bacteria (Article III, Suppl. File 14). Overall, 

we estimate that about 7% of the microbiome is able to exhibit antagonistic functions.  

Our genomic and proteomic data also indicate that the microbiome contributes to the 

synthesis of growth promoting hormones and cofactors, which may support photosynthesis 

e.g. coenzyme-B12, thiamine and biotin. Additionally, we hypothesize that the overall bacterial 

hydrolytic activity, indicated by the expression of proteases and chitinases, is contributing to 

the recycling of older thalli. These findings were confirmed by in vitro protease and chitinase 

assays, which demonstrate that 30 and 10% of the lichen-associated bacteria are able to 

degrade proteinogenic and chitin-containing substrates, respectively. Different from what was 

expected (see above) proteins involved in nitrogen fixation could only be assigned to 

cyanobacteria (Figure 18).  

In conclusion, our metaproteomic data indicate that a lichenicolous fungus belonging to 

the Basidiomycota was present on the investigated L. pulmonaria thalli. Moreover, fungal 

MSF transporter proteins were detected, which might be involved in the uptake of soluble 

carbohydrates produced by the photobiont. We hypothesize, that the mycobiont provides 

GABA as a nitrogen source to the photobiont. Interestingly, nitrogen fixation seems to be 

exclusively performed by the cyanobiont and not by bacteria belonging to the lichen 

microbiome. We could show, that the complex microbiome on lichens consist of more than 

500 different bacterial species and exhibits important symbiotic functions, i.e. the production 

of growth promoting and protective compounds, which could be also considered as novel 

antimicrobial drugs.  
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Figure 19: Schematic structure of a L. pulmonaria thallus indicating the functions contributed by the 

microbiome to the symbiotic community. Due to the lack of information the localization of the 

lichenicolous fungus is not indicated.  
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5 Concluding Remarks 

It is meanwhile well accepted that classical and meta-omics approaches on the 

transcriptome and/or proteome level are perfectly suited to elucidate microbial adaptation 

mechanisms to environmental and infection-related conditions/stresses. In study I we 

employed transcriptomics and proteomics to investigate the effect of ciprofloxacin on 

P. aeruginosa grown as biofilm under conditions mimicking the urinary tract. The 

ciprofloxacin-induced expression changes in P. aeruginosa biofilms are almost identical to 

those observed in planktonic cells in response to ciprofloxacin. One might therefore 

speculate that the enhanced antibiotic resistance observed for P. aeruginosa biofilms is not 

based on a biofilm-specific gene expression pattern, but rather caused by the remarkable 

physico-chemical properties of typical three-dimensional biofilms. Alternatively, a 

P. aeruginosa transposon mutant library could be screened for less resistant mutants to 

unravel biofilm-specific resistance mechanisms. Moreover, the above-described analyses 

should be extended to additional clinically relevant antibiotics or antibiotic mixtures. 

In study II we employed an integrated multi-omics approach to investigate how adaptive 

mutations during P. aeruginosa long-term colonization of CF lungs shape the mRNA and 

protein expression pattern and might thereby also affect the disease outcome. Our results 

indicate that initial P. aeruginosa isolates preferably express genes coding for proteins 

associated to chronic infection. In retS mutants, recovered later from the same patients, the 

expression of these genes was even elaborated compared to the initial colonizers. Clonal 

derivatives of the initial colonizers that were mutated in the retS and gacA or gacS genes and 

isolated about four years later, however, predominantly expressed genes associated with 

acute infection. Future experiments, evaluating the transcriptome and/or proteome of 

different pathogenicity model systems in response to the infection with the sequential CF-

isolates could contribute to a better understanding of the evolution of the host immune 

response during long-term colonization.  

In study III the expression profiles of twelve P. aeruginosa strains isolated from different 

clinical settings were compared by a LC-IMSE approach, which resulted in the identification 

and quantification of a set of 1573 peptides commonly expressed by all investigated strains. 

The generated information is perfectly suited to evaluate the expression of “core” proteins of 

so far non-sequenced clinical isolates and can also serve as a solid basis for targeted 

proteomic approaches, i.e. multiple reaction monitoring or SWATH. Albeit the here 

established approach is quite conservative (only 363 common proteins were identified), it is 

highly reproducible due to the fact that all peptides share the same ionization properties. The 

number of proteins identified as “commonly expressed in all strains” would certainly increase, 

if homologous proteins and peptides would be taken into account. However, this would 
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corrupt quantitation, since theoretically different peptides could be employed to quantify 

homologous proteins. The outcome of our study, namely the identification of highly abundant 

proteins that are constantly expressed by P. aeruginosa independent from infection site 

might to also provide novel targets for antimicrobial treatment.  

In study IV we showed that biofilms on urinary tract catheters can be considered as 

complex microbial communities dominated by one or two species. In study V we unraveled 

structure and function of a multi-species catheter biofilm and molecular interaction between 

the bacteria and their human host by combining in vivo and in vitro proteomics analyses. Our 

finding that iron is the major growth-limiting factor in the bladder environment strongly 

supports recent approaches employing iron-chelating antibiotics to treat (catheter-

associated) urinary tract infections. We speculate that the asymptomatic outcome of the 

biofilm growth is based on a fine-tuned balance between the expression of microbial 

virulence factors and the response of the innate immune system. Albeit we present here an 

important case-study, our findings are far from being universally valid since we neither 

investigated a sufficient number of patient biofilms nor had access to appropriate controls. To 

extend our knowledge on the molecular mechanisms underlying CAUTIs and the human 

immune response, serum as well as urine samples from patients prior and after 

catheterization should be investigated by in vivo and immuno-proteomics approaches.  

In study VI and VII we elucidated intra-species interactions between UT- and CF-

pathogens in a low-complexity model system by a GeLC-MS/MS-based proteomics 

approach. We demonstrated that co-cultivating of P. aeruginosa with P. mirabilis or S. aureus 

leads to an increased expression of P. aeruginosa proteins involved in antibiotic resistance, 

virulence and biofilm formation. Results gained from these experiments suggest that already 

the presence of one co-infecting species can dramatically affect the expression profiles of 

human pathogens and thereby also influence the infection outcome. Our approach provides 

a powerful tool to analyze the multiple interactions of co-infecting microbes under highly 

controlled conditions. Nevertheless, findings gained by the here described experimental 

setup need to be confirmed by in vivo proteomics analyses of co-infected pathogenicity 

models. 

In our last study VIII a combination of metagenomics and metaproteomics was employed 

to investigate functions contributed by the different symbiotic partners of the lung lichen 

L. pulmonaria. Our omics-analyses revealed that L. pulmonaria consists of an ascomycotal 

mycobiont, an algal photobiont, a cyanobiont, a lichenicolous fungus belonging to the 

Basidiomycota and a highly complex prokaryotic community forming the lichen microbiome. 

Based on the proteomics data we suggest that MSF transporters are involved in the fungal 

uptake of soluble carbohydrates produced by the photobiont. Furthermore, we hypothesize 

that the mycobiont provides GABA as nitrogen source to the photobiont and provide 
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evidence that the cyanobiont and not the microbiome is mostly responsible for nitrogen 

fixation. Most importantly, we demonstrated that the complex lichen microbiome consists of 

more than 500 distinct taxonomic groups and delivers important symbiotic functions, i.e. the 

production of growth promoting and protective compounds, to the lichen community. 

Nevertheless, we are still far from fully understanding the molecular mechanisms of how the 

prokaryotic microbiome contributes to the overall viability of the fungal and algal partner. 

Comparative omics-analyses of lichens “cultivated” in absence and presence of antibiotics 

that suppress bacterial growth might help to close this gap of knowledge.   
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List of abbreviations 

1DE   one-dimensional SDS-PAGE  

2DE   two-dimensional gel electrophoresis  

ADH   alcohol dehydrogenase  

AHL   N-acylhomoserine lactone  

AUC   area under the curve 

AUM   artificial urine medium  

Bcc   Burkholderia cepacia complex  

CAUTIs  catheter-associated urinary tract infections  

CF   cystic fibrosis 

DAPI   4′,6-Diamidin-2-phenylindol  

DC   differential centrifugation  

DIA   data-independent acquisition 

FDR   false discovery rate  

GABA   γ-amino butyric acid  

GAC    global activator of antibiotic and cyanide synthesis 

GeLC   gel electrophoresis - liquid chromatography”  

GFP   green fluorescence protein  

GI   gastrointestinal tract 

HCN   hydrogen cyanide  

HQNO   4-hydroxy-2-heptylquinoline-N-oxide  

IAA   indole acetic acid  

ICAT   isotope-coded affinity tag  

IEF   isoelectric focusing 

iTRAQ   isobaric tags for relative and absolute quantitation  

LB   lysogeny broth  

LTQ   linear ion trap mass spectrometer  

MALDI   matrix assisted lased desorption ionization  

MFS   major facilitator superfamily 
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MFS   major facilitator superfamily  

MLST   multilocus sequence typing  

MOPS   3-(N-Morpholino)propansulfonsäure  

MS   mass spectrometry  

MS/MS  tandem mass spectrometry 

n.a.   not available  

NBRIP   National Botanical Research Institute's Phosphate 

NSAF   normalized spectral abundance factor  

OTUs   operational taxonomic units  

PQS   Pseudomonas quinolone signal  

PR   reversed phase 

ROS   reactive oxygen species  

RP-LC   reversed phase liquid chromatograph  

RSD   relative standard deviation  

SC   spectral counting 

SCVs   small colony variants  

SCX   strong cation exchange 

SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SILAC   stable isotope labeling by amino acids in cell culture  

SN   supernatant 

SSCP   single strand conformation polymorphism  

T3SS   type 3-secretion system  

T6SS   type 6-secretion system  

TCA   tricarboxylic acid  

TCS   two-component regulatory system  

TEAB   triethylammonium bicarbonate  

TOF   time-of-flight  

UT  urinary tract 

UTIs  urinary tract infections 
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Appendix 

Evaluated primary data has been attached to the PhD thesis on a CD and includes:  

 

Supplementary File 1 - Data Transcriptome and Proteome Data Response P. aeruginosa  
                                       Biofilms to Ciprofloxacin          (Study I) 

This file contains mRNA and protein expression data from P. aeruginosa MH19 
biofilms grown either in the presence or absence of ciprofloxacin. Protein 
quantification is based on NSAF values.  

Supplementary File 2 - Data Proteome P. aeruginosa Clinical Isolates (Study II, Article I) 

This file contains protein expression data from P. aeruginosa PAO1 and different 
clinical P. aeruginosa isolates (from the CF lung, urinary tract or burn wounds) grown 
in minimal medium. Protein quantification is based on precursor intensities.  

Supplementary File 3 - Data Fluxome P. aeruginosa Clinical Isolates (Study II, Article I) 

This file contains carbon flux data from P. aeruginosa PAO1 and different clinical 
P. aeruginosa isolates (from the CF lung, urinary tract or burn wounds) grown in 
minimal medium.  

Supplementary File 4 - Data P. aeruginosa Isolates CF Lung (Study III) 

This file contains mRNA and protein expression data from two clonal P. aeruginosa 
linages isolated from two CF patients grown in LB medium. Protein quantification is 
based on precursor intensities.  

Supplementary File 5 - Data Catheter Biofilms Metaproteome (Study IV) 

This file contains metaproteomics data of five biofilms grown on urinary tract 
catheters. Protein quantification is based on NSAF values.  

Supplementary File 6 - Data Identification of Isolates and Biofilm Inhabitants (Study V,  
                                       Article II) 

This file contains information about the identification of the P. aeruginosa and 
M. morganii strains isolated from the urinary tract catheter biofilm by 16S rDNA 
sequencing. Moreover, information quantitative data about the abundances of the 
different biofilm inhabitant obtained by high throughput 16S rDNA sequencing of the 
urinary tract catheter biofilm are indicated.  

Supplementary File 7 - Data Metaproteom Catheter Biofilm & Associated Urine (Study V,  
                                       Article II) 

This file contains metaproteomics data of one selected urinary tract catheter biofilm 
and associated urine. Protein quantification is based on precursor intensities.  

Supplementary File 8 - Data P. aeruginosa in vivo & in vitro Biofilm (Study V, Article II) 

This file contains in vivo data of P. aeruginosa grown on a urinary tract catheter 
biofilm compared to in vitro proteomics data from the corresponding P. aeruginosa 
isolate grown as a biofilm in AUM. Protein quantification is based on precursor 
intensities.  
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Supplementary File 9 - Data M. morganii in vivo & in vitro Biofilm (Study V, Article II) 

This file contains in vivo data of M. morganii grown on a urinary tract catheter biofilm 
compared to in vitro proteomics data from the corresponding M. morganii isolate 
grown as a biofilm in AUM. Protein quantification based on precursor intensities.  

Supplementary File 10 - Data Metaproteome of Urine from Patients and Control Persons  
                                         (Study V, Article II) 

This file contains metaproteomics data of urine from three catheterized patients and 
three healthy control persons. Protein quantification is based on precursor intensities.  

Supplementary File 11 - Data Proteome Mono- and Co-cultured P. aeruginosa and  
                                         P. mirabilis (Study VI) 

This file contains proteomics data of P. aeruginosa and P. mirabilis grown as a co-
culture in AUM, proteomics data of the corresponding mono-cultures and proteomics 
data of P. aeruginosa grown in AUM and alkaline AUM. Protein quantification is 
based on precursor intensities.  

Supplementary File 12 - Data Proteome Mono- and Co-cultured P. aeruginosa and  
                                         S. aureus (Study VII) 

This file contains proteomics data of P. aeruginosa and S. aureus grown as a co-
culture in MOPS medium and proteomics data of the corresponding mono-cultures. 
Protein quantification is based on precursor intensities.  

Supplementary File 13 - Data Metaproteome L. pulmonaria (Study VIIIA) 

This file contains metaproteomics data of the lichen L. pulmonaria based on the 
NCBInr database. Protein quantification is based on NSAF values.  

Supplementary File 14 - Data Metaproteome L. pulmonaria Microbiome (Study VIIIB) 

This file contains metaproteomics data of the L. pulmonaria-associated microbiome 
based on the metagenome database. Protein quantification is based on NSAF values.  

Supplementary File 15 - Complete supplementary files of article I 

Supplementary File 16 - Complete supplementary files of article II 

Supplementary File 17 - Complete supplementary files of article III 
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