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Long-term catheterization inevitably leads to a catheter-
associated bacteriuria caused by multispecies bacterial
biofilms growing on and in the catheters. The overall goal
of the presented study was (1) to unravel bacterial com-
munity structure and function of such a uropathogenic
biofilm and (2) to elucidate the interplay between bacterial
virulence and the human immune system within the urine.
To this end, a metaproteomics approach combined with in
vitro proteomics analyses was employed to investigate
both, the pro- and eukaryotic protein inventory. Our pro-
teome analyses demonstrated that the biofilm of the in-
vestigated catheter is dominated by three bacterial
species, that is, Pseudomonas aeruginosa, Morganella
morganii, and Bacteroides sp., and identified iron limita-
tion as one of the major challenges in the bladder envi-
ronment. In vitro proteome analysis of P. aeruginosa and
M. morganii isolated from the biofilm revealed that these
opportunistic pathogens are able to overcome iron re-
striction via the production of siderophores and high ex-
pression of corresponding receptors. Notably, a compar-
ison of in vivo and in vitro protein profiles of P. aeruginosa
and M. morganii also indicated that the bacteria employ
different strategies to adapt to the urinary tract. Although
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. Most interestingly,
a comparison of urine protein profiles of three long-term
catheterized patients and three healthy control persons
demonstrated the elevated level of proteins associated with
neutrophils, macrophages, and the complement system in
the patient’s urine, which might point to a specific activation
of the innate immune system in response to biofilm-asso-
ciated urinary tract infections. We thus hypothesize that the
often asymptomatic nature of catheter-associated urinary
tract infections might be based on a fine-tuned balance
between the expression of bacterial virulence factors and
the human immune system. Molecular & Cellular Pro-
teomics 14: 10.1074/mcp.M114.043463, 989–1008, 2015.

Catheter-associated urinary tract infections (CAUTIs)1 ac-
count for up to 40% of all nosocomial infections and are thus
the most prevalent source of hospital-acquired infectious dis-
eases (1, 2). CAUTIs are mostly “asymptomatic” and charac-
terized by less than 105 colony-forming units per milliliter
urine, which do not cause any signs of infection or symptoms.
A symptomatic CAUTI, usually correlated to a number of
colony-forming units (CFUs) exceeding the above mentioned
threshold, is diagnosed when symptoms commonly associ-
ated with urinary tract infections (e.g. fever, dysuria, urgency,
flank pain, or leukocytosis) occur (3). The risk that CAUTIs
become symptomatic increases dramatically during catheter-
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ization because of the formation of bacterial biofilms on cath-
eter surfaces (4). This explains why the urinary tract of long-
term hospitalized patients represents the part of the human
body with the highest risk for acquiring sepsis caused by
Gram-negative bacteria (5, 6). Long-term catheterization is
commonly applied to elderly or disabled persons often for
many years (3). Considering the actual demographic develop-
ment in industrialized nations, problems caused by long-term
urinary tract catheterization will certainly increase.

Biofilm formation of bacteria on medical devices, including
implants, central venous catheters, and urinary tract catheters
has become a worldwide and severe problem (7–9). Surface-
associated bacteria, which are embedded in a complex matrix
of extracellular polymeric substances (EPS), are highly resis-
tant to antibiotics as well as to the human immune system and
therefore hard to eradicate (10–12). Biofilms growing on uri-
nary tract catheters have been demonstrated to often consist
of multiple (two to six) species (5). Most frequently Pseu-
domonas aeruginosa, Proteus mirabilis, Providencia stuartii,
Morganella morganii, Enterococcus faecalis, and Klebsiella
pneumoniae have been identified in biofilms of long-term
catheterized patients (13, 14).

Until now, the global adaptation mechanisms of uropatho-
gens to their respective habitats, including P. mirabilis, E.
faecalis, and Escherichia coli, have been preferentially ana-
lyzed by ex vivo cultivation in human urine (15–17), by em-
ploying murine models (18, 19) or in the human urinary tract
(20). The mentioned studies identified the lack of freely avail-
able trace metals, especially iron, as a major limiting factor in
human (and murine) urine during urinary tract infections
(UTIs). For uropathogenic P. aeruginosa a strong iron limita-
tion response was observed when cultured as colony biofilm
for 6 days on artificial urine medium (AUM) agar (21). More-
over, fimbrial genes, like mrp and fim, were found highly
expressed in uropathogenic P. mirabilis and E. coli (18), high-
lighting the importance of bacterial adherence during CAUTIs.
Notably, mechanisms required for immune evasion including
changes in surface structures (19) and secreted proteases
cleaving proteins of the host immune system (20) have been
identified in uropathogenic E. coli strains. The facultative an-
aerobic Gram-negative M. morganii is a typical secondary
invader during multispecies infections. It can be isolated from
infected wounds, septicemia, and CAUTIs (22–24). This nat-
ural commensal of the human intestinal tract is often regarded
as a harmless opportunistic pathogen (25). However, some
strains are associated with large nosocomial outbreaks (26).
During infection, urease (27) and beta-lactamase (28) are con-
sidered to be involved in the maintenance of bacterial fitness
in M. morganii. Until today, transcriptome or proteome studies
targeting global gene expression of M. morganii are lacking
and its adaptation strategies to the urinary tract environment
remain widely unexplored.

Host response to UTIs is achieved by innate and adaptive
immunity (reviewed in (29, 30)). Initiated by pathogen recog-

nition via Toll-like receptors, a complex mixture of cytokines,
antimicrobial peptides, and proteins is released by infiltrating
neutrophils and the urothelium (31–33). Intensely studied pro-
tein-effectors are for example, defensins (34), cathelicidin (35),
lactoferrin (36), and the tamm-horsfall protein (37). Moreover,
the complement system is known to play an important role
during urinary tract innate immune response (38) by recogniz-
ing bacterial surface structures, followed by an activation of
complement cascades. During this process, the central com-
plement compound C3 is activated by C3 convertases, re-
sulting in activated C3a, a chemoattractant for neutrophils.
Furthermore, activated C3b covers the pathogen, which sub-
sequently becomes phagocytosed. Finally, the membrane at-
tack complex (C5–C9) forms a pore in the bacterial membrane
resulting in cell-lysis (38, 39). The role of the adaptive immu-
nity during UTIs has been discussed controversially. How-
ever, it is well-accepted that the humoral (40) and the cellular
(41) immunity are involved in the defense against uropatho-
gens. In contrast to the multitude of studies dealing with the
human immune response during planktonic UTIs, the impact
of catheter-associated UTIs on the innate and adaptive hu-
man immunity has not yet been investigated in detail.

The presented study therefore focuses on (1) the compre-
hensive analysis of structure and functionality of a multispe-
cies catheter biofilm dominated by P. aeruginosa and M.
morganii and (2) the elucidation of the molecular basis of the
complex interplay between bacterial virulence of P. aerugi-
nosa, M. morganii, and the human immune system in the
urinary tract environment. For this purpose, a semiquantitative
gel-free metaproteomics approach was employed to obtain a
global view on the corresponding in vivo protein profiles.
Additionally, in vitro proteome analyses of P. aeruginosa and
M. morganii grown in artificial urine medium were performed.
To our knowledge, here we present the first comprehensive
metaproteomics investigation of host–pathogen interactions in-
duced by catheter-associated microbial biofilms. The knowl-
edge gained in our study strongly contributes to a better under-
standing of P. aeruginosa and M. morganii urinary tract niche
adaptation, bacteria–bacteria and bacteria–host interactions
and the corresponding human immune response and will thus
also promote the development of novel strategies to fight
CAUTIs.

EXPERIMENTAL PROCEDURES

Sample Collection—Suprapubic urinary catheters and urinary
drainage bags were collected by the attending urologist after 28 days
of use from long-term patients with asymptomatic UTI living in a
German nursing home. All samples were completely anonymized.
Sampling and further processing have been approved by the ethical
review committee of the University Medicine in Greifswald (Internal
Registration Number BB 035/13). Immediately after collection, cath-
eters and urine were cooled on dry ice and stored for up to two hours
at 4 °C until sample preparation. Catheter tips were cut with a sterile
scalpel in 1 cm pieces, which were further processed (see below).

Protein Extraction from Catheter Biofilm—Small pieces of the cath-
eter tip (two times 1 cm) were transferred to 1 ml of urea-containing
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buffer (11 M urea, 3 M thiourea, 70 mM dithiothreitol (DTT), 4% (w/v)
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)).
The sample was incubated on ice for 5 min, mixed vigorously for 30 s
and then incubated on ice for 10 min; those steps were repeated
twice. Sonication was performed for 30 s and repeated five times to
dissolve and lyse the cells using a Sonicator (Type UW 2070, Bandelin
Electronics, Berlin, Germany). Subsequently, the catheter pieces were
removed and the remaining cell lysate was mixed with ice-cold ace-
tone (1:7, v/v). After centrifugation (14,000 � g, 12 °C, 40 min) the
resulting protein pellet was dried and solubilized in urea-containing
buffer supplemented with 1% SDS. Total protein concentration was
determined according to Bradford (42) employing the Coomassie
PlusTM Protein Assay (Thermo Fisher Scientific Inc.). The absorbance
was measured at 595 nm. The protein concentration was calculated
using a bovine serum albumin (BSA) standard (Thermo Fisher Scien-
tific Inc.). Metaproteomics analysis was performed in three technical
replicates, that is, the protein extract from the catheter biofilm was
divided into three subsamples.

Protein Extraction from Urine—Urine samples (200 ml) from three
urinary drainage bags from catheterized patients or collected from
three healthy control persons were centrifuged for 20 min at 4 °C at
6000 � g and the resulting supernatants were mixed with 20% (w/v)
trichloroacetic acid and kept overnight at 4 °C. Subsequently, sam-
ples were centrifuged for 40 min at 14,000 � g at 4 °C, the resulting
protein pellets were washed twice with 70% EtOH and thereafter
solubilized in a urea-containing buffer with 1% SDS. Protein concen-
trations were determined as described above. Metaproteomics anal-
yses were performed in three technical replicates, that is, the protein
extracts from urine were divided into three subsamples.

Protein Extraction from P. aeruginosa and M. morganii Planktonic
Cultures and In Vitro Biofilms—All in vitro proteomics analyses were
performed with protein extracts of three biological replicates. Plank-
tonic cultures of the P. aeruginosa and M. morganii isolates (see
below) were grown in artificial urine medium (AUM) based on the
recipe of Brooks and Keevil (43) with slight modifications (uric acid
0.333 g/l, Na2SO4 1.4 g/l). To this end, 100 ml media were inoculated
to an OD600 nm of 0.01 with freshly grown AUM overnight cultures and
subsequently incubated at 180 rpm at 37 °C. Cells were harvested in
the early stationary growth phase by centrifugation at 6,000 � g for 10
min at 4 °C. Proteins were extracted from the resulting cell pellet as
described above. The corresponding supernatants were filtered
through a 0.2 �m pore filter and concentrated by a vivaspin 20
concentrator (3 kDa MWCO, GE Healthcare) followed by protein
precipitation with ice-cold acetone (1:7, v/v) for the investigation of
the secretome.

Biofilms were grown on silicone catheters, which were placed into
planktonic AUM cultures, inoculated to an OD600 nm of 0.01 and
cultivated for 24 h at 50 rpm at 37 °C. Before harvesting the biofilm,
the catheter was washed three times with 1⁄4 ringer solution. Protein
extraction from biofilm-grown P. aeruginosa and M. morganii was
performed as described above.

One-Dimensional SDS-PAGE and Tryptic Digestion—The ex-
tracted proteins (30–40 �g of protein per biological or technical
replicate) were separated on a 12% SDS-polyacrylamide gel (44) and
stained overnight with Colloidal Coomassie Brilliant Blue G-250 as
described previously (45). Gel blocks were excised from the gel and
proteins were digested with trypsin as follows: the excised gel pieces
were destained using 50% (v/v) methanol in 100 mM NH4HCO3.
Proteins were reduced in 50 mM NH4HCO3 by using 10 mM DTT for 30
min at 60 °C and carbamidomethylated/alkylated in 50 mM NH4HCO3

containing 50 mM iodoacetamide for 60 min in the dark at RT. Sub-
sequently, gel pieces were dehydrated using 100% ACN and allowed
to dry. Modified trypsin (sequencing grade, Promega, Fitchburg, WI)
was added to a final ratio of 1:10 (trypsin/sample) in 50 mM Tris/HCl,

pH 7.5, and the sample incubated at 37 °C overnight. Peptides were
iteratively extracted from the gel by a six-step procedure, using ACN,
1% (v/v) formic acid in H2O, acetonitrile, 10% (v/v) formic acid and
two times acetonitrile. Peptide-containing supernatants were pooled
and completely dried using a Speedvac concentrator (Eppendorf AG,
Hamburg, Germany). Samples were subsequently resolved in buffer A
(5% (v/v) ACN, 0.1% (v/v) formic acid) and desalted using ZipTips
(C18, Merck Millipore, Billerica, MA). Finally, peptides were again
vacuum-dried and stored at �20 °C.

Mass Spectrometric Analyses—The tryptic digest was applied to a
reversed phase (RP) chromatographic system (Easy-nLC II operated
in “one column setup” (Thermo Fisher Scientific, Waltham, MA))
equipped with a self-packed RP C18 separation column (100-�m
i.d. � 200 mm length) as published by Teeling et al.(46). Peptides
were loaded and desalted on the column followed by elution from the
column by a binary gradient of buffers A (0.1% (v/v) acetic acid) and
B (99.9% (v/v) ACN, 0.1% (v/v) acetic acid) over a time of 100 min at
300 nl/min. For the analysis of peptide mixtures derived from gel
blocks of one gel lane (corresponding to one sample) injection vol-
umes were kept constant. The chromatographic system was coupled
on-line to an LTQ-Orbitrap-Velos mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) equipped with a nanoelectrospray ion
source. Samples were measured in data-dependent manner with
repeated cycles of overview scans in the Orbitrap (r � 30,000) with
the lock-mass option enabled, followed by MS/MS acquisition of the
20 most intensive precursor ions in the linear ion trap. Dynamic
exclusion was enabled.

Database Assembly and Data Analysis—Phylogenetic information
obtained by 16S rRNA gene sequencing was used for the construc-
tion of a sample-specific virtual metagenome database designated as
“catheterDB” as described by Okuda et al. (47). This database con-
tained 342.642 nonredundant protein entries, that is, all available
proteins from Homo sapiens, P. aeruginosa, M. morganii, and Bacte-
roides sp. extracted from the NCBInr protein database (version
18.01.13). A second database used for protein assignments from
urine samples was designated as “urineDB” and contained 46,415
entries, that is, reference proteomes of H. sapiens, P. aeruginosa, M.
morganii, E. faecalis, E. coli, P. mirabilis, and Bacteroides fragilis
(Uniprot, version 17.10.14). Because we were in particular interested
in human proteins identified in the urine, the additional microbial
entries (compared with “catheterDB”) were thought to minimize false
positive assignments to human proteins.

Proteome discovererTM software (version 1.4, Thermo Fisher Sci-
entific Inc., Waltham, MA) was used to validate MS/MS-based pep-
tide and protein identifications. Sequest HT database searches were
performed with raw files as MudPit experiments. The following search
parameters were used: enzyme type, trypsin (KR); peptide tolerance,
10 ppm; tolerance for fragment ions, 0.6 Da; b- and y-ion series;
variable modification, methionine (15.99 Da) and carbamidomethyla-
tion (57 Da); a maximum of three modifications per peptide was
allowed. The percolator node was used to filter peptide identifications
based on a fixed false discovery rate (FDR) of 1% depending on a
target-decoy approach. Peptide identifications were accepted when
they could be established on Sequest: deltaCn scores of greater than
0.05 and XCorr scores of greater 2.2, 3.3, and 3.75 (XCorr filter) for
doubly, triply, and quadruply charged peptides. Protein identifications
were based on at least two identified distinct peptides per protein.
Moreover, only proteins were taken into account that were at least
identified in two out of three technical or biological replicates (repli-
cate filter). After application of the filters (XCorr and replicate filter) the
initial FDR of 1% was reduced to 0.0001%. Proteins that contained
identical peptides and could not be differentiated based on MS/MS
analysis alone were grouped together.
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Quantification was based on integration of the area under the curve
(AUC) from MS1 spectrum peaks performed by the “Precursor Ions
Area Detector” node integrated in the proteome discoverer software.
Proteome discoverer identification and quantification results (*.msf)
were imported into Scaffold (version 4.4, Proteome Software Inc.,
Portland, OR) and protein quantities were determined as the average
of the three highest peptide intensity values for a protein (48). If only
two peptides could be quantified, the average of the two highest
peptide intensity values for a protein was calculated. Identical distinct
peptides identified and quantified from different gel blocks or reten-
tion times within a sample were considered. Normalization of these
data was achieved by using the following equation:

�NAUC�k �
AUCk

�
i � 1

N AUCi

NAUC is the normalized intensity value (AUCk) for a protein divided
by the sum of all intensity values per sample (AUCi). AUCk is the
average of the three highest peptide intensity values for a protein.

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium (49) via the PRIDE partner repos-
itory with the data set identifier PXD000164. All identified proteins and
their respective NAUCs are listed in the supplementary Files S2, S4,
S5, and S6. A quantitative comparison of the in vivo and the in vitro
proteome data of P. aeruginosa and M. morganii proteins was
achieved by the separate analysis of proteins identified under both (in
vivo and in vitro) conditions. Quantitative protein data were normal-
ized as described above and used as the basis for fold-change
calculation. Proteins detected under in vivo conditions were only
considered as “highly expressed” if their fold-change in abundance
compared with in vitro conditions was at least twofold or if they were
uniquely identified in vivo. Identification of statistical differences in
relative protein amounts was performed using t test (p � 0.05) includ-
ing adjusted Bonferroni correction and all possible permutations.

Data Processing and Visualization—For metaproteomics data anal-
yses we used the Prophane bioinformatics pipeline (www.
prophane.de, (50)). Briefly, corresponding search results were
merged using the Scaffold software version 3.6.1 (Proteome Software
Inc., Portland, OR). The exported protein reports were submitted to
Prophane to screen peptide-sharing proteins for taxonomic or func-
tional similarities. Protein matches pointing to reverse sequences or
contaminations were excluded from analyses. Peptide-sharing pro-
teins missing unique peptide identifications were grouped together.
The common taxonomic origin of those groups was evaluated con-
sidering different taxonomic levels (superkingdom, order, class, fam-
ily, genus, and species). Groups without common taxonomic origin of
all protein members were called “heterogeneous” regarding their
taxonomy. Protein functions were transferred by RPSBLAST (51) and
HMMER3 (52) alignments, respectively. Using the RPSBLAST algo-
rithm prokaryotic (eukaryotic) protein sequences were aligned versus
the COG (KOG) database collection (release 22.03.2003) (53). Func-
tional annotation of the first hit (e-value � 1E-20) was considered for
each protein. Using the HMMER3 algorithm protein sequences were
aligned versus the TIGRFAMs 15.0 (54) and PFAMs 27.0 (55) collec-
tions. Functional annotation of all hits (e-value � 1E-5) was consid-
ered for each protein. Functional annotation was assigned to each
group if respective protein members show the same functional de-
scription (proteins without prediction were not considered). If func-
tional prediction varies between protein members group function was
named “heterogeneous.” In case of multiple TIGRFAMs or PFAMs
hits shared by protein group members the hit with the lowest e-value
over all proteins were selected. Details regarding the taxonomic and
functional assignment of proteins are provided in Suppl. File 1. After

computational assignments of protein functions, assignments were
carefully checked, completed, and manually curated.

Protein abundances in in vivo versus in vitro biofilms were illus-
trated using treemaps (56). Genes/proteins were functionally classi-
fied according TIGRFAMs and visualized in multiple level hierarchi-
cally organized regions (e.g. energy metabolism) subdivided into
subregions (e.g. TCA).

DNA Extraction for High-Throughput Sequencing—Total DNA was
extracted from the catheter biofilm using the FastDNA Spin Kit for Soil
(MP Biomedicals, Santa Ana, CA) (57). Cell disruption was performed
employing the Fast Prep® instrument for 40 s with an intensity of 5.5.
DNA quality and quantity were determined using a NanoDrop 200
spectrophotometer (Thermo Scientific, Waltham, MA). The V1–2 re-
gion of the 16S rRNA gene was amplified using primers based on the
27F and 338R primers as previously described (58) and paired end
sequenced on a GAIIx Genome Analyzer (Illumina, Inc., San Diego,
CA). Image analysis and base calling were accomplished using the
Illumina Pipeline (version 1.7). Sequences were quality filtered,
trimmed, collapsed into representative reads and clustered as previ-
ously described (58). Phylogenetic assignments were performed
manually based on the Ribosomal Database Project (RDP) (http://
rdp.cme.msu.edu/) database.

Isolation of Biofilm-Associated Uropathogens—For the isolation of
biofilm-inhabiting uropathogens, 0.5 cm of the catheter tips were
transferred in 1 ml of 1⁄4 ringer solution, mixed, and incubated for 5
min at RT. After repeating this procedure twice, the resulting bacterial
suspension was mixed with 50% (v/v) glycerol (98%) and stored at
�80 °C. Dilutions of the glycerol-suspensions were plated on cystine-
lactose-electrolyte-deficient (CLED)-agar (Roth, Hamburg, Germany).
Single colonies were picked and streaked on the same agar plates.
After repeating this procedure four times, cell morphology of the pure
cultures was inspected by microscopy and isolates were finally iden-
tified by colony PCR as described below. The isolated strains were
stored at �80 °C as glycerol stocks for further analysis.

Identification of Isolates by 16S rRNA Gene Sequencing—Genomic
DNA of the isolates was extracted using the FastDNA Spin Kit for soil
(MP Biomedicals, Santa Ana, CA) following the manufacturer’s in-
structions. 16S rRNA genes were amplified by PCR using the primers
Com1f and 1492R (Com1f: CAG CCG CGG TAA TAC and 1492R:
AGA AAG GAG GTG ATC CAG CC) (59), which were synthesized by
Metabion, Martinsried, Germany. Reaction mixtures contained 1x
ThermoPol buffer, deoxynucleoside triphosphates (20 �M of each
dNTP), 0.5 �M of each primer, 2.5 U of DNA polymerase (ThermoTaq
Polymerase, NEB) and 100 ng genomic DNA. Cycle conditions for the
reactions were: initial denaturation at 95 °C (2 min), 28 cycles of 95 °C
(20 s), 52 °C (2 min), and 72 °C (2 min) with a final extension at 72 °C
(6 min). PCR products were purified by the QIAquick PCR Purification
Kit (Qiagen). The DNA sequence of the PCR product was determined
using the BigDye® Terminator v1.1 Cycle Sequencing Kit and the 310
genetic analyzer (Applied Biosystems, Waltham, MA) according to the
manufacturer’s instructions. For sequencing primers 27f and 1492r
were used. Identification of the isolates was performed by a BLAST
search of the determined 16S rRNA gene fragment sequence against
the GenBank database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (60).

Phenotypic Characterization of Isolates—Biofilm forming capacity
of the isolates was tested by a microtiter plate assay according to
O’Toole and Kolter (61). Briefly, the bacterial cells were grown in
artificial urine medium (AUM) in 96-well microtiter plates (Nunclon,
PS) for 24 h at 37 °C. Bacterial growth was monitored by measuring
the optical density of the planktonic cultures at 550 nm (Synergy Mx,
BioTek, Bad Friedrichshall, Germany). After removing planktonic
cells, the remaining biofilms were washed three times with ddH2O,
incubated for 30 min with 0.1% crystal violet and washed again with
ddH2O. Dried biofilms were dissolved in 120 �l DMSO and incubated
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for 20 min at RT. Finally, the absorbance at 570 nm was measured
and the biofilm-index was calculated (62).

Antibiotic susceptibility of the isolates was tested by a standard-
ized single disk approach (63) with the following antibiotics (�g/disk):
nitrofurantoin 100 �g, gentamycin 10 �g, cefalexin 30 �g, sulfame-
thoxazole/trimethoprim 23.75 �g/1.25 �g, penicillin G 10 �g, tri-
methoprim 5 �g, tetracycline 30 �g, ciprofloxacin 5 �g, levofloxacin
5 �g, amoxicillin 25 �g, and ampicillin 10 �g (Oxoid Limited, Hamp-
shire, United Kingdom).

Urease production of the isolates was tested in 5 ml urea-contain-
ing liquid media (0.1 g/l yeast extract; 9.1 g/l potassium phosphate,
monobasic; 9.1 g/l potassium phosphate, dibasic; 20 g/l urea; 0.01 g
phenol red), which were inoculated with the test strains (1% (v/v)
overnight cultures in LB broth) and incubated at 37 °C for 24 and 48 h
at 180 rpm. P. mirabilis HI432 was used as positive control (64). After
24 (48) h, the pH-dependent color change (light yellow to dark red)
was visually determined as an indicator for urease activity.

Protease activity in cell-free supernatants of the isolates was de-
termined on azocasein (65). Briefly, overnight cultures were centri-
fuged and the supernatants filtered under sterile conditions. One
hundred microliters supernatant and 250 �l substrate solution (2%
azocasein, 50 mM Tris/HCl, pH 7.5) were incubated for 3 h at 40 °C.
Undigested azocasein was precipitated with 10% trichloroacetic acid
and protease activity was quantified by measuring the absorption of
the remaining dye at 410 nm. As a positive control P. aeruginosa
PAO1 (66) was used.

RESULTS

CAUTIs can cause serious problems in long-term patients
because of the polymicrobial nature of catheter-associated
biofilms and the high bacterial load of up to 5 � 109 cells/cm
biofilm. Metaproteomics has been increasingly recognized as
a powerful tool to investigate the physiology of complex mi-
crobial communities in their natural environment (50, 67–70).
Therefore, we have decided to employ such a state-of-the-art

approach to elucidate the molecular mechanisms underlying
pathogen host adaptation and host immune response to bac-
terial invaders during a multispecies CAUTI of one long-term
catheterized patient. An overview on the experimental setup is
shown in Fig. 1. A specific patient was selected as his catheter
biofilm was found to consist of two major components, P.
aeruginosa and M. morganii, the latter of which can still be
considered as poorly characterized; moreover, nothing is
known on the interactions between these two opportunistic
pathogens during CAUTI. For a further detailed view of bac-
terial response to the urinary tract the two major bacterial
constituents of the biofilm were cultivated in artificial urine
medium and their protein profiles were analyzed by in vitro
proteome analyses (Fig. 1, right panel). Finally, to determine to
what extent the biofilm versus immune system interaction is
reflected by the urine composition of CAUTI patients, the
urinary metaproteome of three healthy individuals was com-
pared with that of three CAUTI patients (Fig. 1, left panel).

Metaproteomics Analyses of a Multispecies Catheter-Bio-
film and Associated Urine—Spectra recorded for the trypsin-
digested proteins extracted from the multispecies biofilm and
urine samples were assigned to a total of 1064 and 896
proteins, respectively (Fig. 2, supplemental File S2). Although
in the biofilm the number of bacterial proteins (612) clearly
exceeded the number of human proteins (452), much fewer
microbial proteins could be detected in the urine (509 human
proteins versus 387 bacterial proteins). However, relative pro-
tein quantification indicates a much higher abundance of human
proteins on the catheter biofilm (92%) and in the urine (99%)
compared with bacterial proteins. The dominance of human

FIG. 1. Schematic overview of the experimental setup. A representative multispecies biofilm derived from a long-term catheterized patient
was processed together with the corresponding urine for culture-independent metaproteomics analyses. Illumina 16S rDNA sequencing was
employed to confirm the phylogenetic composition of the biofilm. Moreover, abundant uropathogens were isolated from the biofilms. The
isolates, identified as P. aeruginosa and M. morganii, were further analyzed by in vitro proteome analyses of the extracellular proteins and
biofilm-associated cells grown in artificial urine medium (AUM).
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proteins is also reflected by a threefold higher median of the
NAUC values from human proteins compared with bacterial
proteins (supplemental File S3, supplemental Fig. S1).

A Polymicrobial Community Forms the Biofilm—The quan-
tification of the metaproteomics data based on NAUC values
revealed that two opportunistic pathogens, that is, M. morga-
nii (57%) and P. aeruginosa (40%), dominated the biofilm,
whereas the obligate anaerobe Bacteroides sp. represented
only a minor fraction (2.5%) of the biofilm colonizing commu-
nity (Fig. 2). The observed coefficient of variation (CV) be-
tween replicates with regard to the bacterial composition in
the biofilm or urine was about 0.1. Relative protein abundance
between replicates exhibited a CV of �0.25. Moreover, 75%
of all proteins identified by two distinct peptides were identi-
fied in two out of three replicates. The taxonomic composition
of the catheter biofilm was confirmed by a 16S rDNA se-
quencing approach using DNA directly extracted from the
catheter biofilm (Fig. 1). Clearly, M. morganii and P. aerugi-
nosa were confirmed as the predominant biofilm bacterial
inhabitants (supplemental File S3, supplemental Tables S1
and S2). The proteins from the urinary sample were assigned
to the same taxa found in the biofilm, but the NAUC-based
quantification resulted in a predominant occurrence of P.
aeruginosa proteins (57%), followed by M. morganii (41,5%)
proteins. Remarkably, only one protein expressed by Bacte-
roides sp. was identified in the urinary proteome (Fig. 2).
Notably, a culture-dependent approach gave rise to the iso-
lation and identification of the two dominant biofilm inhabi-
tants P. aeruginosa and M. morganii (supplemental File S3,
supplemental Table S3), which were used for further investi-
gations (Fig. 1, right panel).

Adaptation of P. aeruginosa to the Urinary Tract and the
Host Defense—To elucidate the molecular adaptation strate-
gies of P. aeruginosa to the infected bladder environment, its
catheter-derived proteome profile (282 identified proteins)
was compared with the in vitro biofilm proteome profile (1332
identified proteins) obtained for the isolated strain grown as
biofilm in AUM on a urinary tract silicone catheter (Figs. 1 and
3, supplemental File S4). Interestingly, 28 proteins of P.
aeruginosa were exclusively detected under in vivo conditions
on the catheter biofilm (Table I). Moreover, based on our
fold-change calculation (described in detail in the experimen-
tal procedures), 27 proteins were found to be more abundant
in the in vivo biofilms compared with the in vitro biofilm
cultures (Table I, Fig. 3). In the following paragraphs the 55
proteins, which were highly abundant in vivo, are described.

Thirteen of these proteins are involved in iron acquisition.
Their expression is mostly dependent on the iron-binding Fur
regulator (71). Levels of proteins of the pyochelin and the
pyoverdine siderophore systems were elevated under in vivo
conditions, pyoverdine synthase PvdAFH and the corre-
sponding receptors FpvAB were exclusively identified in the
catheter biofilms, additionally the pyochelin synthase (PchE)
was found to be more abundant in vivo. Furthermore, proteins
involved in (1) heme/hemin degradation and uptake (HemO,
HasR, PhuST), (2) transport of Fe (III) citrate, and (3) uptake of
heterologous siderophores (PirA and PfeA receptors) were
found to be more abundant under in vivo conditions (Table I).
Moreover, proteins involved in various functions such as mo-
tility and biofilm formation were strongly expressed in the
catheter biofilms (Table I): (1) proteins important for biofilm
formation/development (i.e. the fimbrial proteins PilF, J, N, Q,
U, X, and Y1) (68), (2) proteins related to antibiotic resistance
and the general stress response (i.e. AmpC, Dps, IdpA), and
(3) an insulin-cleaving membrane proteinase (IcmP), which
has been shown to degrade plasminogen activator, comple-
ment convertase and kallikrein (72) and a protease involved in
pathogenicity (i.e. MucD).

Phenotypic assays were performed to validate biofilm-
forming capacity of the catheter isolates. Interestingly, P.
aeruginosa exhibited a significantly higher (about twofold)
biofilm formation than M. morganii in AUM (Table II). Both
isolated strains were found resistant to all tested antibiotics.
Especially, ciprofloxacin and levofloxacin inhibiting the growth
of P. aeruginosa PAO1 and P. mirabilis HI432 were found
inactive with the CAUTI isolates (Table II).

P. aeruginosa proteins found in the urinary proteome but
not on the catheter biofilms might be secreted virulence fac-
tors, which are involved in host-pathogen interactions (Fig. 2).
Only those proteins were considered, which harbored a signal
peptide and were also identified in the in vitro secretome
(supplemental Table S3). This protein group included (Table
III): the PvdS regulated protease PrpL, elastase LasB and
alkaline protease AprA, the hemolysin-coregulated protein
Hcp, the lipase LipA, the chitin binding protein CbpD, a pu-

FIG. 2. Taxonomic distribution of assigned proteins resulting
from the metaproteomic analysis of the catheter-associated bio-
film and urine of a long-term catheterized patient. Numbers indi-
cate the assigned proteins per sample (average of three technical
replicates), the chart area displays the quantitative distribution (NAUC
values) of the assigned proteins to the kingdom or the species level.
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tative aminopeptidase, and a colicin M-like bacteriocin. These
findings were supported by an in vitro protease assay, by
which a high protease activity was found in cell-free super-
natants of the recovered P. aeruginosa strain (Table II).

Adaptation of M. morganii to the Urinary Tract and the Host
Defense—As described above for P. aeruginosa, protein ex-
pression profiles of M. morganii grown either in mixed cath-
eter-associated biofilms (274 proteins) or monospecies in
vitro cultured biofilms (1165 proteins) were compared (Figs. 1
and 4, supplemental File S5). Interestingly, 48 proteins were
either uniquely detected or highly abundant in the in vivo
proteome based on the abundance ranking (Table IV, Fig. 4).
A major part of the proteins found to be highly expressed in
vivo is involved in iron and manganese uptake, that is, a
ferrous iron transport system (EfeB, EfeO), a manganese up-
take system (SitA, SitB), and different siderophore receptors
(i.e. two TonB-dependent receptors, ferric iron ABC trans-
porter, iron ABC transporter substrate-binding protein, and
periplasmic protein p19 involved in high-affinity Fe (II) trans-
port). Moreover, proteins participating in carbohydrate uptake
and metabolism appeared to be strongly expressed in the cath-
eter-associated biofilms when compared with the in vitro bio-

films. Among these proteins were components of phospho-
transferase systems (PTS) (i.e. N-acetylgalactosamine-specific
IIB component, mannose-specific IID component) and various
enzymes involved in glycolysis, pentose phosphate pathway,
and sugar conversion (i.e. D-mannonate oxidoreductase,
mannonate dehydratase, 2-dehydro-3-deoxygluconate kinase,
enolase, uronate isomerase, 6-phosphofructokinase, NAD-de-
pendent glyceraldehyde-3-phosphate dehydrogenase, galac-
tosamine-6-phosphate isomerase, and gluconokinase). Addi-
tionally a �-lactamase was found to be abundant in vivo,
expression of which was confirmed by our antibiotic suscepti-
bility test revealing that the isolate is multidrug-resistant (Table
II). Moreover, proteins involved in general and oxidative stress
response were found to be unique or more abundant in vivo,
that is, a molecular chaperone, a tellurium resistance protein, an
iron–sulfur cluster assembly protein, and proteins involved in
transport and assembly of lipopolysaccharides.

Notably, urease (UreG, �- and �-unit), an important fitness
factor in the urinary tract degrading urea to CO2 and ammonia
(73, 74), was detected in the in vivo and in vitro proteome of
M. morganii but not in P. aeruginosa. Accordingly, urease
activity was only observed for M. morganii (Table II).

FIG. 3. Voronoi treemaps (109) comparing protein expression profiles of P. aeruginosa grown in catheter biofilms (in vivo) or in a
catheter model system in AUM (in vitro). Gene functions are based on TIGRFAMS, major TIGRFAMS roles are displayed in the right map
and the minor TIGRFAMS roles the left map. Gray proteins were exclusively identified in vitro, light brown proteins were identified in vivo and
in vitro and dark brown proteins were exclusively identified in vivo.
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TABLE I
Proteins of P. aeruginosa exclusively identified or highly expressed in the catheter-biofilm compared to the in vitro biofilm. Proteomic data were
compared to published transcriptome analyses (22) that have identified genes, expression of which was induced by either iron-limitation (iron),

or surface-associated growth (biofilm). Genes induced under various stress conditions were designated as “core”.

Representative GI
accession nr.a

Protein description
Protein
name

PAO1
homolog

ON/FCb Corec Ironc Biofilmsc

Iron uptake
15595869 Heme oxygenase HemO PA0672 ON 	 	
313105815 Ferric enterobactin receptor PirA PA0931 ON 	
152989712 L-ornithine N5-oxygenase PvdA PA2386 ON 	
254235400 Pyoverdine synthetase PvdF PA2396 ON 	
152989260 2,4-diaminobutyrate 4-transaminase PvdH PA2413 ON 	
107102212 Ferric enterobactin receptor PfeA PA2688 ON 	
116051427 Heme uptake outer membrane receptor HasR PA3408 ON 	
313109326 Fe(III) dicitrate transport protein FecA PA3901 706,7 	
424938959 Second ferric pyoverdine receptor FpvB PA4168 ON 	
107103807 Heme-transport protein PhuT PA4708 ON 	
254244389 Putative heme degradation protein PhuS PA4709 ON 	
386068373 Dihydroaeruginoic acid synthetase PchE - 15,1
170282658 Ferripyoverdine receptor FpvA - ON

Biofilm/Chemotaxis
418593466 Twitching motility protein PilU PA0396 2,9
392981824 Twitching motility protein PilJ PA0411 4,5 	
107103325 Type 4 fimbrial biogenesis protein PilF PA3805 ON
319918960 Type 4 fimbrial biogenesis protein PilX PA4553 ON
313107199 Type 4 fimbrial biogenesis protein PilY1 PA4554 ON
421156565 Type 4 fimbrial biogenesis protein PilQ PA5040 4,7 	
152985916 Type 4 fimbrial biogenesis protein PilN PA5043 9,0 	

Defense mechanisms/Pathogenicity
254239129 Serine protease MucD PA0766 2,3
15596159 Dna-binding stress protein Dps PA0962 2,7 	
15596166 TolQ protein TolQ PA0969 7,7
15598322 Heat-shock protein IbpA PA3126 3,7
313109552 Beta-lactamase AmpC PA4110 7,5 	
421170117 Insulin-cleaving metalloproteinase IcmP PA4370 4,5 	

General or unknown functions
15595620 Hypothetical protein PasP PA0423 12,5
313111914 Putative ClpA/B protease ATP binding subunit - PA0459 2,7
218892989 Pyridoxamine 5
-phosphate oxidase PdxH PA1049 2,8
190613598 Hypothetical protein - PA1195 ON 	
15596990 Peptidyl-prolyl cis-trans isomerase B PpiB PA1793 2,2 	
107101462 Hypothetical protein - PA2033 ON 	
15597519 Glyceraldehyde-3-phosphate dehydrogenase - PA2323 68,4
296388958 Hypothetical protein - PA2575 9,5
15598049 Outer membrane lipoprotein OprI PA2853 ON
15598843 Hypothetical protein - PA3647 2,7
308198348 Peptide chain release factor 1 PrfB PA3701 ON
116051948 Hypothetical protein - PA3911 ON
15599110 Molybdopterin biosynthetic protein B1 MoaB1 PA3915 ON
218889787 Hypothetical protein - PA3931 3,1
254242900 Probable ATP-binding component of ABC

transporter
- PA4222 ON 	

107100081 Hypothetical protein - PA4336 11,0
15599565 Hypothetical protein - PA4369 ON
313107055 Fumarate hydratase FumC1 PA4470 15,3 	
15599949 Transcription elongation factor GreA PA4755 2,8
15599987 Hypothetical protein - PA4793 2,8
15600040 Biotin carboxyl carrier protein AccB PA4847 ON
15600128 30S ribosomal protein S6 RpsF PA4935 3,2
116053356 Hypothetical protein - PA5208 ON
392983995 Serine hydroxymethyltransferase GlyA1 PA5415 ON 	
15600668 Hypothetical protein - PA5475 ON 	
15600747 ATP synthase F0F1 subunit beta AtpD PA5554 2,0
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Only 11 proteins of M. morganii were solely present in the
urine and not in the catheter biofilm (Fig. 2), of which only one
protein, protease III, was considered as a potential secreted
virulence factor. However, M. morganii protease III does not
contain any signal peptide, no protease was found in the in
vitro secretome (data not shown) and no protease activity was
detected in the supernatant of the M. morganii isolate (Table
II). These observations indicate that the investigated M. mor-
ganii strain was not capable to secrete proteases into the
extracellular matrix of the biofilm or into the urine.

Human Proteins of the Innate Immune System are Abundant
on the Bacterial Biofilm—In order to elucidate the human
immune response on the basis of the identified proteins to the
catheter-associated biofilm (Fig. 1), 452 human proteins were
assigned to different functional categories (Fig. 2).

More than 30 of the detected human proteins are directly
involved in the human innate immunity including antimicrobial
proteins, proteins of the complement system and peptides
secreted by epithelial cells or proteins associated to neutro-
phils or macrophages (Table V, supplemental File S2). Many
of these proteins are used by neutrophils to kill bacteria in the
phagolysosome in either a reactive oxygen species-(ROS)
dependent or ROS-independent manner. Proteins involved in
ROS-dependent killing mechanisms are cytochrome b245,

neutrophil NADPH oxidase factor 4 and the myeloperoxidase.
Interestingly, almost all ROS-independent effector molecules,
known to be stored in azurophilic (i.e. myeloperoxidase, ca-
thepsin G, proteinase 3, azurocidin, bacterial permeability in-
creasing protein and Hnp-3 defensins) and specific granules
(lactoferrin, cathelicidin, lysozyme, cytochrome b245, and neu-
trophil gelatinase-associated lipocalin) were identified. Besides
neutrophil-associated proteins, eosinophil-specific proteins
were found, namely eosinophil peroxidase and eosinophil cat-
ionic protein (Table V).

Moreover, a significant number of proteins of the comple-
ment system, one of the most important components of the
innate immune system, were found to be highly abundant in
the catheter biofilm, that is,core proteins of the complement
system C1–C9, complement inhibitors (H, I, AFD), and acti-
vators (D, B).

Human Proteins of the Innate Immune System were also
identified in Cell-free Urine—In order to prove whether the
high abundance of proteins involved in innate immunity is
caused by the presence of the catheter-associated biofilm,
the protein profiles of urine of three long-term catheterized
patients were compared with the ones of three healthy control
persons (Fig. 1, Fig. 5, supplemental File S6). Forty-seven
proteins were found to be significantly more abundant or

Table I —continued

Representative GI
accession nr.a

Protein description
Protein
name

PAO1
homolog

ON/FCb Corec Ironc Biofilmsc

15600750 ATP synthase F0F1 subunit delta AtpH PA5557 2,9 	
30141367 Aminoglycoside acetyltransferase - - 3,9
313107144 Hypothetical protein - ON

a Representative GI accession number of P. aeruginosa protein groups.
b The change (n-fold) was calculated by comparing relative protein amounts of P. aeruginosa grown in vivo as a biofilm to P. aeruginosa

grown in vitro as a biofilm. Only proteins identified as in vivo highly expressed that demonstrated a change of equal to or greater than threefold
and exhibiting a statistically significant change (p � 0.05) are reported. Proteins exclusively detected in vivo are indicated by “ON”.

c Induced expression of the corresponding transcripts during iron-limitation (iron), surface-associated growth (biofilm), or various physio-
logical conditions (core) are indicated (	).

TABLE II
Phenotypic characterization of isolated P. aeruginosa and M. morganii strains. P. mirabilis HI432 and P. aeruginosa PAO1 were used as control

strains. (–) no signal, (	) weak signal, (			) strong signal, (n.a.) not analyzed, (	) resistant or (-) sensitive to the respective antibiotic

P. aeruginosa Isolate M. morganii Isolate P. mirablis HI432 P. aeruginosa PAO1

Urease – 	 			 n.a.
Protease 1.33 � 0.05 0 n.a. 1.39 � 0.05
Biofilm Index 282 � 58 141 � 8 n.a. 107 � 16
Ciprofloxacin 	 	 - -
Levofloxacin 	 	 - -
Tetracycline 	 	 	 	
Amoxillin 	 	 	 	
Ampicillin 	 	 	 	
Penicillin 	 	 	 	
Cephalexin 	 	 	 	
Sulfamethoxazol 	 	 	 	
Nitrofurantion 	 	 	 	
Trimethoprim 	 	 	 	
Gentamicin 	 	 	 	
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uniquely identified in the patient urine, 30 of which are func-
tionally involved in innate and adaptive immunity, among
them: (1) key compounds of the complement system (i.e. C3,
C5, C8, factor H, and factor H related protein 1), (2) antimi-
crobial peptides and proteins commonly associated with neu-
trophils, for example, neutrophil collagenase, myeloblastin,
bacterial permeability increasing protein, neutrophil defensin
1, cathelicidin, lysozyme C, leukocyte elastase inhibitor, neu-
trophil gelatinase-associated lipocalin, and histones H3.3 and
H2A.1, and 3) iron and calcium binding proteins, that is,
lactoferrin, serotransferrin, haptoglobin, hemopexin, hemo-
globin, S100-P, EF-hand domain-containing protein D2, and
(IV) macrophage-associated proteins that is, chitotriosi-
dase-1, macrophage capping protein, and chitinase-3-like
protein, respectively. Interestingly, numerous proteins consid-
ered as “acute-phase” proteins expressed in response to
microbial infections and other diseases were found to be
more abundant in patient urine, that is, fibrinogen, haptoglo-
bin, and serum amyloid A-4 protein (75). Moreover, also pro-
teins considered as “negative acute-phase” proteins were
strongly expressed in patient urine, that is, transthyretin and
transferrin (75). Lastly, immunoglobulins were found to be
more abundant in patient urine.

DISCUSSION

Experimental Design—Until recently, most of the global
studies investigating host-pathogen interactions have been
employed a murine pathogenicity model system infected with
well-characterized laboratory strains (e.g. (76–78). For trans-
ferring the derived results to human it has to be considered
that (1) the murine immune systems differs substantially from
the human immune system (79) and (2) pathogenicity and
adaptation strategies might vary between laboratory strains
and clinical strains isolated from the infection of interest (80).
Aiming at a comprehensive and realistic insight into bacterial
adaptation mechanisms to the human urinary tract environ-
ment and the response of the human host to the long-term
colonization of urinary tract catheters, we employed a semi-
quantitative state-of-the-art metaproteomics approach to
investigate a bacterial biofilm directly derived from a
catheterized patient. In contrast to metagenome analyses,
metatranscriptomics and metaproteomics allow a direct link-
age of structure and functionality in microbial communities
(68). However, with a metatranscriptomics approach we
would probably not detect human mRNA coding for granulo-
cyte-associated proteins because these immune cells origi-
nate from the bone marrow and are already differentiated
when they reach the site of infection (81, 82). Thus, we would
miss mRNA coding for proteins secreted by the urothel as we
had only access to catheter biofilms and urine.

Metaproteome coverage (spectra to peptide matching) can
be significantly improved if the MS and MS/MS data can be
searched against a sample-specific metagenome-based da-
tabase. However, a recent study demonstrated that virtual
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metagenome databases based on 16S rDNA sequence infor-
mation can replace a matching metagenome-based database
in case the organisms present in the sample have been al-
ready sequenced (47, 83). We thus constructed an appropri-
ate database based on the phylogenetic information obtained
by 16S rDNA sequencing, which contained all protein se-
quences of the identified species available in the NCBI data-
base. Nevertheless, as we did not sequence the genomes of
the biofilm isolates, we might have missed to identify proteins
specific for the strains present in our samples. In contrast to
the majority of other metaproteome studies, all identified pro-
teins were exclusively assigned to one of the species present
in the biofilm. This is probably because of the specifically
designed database, the stringent filter settings, and the lim-
ited diversity of the biofilm compared with other environments
such as the human intestinal tract or soil.

Even though recent advances in mass spectrometry have
turned metaproteomics into a powerful tool for the investiga-
tion of complex biological systems, quantification of proteins
derived from clinical samples is often still not very accurate
and mostly based on NSAFs. Unfortunately, the same applies
to our study, in which, albeit we applied more precise NAUC

quantification, an accurate comparison of the expression
rates of proteins identified from the in vivo and in vitro sam-
ples was hampered by the strongly differing complexity of the
two sample types. The catheter metaproteome is certainly
much more complex than the proteomes of pure bacterial
cultures. The catheter biofilm is composed of at least three
bacterial species and contains an enormous amount of hu-
man proteins (min. 30,000 proteins), whereas the pure P.
aeruginosa or M. morganii cultures contain a maximum of
about 5600 and 3500 proteins, respectively. In addition, bac-
terial proteins are much less abundant compared with human
proteins in the in vivo sample (Fig. 2, supplemental File S3,
and supplemental Fig. S1). As proteins exclusively identified
or highly expressed under in vitro conditions, but missing in
the in vivo data set might simply have escaped mass spec-
trometric analyses because of the comparably high complex-
ity of the metaproteomics sample, only those proteins were
reported that appeared to be exclusively or highly expressed
under in vivo conditions.

Iron was Identified as one of the Major Limiting Factors in
the Bladder Environment—Proteins involved in iron-acquisi-
tion were among the most abundant proteins in the metapro-

FIG. 4. Voronoi treemaps (109) comparing protein expression profiles of M. morganii grown in catheter biofilms (in vivo) or in a
catheter model system in AUM (in vitro). Gene functions are based on TIGRFAMS, major TIGRFAMS roles are displayed in the right map
and the minor TIGRFAMS roles the left map. Gray proteins were exclusively identified in vitro, light brown proteins were identified in vivo and
in vitro and dark brown proteins were exclusively identified in vivo.
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teomics data set (Tables I and IV; Figs. 3 and 4), which
indicates that iron is highly limited in the urinary tract environ-
ment and thus strongly affects protein expression of the uro-

pathogens. Our findings are in good agreement with earlier
studies demonstrating an increase of iron-uptake mecha-
nisms on the transcriptome level when opportunistic patho-

TABLE IV
Proteins of M. morganii exclusively identified or highly expressed in the catheter-biofilm compared to the in vitro biofilm

Representative GI accession nr.a Protein description Protein
name

MU9
homolog ON/FCb

Iron and cation uptake
410084858 Ferric iron ABC transporter, iron-binding protein - MU9_1225 2,2
421493824 TonB-dependent receptor - MU9_2104 ON
421492020 Manganese ABC transporter, periplasmic-binding protein SitA MU9_2451 41,7
410086754 Manganese ABC transporter, ATP-binding protein SitB MU9_2452 26,1
421494274 Iron ABC transporter substrate-binding protein - MU9_2748 7,5
410086951 Ferrous iron transport peroxidase EfeB MU9_2852 ON
421494564 Ferrous iron transport periplasmic protein EfeO MU9_2853 ON
410086947 Periplasmic protein p19 involved in high-affinity Fe2	 transport - MU9_2856 6,6
421494894 TonB-dependent receptor - MU9_2961 ON

Carbohydrate uptake and metabolism
410086198 2-dehydro-3-deoxygluconate kinase - MU9_376 ON
421494175 Uronate isomerase UxaC MU9_377 34,2
410086200 D-mannonate oxidoreductase - MU9_378 ON
410086201 Mannonate dehydratase UxuA MU9_379 ON
410086204 TRAP-type C4-dicarboxylate transport system, periplasmic component - MU9_382 15,3
410087600 6-phosphofructokinase �Morganella morganii SC01 PfkA MU9_571 2,5
410084920 Enolase Eno MU9_1162 4,0
410087699 PTS system, mannose-specific IID component - MU9_1934 9,4
410085950 NAD-dependent glyceraldehyde-3-phosphate dehydrogenase - MU9_2337 9,8
410088110 PTS system, N-acetylgalactosamine-specific IIB component - MU9_3143 ON
410088115 Galactosamine-6-phosphate isomerase - MU9_3148 ON

Defense mechanisms/Pathogenicity
421493572 Molecular chaperone Skp MU9_943 7,8
410084895 Tellurium resistance protein TerD MU9_1186 2,6
410087933 LPS-assembly lipoprotein IptE MU9_1348 2,2
410085873 Iron-sulfur cluster assembly protein SufD MU9_2411 ON
40781704 Beta-lactamase, class C - MU9_3299 19,0
410087140 LPS transport protein LptA MU9_3355 2,2

Amino acids and amines
410085074 Methylaspartate mutase, E subunit - MU9_1022 ON
410085059 Ethanolamine utilization protein EutQ MU9_1035 3,2
410085048 Ethanolamine ammonia-lyase heavy chain - MU9_1045 4,1
421494057 N-acetylneuraminate lyase - MU9_1230 ON

General or unknown functions
410086339 LSU ribosomal protein L9p RplI MU9_205 2,5
410086267 Protein yifE YifE MU9_269 3,1
410088675 LSU ribosomal protein L3p RplC MU9_310 2,7
410086197 4-Hydroxy-2-oxoglutarate aldolase - MU9_375 13,7
410086264 Glutathione S-transferase - MU9_450 15,0
410085838 ATP synthase beta chain AtpD MU9_474 2,4
410088376 Translation elongation factor Ts Tsf MU9_935 2,2
410085053 Acetaldehyde dehydrogenase, ethanolamine utilization cluster - MU9_1040 8,4
410087956 Ribonucleotide reductase of class Ib (aerobic), beta subunit - MU9_1325 ON
410085589 Outer membrane receptor protein - MU9_1681 ON
410087848 SAM-dependent methyltransferase - MU9_2098 ON
421493822 Hypothetical protein - MU9_2102 ON
410087871 NAD(P) transhydrogenase alpha subunit - MU9_2119 19,0
410087905 N-ethylmaleimide reductase - MU9_2153 ON
421494395 Alcohol dehydrogenase - MU9_2315 43,3
421493969 Pseudouridine-5
-phosphate glycosidase PsuG MU9_3155 ON
410088124 Pseudouridine kinase - MU9_3156 ON
410088158 Putative ATP-binding protein YbbA MU9_3188 3,3

a Representative GI accession number of M. morganii protein groups.
b The change (n-fold) was calculated by comparing relative protein amounts of M. morganii grown in vivo as a biofilm to M. morganii grown

in vitro as a biofilm. Only proteins identified as in vivo highly expressed that demonstrated a change of equal to or greater than threefold and
exhibiting a statistically significant change (p � 0.05) are reported. Proteins exclusively detected in vivo are indicated by “ON”.
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gens were cultivated in urine (E. coli, P. mirabilis), in the
urinary tract (E. coli) or on AUM agar plates (P. aeruginosa)
(18–21). In an infected bladder environment the availability of
iron is even more restricted by competition for iron in multi-
species biofilms (84) and the presence of siderophore- and
iron-binding proteins such as NGAL and lactoferrin in the
urine representing the nutritional immunity (Fig. 5, supplemen-
tal File S6) (85).

The expression of P. aeruginosa outer membrane receptors
for heterologous siderophores (PirA and PfeA) produced by
cocolonizers, supports the hypothesis that biofilm inhabitants
in the bladder environment strongly compete for iron. These
receptors have been described to be involved in ferric entero-
bactin/enterochelin uptake (86, 87). Our findings suggest that
P. aeruginosa is able to utilize siderophores produced by M.
morganii and/or Bacteroides sp., which are structurally related
to enterobactin (Fig. 6).

As mentioned above, the concentration of freely available
iron in the urinary tract is further decreased by lactoferrin,
which is secreted by the urothelium and expressed in neutro-
phils. Lactoferrin has been identified as a biofilm-associated
protein and was also found to be highly abundant in the urine
of catheterized patients compared with the control persons
(supplemental Files S1 and S6). It has been shown that lacto-
ferrin reduces the extracellular free iron concentration to
�10�18 M (88) and inhibits P. aeruginosa biofilm formation
(89). In the urine the siderophore pyoverdine and the high-
abundant PvdS-regulated lactoferrin degrading protease
PrpL were identified, which compensate iron limitation in-
duced by the nutritional immunity of the host (90) (Fig. 6).
Moreover, NGAL was found to be expressed in neutrophils
that is able to bind ferric-siderophores and thereby interferes

with the bacterial siderophore uptake (91). It has been dem-
onstrated that P. aeruginosa pyoverdine is able to evade
NGAL recognition (92), suggesting that pyoverdine-mediated
iron acquisition of P. aeruginosa is not hampered by NGAL.
Notably, a P. aeruginosa colicin M-like bacteriocin was iden-
tified in the urine, which has been demonstrated to inhibit
peptidoglycan biosynthesis (93). Colicin M-like bacteriocins
produced by Pectobacterium carotovorum and E. coli have
been shown to enter the periplasm of potential competitors
via TonB-dependent iron-uptake systems (94, 95). These ob-
servations suggest, that iron limitation promotes colicin up-
take of cocolonizing bacterial species.

The Catheter Biofilm is Characterized by an Oxygen Gradi-
ent—It is well known that bacterial biofilms are characterized
by a decreasing oxygen gradient from the biofilm-surface to
the bottom. The identification of proteins involved in the ad-
aptation to microaerobic conditions indicates that also cells in
the catheter-associated biofilm are exposed to oxygen-limit-
ing conditions. These results are supported by several other
findings: First, the obligate anaerobe (96) Bacteroides sp. was
identified in the biofilm (Fig. 2). Second, the P. aeruginosa
proteins NirS, NosZ, and NarG, which are involved in denitri-
fication and used for energy production under oxygen limita-
tion, were found. They are part of the anaerobic regulon
induced by Anr, Dnr, and NarXL (97, 98). Third, proteins of the
innate immune system involved in ROS production, that is,
myeloperoxidase, NADH peroxidase, and eosinophil peroxi-
dase, were identified from the biofilm (99) (Fig. 5, Table V).
Notably, a significant number of proteins associated with
neutrophils were found in the biofilm metaproteome. This
supports the finding of Jesaitis and colleagues, who demon-
strated that neutrophils fusing with P. aeruginosa biofilms

TABLE V
Human proteins identified from the catheter-biofilm and assigned to the innate immune system (complement proteins are not shown).

References indicate cells/tissues in which expression of corresponding proteins has been demonstrated

GI
accession nr. Protein description Function

Azurophil
granules of
neutrophils

Specific
granules of
neutrophils

Expression in
neutrophils

Expression
in epithelial

cells

Expression
in kidney

Spectral
counts
(biofilm)

34719 Myeloperoxidase Oxidative burst (116) (117) 48
20664221 Cathepsin G Protease (116) (118) (119, 120) 13
1633225 Proteinase 3 (Myeloblastin) Protease (116) (121) (122) (123) 4
227250 Azurocidin Protease (116) (124) 10
157830420 Bacterial permeability

increasing protein
Antimicrobial peptides (116) (125) 8

109156990 Alpha-Defensin-4 Antimicrobial peptides (116) (126–128) 3
229858 Defensin HP-3 Antimicrobial peptides (116) 6
6996021 Cytochrome b245 Oxidative burst (116) (129) 6
54607120 Lactoferrin Iron chelating (116) (130) (131) 75
348041314 Cathelicidin Antimicrobial peptides (116) (132) (133) (35) 7
157832581 Lysozyme Cell wall lysis (116) (117) 17
119587431 Neutrophil collagenase Protease (116) (134) 10
300181 Neutrophil gelatinase-associated

lipocalin
Binding of bacterial

siderophores
(116) (135) (136) 13

62898209 Neutrophil NADPH oxidase
factor 4

Oxidative burst 6

31183 Eosinophil peroxidase Oxidative burst (137) 21
13400006 Eosinophil Cationic Protein

(RNase 3)
Cell wall lysis (137, 138) 6
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FIG. 5. Heat map of host-derived proteins involved in innate and adaptive immunity identified in cell-free urine of three catheterized
patients and three healthy control persons. The heat map indicates the relative abundance of the given proteins which were at least twofold
higher abundant (p � 0.05) or uniquely identified in the patients urine (corresponding proteins not detected in the control persons urine are
gray).
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contribute to oxygen limitation by the consumption of oxygen
during ROS generation (100) (Fig. 6).

Functional Assignment of Proteins Suggests Different Ad-
aptation Strategies of the Major Biofilm Formers—Although
both dominating biofilm inhabitants employ similar strategies
to overcome the major limitation in the bladder environment,
that is, restriction of iron, the differential expression of carbo-
hydrate-transporters, urease and protease(s), suggests differ-
ent nutrient acquisition strategies of the two opportunistic
pathogens (Fig. 6).

The finding that protein components of a PTS uptake sys-
tem (N-acetylglucosamine-specific) together with proteins in-
volved in carbohydrate metabolism were found to be strongly
expressed in M. morganii catheter biofilms suggests that this
organism gains energy from cell wall compounds of lysed
bacteria taken up from the infected bladder environment. In
contrast, P. aeruginosa is able to generate energy from the

fermentation of amino acids (91), which might be released by
its various secreted proteases (Fig. 6) and taken up by trans-
porters such as an amino acid ABC transporter, which ap-
peared to be highly abundant in the catheter biofilm (Table I).
This hypothesis is supported by the finding that P. aeruginosa
PAO1 is able to grow in AUM with peptone as the sole carbon
source (21).

Moreover, our data indicate that M. morganii expresses
urease in vivo and is able to metabolize urea in vitro, whereas
no urease was assigned to P. aeruginosa and no urease
activity was detected in vitro. Our results are in good agree-
ment with the findings of Tielen et al. who showed that P.
aeruginosa PAO1 is not able to grow on urea as a sole carbon
source in AUM (21).

P. aeruginosa Evades Recognition by the Immune System in
the Urinary Tract—In the urine various P. aeruginosa virulence
factors involved in immune system evasion were identified,

FIG. 6. Proposed host-pathogen interactions during the catheter-associated urinary tract infection. P. aeruginosa (green), M. morganii
(brown), and Bacteroides sp. (yellow) form a multispecies biofilm on the catheter surface. Cell-to-cell communication, that is, N-acylhomoserine
lactone- and autoinducer 2-mediated quorum sensing, might contribute to the expression of virulence factors and the overall biofilm physiology.
Various secreted or surface-exposed virulence factors of P. aeruginosa could be involved in immune evasion, that is, elastase (LasB), alkaline
metalloprotease (AprA), insulin cleaving membrane proteinase (ICMP), elongation factor Tu (EF-Tu), as well as in iron acquisition, that is,
PvdS-regulated endoprotease (PrpL) and siderophores. Host-factors possibly involved in innate immune response have been identified, that is,
various compounds of the complement system (orange circle), and proteins related to neutrophils, macrophages and the urothelium. Lactoferrin,
neutrophil-gelatinase associated lipocalin (NGAL) and S100 are secreted host factors, which are known to bind siderophores and calcium. The left
gray circles summarize the proposed bacterial strategies to evade immune recognition and the oxidative burst because of neutrophil activation.
Suggested interspecies interactions and differential adaptation strategies of P. aeruginosa and M. morganii in the catheter biofilm are depicted in
the right greenish circle. Both bacteria produce siderophores (green and brown triangles) and express specific siderophore-receptors (R) to
compensate iron limitation in the bladder environment. P. aeruginosa expresses also receptors for heterologous siderophores (PirA, PfeA) probably
enabling the uptake of siderophores produced by M. morganii. Moreover, P. aeruginosa secretes a colicin M-like bacteriocin capable of inhibiting
peptidoglycan biosynthesis in M. morganii. The bacteriocin might be taken up by M. morganii via TonB-dependent transport systems (blue oval),
which are known to be involved in iron acquisition. The predominant carbohydrates taken up by P. aeruginosa are most probably peptides and
amino acids (AS) whereas M. morganii might utilize carbohydrates (N-acetylglucosamine) and urea.
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many of which are known to exhibit proteolytic activity (Table
III, Fig. 6). (1) Alkaline protease A (AprA) degrades the com-
plement compounds C2 (101) and C3 (102) as well as IFN-
gamma (103). Moreover, AprA is able to degrade monomeric
but not polymeric flagella-forming flagellin thereby preventing
the recognition of monomeric flagellin by TLR-5 (104). (2)
Elastase (LasB) degrades pulmonary surfactant protein D
(105), different surface receptors (106), and cytokines (103).
(3) PvdS-regulated endoprotease (PrpL) cleaves lactoferrin
and transferrin (90) and (IV) insulin-cleaving membrane pro-
teinase (ICMP) degrades plasminogen activator, complement
convertase and kallikrein (72). However, neither a protease
secretion nor a proteolytic activity of the M. morganii culture-
supernatant was observed. Therefore, we suggest that only P.
aeruginosa is involved in the protease-dependent immune
evasion and in the degradation of host proteins/tissue.

Notably, complement negative regulator factor H was found
to be highly abundant on the catheter biofilm and in the
corresponding urine (Fig. 5). Factor H can be bound by dif-
ferent human pathogens to mask themselves (107). P. aerugi-
nosa is able to bind inhibitory factor H by surface-located
elongation factor EF-Tu (108), too, which was found to be
highly expressed in the biofilm (Fig. 6).

The Multispecies Biofilm Seems to Induce an Innate Im-
mune Response—Proteins associated with the complement
system, one of the central effectors of the innate immune
system, are highly abundant in our metaproteomics data set
and suggest an important role of the complement system in
the defense of catheter-associated urinary tract infections.
The innate immune system works clinically silently (30), which
might explain why CAUTIs are mostly asymptomatic. The
comparison of urine protein profiles of three patients and
three control persons revealed that the expression of most of
these proteins is at least associated with the presence of a
catheter biofilm (Fig. 5). Neutrophils, known to be the first
defense line of the immune system have been proven to be
active during kidney infections and urinary tract infections (29,
30, 38). The high abundance of neutrophil-associated pro-
teins suggests that neutrophils are also active during cathe-
ter-associated asymptomatic urinary infections.

Our finding that “acute-phase” and “negative acute-phase”
proteins were significantly more abundant in patient urine
compared with urine from healthy control persons might sug-
gest a so far uncharacterized pronounced immune response
to the catheter biofilm. However, because of the limited num-
ber of analyzed samples from CAUTI patients and healthy
control persons, these results can only be considered as first
evidence for a specific function of the innate immune system
during CAUTIs. Moreover, additional controls, that is, urine
from noncatheterized patients suffering from UTI or patients
prior to catheterization, should be analyzed to verify that the
observed immune response is specific for catheter-associ-
ated infections.

CONCLUSIONS

Combining metaproteomics analyses of a selected multi-
species urinary tract catheter biofilm and the associated urine
together with in vitro proteome analyses of P. aeruginosa and
M. morganii isolated from the biofilm enabled us to unravel
different molecular adaptation strategies of these important
uropathogens to the urinary tract and co-infecting biofilm
inhabitants as well as the response of the human innate
immune system to the asymptomatic infection process. Our
proteomics analysis strongly supports earlier studies that
have demonstrated that iron restriction is one of the major
limiting factors in the bladder environment. P. aeruginosa
overcomes iron restriction by the host and cocolonizing
competitors by the expression of proteins involved in sidero-
phore-production, lactoferrin-degradation, and heme- and
siderophore uptake. Moreover, the identification of comple-
ment-degrading proteases in vivo indicates that P. aeruginosa
is able to evade the human immune response. Interestingly,
M. morganii is not involved in protease secretion and might
therefore often be considered as a harmless opportunistic
pathogen. Our study indicates differential adaptation strate-
gies of P. aeruginosa and M. morganii in nutrient acquisition in
the urinary tract. Although P. aeruginosa seems to express
secreted and surface-exposed proteases to metabolize
amino acids, M. morganii is able to take up sugars and to
degrade urea. Highly abundant proteins associated with neu-
trophils, eosinophils, and the complement system found in the
biofilm and urine might suggest an activation of the innate
immune system in response to the catheter biofilm. Even
though extended clinical proteomics studies are urgently
needed to consolidate our hypothesis, our data provides first
evidence for a sophisticated interplay between the different
members of the mixed biofilm and the host and will serve as
a good basis for further studies aiming at a deeper insight into
detailed molecular mechanisms of synergistic or competitive
interactions observed in the urinary tract.
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