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Abstract

Urinary catheters are standard medical devices utilized in both hospital and
nursing home settings, but are associated with a high frequency of catheter-
associated urinary tract infections (CAUTI). In particular, biofilm formation
on the catheter surface by uropathogens such as Klebsiella pneumoniae causes
severe problems. Here we demonstrate that type 1 and type 3 fimbriae
expressed by K. pneumoniae enhance biofilm formation on urinary catheters in
a catheterized bladder model that mirrors the physico-chemical conditions
present in catheterized patients. Furthermore, we show that both fimbrial types
are able to functionally compensate for each other during biofilm formation
on urinary catheters. In situ monitoring of fimbrial expression revealed that
neither of the two fimbrial types is expressed when cells are grown planktoni-
cally. Interestingly, during biofilm formation on catheters, both fimbrial types
are expressed, suggesting that they are both important in promoting biofilm
formation on catheters. Additionally, transformed into and expressed by a
nonfimbriated Escherichia coli strain, both fimbrial types significantly increased
biofilm formation on catheters compared with the wild-type E. coli strain. The
widespread occurrence of the two fimbrial types in different species of
pathogenic bacteria stresses the need for further assessment of their role during

urinary tract infections.

Introduction

Urinary catheters are standard medical devices utilized in
both hospital and healthcare facilities. The most frequent
complication associated with these devices is the develop-
ment of nosocomial catheter-associated urinary tract
infections (CAUTIs). Up to 50% of patients will at some
point during their hospitalization be catheterized, severely
increasing the patient’s risk of colonization by micro-
organisms, which occurs in 5-10% of the patient’s at each
day of catheterization (Jain ef al, 1995; Saint, 2000;
Warren, 2001). Klebsiella pneumoniae, an important
opportunistic pathogen frequently causing UTIs, septice-
mia, or pneumonia in immune-compromised individuals,
is responsible for up to 10% of all nosocomial bacterial
infections (Jarvis et al., 1985; Spencer, 1996; Podschun &
Ullmann, 1998). Klebsiella pneumoniae is a frequent cause
of CAUTIs (Nicolle, 2005; Macleod & Stickler, 2007; Ong
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et al., 2010; Wang et al., 2010). The severe complications
of these infections caused by this bacterium are because
of its intrinsic resistance to ampicillin but also its increas-
ingly frequent multi-drug resistance.

Presence of indwelling urinary catheters favors biofilm
formation of uropathogens such as K. pneumoniae and
Escherichia coli by providing an inert surface for the attach-
ment of bacterial adhesins, thereby enhancing microbial
colonization and the development of biofilm (Macleod &
Stickler, 2007; Jacobsen et al., 2008; Wang et al., 2010).
Although the exact contribution of the catheter biofilm to
pathogenicity is often unknown, the common recurrence
of CAUTI soon after the completion of a course of antibi-
otic treatment is thought to be caused by re-colonization
of the urine by organisms that have survived in the cathe-
ter biofilm. Thus, development of better catheter surfaces
and improved treatment options requires a better under-
standing of the catheter attachment mechanisms.
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Based on in vitro studies in various biofilm model sys-
tems, the attachment of bacteria to catheters is initiated
by adhesins, for example, fimbriae, located on the bacte-
rial surface (Jacobsen et al., 2008). The best understood
fimbrial types of K. pneumoniae that are also the most
frequently encoded fimbriae are type 1 fimbriae and type
3 fimbriae. Type 1 fimbriae are encoded by the majority
of Enterobactericeae (Duguid et al., 1955). They belong to
the chaperone—usher class fimbriae family and are
encoded by the fimABCDEFGHIK gene cluster, with fimA
being the major structural subunit while fimH encodes
for the adhesive subunit, FimH, which was shown to
mediate adhesion to mannose-containing structures pres-
ent on host tissue surfaces and extracellular matrix
(Klemm et al., 1990; Krogfelt et al., 1990; Madison et al.,
1994). Type 1 fimbrial expression is phase variable, that
is, mediated by an invertible DNA element (fimz switch)
(Klemm & Schembri, 2000; Struve et al, 2008). We
recently established that type 1 fimbriae are essential for
the ability of K. pneumoniae to cause urinary tract infec-
tions (Struve et al., 2008). Like type 1 fimbriae, type 3 fi-
mbriae belong to the chaperone—usher class fimbriae.
Apart from Klebsiella spp., type 3 fimbriae are commonly
found in Citrobacter, Enterobacter, Serratia, Proteus, and
Providencia isolates (Adegbola & Old, 1982, 1983, 1985;
Old & Adegbola, 1982, 1983; Mobley & Chippendale,
1990). Recently, two independent studies reported plas-
mid-encoded type 3 fimbriae in independent E. coli
strains (Burmelle et al., 2008; Ong et al., 2008). The fi-
mbriae are encoded by the mrkABCDF gene cluster. The
mrkA gene encodes the major structural subunit, while
the mrkD gene encodes the fimbrial adhesin (Allen et al.,
1991; Langstraat et al., 2001; Jagnow & Clegg, 2003). In
vitro studies have shown that type 3 fimbriae mediate
adhesion to different structures in human kidney and
lung tissue and epithelial cells from human urine sedi-
ments, as well as to endothelial and bladder epithelial cell
lines. However, the identity of the receptor remains elu-
sive (Tarkkanen et al., 1990, 1992, 1997; Hornick et al.,
1992). Furthermore, type 3 fimbriae were established to
play an essential role in K. pneumoniae biofilm formation
(Langstraat et al., 2001; Di Martino et al., 2003; Jagnow
& Clegg, 2003; Schroll et al., 2010). Notably, both studies
that identified plasmid-encoded type 3 fimbriae in E. coli
reported that type 3 fimbriae expression profoundly
enhanced the ability of E. coli to form biofilms in vitro
(Burmolle et al., 2008; Ong et al., 2008).

Although both fimbrial types are well described in the
literature, the exact contribution of K. pneumoniae type 1
and type 3 fimbriae on colonization and biofilm forma-
tion on urinary catheters is unknown. As culturing condi-
tions have a dominant influence on average gene
expression in biofilms and mutant analysis has also

FEMS Immunol Med Microbiol 65 (2012) 350-359

351

revealed that the requirement for several adhesins in effi-
cient biofilm formation is not universal, but instead man-
ifest only under certain conditions, it is important to
evaluate the contribution of the K. pneumoniae adhesins
to CAUTI pathogenicity under conditions that mirror
best the situation in the human host (Beloin & Ghigo,
2005; Van Houdt & Michiels, 2005; An & Parsek, 2007).

In this study, we evaluated expression and the role of
K. pneumoniae type 1 and 3 fimbriae in biofilm forma-
tion on urinary tract silicone catheters during growth in
human urine using a catheterized bladder model that
mirrors the physico-chemical properties during human
infection. Our results reveal that expression of at least
one of the fimbrial types for K. pneumoniae is required
for efficient catheter colonization.

Materials and methods

Human urine as growth media

All experiments were performed in pooled human urine.
For each experiment, human urine was collected from 4
to 10 healthy volunteers (both men and women) who
had no history of UTI prior to collection. The urine was
then pooled, filter sterilized through a filter cartridge
(SARTOBRAN P, 0.2 um; Sartorius, UK), and kept at
4 °C until use within the following 2 days.

Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed
in Table 1. Bacteria were routinely cultured at 37 °C in
Luria—Bertani (LB) broth supplemented with 100 pg mL ™"
ampicillin when appropriate or in pooled human urine.

Preparation of type 3 fimbriae antiserum

Type 3 fimbriae were purified as described previously
(Tchesnokova et al., 2008) with a few modifications.
Briefly, an E. coli strain expressing type 3 fimbriae encoded
by plasmid pCAS625 was grown with shaking overnight in
LB broth at 37 °C. The cells were harvested, resuspended
in buffer (5 mM Tris, 15 mM NaCl, pH 7.4), and agitated
in an osterizing blender. Cell debris was removed by
centrifugation. Fimbriae were repeatedly precipitated by
ammonium sulfate [(NH,),SO4] to a final concentration
of 40% (NH,4),SO, and dialyzed against 5 mM Tris,
15 mM NaCl, pH 7.4 buffer. Finally, the fimbriae were
resuspended in 50 mM Tris, 150 mM NaCl, and pH 7.4
and separated on sodium dodecyl sulfate polyacrylamide
gels. The protein concentration was measured using a
bicinchoninic acid protein assay kit (Pierce). The purifica-
tion of type 3 fimbriae was verified by mass spectrometry.
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Table 1. Bacterial strains and plasmids used in this study

Strains and
plasmids Description Reference
Strains
C3091 K. pneumoniae UTl isolate Oelschlaeger
& Tall (1997)
C3091Afim Type 1 fimbriae cluster Struve et al.
deleted in C3091 (2008)
C3091Amrk Type 3 fimbriae cluster Struve et al.
deleted in C3091 (2009)
C3091AmrkAfim  Type 1 and 3 fimbriae Struve et al.
cluster deleted in C3091 (2009)
HB101 Nonfimbriated, noncapsulated  Purcell and
E. coli K-12 strain Clegg (1983)
Plasmids
puUC18 Plasmid vector, bla Yanisch-Perron
et al. (1985)
pCAS625 pUC18 containing the cloned  Struve et al.
type 3 fimbriae gene cluster (2009)
from C3091
pCAS624 pUC18 containing the cloned  Struve et al.
type 1 fimbriae gene cluster (2008)
from C3091
Fosmids
pEpi-FOS-5 Fosmid vector pEpi-FOS-5 Stahlhut et al.
(2010)
pEpiFosfim pEpi-FOS-5 containing the Struve et al.
cloned type 1 fimbriae gene (2008)
cluster from C3091
pEpiFosmrk pEpi-FOS-5 containing the Schroll et al.
cloned type 3 fimbriae gene (2010)

cluster from C3091

Polyclonal antibodies raised in chickens against purified
type 3 fimbriae were obtained from Covalab (UK).

Catheterized bladder model

The catheterized bladder model was performed as previ-
ously described [Stickler et al., 1999, (also containing a
schematic illustration of the model)] with a minor modi-
fication. In brief, two-compartment (inner and outer
compartment) glass chambers were maintained at 37 °C
by circulation of water through the outer compartment.
All components of the model (tubings, glass chambers,
and adaptors) were sterilized by autoclaving. A size 14
sterile Foley all-silicone catheter (Bard, Denmark) was
inserted into the inner compartment of the glass cham-
bers through an outlet at the base, followed by inflation
of the catheter retention balloon with 10 mL sterile water.
In contrast to the original model used by Stickler and
coworkers, the outer glass compartment is 5 cm longer
than the inner compartment, assuring temperature main-
tenance of the top 10 cm of the catheter. The catheters
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were connected to standard drainage bags. Sterile urine
(15 mL) was pumped (Watson—Marlow 205S) into the
inner chambers to a level just below the eye holes of the
catheter tips.

For inoculation, 0.5 mL of bacterial overnight cultures
grown in LB at 37 °C and 250 r.p.m. for 16 h was trans-
ferred to 20 mL of sterile pooled human urine (37 °C) and
incubated for 3 h at 37 °C and 250 r.p.m. For inoculation
of the catheterized bladder models, an appropriate aliquot
of the preculture representing 5 mL of an ODggo nm of 0.2
(~ 0.5 x 10® CFU) was added to the urine in the inner
chambers. After 1 h, the urine supply was resumed for 70 h
at a constant rate of 30 mL h™". For quantification of bio-
film on catheters, the urine flow was stopped, and a sample
of the bladder (inner compartment) content was collected.
The inserted catheters were carefully removed from the
bladder and cut aseptically. The tip of the catheter (includ-
ing the eyeholes) was transferred to 1 mL saline (0.9%
NaCl) solution. Following a rinse of the remaining catheter
with 2 mL of saline to remove traces of bladder content, the
retention balloon section was removed. The next 2-cm cath-
eter section was transferred to 2 mL saline solution and
served as catheter sample.

The bladder sample as well as the tip of the catheter
and catheter samples, respectively, were sonicated for
5 min (50% Power) followed by vortexing for additional
2 min. Then the samples were serial diluted and plated
on appropriate agar plates. Based on colony counts of the
plates, CFU mL™" bladder content, CFU cm™" catheter,
or CFU cm™? catheter were calculated. The experiment
was repeated three times independently using different
batches of urine.

Biofilm formation on catheters under
hydrodynamic conditions

Biofilm formation under hydrodynamic conditions on
sterile Foley all-silicone catheters (Bard) was carried out
using a system previously described (Christensen et al.,
1999; Ferrieres et al., 2007), with some modification.
Briefly, 4.5-cm-long catheter pieces were connected to a
Watson—-Marlow 205S pump using silicone tubings. The
system was sterilized with 0.5% sodium hypochlorite for
3—4 h and washed extensively with sterile water, prior to
connection of the sterile catheter pieces. After connection
of the catheter, the system was filled with prewarmed
(37 °C) urine, and the flow was left on for 2 h to precon-
dition the catheter surface. Then, overnight cultures stan-
dardized to ODggpg nm of 0.05 were inoculated in each
channel, and bacteria were established in the catheters for
1 h before the flow was turned on at a rate of 1 mL h™'
and the system placed at 37 °C for 48 h. Hereafter, the
catheter pieces were disconnected from the system and
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connected to a 1-mL syringe. Cells attached to the surface
of the catheter were stained by aspiring 0.1% crystal violet
(CV) through the catheter by the syringe and left for
20 min. Catheters were then washed three times in phos-
phate-buffered saline (PBS) to remove excess CV and sub-
sequently dried. Finally, CV was dissolved in 1 mL of 96%
ethanol and measured at Asgs . A catheter piece treated
the same way without any contact to bacterial cells served
as blank. The experiment was repeated three times using
different batches of urine.

Immunofluorescence microscopy

Bacteria scraped from catheters and resuspended in 1 mL
of PBS, or grown in suspension in pooled human urine
for 70 h at 37 °C, were harvested by centrifugation at
4000 g and then fixated in 100 pL of 4% formalin in PBS.
The cells were fixated for 20 min at 4 °C, followed by
washing with PBS. Appropriate numbers of fixated bacteria
were added to wells of a poly-L-lysine-coated six-well glass
slides (Novakemi Ab) and air dried. Slides were washed in
PBS for 10 min. Primary polyclonal antibodies raised
against purified type 1 fimbriae (Stahlhut ef al., 2009) and
type 3 fimbriae in rabbits and chicken, respectively, were
diluted 1 : 1000 in PBS, mixed together, and added to each
well on the glass slide. After incubation in a humid cham-
ber for 45 min, the slide was washed three times in PBS
and incubated with 1 : 500 dilutions of secondary antibod-
ies (Alexa Fluor 594-conjugated goat anti rabbit IgG (Invi-
trogen) for detection of type 1 fimbriae and Alexa Flour
488-conjugated goat anti chicken IgY (Invitrogen) for
detection of type 3 fimbriae). After incubation in a dark
humid chamber for 45 min, the slide was washed three
times in PBS, air dried, and a cover slip was mounted with
Vectashield mounting medium (Vector Laboratories, Bur-
lingame, CA). Finally, the slide was examined with epifluo-
rescence microscopy using appropriate excitation filters.
Visual counting of fluorescence signals on randomly cho-
sen objective positions was used to assess the percentage of
cells expressing type 1 or type 3 fimbriae.

Fimbrial switch orientation assay

A modification of a previously described method was
used to determine the orientation of the K. pneumoniae
fim switch (Struve & Krogfelt, 1999; Struve et al., 2008).
All culture and catheter samples were boiled for 5 min. in
PBS immediately after collection and then kept at —20 °C
until used. After thawing, the culture and urine samples
were centrifuged at 12 000 g for 15 min, and the super-
natant was used as template for PCR. Primers CAS168
(GGGACAGATACGCGTTTGAT) and CAS169 (GGCCTAA
CTGAACGGTTTGA) were used to amplify an 817-bp
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region containing the fim switch with the Expand high-
fidelity PCR system (Roche). Finally, the PCR products
were digested with Hinfl and separated on a 1.2% agarose
gel.

Results

Role of fimbriae during biofilm formation in
the catheterized bladder model

To investigate the role of type 1 and type 3 fimbriae in
biofilm formation on urinary catheters under conditions
mimicking the conditions in the patients, we utilized an
in vitro model of a catheterized bladder that mirrors all
physico-chemical properties except for the presence of a
bladder epithelium (Stickler et al, 1999). Using pooled
human urine as growth medium, the K. pneumoniae uri-
nary tract isolate C3091, its isogenic type 1 fimbriae mutant
(C3091Afim), type 3 fimbriae mutant (C3091Amrk), and
type 1 and type 3 fimbriae double mutant (C3091AfimAmrk)
were inoculated in the artificial bladder lumen at an
initial concentration of ~ 0.5 x 10° CFU mimicking an
established CAUTI. After 70 h of urine supply at
~ 630 mL day ', bacterial counts were monitored in the
bladder lumen, on the catheter tip (located in the blad-
der), and on the lower part of the catheter (below the
retaining balloon of the catheter).

All strains were found to grow to similar numbers in
the bladder (Fig. 1), suggesting that no mutant was atten-
uated for survival in the bladder. In addition, this sug-
gested that the number of bacteria transferred from the
bladder into the catheter was similar for the wild-type
and the mutant strains. Quantification of biofilm forma-
tion from the catheter tip showed that the wild-type and
the type 1 fimbriae and type 3 fimbriae mutants formed
similar amounts of biofilm. In contrast, the type 1 and
type 3 double mutant showed a 3.4-fold attenuation in
biofilm formation (Fig. 1a). On the catheter itself, for the
wild-type and the type 1 fimbriae mutant, comparable
numbers of cells were recovered from the catheter bio-
film. However, for the type 3 fimbriae mutant a 4.1-fold
attenuation in biofilm formation was indicated. Interest-
ingly, for the type 1 and type 3 fimbriae double mutant,
C3091AfimAmrk a significant 38-fold attenuation of bio-
film formation compared with the wild-type strain
(P < 0.05) was observed.

To confirm that at least one fimbrial type is sufficient
for catheter colonization, biofilm formation in the cathe-
terized bladder model of C3091AfimAmrk carrying expres-
sion cassettes for type 1 fimbriae and type 3 fimbriae
in trans on stable fosmids EpiFosfim and EpiFosmrk,
respectively, was evaluated. Indeed, compared with the
control strain carrying the empty fosmid pEpi-FOS-5,
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Fig. 1. (a) Colonization of catheterized bladder model by wild
type C3091 and C3091Afim, C3091Amrk and double mutant
C3091AfimAmrk. (b) Colonization of catheterized bladder model by
wild type C3091 and double mutant C3091AfimAmrk carrying
different complementation constructs pEpi-Fos-5 (control), pEpiFosfim
(type 1 fimbriae), and pEpiFosmrk (type 3 fimbriae). Each bar
represents total CFU in the bladder or catheter tip and CFU per cm of
catheter after 70 h of cultivation using pooled urine (M + SE, n = 3).
Statistical significant differences (P < 0.05) to wild type C3091
colonization are indicated by an asterisk.

colonization of catheter lumen by C3091AfimAmrk
carrying pEpiFosfim and pEpiFosmrk was improved by
40 and 24-fold, respectively (Fig. 1b). Colonization of
complemented strains was not significantly different to
wild-type C3091 (P > 0.05). We concluded that absence
of both fimbriae in K. pneumoniae leads to a significantly
reduced catheter colonization and that complementation
with either one fimbrial type restores catheter coloniza-
tion to wild-type level.

Type 1 fimbrial expression is up-regulated in
cells colonizing urethral catheters

Attenuation of catheter biofilm formation in the absence
of type 1 fimbriae and type 3 fimbriae suggested that
expression of both fimbrial types is important for catheter
colonization or during biofilm formation. We, therefore,
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Fig. 2. Orientation of the fim phase switch during planktonic growth
and biofilm formation on urinary catheters by wild type, C3091. Lane
1, molecular size marker. Lane 2, planktonic growth. Lane 3, biofilm
formation catheter tip (in the bladder). Lane 4, biofilm formation on
catheter. ‘On’ denotes, that fim switch is transcribing fimA, while
‘off’ denotes no transcription of fimA.

expected that expression of both fimbrial types would be
detectable in bacterial samples from the colonized cathe-
ter. As expression of K. pneumoniae type 1 fimbriae is
regulated at the transcriptional level by inversion of an
invertible DNA element (fim switch), we measured the
abundance of cells carrying the invertible element in the
‘on’ position within samples harvested from the catheter
surface colonized with K. pneumoniae C3091. Interest-
ingly the ‘on’ orientation was detected at high ratios both
from bacteria forming biofilm on the catheter tip as well
as in the catheter itself (Fig. 2, tip and catheter). In con-
trast, in the cells that were grown in suspension in urine
for 70 h, only fragments corresponding to the ‘off’ orien-
tation were detectable (Fig. 2). We concluded that tran-
scription of the genes involved in type 1 fimbriae
production are strongly induced in cells from catheters
and that biofilm on urethral catheters are a mode of
growth that leads to up-regulation of type 1 fimbriae
expression in K. pneumoniae.

Type 1 and type 3 fimbriae are expressed
during biofilm formation on urinary tract
catheters, but not in planktonic cells grown in
urine

Onset of transcription of type 1 fimbriae upon coloniza-
tion of catheters suggested increased fimbriae elaboration
by colonizing cells. To investigate the expression of type 1
and type 3 fimbriae on the surface of biofilm-forming
cells from catheters, immunostaining using polyclonal
antibodies against type 1 and type 3 fimbriae, respectively,
was performed. Prior to application on biofilm-forming
cells, antibodies were tested for specificity toward type 1
and type 3 fimbriae, respectively. Both antibodies demon-
strated high specificity toward the intended fimbriae, and
no cross-reaction was observed when tested against
C3091Afim, C3091Amrk, C3091AfimAmrk (data not
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shown). We then applied the identical immunostaining
method on biofilm cells removed from the catheter sec-
tion just below the retaining balloon following 70 h urine
supply in a catheterized bladder model colonized with
K. pneumoniae C3091 (Fig. 3a). Specific fluorescent sig-
nals indicating expression of either type 1 fimbriae or
type 3 fimbriae (Fig. 3a) were observed in the vast
majority of cells from catheter biofilms, revealing that
both type 1 and type 3 fimbriae are indeed expressed
during colonization and biofilm formation on urethral
catheters. However, no cells expressing both fimbrial
types simultaneously were observed (Fig. 3a). Thirty per
cent of the cells were expressing type 1 fimbriae, and 60%
of the cells were expressing type 3 fimbriae. In contrast,
only very few cell expressed type 1, and no type 3

Fig. 3. Expression of type 1 (Red) and type 3 (Green) fimbriae by
individual Klebsiella pneumoniae C3091 cells grown as a biofilm on
urinary tract catheters (a) or planktonically in urine (b) using type 1
fimbriae specific antibodies and type 3 fimbriae specific antibodies.
Black cells are non-fimbriated cells. Note that during biofilm
formation on urinary catheters each individual cell is expressing either
type 1 or type 3 fimbriae not both. Scale bars denote 20 pm.
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fimbriae-specific signals were detectable when cells were
grown for 70 h in suspension indicating that type 1 and
type 3 fimbriae are not expressed or only sparsely
expressed under planktonic growth conditions (Fig. 3b).
We concluded that urethral catheter colonization by
K. pneumoniae is associated with expression of type 1 or
type 3 fimbriae. However, fimbriae expression appears to
be limited to only one type of fimbriae.

Individual expression of type 1 and type 3
fimbriae in E. coli promotes biofilm formation
on urethral catheters under hydrodynamic
conditions

Our results suggested that type 1 and type 3 fimbriae
expression is co-regulated in K. pneumoniae, limiting our
ability to clarify the role of each fimbrial type for catheter
colonization in K. pneumoniae. We, therefore, investi-
gated the effect of type 1 and type 3 fimbriae expression
for biofilm formation on urethral catheters in an other-
wise nonfimbriated E. coli K-12 strain. Escherichia coli
HB101 was transformed with type 1 (pCAS624) or type 3
fimbriae (pCAS625) encoding plasmids and investigated
for biofilm formation under hydrodynamic conditions.
Using pooled human urine as growth media, we utilized
a system similar to the standard biofilm flow chamber
system, but exchanged the flow chamber cells with pieces
of silicone urethral catheters. After 48 h, biofilm forma-
tion on catheter pieces was quantified by crystal violet
staining.

The introduction of pCAS624 encoding the type 1
fimbrial gene cluster of C3091 into E. coli HB101 resulted
in significantly enhanced biofilm formation compared
with HB101 carrying the empty vector pUCI18
(P = 0.006) (Fig. 4), confirming that expression of type 1
fimbriae strongly promotes biofilm formation on urethral
catheters. Similarly, a significantly enhanced biofilm for-
mation was observed when pCAS625 encoding the type 3
fimbriae gene cluster of C3091 was transformed into
HB101 (P = 0.007) (Fig. 4). These results suggest that
K. pneumoniae fimbriae can be expressed in a nonfimbri-
ated E. coli laboratory strain and that both fimbrial types
can independently promote biofilm formation on urethral
catheters.

Discussion

Although animal models for CAUTI have been developed,
the conditions present during human infection differ
from current animal models in the urine composition as
well as the residual level of urine in the human bladder
and the continuous flow of urine through the catheter. In
this study, we, therefore, assessed the contribution of
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Fig. 4. Biofilm formation on urinary tract catheters by the non-
fimbriated Escherichia coli strain HB101[pUC18], HB101[pCAS624]
expressing type 1 fimbriae and HB101[pCAS625] expressing type 3
fimbriae, quantified by crystal violet straining after 48 h. All
experiments were performed in triplicates. Means are shown and
statistical calculations done by Students t-test.

genetic factors on catheter colonization in a dynamic
in vitro model for the catheterized bladder.

We recently reported that type 3 fimbriae are essential
for biofilm formation in a standard biofilm hydrody-
namic flow chamber setup; however, type 1 fimbriae did
not play any role in biofilm formation under the used
experimental conditions (Schroll et al., 2010). In the pres-
ent study, using a catheterized bladder model, we
observed that the type 1 and type 3 fimbriae mutants
were still able to form biofilms on catheters although the
type 3 fimbriae mutant was attenuated. However, when
both fimbrial types were deleted, a significant attenuation
in biofilm formation was observed. Notably, the attenua-
tion in biofilm formation between the wild-type and the
type 1 and type 3 fimbrial double mutant is not signifi-
cantly different on the catheter tip in contrast to below
the retention balloon of the catheter. This suggests that
the contribution of the fimbriae is particularly important
for biofilm formation in the presence of increased shear
forces caused by the flushing of the catheter lumen by the
voiding urine.

These findings suggest that type 1 and type 3 fimbriae
both promote biofilm formation on catheters and are able
to compensate for each other. Thus, only when both
fimbrial types are absent, the ability to form biofilm is
severely attenuated. Based on this observation, we investi-
gated the fimbrial expression in cells forming biofilm on
urethral catheters by fimbriae-specific antibodies. Interest-
ingly, both fimbrial types were expressed by C3091 during
biofilm formation on the catheter surface, suggesting that
none of the two fimbrial types are favored by the bacteria
for promotion of biofilm formation. Furthermore, the
inability to express both type 1 and type 3 fimbriae, when
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grown planktonically in urine as opposed to when form-
ing a biofilm on catheters, suggests that the bacterial cell
needs a substratum, for example, catheter or a biofilm,
before transcription of these fimbrial types takes place. In
addition, the high frequency of fimbrial expression in
biofilm bacteria that were harvested after 70 h of biofilm
formation provides evidence that K. pneumoniae requires
either of the fimbrial types during biofilm maturation
and not only during initial attachment.

Surprisingly, our analysis of fimbrial expression indi-
cates that none of the individual cells expressed both type
1 or type 3 fimbriae simultaneously. This indicates a strict
co-regulation system of the two fimbrial types in K. pneu-
moniae, where the expression of one fimbrial type will
down-regulate the other fimbrial type. It could be specu-
lated that several putative regulatory genes present in or
up- and down-stream from the type 1 and type 3 fimb-
riae gene clusters might be part of a complex regulatory
network. Thus, the fimK gene, which is unique to the
K. pneumoniae fim gene cluster, has been shown to
up-regulate type 1 fimbrial expression when deleted, and
the mrkH gene has been shown to regulate type 3 fimbrial
expression (Rosen et al., 2008; Johnson et al., 2011; Wil-
ksch et al., 2011). Interestingly, both of these regulatory
genes encode proteins that have internal domains capable
of interaction with cycling di-GMP, a global bacterial sec-
ond messenger believed to be involved in virulence regu-
lation of many gram-negative bacterial species (Jonas
et al., 2009; Struve et al., 2008; Bobrov et al., 2011; John-
son et al., 2011). Thus, c-di-GMP likely has a key role in
the regulation of fimbrial expression in K. pneumoniae.

We recently reported that type 1 fimbriae was down-
regulated (fimbrial switch is in the ‘off’ position) during
biofilm formation in flow cells when grown in minimal
media (Schroll et al., 2010). However, here we show that
the type 1 fimbrial switch was ‘on’ during biofilm forma-
tion in urine on urethral catheters. Thus, the characteris-
tics of substratum as well as the growth medium seem to
play a key role in expression of type 1 fimbriae. The
increased type 1 fimbriae expression may be related to
the ability of the fimbriae to attach to the urethral cathe-
ter itself. However, type 1 fimbriae-mediated colonization
and biofilm formation on catheters could also be
enhanced by Tamm-Horsfall protein, which is found in
abundance in human urine (Sokurenko et al., 1997; Cav-
allone et al, 2004). Type 1 fimbriae binds to Tamm-
Horsfall protein, and we have previously shown that the
binding groove of K. pneumoniae FimH adhesin has high
tropism toward trisaccharides, which can be found on the
Thus,
Horsfall protein may coat the surface of the silicone
catheter, thereby creating a layer of trisaccharides for the
FimH adhesin to bind (Pak et al, 2001; Cavallone et al.,

surfaces of Tamm-Horsfall proteins. Tamm-
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2004; Stahlhut et al.,, 2009). To evaluate the relevance of
the latter possibility, it would be interesting to see
whether biofilm formation of K. pneumoniae C3091 or its
type 3 fimbriae mutant is reduced in the presence of
mannose in the human urine.

When expressed in E. coli, both type 1 and type 3
fimbriae significantly enhanced biofilm formation com-
pared with the wild-type strain, verifying that type 1 and
type 3 fimbriae are important in biofilm formation on
urethral catheters. These results indicate that type 1 and
type 3 fimbriae are capable of promoting biofilm forma-
tion not only on urethral catheters when being expressed
by K. pneumoniae but also in other Enterobacteriaceae.

Both type 1 and type 3 fimbriae have previously been
suggested to adhere to urethral catheters using various
experimental setups and artificial media (Burmelle et al.,
2008; Trautner et al., 2008; Stahlhut ef al, 2010; Wang
et al, 2010). In this study, we utilized a catheterized
bladder model and human urine, which provide a more
precise simulation of CAUTIs than any other in vitro
system, to establish the impact of type 1 and type 3
fimbriae on biofilm formation and characterize fimbrial
expression.

Besides Klebsiella species, type 1 and type 3 fimbriae
are found in many bacterial species causing catheter-
associated urethral infections including Citrobacter,
Enterobacter, Serratia, Proteus, Providencia, and E. coli,
and we speculate that these fimbriae are involved in
biofilm formation on urethral tract catheters in a large
number of these species. Thus, further studies are
warranted to elucidate the general role of these versatile
fimbriae in different species causing CAUTIs. Detailed
characterization of this process may lead to therapeutic
means with anti-adhesive characteristics.

Acknowledgements

S.G.S. was partially supported by the Danish Research
Agency grant 2101-06-0009. A.R. was supported by the
Austrian Science Fund (FWF): P21434-B18. There is no
conflict of interest by any author.

Statement

Re-use of this article is permitted in accordance with the
Terms and Conditions set out at http://wileyonlinelibrary.
com/onlineopen#OnlineOpen_Terms

References

Adegbola RA & Old DC (1982) New fimbrial hemagglutinin in
Serratia species. Infect Immun 38: 306-315.

FEMS Immunol Med Microbiol 65 (2012) 350-359

357

Adegbola RA & Old DC (1983) Fimbrial haemagglutinins in
Enterobacter species. ] Gen Microbiol 129: 2175-2180.

Adegbola RA & Old DC (1985) Fimbrial and non-fimbrial
haemagglutinins in Enterobacter aerogenes. ] Med Microbiol
19: 35-43.

Allen BL, Gerlach GF & Clegg S (1991) Nucleotide sequence
and functions of mrk determinants necessary for expression
of type 3 fimbriae in Klebsiella pneumoniae. ] Bacteriol 173:
916-920.

An D & Parsek MR (2007) The promise and peril of
transcriptional profiling in biofilm communities. Curr Opin
Microbiol 10: 292-296.

Beloin C & Ghigo JM (2005) Finding gene-expression patterns
in bacterial biofilms. Trends Microbiol 13: 16-19.

Bobrov AG, Kirillina O, Ryjenkov DA, Waters CM, Price PA,
Fetherston JD, Mack D, Goldman WE, Gomelsky M &
Perry RD (2011) Systematic analysis of cyclic di-GMP
signalling enzymes and their role in biofilm formation and
virulence in Yersinia pestis. Mol Microbiol 79: 533-551.

Burmelle M, Bahl MI, Jensen LB, Serensen S] & Hansen LH
(2008) Type 3 fimbriae, encoded by the conjugative plasmid
pOLA52, enhance biofilm formation and transfer
frequencies in Enterobacteriaceae strains. Microbiology 154:
187-195.

Cavallone D, Malagolini N, Monti A, Wu XR & Serafini-Cessi
F (2004) Variation of high mannose chains of Tamm-—
Horsfall glycoprotein confers differential binding to type 1-
fimbriated Escherichia coli. ] Biol Chem 279: 216-222.

Christensen BB, Sternberg C, Andersen JB, Palmer R] Jr,
Nielsen AT, Givskov M & Molin S (1999) Molecular
tools for study of biofilm physiology. Methods Enzymol 310:
20-42.

Di Martino P, Cafferini N, Joly B & Darfeuille-Michaud A
(2003) Klebsiella pneumoniae type 3 pili facilitate adherence
and biofilm formation on abiotic surfaces. Res Microbiol
154: 9-16.

Duguid JP, Smith IW, Dempster G & Edmunds PN (1955)
Non-flagellar filamentous appendages (fimbriae) and
haemagglutinating activity in Bacterium coli. ] Pathol
Bacteriol 70: 335-348.

Ferrieres L, Hancock V & Klemm P (2007) Specific selection
for virulent urinary tract infectious Escherichia coli strains
during catheter-associated biofilm formation. FEMS
Immunol Med Microbiol 51: 212-219.

Hornick DB, Allen BL, Horn MA & Clegg S (1992) Adherence
to respiratory epithelia by recombinant Escherichia coli
expressing Klebsiella pneumoniae type 3 fimbrial gene
products. Infect Immun 60: 1577-1588.

Jacobsen SM, Stickler DJ, Mobley HL & Shirtlift ME (2008)
Complicated catheter-associated urinary tract infections due
to Escherichia coli and Proteus mirabilis. Clin Microbiol Rev
21: 26-59.

Jagnow J & Clegg S (2003) Klebsiella pneumoniae MrkD-
mediated biofilm formation on extracellular matrix- and
collagen-coated surfaces. Microbiology 149: 2397-2405.

© 2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved



358

Jain P, Parada JP, David A & Smith LG (1995) Overuse of the
indwelling urinary tract catheter in hospitalized medical
patients. Arch Intern Med 155: 1425-1429.

Jarvis WR, Munn VP, Highsmith AK, Culver DH & Hughes
JM (1985) The epidemiology of nosocomial infections
caused by Klebsiella pneumoniae. Infect Control 6: 68—74.

Johnson JG, Murphy CN, Sippy J, Johnson T] & Clegg S
(2011) Type 3 Fimbriae and Biofilm Formation Are
Regulated by the Transcriptional Regulators MrkHI in
Klebsiella pneumoniae. ] Bacteriol 193: 3453—3460.

Jonas K, Melefors O & Romling U (2009) Regulation of c-di-
GMP metabolism in biofilms. Future Microbiol 4: 341-358.

Klemm P & Schembri MA (2000) Bacterial adhesins: function
and structure. Int J] Med Microbiol 290: 27-35.

Klemm P, Krogfelt KA, Hedegaard L & Christiansen G (1990)
The major subunit of Escherichia coli type 1 fimbriae is not
required for D-mannose-specific adhesion. Mol Microbiol 4:
553-559.

Krogfelt KA, Bergmans H & Klemm P (1990) Direct evidence
that the FimH protein is the mannose-specific adhesin of
Escherichia coli type 1 fimbriae. Infect Immun 58: 1995—1998.

Langstraat J, Bohse M & Clegg S (2001) Type 3 fimbrial shaft
(MrkA) of Klebsiella pneumoniae, but not the fimbrial
adhesin (MrkD), facilitates biofilm formation. Infect Immun
69: 5805-5812.

Macleod SM & Stickler DJ (2007) Species interactions in
mixed-community crystalline biofilms on urinary catheters.
J Med Microbiol 56: 1549—1557.

Madison B, Ofek I, Clegg S & Abraham SN (1994) Type 1
fimbrial shafts of Escherichia coli and Klebsiella pneumoniae
influence sugar-binding specificities of their FimH adhesins.
Infect Immun 62: 843—848.

Mobley HL & Chippendale GR (1990) Hemagglutinin, urease,
and hemolysin production by Proteus mirabilis from clinical
sources. J Infect Dis 161: 525-530.

Nicolle LE (2005) Catheter-related urinary tract infection.
Drugs Aging 22: 627-639.

Oelschlaeger TA & Tall BD (1997) Invasion of cultured human
epithelial cells by Klebsiella pneumoniae isolated from the
urinary tract. Infect Immun 65: 2950—-2958.

Old DC & Adegbola RA (1982) Haemagglutinins and fimbriae
of Morganella, Proteus and Providencia. ] Med Microbiol 15:
551-564.

Old DC & Adegbola RA (1983) A new mannose-resistant
haemagglutinin in Klebsiella. ] Appl Bacteriol 55: 165-172.

Ong CL, Ulett GC, Mabbett AN, Beatson SA, Webb RI,
Monaghan W, Nimmo GR, Looke DF, McEwan AG &
Schembri MA (2008) Identification of type 3 fimbriae in
uropathogenic Escherichia coli reveals a role in biofilm
formation. J Bacteriol 190: 1054—1063.

Ong CL, Beatson SA, Totsika M, Forestier C, McEwan AG &
Schembri MA (2010) Molecular analysis of type 3 fimbrial
genes from Escherichia coli, Klebsiella and Citrobacter
species. BMC Microbiol 10: 183.

Pak J, Pu Y, Zhang ZT, Hasty DL & Wu XR (2001) Tamm-
Horsfall protein binds to type 1 fimbriated Escherichia coli

© 2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

S.G. Stahlhut et al.

and prevents E. coli from binding to uroplakin Ia and Ib
receptors. J Biol Chem 276: 9924-9930.

Podschun R & Ullmann U (1998) Klebsiella spp. as
nosocomial pathogens: epidemiology, taxonomy, typing
methods, and pathogenicity factors. Clin Microbiol Rev 11:
589-603.

Purcell BK & Clegg S (1983) Construction and expression of
recombinant plasmids encoding type 1 fimbriae of a urinary
Klebsiella pneumoniae isolate. Infect Immun 39: 1122-1127.

Rosen DA, Pinkner JS, Jones JM, Walker JN, Clegg S &
Hultgren SJ (2008) Utilization of an intracellular bacterial
community pathway in Klebsiella pneumoniae urinary tract
infection and the effects of FimK on type 1 pilus expression.
Infect Immun 76: 3337—-3345.

Saint S (2000) Clinical and economic consequences of
nosocomial catheter-related bacteriuria. Am J Infect Control
28: 68-75.

Schroll C, Barken KB, Krogfelt KA & Struve C (2010) Role of
type 1 and type 3 fimbriae in Klebsiella pneumoniae biofilm
formation. BMC Microbiol 10: 179.

Sokurenko EV, Chesnokova V, Doyle R] & Hasty DL (1997)
Diversity of the Escherichia coli type 1 fimbrial lectin.
Differential binding to mannosides and uroepithelial cells.
] Biol Chem 272: 17880-17886.

Spencer RC (1996) Predominant pathogens found in the
European Prevalence of Infection in Intensive Care Study.
Eur J Clin Microbiol Infect Dis 15: 281-285.

Stahlhut SG, Tchesnokova V, Struve C, Weissman SJ,
Chattopadhyay S, Yakovenko O, Aprikian P, Sokurenko
EV & Krogfelt KA (2009) Comparative structure-function
analysis of mannose-specific FimH adhesins from
Klebsiella pneumoniae and Escherichia coli. ] Bacteriol 191:
6592-6601.

Stahlhut SG, Schroll C, Harmsen M, Struve C & Krogfelt KA
(2010) Screening for genes involved in Klebsiella
pneumoniae biofilm formation using a fosmid library. FEMS
Immunol Med Microbiol 59: 521-524.

Stickler DJ, Morris NS & Winters C (1999) Simple physical
model to study formation and physiology of biofilms on
urethral catheters. Methods Enzymol 310: 494-501.

Struve C & Krogfelt KA (1999) In vivo detection of Escherichia
coli type 1 fimbrial expression and phase variation during
experimental urinary tract infection. Microbiology
145(Pt 10): 2683-2690.

Struve C, Bojer M & Krogfelt KA (2008) Characterization of
Klebsiella pneumoniae type 1 fimbriae by detection of phase
variation during colonization and infection and impact on
virulence. Infect Immun 76: 4055—4065.

Tarkkanen AM, Allen BL, Westerlund B, Holthofer H,
Kuusela P, Risteli L, Clegg S & Korhonen TK (1990)
Type V collagen as the target for type-3 fimbriae,
enterobacterial adherence organelles. Mol Microbiol 4:
1353-1361.

Tarkkanen AM, Allen BL, Williams PH, Kauppi M, Haahtela
K, Siitonen A, Orskov I, Orskov F, Clegg S & Korhonen TK
(1992) Fimbriation, capsulation, and iron-scavenging

FEMS Immunol Med Microbiol 65 (2012) 350-359



Klebsiella pneumoniae biofilm formation on urethral catheters

systems of Klebsiella strains associated with human urinary
tract infection. Infect Immun 60: 1187-1192.

Tarkkanen AM, Virkola R, Clegg S & Korhonen TK (1997)
Binding of the type 3 fimbriae of Klebsiella pneumoniae to
human endothelial and urinary bladder cells. Infect Immun
65: 1546—-1549.

Tchesnokova V, Aprikian P, Yakovenko O, Larock C, Kidd
B, Vogel V, Thomas W & Sokurenko E (2008)
Integrin-like allosteric properties of the catch bond-
forming FimH adhesin of Escherichia coli. ] Biol Chem
283: 7823-7833.

Trautner BW, Cevallos ME, Li H, Riosa S, Hull RA, Hull
SI, Tweardy DJ & Darouiche RO (2008) Increased
expression of type-1 fimbriae by nonpathogenic
Escherichia coli 83972 results in an increased capacity for
catheter adherence and bacterial interference. J Infect Dis
198: 899-906.

FEMS Immunol Med Microbiol 65 (2012) 350-359

359

Van Houdt R & Michiels CW (2005) Role of bacterial cell
surface structures in Escherichia coli biofilm formation. Res
Microbiol 156: 626—633.

Wang X, Lunsdorf H, Ehren I, Brauner A & Romling U (2010)
Characteristics of biofilms from urinary tract catheters and
presence of biofilm-related components in Escherichia coli.
Curr Microbiol 60: 446—453.

Warren JW (2001) Catheter-associated urinary tract infections.
Int ] Antimicrob Agents 17: 299-303.

Wilksch JJ, Yang J, Clements A et al. (2011) MrkH, a novel c-
di-GMP-dependent transcriptional activator, controls
Klebsiella pneumoniae biofilm formation by regulating type
3 fimbriae expression. PLoS Pathog 7: e1002204.

Yanisch-Perron C, Vieira ] & Messing J (1985) Improved
M13 phage cloning vectors and host strains: nucleotide
sequences of the M13mp18 and pUC19 vectors. Gene 33:
103-119.

© 2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved



