
B

B
a

b

a

A
R
R
2
A
A

K
E
B
A
D
D

1

k
i
o
n

t
i
a
U
a
s
2
B
m
t

D
V
m
a
S

0
h

Microbiological Research 168 (2013) 367– 378

Contents lists available at SciVerse ScienceDirect

Microbiological  Research

jo ur nal ho me  p age: www.elsev ier .com/ locate /micres

iochemical  characteristic  of  biofilm  of  uropathogenic  Escherichia  coli  Dr+ strains
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Urinary  tract  infections  caused  by Escherichia  coli  are  very  common  health  problem  in  the  developed
countries.  The  virulence  of the  uropathogenic  E.  coli Dr+ IH11128  is  determined  by  Dr  fimbriae,  which  are
homopolymeric  structures  composed  of  DraE  subunits  with  the  DraD  protein  capping  the  fiber.  In  this
study,  we  have  analyzed  the  structural  and  biochemical  properties  of biofilms  developed  by  E. coli  strains
expressing  Dr fimbriae  with  or without  the  DraD  tip  subunit  and  the surface-exposed  DraD  protein.
We  have  also  demonstrated  that  these  E.  coli strains  form  biofilms  on an  abiotic  surface  in  a  nutrient-
dependent  fashion.  We  present  evidence  that  Dr  fimbriae  are  necessary  during  the  first  stage  of  bacterial
. coli Dr+

iofilm
TR/FTIR-spectroscopy
r fimbriae
raD protein

interaction  with  the  abiotic  surface.  In  addition,  we reveal  that  the  DraD  alone  is  also  sufficient  for the
initial  surface  attachment  at an  even  higher  level  than  Dr  fimbriae  and  that  chloramphenicol  is able  to
reduce  the normal  attachment  of the  analyzed  E. coli.  The action  of  chloramphenicol  also  shows  that
protein  synthesis  is required  for the early  events  of  biofilm  formation.  Additionally,  we  have  identified
reduced  exopolysaccharide  coverage  in  E. coli that express  only  Dr  fimbrial  polyadhesins  at  the  cell surface

 capp
with  or  without  the DraD

. Introduction

Urinary tract infections (UTI) involving the bladder (cystitis) and
idneys (pyelonephritis) are the most common bacterial diseases
n humans. Escherichia coli is the most frequent agent (about 80%)
f UTI in humans and one of the most common causes of gram-
egative bacteremia in hospitalized patients (Foxman 2002).

Uropathogenic E. coli (UPEC) harbors several urovirulence fac-
ors required for adhesion, colonization of host mucosal surfaces,
nvasion of host cells and tissues, overcoming host defense mech-
nisms, and persistence. Virulence determinants associated with
PEC include surface factors (S and F1C fimbriae, Dr family of
dhesins, and P and type 1 pili) and exported factors (toxins,
iderophores, and polysaccharide coatings) (Oelschlaeger et al.
002; Emödy et al. 2003; Arisoy et al. 2006; Yamamoto 2007).
iofilm formation can be considered as another urovirulence deter-
inant responsible for the long-lasting persistence of bacteria in

he genitourinary tract (Costerton et al. 1995).
The Dr family of adhesins, including Dr haemagglutinin (DraE),

r-II (DraE-II), F1845 (DaaE), Afa-I, Afa-II, Afa-III, Afa-V, Afa-VII, Afa-
III, Nfa-I, Aaf-I, and Aaf-II (of human or animal origin), are the third

ost common group of virulence factors characteristic of UPEC,

fter type 1 and P pili (Nowicki et al. 2001; Van Loy et al. 2002a;
ervin 2005; Le Bouguénec and Servin 2006).

∗ Corresponding author. Tel.: +48 58 3471862.
E-mail address: beazalew@pg.gda.pl (B. Zalewska-Piątek).

944-5013/$ – see front matter ©  2013 Elsevier GmbH. All rights reserved.
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ing  subunit.
© 2013 Elsevier GmbH. All rights reserved.

Dr haemagglutinin, like the rest of the Dr adhesin family, is
encoded by the dra gene operon with a similar genetic organization
(Nowicki et al. 1989). The Dr adhesin can use up to 4 receptors, such
as decay-accelerating factor (DAF) (Nowicki et al. 1988; Carnoy and
Moseley 1997; Van Loy et al. 2002a,b; Korotkova et al. 2008a),
members of the carcinoembryonic antigen family (CEA; Berger
et al. 2004; Korotkova et al. 2008a,b; Guignot et al. 2009), type
IV collagen, and �5�1 integrin, to adhere to host cells and tissues
(Westerlund et al., 1989; Carnoy and Moseley, 1997; Guignot et al.
2009). The adherence phenotype of E. coli Dr+ strains is responsible
for bacterial aggregation, which is the first step of biofilm formation
(Zalewska-Piątek  et al. 2008, 2009).

A bacterial biofilm is defined as a three-dimensional struc-
tured community of aggregated cells embedded in a self-produced
exopolysaccharide matrix that is able to adhere to abiotic and living
(biotic) surfaces. Many persistent and chronic bacterial infections
are believed to be associated with biofilm formation (Costerton
et al. 1995, 1999). Pathogenic bacteria that form biofilms can be
up to 1000 times more resistant to antimicrobial agents, such as
antibiotics, and host immune attacks (Anderson and O’Toole 2008;
Stewart and Franklin 2008). The ability of bacterial cells to develop
biofilms is not only responsible for many health problems but also
causes economic losses (Costerton et al. 1999).

Biofilms are created by many punctate microcolonies that

are separated by water-filled channels used for supplying nutri-
ents and removing waste products and are surrounded by an
exopolysaccharide coverage. Exopolysaccharide production is not
required for surface attachment but for the development of the

dx.doi.org/10.1016/j.micres.2013.01.001
http://www.sciencedirect.com/science/journal/09445013
http://www.elsevier.com/locate/micres
mailto:beazalew@pg.gda.pl
dx.doi.org/10.1016/j.micres.2013.01.001
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Table 1
E.  coli strains and plasmids.

E. coli strain Mutation Relevant genotype Surface exposure of Source/reference

draC draD draE gspD DraD DraE

BL21(DE3) ompT lon dcm − − − + − − Novagen
BL21(DE3)/pCC90 − + + + + + + Carnoy and Moseley (1997)
BL21(DE3)/pCC90DraDmut �draDstop + − + + − + Zalewska et al. (2005)
BL21(DE3)/pCC90DraCmut DraC−K15stop − + + + + − Zalewska et al. (2005)
BL21(DE3)/pCC90D54stop Dr-D54stop + + − + + − Carnoy and Moseley (1997)
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DR14/gspD Insertion DraC, intron GspD − +
IH11128 − + +
DR14 Insertion DraC − +

hree-dimensional architecture of E. coli biofilms (Costerton et al.
994, 1995; Danese et al. 2000; Prigent-Combaret et al. 2001).

Biofilm  development can be divided into the following steps.
he first step includes the sedimentation of planktonic cells on
he biotic or abiotic surfaces, adhesion, and creation of a cluster.
he second step involves the formation of antimicrobial-resistant
olonies. Further steps are connected with the removal of individ-
al cells from the biofilm colonies, their settling on a surface, and
he creation of new agglomerations (Costerton et al. 1994, 1995).

Biofilm  formation is strongly influenced by nutritional condi-
ions (Costerton et al. 1995; Terada et al. 2003), ionic strength
Busalmen and de Sánchez 2001; Gomez et al. 2003), and osmotic
ressure (Prigent-Combaret et al. 2001; Kawarai et al. 2009). An

ncrease in osmolarity of up to 0.3 M NaCl in the culture medium
nhibited biofilm formation by E. coli (Prigent-Combaret et al. 2001)
nd slowed the growth of the analyzed bacteria (Record et al. 1998).

Here, we studied for the first time the structural (distribution
f the polysaccharide matrix and content of proteins and phos-
hates) and biochemical properties of biofilms formed by strains
f E. coli harboring the dra gene cluster. The investigations were
oncentrated on E. coli strains of laboratory and clinical origin that
xpressed Dr fimbriae with or without DraD as a capping fimbrial
ubunit, the so-called fimbria-associated form (DraD+/DraE+ and
raD−/DraE+, respectively), and the DraD protein as a fimbria non-
ssociated structure (DraD+/DraE−). The results obtained will form
he background for future studies on the development of biofilms
f E. coli Dr+ strains. We  investigated the effect of various nutrients
nd a highly osmotic environment on E. coli biofilm development.
e found that biofilm formation by E. coli Dr+ strains can be

nhibited in the presence of the protein synthesis inhibitor chloram-
henicol (CLM), which can also abolish the adhesion mediated by
r haemagglutinin (a phenotype critical for attachment to abiotic

urfaces). In addition, we found that the exopolysaccharide matrix
f E. coli strains exposing Dr fimbriae with (DraD+/DraE+) or with-
ut (DraD−/DraE+) the DraD tip subunit was less intensely stained
ith periodic acid-Schiff (PAS) reagent (reduced exopolysaccharide

overage) than were biofilm polysaccharides surrounding subpop-
lations of E. coli in which the DraD protein was not associated with
mbriae (DraD+/DraE−) (increased exopolysaccharide coverage).
inally, we characterized the chemical structure of biofilms colo-
izing abiotic surfaces by using attenuated total reflection Fourier
ransform infrared spectroscopy (ATR/FTIR). The difference spectra
isplayed features originating from various biopolymers specific to
he E. coli strains that formed the biofilms.

. Materials and methods

.1.  Bacterial strains, plasmids, and reagents
The strains used in this study are described in Table 1. The over-
xpression of genes encoded by a dra gene cluster was  performed in
he laboratory Escherichia coli strain BL21(DE3) (Novagen, Notting-
am, UK) or the clinical E. coli strains IH11128 (Nowicki et al. 1987),
+ − − − Zalewska-Piątek  et al. (2008)
+ + + + Nowicki et al. (1987)
+ + + − Goluszko et al. (1997)

DR14  (Goluszko et al. 1997), and DR14/gspD (Zalewska-Piątek  et al.
2008).

E. coli BL21(DE3) is a �DE3 strain carrying the gene for T7 poly-
merase that is under the control of the lacUV5 promoter. E. coli
IH11128 is a strain of clinical origin (isolated from a patient with
pyelonephritis) with Dr fimbriae (Nowicki et al. 1987). E. coli DR14
is an insertional draC mutant strain (Goluszko et al. 1997). The E. coli
DR14/gspD strain is a gspD mutant (with a gspD gene knockout) of
E. coli DR14 that was  described previously (Zalewska-Piątek  et al.
2008).

The plasmids pCC90 carrying the dra gene cluster with its
promoter region (draF-draA) upstream of a deleted draB gene,
and pCC90D54stop, a DraE-negative mutant (with the mutated
draE gene), were provided by S. Moseley, University of Washing-
ton, Seattle, WA,  USA (Carnoy and Moseley 1997). The plasmids
pCC90DraDmut, a DraD-negative mutant (with the mutated draD
gene), and pCC90DraCmut, a DraC-negative mutant (with the
mutated draC gene), have been described previously (Zalewska
et al. 2005).

Bacterial E. coli strains (of laboratory or clinical origin) were
grown on rich medium (Luria-Bertani [LB]) or minimal medium
(M63) (as indicated in each experiment), supplemented with the
appropriate antibiotic (100 �g ampicillin ml−1) (Sigma, St. Louis,
MO), at 37 ◦C.

Polyvinylchloride ([PVC]; 96-well, microtest flexible assay
plates) or polystyrene plates (6-well flexible assay plates) and
glass coverslips were obtained from Becton Dickinson (Franklin
Lakes, NJ). One percent crystal violet (CV), a dye used for staining
attached cells but not PVC, was  purchased from Merck (Darmstadt,
Germany).

2.2. Cell lines

HeLa  cells were maintained on minimum essential medium
(MEM) supplemented with 10% (v/v) fetal bovine serum (FBS;
Sigma) and penicillin–streptomycin solution (Sigma) in a 5% CO2
atmosphere at 37 ◦C. The cell line was passaged using 0.25% (v/v)
trypsin containing EDTA (Sigma).

2.3. Growth of biofilms under different nutritional environments

Biofilm formation was assayed using the ability of bacterial cells
of laboratory and clinical origin (grown on minimal medium) to
adhere to the wells of 96-well microtiter plates made of PVC, as
described previously (Zalewska-Piątek  et al. 2009). The minimal
medium used was M63  supplemented with glucose (0.2%); glu-
cose (0.2%) plus FeSO4 (3 �M);  glucose (0.8%) plus LB (1%); and

casamino acids (CAA, 1%). After 24 h of static growth (37 ◦C) in
the wells of the plates, the biofilms formed from M63-grown cells
were stained with 1% (w/v) CV, and the absorbance was deter-
mined at 531 nm (Victor3V plate reader; PerkinElmer, Waltham,

http://mostwiedzy.pl
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B. Zalewska-Piątek et al. / Microb

A)  (Zalewska-Piątek  et al. 2009). Strains showing a blank cor-
ected mean absorbance value of >0.1 were considered positive.

.4.  Biofilm formation under high osmotic pressure

Biofilm formation on the wells of 6-well polystyrene plates sup-
orted with the glass coverslips was studied. Control LB medium,
B without sodium chloride (LB-WS; 1% tryptone and 0.5% yeast
xtract) (Kawarai et al. 2009), and LB-WS supplemented with 1 M
odium chloride (LB-WSN) or sucrose (LB-WSS; Sigma) were used
n the experiments. The 24-h cell cultures grown under static con-
itions were diluted in fresh media (1:100) and grown statically
or another 24 h, at 37 ◦C, in the wells of microtiter plates. The
lass slides were then rinsed three times with deionized water,
ried for 30 min  at room temperature, and Gram-stained. Biofilms
ormed on glass slides after Gram staining were observed using
ight microscopy with a 40× objective lens and an Olympus BX60

icroscope (Olympus, Tokyo, Japan). ImageJ software was used for
mage analysis and processing.

The second 96-well PVC microtiter plate, stained with 1% (w/v)
V (Zalewska-Piątek  et al. 2009) was used for the quantitative
nalysis of biofilm formation under high osmotic pressure in an
nvironment of 1 M NaCl or 1 M sucrose. The absorbance was  deter-
ined at 531 nm (Victor 3V plate reader; PerkinElmer). Strains

resenting a blank corrected mean absorbance value of >0.1 were
onsidered positive.

.5.  Effect of chloramphenicol inhibition on biofilm formation

Bacterial strains were grown statically for 24 h in M63 with 0.2%
lucose and 1% LB at 37 ◦C. Subsequently, the cells were subcul-
ured (1:40 dilution) into fresh media, in the presence or absence
f 3.5 mM CLM (Sigma), for another 24 h of static growth at 37 ◦C in
he wells of PVC microtiter plate. After 24 h, the wells were rinsed
nd the biofilms stained with 1% CV. Then, the A531 of each CV sam-
le was determined using the Victor 3V plate reader (PerkinElmer).
trains presenting a blank corrected mean absorbance value of >0.1
ere considered positive.

.6.  Effect of chloramphenicol on bacterial binding to HeLa cells

HeLa  cells were split into 12-well plates with glass coverslips
nd grown for 24 h. Before the assay, the cells were washed twice
ith MEM  and incubated in fresh medium without antibiotics and

BS for 1 h. The bacterial strains were grown overnight in M63  with
.2% glucose and 1% LB. The cells were then pelleted and resus-
ended in PBS (OD595, 0.8). 50 �l of each bacterial strain suspension
as added to the wells of the plate, together with 50 �l of PBS con-

aining 0.2% BSA and 3.5 mM CLM, and incubated for 1.5 h at 37 ◦C
ith 5% CO2 (the control experiment was conducted without CLM

acterial inhibitor). After incubation, the cells were stained with
iemsa and analyzed, as reported previously (Zalewska-Piątek  et al.
008).

.7. Exopolysaccharide periodic acid-Schiff staining

Biofilms were cultivated in M63  with 0.2% glucose and 1% LB
n 6-well plates on glass coverslips. After fixation of the bacterial
ells in 10% neutral-buffered formalin, the exopolysaccharide cov-
rage of 24-h biofilms was determined by PAS-staining (Sigma),

ccording to the manufacturer’s instructions. Following this, the
overslips were rinsed with deionized water, air dried, and exam-
ned microscopically under a 40× objective lens (Olympus CKX41).
he images were analyzed by using Kodak ST34 Scanner Step Tablet
al Research 168 (2013) 367– 378 369

which  allows for the conversion of pixel values to optical density
(OD) units.

2.8.  Evaluation of the biofilms by using ATR/FTIR

Overnight static bacterial cell cultures were diluted (1:40) in
fresh M63  medium with 0.2% glucose and 1% LB and grown stat-
ically in 96-well PVC microtiter plates for another 24 h, at 37 ◦C.
After 24 h, the plates were purged twice with PBS and left to dry at
room temperature. At least 5 wells were prepared for every strain.
To measure the spectrum of the biofilm, the bottom of each air-
dried well was  cut out by using a sharp cork borer and pressed to
the surface of the diamond crystal of the ATR accessory.

The FTIR spectra of biofilm samples were measured using an
FTIR spectrometer (Nicolet 8700; Thermo Electron Corp., Waltham,
MA) equipped with the GoldenGate (Specac Corp., Oprington, UK)
ATR accessory with a single reflection diamond crystal. The tem-
perature of the crystal was maintained at 25.0 ± 0.1 ◦C by using
an automatic temperature controller (Specac Corp.) coupled with
the ATR accessory. In each measurement, 64 scans were collected
with a resolution of 4 cm−1 and in the range of 2000–550 cm−1.
The spectrum of the PVC material of the plate was  measured and
later subtracted from every measured spectrum as the background.
After measuring all FTIR spectra corresponding to a selected strain
and background subtraction, the average spectrum was calculated.
The spectrometer was purged with dry nitrogen to diminish the
negative influence of water vapor.

3. Results

3.1. Effects of nutritional environment and osmolarity on E. coli
biofilm  formation

The  nutritional environment can strongly influence biofilm
development (Costerton et al. 1995; Wimpenny and Colasanti
1997). Therefore, we  tested the effect of various nutrients that
supplement minimal M63-based media on the ability of the labora-
tory E. coli strains BL21(DE3) (Fig. 1A), BL21(DE3)/pCC90 (Fig. 1B),
BL21(DE3)/pCC90DraDmut (Fig. 1C), BL21(DE3)/pCC90DraCmut
(Fig.  1D), and BL21(DE3)/pCC90D54stop (Fig. 1E) and the clinical
E. coli strains DR14/gspD (Fig. 1F), IH11128 (Fig. 1G), and DR14
(Fig. 1H) to form biofilms on PVC plates. All strains of E. coli dra+

showed normal and equal growth in M63  medium, regardless of
the nutrients added to the medium (see the growth curve in Fig. 1).
Therefore, in order simplify the image in Fig. 1, the presented graph
shows a single growth curve corresponding to all E. coli strains
and one for the analyzed M63  media. In M63  medium, without
any nutritional supplementation and after a 2-h period of growth,
slow growth of all bacterial E. coli strains was observed up to
OD595 = 0.08, and the increase in absorbance and culture growth
subsequently ceased.

Biofilm  formation was  visualized with CV staining after 48 h
of static growth. Biofilm development was  effectively supported
by glucose (as a carbon and energy source)/iron, glucose/LB,
and CAA in almost all the analyzed E. coli strains containing
the dra gene cluster and also in mutants showing inactivation
of the draD gene (with surface presentation of Dr fimbriae)
or the draE and draC genes (exposing only DraD at the cell
surface in a fimbria non-associated form). The increased effect
of biofilm formation (by approximately 4- to 6-fold) was
observed especially in the case of the laboratory E. coli strains

BL21(DE3)/pCC90 (Fig. 1B), BL21(DE3)/pCC90DraCmut (Fig. 1D),
and BL21(DE3)/pCC90D54stop (Fig. 1E) and the clinical E. coli strain
IH11128 (Fig. 1G). Other strains of E. coli developed biofilms at com-
parable levels in all types of media used, regardless of nutrient

http://mostwiedzy.pl
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Fig. 1. Nutritional effect on biofilm development by E. coli dra+ strains. The biofilm formation phenotype was assayed with bacterial cells grown on minimal M63  medium
supplemented with glucose, glucose plus iron, glucose plus LB, and CAA (A to H). E. coli strains were stained with CV and the A531 of each CV sample was determined. (A) E. coli
BL21(DE3), (B) E. coli BL21(DE3)/pCC90, (C) E. coli BL21(DE3)/pCC90DraDmut, (D) E. coli BL21(DE3)/pCC90DraCmut, (E) E. coli BL21(DE3)/pCC90D54stop, (F) E. coli DR14/gspD,
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G)  E. coli IH11128, and (H) E. coli DR14. Each bar represents the mean ± SEM from 3
ll  E. coli strains and of the analyzed M63  media. Statistical analysis was  performed
ach  strain). The significance was  calculated for the difference between A and B, C, 

upplementation. The minimal M63  media without the addition
f glucose, CAA, and an iron source did not promote biofilm devel-

pment, as assayed by CV staining. The strains E. coli BL21(DE3)
nd DR14/gspD (with the draC and gspD gene knockout; Fig. 1A and
, respectively) were defective in forming biofilms independent of
he nutritional environment.
endent experiments. The graph represents a growth curve that is representative of
g Student’s t test. Asterisks indicate statistically significant differences (P < 0.05 for
, G, and H.

We also determined the role of osmotic pressure on biofilm for-
mation by the E. coli dra+ strains on polystyrene plates by using

2 osmolytes, NaCl and sucrose, to mimic  the conditions of high
osmolarity found in the urinary tract (Brauner et al. 1990). The
effect of osmolarity was analyzed in LB-WS (Fig. 2B, F, J, M,  and
R) supplemented with NaCl (LB-WSN; Fig. 2C, G, K, N and S) or

http://mostwiedzy.pl
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Fig. 2. Effect of osmolarity on biofilm formation by E. coli dra+ strains after Gram staining. Biofilm-forming cells on glass slides were grown in LB, LB-WS without sodium
chloride, LB-WSN with 1 M sodium chloride, and LB-WSS with 1 M sucrose. E. coli strains were Gram-stained and subjected to light microscopy (ME). The same set of E. coli
strains  was  used in each experiment with different media. Microscopic examination (ME) of (A, B, C, D) E. coli BL21(DE3), (E, F, G, H) E. coli BL21(DE3)/pCC90, (I, J, K,  L) E. coli
BL21(DE3)/pCC90DraDmut, (L, M,  N, O) E. coli BL21(DE3)/pCC90DraCmut, and (P, R, S, T) E. coli BL21(DE3)/pCC90D54stop, grown in LB (A, E, I, L, P), LB-WS (B, F, J, M,  R),
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B-WSN (C, G, K, N, S), or LB-WSS (D, H, L, O, T). Magnification, 4000× (Olympus BX

ucrose (LB-WSS; Fig. 2D, H, L, O, and T) by using only the lab-
ratory E. coli strain BL21(DE3), harboring the dra gene cluster,
ollowing Gram staining (Fig. 2A–T). This approach was closely
ssociated with those of earlier studies that revealed the effect of
nhibition on biofilm formation of the clinical E. coli IH111128 and

R14 strains (containing the whole dra gene cluster with a regu-

atory draF-draA region) cultured in LB medium (Zalewska-Piątek
t  al. 2009). In 1 M sucrose nutrient broth, growth retardation was
bserved for all the studied E. coli dra+ strains, and the culture
croscope).

turbidity  began to increase slowly after 10 h of bacterial growth.
The increase in bacterial growth was observed within a 24-h period.
The slow growth of bacterial cells had no effect on their ability to
form biofilms (Fig. 3). Normal growth was observed in LB and LB-WS
media (data not shown). Thick and elongated bacterial cells grown

in hypertonic broth containing 1 M sucrose were alive, as evidenced
by the observed slow growth increase (observed as a slow increase
in absorbance). The higher osmolarity of 1 M NaCl than of 1 M
sucrose led to a stronger inhibitory effect on the growth of the

http://mostwiedzy.pl
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Fig. 3. Effect of osmolarity on biofilm formation by E. coli dra+ strains after
CV-staining.  Biofilm-forming cells on glass slides were grown in LB, LB-WS with-
out sodium chloride, LB-WSN with 1 M sodium chloride, or LB-WSS with 1 M
sucrose. Subsequently, the cells were stained with CV and subjected to spectro-
photometric  measurement at 531 nm.  The same set of E. coli strains was  used in
each experiment with different media. Microscopic examination (ME) of (A) E. coli
BL21(DE3), (B) E. coli BL21(DE3)/pCC90, (C) E. coli BL21(DE3)/pCC90DraDmut, (D)
E. coli BL21(DE3)/pCC90DraCmut, and (E) E. coli BL21(DE3)/pCC90D54stop. Each bar
r

b
u
t

g
f
d
(
b
g
a
G
e
1
o
(
(
T
D
(
t
i
o
a
r
D
u
t
c
f
r
c

Fig. 4. Effect of CLM activity on biofilm formation by E. coli dra+ strains. Bacte-
rial  cells were grown in the absence (−CLM) or presence (+CLM) of CLM, stained
with  CV, and subjected to spectrophotometric measurement at 531 nm.  (A) E. coli
BL21(DE3), (B) E. coli BL21(DE3)/pCC90, (C) E. coli BL21(DE3)/pCC90DraDmut, (D)
E. coli BL21(DE3)/pCC90DraCmut, (E) E. coli BL21(DE3)/pCC90D54stop, (F) E. coli
DR14/gspD, (G) E. coli IH11128, and (H) E. coli DR14. Each bar represents the
mean  ± SEM from 3 independent experiments. Statistical analysis was performed
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epresents the mean ± SEM from 3 independent experiments.

acterial cells. A slight growth of bacterial cultures was  observed
p to OD595 = 0.07 within a 3-h period, and then the growth was
otally inhibited (data not shown).

In the osmolarity experiments, E. coli BL21(DE3) without the
enes of the dra gene cluster (dra−) was used as a negative control
or biofilm formation (Fig. 2A–D). The rest of the E. coli dra+ strains
id not form biofilms in LB-WSN with NaCl at a concentration of 1 M
Fig. 2G, K, N, and S). In contrast, the same E. coli strains developed
iofilms in LB-WSS with 1 M sucrose (Fig. 2H, L, O, and T). Culture
rowth retardation was observed only slightly after 24 h, which
llowed the execution of the experiments. However, almost all
ram-stained bacterial cells that developed biofilms in the sucrose
nvironment showed a thick and elongated morphology (cell size,
.5 �m × 10 �m),  compared to that of biofilm-forming cells grown
n LB (Fig. 2E, I, Ł, and P) or LB-WS media (Fig. 2F, J, M,  and R)
cell size, 1 �m × 2 �m).  In addition, in the case of the DraD+/DraE−

pCC90DraCmut and pCC90D54stop) E. coli strains (Fig. 2O and
), the bacterial cells formed clusters of higher density than the
raD+/DraE+ (pCC90) (Fig. 2H) and DraD−/DraE+ (pCC90DraDmut)

Fig. 2L) E. coli strains. The clusters contained more than 10 cells
hat were in physical contact. The data obtained were also ver-
fied by quantitative analysis of biofilm formation under the high
smotic pressure by CV staining of bacterial cells (on the PVC plates)
nd spectrophotometric measurement (Fig. 3 A–E). The CV-staining
esults confirmed the role of Dr fimbriae in the adhesion of E. coli
r+ strains to the abiotic substrates during biofilm development
nder high osmotic pressure (in LB-WSS medium). Taken together,
he data obtained suggest that 1 M sodium chloride that is used to
reate a highly osmotic environment significantly inhibits biofilm

ormation by E. coli dra+ strains and that the 1 M sucrose envi-
onment influences the morphology of biofilm-forming bacterial
ells.
using  Student’s t test. Asterisks indicate statistically significant differences (P < 0.05
for each strain).

3.2. Chloramphenicol inhibition of biofilm formation and
competition of bacterial adherence

The receptor interactions of DraE adhesin are blocked by
the antibiotic CLM. Nowicki et al. (1988) observed that CLM-
contaminated reagent completely abolished DAF-mediated
mannose-resistant haemagglutination. Further experiments
revealed that CLM is also responsible for the inhibition of interac-
tions between type IV collagen and CEA receptor (Westerlund et al.
1989; Korotkova et al. 2006). The normal bacteriostatic activity
of CLM is associated with its ability to act as an inhibitor of the
50S prokaryotic ribosome (Moazed and Noller 1987). Besides the
toxic effect, in the case of E. coli Dr+ strains, CLM plays key role as
an inhibitor of Dr adhesion (Pettigrew et al. 2009). The adhesive
properties of bacterial cells usually mediate the first step of biofilm
development and formation of cell microcolonies (Costerton et al.
1995; Soto et al. 2007).

To  test these findings, cells of the laboratory E. coli
strain BL21(DE3) transformed with pCC90, pCC90DraDmut,
pCC90DraCmut, or pCC90D54stop, and those of the clinical E. coli
strains (IH11128, DR14, and DR14/gspD) were incubated in the
presence or absence of CLM (a protein synthesis inhibitor) in
microtitre wells for 24 h (on the minimal medium supplemented
with glucose). Then, the cells were stained with CV to assess biofilm
formation. CLM caused no inhibition of bacterial growth within a
24-h period. The growth rate was the same for all the studied E. coli
strains, regardless of the presence or absence of CLM in the culture
medium (data not shown).

As shown in Fig. 4, compared to untreated strains, after 24 h,
biofilm formation was inhibited in the presence of CLM, espe-
cially in the case of E. coli BL21(DE3)/pCC90 (Fig. 4B), E. coli
IH11128 (Fig. 4G), and E. coli BL21(DE3)/pCC90DraDmut (Fig. 4C)
bearing Dr fimbriae with or without DraD as a capping fim-
brial subunit. Considering that the strains presenting a blank
corrected mean absorbance value of >0.1 were regarded as pos-
itive, we could conclude that CLM activity almost completely
blocked biofilm development by E. coli BL21(DE3)/pCC90DraDmut
(Fig.  4C). In the case of E. coli BL21(DE3)/pCC90 (Fig. 4B) and
E. coli IH11128 (Fig. 4G), biofilm formation capacity was reduced
by over 80%. Other E. coli laboratory and clinical strains with

only surface-exposed DraD, E. coli BL21(DE3)/pCC90DraCmut
(Fig.  4D), BL21(DE3)/pCC90D54stop (Fig. 4E), and DR14 (Fig. 4H)
revealed 50% and over 65% reduction of biofilm development (in
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Fig. 5. Adherence of the E. coli dra+ strains to HeLa cells. Bacterial strains were bound to HeLa cells in the absence (−CLM) or presence of CLM (+CLM), fixed, stained
with Giemsa, and subjected to light microscopy (ME). (A, B) ME  of E. coli BL21(DE3), (C, D) E. coli BL21(DE3)/pCC90, (E, F) E. coli BL21(DE3)/pCC90DraDmut, (G, H) E. coli
B /gspD
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L21(DE3)/pCC90DraCmut, (I, J) E. coli BL21(DE3)/pCC90D54stop, (K, L) E. coli DR14
ere examined by light microscopy, and the attachment of E. coli to HeLa cells was 

Olympus BX60 microscope). Black boxes, adhesion in the absence of CLM. Open bo

omparison to the corresponding strains grown in the absence of
LM), respectively.
The  results achieved were compared with the bacterial adher-
nce of the above E. coli strains mixed with the antibiotic CLM
long with HeLa cells (Fig. 5) expressing the DAF receptor, which
s also abundant in the uroepithelium (Medof et al. 1987). All
, (Ł, M)  E. coli IH11128, and (N, O) E. coli DR14. Forty cells associated with bacteria
ified. −CLM (A, C, E, G, I, K, Ł, N); +CLM (B, D, F, H, J, L, M,  O). Magnification, 10,000×
dhesion in the presence of CLM.

data  are presented in reference to the strains of E. coli incu-
bated with HeLa cells, without the addition of CLM. A summary

of the relationship between the surface exposure of DraD/DraE
proteins and the binding phenotype of the analyzed recombi-
nant E. coli dra+ strains in the presence and absence of CLM is
given in Table 2. The adhesion abilities of bacteria containing
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Table 2
Relationship between the surface expression of DraD/DraE and the binding phenotypes of E. coli dra+ strains.

E. coli strain Surface exposure of Binding phenotype (−CLM) Binding phenotype (+CLM)

DraD DraE DraDa,b DraEb DraDa,b DraEb

BL21(DE3) − − − − − −
BL21(DE)/pCC90 + + sa+ sa+ caa+ d−
BL21(DE3)/pCC90DraDmut − + − sa+ − d−
BL21(DE3)/pCC90DraCmut + − aa+ − aa+ −
BL21(DE3)/pCC90D54stop + − aa+ − aa+ −
DR14/gspD − − − − − −
IH11128 + + sa+ sa+ caa+ d−
DR14  + − aa+ − aa+ −
a aa, aggregative adhesion of DraD.
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b sa, strict adhesion of Dr fimbrial structures (with or without the DraD tip subun
c Transition of adherence phenotype in the presence of CLM (+CLM).
d Loss of binding phenotype.

ell surface-exposed Dr fimbriae were strongly abolished by the
nteraction of CLM with Dr haemagglutinin (as evidenced by the
educed number of bacteria associated with HeLa cells) (Fig. 5D,

 and M).  We  observed that only individual cells (3 ± 1) of the
. coli BL21(DE3)/pCC90DraDmut strain with the mutated draD
ene were attached to HeLa cells (Fig. 5F). The same bacterial strain,
hen not incubated with CLM, showed a high level of adherence

o HeLa cells (average number of bound bacteria, 130 ± 4) (Fig. 5E).
n the case of E. coli IH11128 and BL21(DE3)/pCC90, after the addi-
ion of CLM, the average number of bacteria associated with HeLa
ells was reduced from 150 ± 4 (Fig. 5Ł) to 65 ± 3 (Fig. 5M) and
80 ± 4 (Fig. 5C) to 72 ± 3 (Fig. 5D), respectively. Therefore, the
bserved CLM effect in the case of E. coli strains (excluding the neg-
tive controls, Fig. 5B and L) with Dr fimbriae at the cell surface
IH11128 and BL21(DE3)/pCC90; Fig. 5M and D) is predominantly
ue to the surface-exposed DraD protein, which induces aggre-
ation of bacterial cells often adjacent to certain parts of HeLa
ells (the so-called aggregative adhesion phenotype observed pre-
iously, which could represent an adaptation of bacteria to the
athogenic niche) (Zalewska-Piątek  et al. 2008). The same effect
as visualized in the E. coli BL21(DE3)/pCC90DraCmut (Fig. 5H),
L21(DE3)/pCC90D54stop (Fig. 5J), and DR14 strains (Fig. 5O; the
verage numbers of associated bacteria were 74 ± 3; 76 ± 4; and
4 ± 2, respectively) containing the dra gene cluster with the
utated draC usher gene or draE fimbrial gene. The results obtained
ere almost the same as in the case of the above-mentioned E. coli

trains not incubated with CLM (Fig. 5G, I and N).

.3. Detection of biofilm exopolysaccharides by PAS staining

PAS  staining is mainly used for the staining of structures
ontaining carbohydrate molecules. The periodic acid oxidizes
he glucose residues and creates aldehydes, which can then react
ith the Schiff reagent and create a purple-magenta color (Fulcher

t al. 2001). PAS staining revealed biofilm formation by the labora-
ory E. coli strains BL21(DE3)/pCC90, BL21(DE3)/pCC90DraDmut,
L21(DE3)/pCC90DraCmut, and BL21(DE3)/pCC90DraD54stop
Fig.  6B, C, D and E) and the clinical E. coli strains IH11128 and
R14 (Fig. 6G and H), grown on minimal M63/gluc/LB medium

or 24 h in polystyrene plates. The increased exopolysaccharide
overage of the biofilm is represented by the darker purple areas.
he strains E. coli BL21(DE3) and DR14/gspD (Fig. 6A and F), which
id not have the ability to form biofilms, were not stained with
AS. In addition, compared to the E. coli strains expressing only
he DraD protein on the cell surface (DraD+/DraE−; Fig. 6D, E and

), PAS staining was less intense in biofilms formed by E. coli

trains expressing Dr fimbriae with (DraD+/DraE+; Fig. 6B and
) and without (DraD−/DraE+; Fig. 6C) the DraD tip subunit,
uggesting the presence of reduced exopolysaccharide coverage.
ecifically interacting with receptors on HeLa cells.

PAS  staining intensity was verified by photogrammetric scanning
of the analyzed images (Table 3).

3.4. ATR/FTIR analysis of the chemical properties of the biofilms

FTIR  analysis of biofilm formation allowed us to characterize
and compare the structures formed by E. coli strains expressing
extracellular Dr fimbriae with and without the tip subunit (DraD).

The  laboratory strains exhibited biofilm formation ability char-
acterized by high protein content. The amide I and amide II bands
(1700–1500 cm−1) were clearly visible in the spectra of almost all
the recombinant strains (see Fig. 7). The only exception was  the
BL21(DE3) strain which does not exhibit any significant signs of
biofilm formation or cell attachment to the PVC surface. The strain
does not carry the dra operon genes, therefore it was  used as a
negative control for biofilm formation (Fig. 7A).

All the spectra presented in Fig. 7, except that of the neg-
ative control, share a similar shape pattern in the region of
1200–900 cm−1, which corresponds to the absorption of polysac-
charides and phosphates. This implies that the fimbriae (in the
case of E. coli BL21(DE3)/pCC90 strain; Fig. 7B) or single fimbrial
subunits (in the case of E. coli BL21(DE3)/pCC90DraDmut, E. coli
BL21(DE3)/pCC90DraCmut, and E. coli BL21(DE3)/pCC90D54stop;
Fig.  7C, D, and E) exposed at the surface of a bacterial cell, do not
interfere with the metabolism of a cell, allowing the cell to grow
and form a stable biofilm. The relative differences in the absorp-
tion intensities of individual strains suggest that these strains form
biofilms to different extents. In the case of E. coli BL21(DE3)/pCC90
and E. coli BL21(DE3)/pCC90DraDmut (Fig. 7B and C), which express
Dr fimbriae at the cell surface with or without the DraD tip subunit,
respectively, the extent of biofilm formation was comparable. The
E. coli strain BL21(DE3)/pCC90D54stop, which expresses only the
DraD protein, exhibited the greatest ability to adhere to the PVC
surface (Fig. 7E). Lower adhesion was  observed in the case of E. coli
BL21(DE3)/pCC90DraCmut (Fig. 7D). This strain does not express
the DraE subunits of Dr fimbriae (which are accumulated in the
periplasm) on the surface of the bacterial cell.

In the case of the clinical strains of E. coli, the FTIR spectral inten-
sity differences were smaller (see Fig. 7F and G). However, the
chemical composition of the biofilms produced by these strains,
which can be characterized using the fingerprinting region of the
FTIR spectrum (ca. 1200–900 cm−1), varies to a greater extent than
that of the laboratory strains described above. This implies that all
the clinical strains possess the same biofilm formation ability. In
addition, the E. coli IH11128 strain (Fig. 7F) shows a different pat-

tern in the fingerprinting region of the FTIR spectrum, which can be
correlated to the expression of other urovirulence factors that cause
some changes in the metabolism of the bacterial cell. The higher
relative intensity of the FTIR spectrum in amide I (ca. 1650 cm−1)
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Fig. 6. Determination of exopolysaccharide coverage of E. coli dra+ biofilm-forming cells after PAS-staining. Bacterial cells were grown on glass slides and subjected to fixation,
PAS-staining, and light microscopy (ME). The images of several biofilms were examined in multiple regions, and representative images are shown. The darker magenta regions
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epresent the increased exopolysaccharide coverage of the biofilm. ME  of (A) E. coli
L21(DE3)/pCC90DraCmut, (E) E. coli BL21(DE3)/pCC90D54stop, (F) E. coli DR14/g
icroscope).

nd amide III (ca. 1350–1200 cm−1) regions shows that this strain
xhibits a higher protein expression level than the other clinical
trains. This ability is crucial for biofilm formation.

. Discussion

UTI caused by E. coli have very serious health and economic
mpacts on the world (Stamm and Norrby 2001). In the case of bac-
erial strains that form biofilms, the main problem is the increase
n bacterial resistance to applied antibiotic therapy (Gupta et al.
999; Luzzaro et al. 2006). The combination of ampicillin (�-lactam

roup of antibiotics) and trimethoprim-sulfametoxazole, used for
ecades as drugs of choice against UTIs, is usually not sufficient
ecause of the increased resistance of E. coli to these antibiotics,
hich was observed during the 1990s (Gupta et al. 2001). Biofilms,

able 3
uantitative analysis of PAS staining intensity of E. coli dra+ strains.

E. coli strain Surface exposure of 

DraD DraE

BL21(DE3) − − 

BL21(DE)/pCC90 + + 

BL21(DE3)/pCC90DraDmut − + 

BL21(DE3)/pCC90DraCmut + − 

BL21(DE3)/pCC90D54stop + − 

DR14/gspD − − 

IH11128  + + 

DR14 + − 

a iec, increased exopolysaccharide coverage.
b rec, reduced exopolysaccharide coverage.
(DE3), (B) E. coli BL21(DE3)/pCC90, (C) E. coli BL21(DE3)/pCC90DraDmut, (D) E. coli
(G) E. coli IH11128, and (H) E. coli DR14. Magnification, 4000× (Olympus CKX41

which  can usually reach hundreds of microns in depth, are also
resistant to disinfectants and many chemical or physical factors
(Zottola and Sasahara 1994; Costerton et al. 1995; Kumar and
Anand 1998; Kubota et al. 2008).

The aim of the study was to analyze, for the first time, the
biochemical properties and some structural elements (such as
polysaccharide coverage, proteins, and phosphates) of biofilms
formed by uropathogenic E. coli strains harboring the dra gene
cluster. The results obtained can be used as background informa-
tion in future studies on the development of biofilms by E. coli
dra+ strains. The major factors associated with the virulence of
uropathogenic E. coli Dr+ strains are Dr fimbrial adhesin and DraD

protein, which is associated with the fimbriae (as the capping
subunit) and non-fimbriae-associated form (as the adhesive pro-
tein sheath surrounding the bacterial cells). These factors mediate
specific attachments to the host receptors or adhesion to abiotic

PAS staining
intensity (OD units)

Distribution of
exopolysaccharide
coverage

0.0 −
0.31 b rec
0.33 b rec
0.55 a iec
0.58 a iec
0.0 −
0.3 b rec
0.53 a iec

http://mostwiedzy.pl
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Fig. 7. ATR/FTIR spectra of E. coli dra+ strains. Bacterial cells were grown in PVC
microtiter  plates, purged with PBS, and left to dry at room temperature. The back-
ground spectrum of the PVC material was subtracted. (A) E. coli BL21(DE3) (black),
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B) E. coli BL21(DE3)/pCC90 (red), (C) E. coli BL21(DE3)/pCC90DraDmut (brown), (D)
. coli BL21(DE3)/pCC90DraCmut (light blue), (E) E. coli BL21(DE3)/pCC90D54stop
dark  blue), (F) E. coli IH11128 (orange), and (G) E. coli DR14 (green).

urfaces and additionally trigger innate host responses (Zalewska
t al. 2005; Zalewska-Piątek  et al. 2008, 2009). Therefore, the iden-
ification of agents (such as chemical compounds, antibiotics, or
ilicides) that might abolish the effect of adherence and prevent
iofilm formation by these E. coli strains is very important.

We  investigated biofilm formation by E. coli strains containing
he dra gene operon and by strains bearing mutations in the draD
ene (with surface expression of Dr fimbriae) or in the draE and
raC genes (presenting an adhesive sheath composed of only DraD
ubunits at the cell surface), on an abiotic surface under a range
f nutritional factors (glucose, combination of glucose and iron or
B, CAA). We  also showed that the high osmotic environment of
he medium produced by 1 M sodium chloride affects the ability
f the E. coli dra+ strains to develop biofilms and their survival,
ecause of its severe growth-inhibitory effect. Conditions typical
f the urinary tract include high salt concentrations (400–800 mM
aCl) and low pH (Brauner et al. 1990). Optimal growth of E. coli

n urine has been observed to occur between pH 6.0 and 7.0 (Shohl
nd Jannney 1917; Asscher et al. 1966). Therefore, we can apply
he obtained results to the biology of uropathogenic E. coli dra+

trains within the human urinary tract. An increase in the exter-
al osmolarity of the growth medium causes water efflux from
he cytoplasm of growing cells therefore, in cells grown at high
smolarity, the amount of cytoplasmic water is less than that in
ells grown at lower osmolarity. The loss of water induces active
esponses in growing cells. This causes alterations in cytoplas-
ic solutes and turgor pressure. The observed inhibitory effect

n biofilm formation by the analyzed E. coli strains was strictly
elated to the osmolarity of sodium chloride, which is double the
smolarity of sucrose at the same molar concentration. However,
edium containing 1 M sucrose did not abolish biofilm formation

nd survival of bacteria, but the biofilm-forming cells displayed
hick and filamentous morphology in comparison with bacterial
ells grown in medium that was not supplemented with hypertonic
ucrose solution. The altered cell morphology might be connected
o weakening of the cell wall because of the increased turgor pres-
ure. In addition, in hyper-osmotic sucrose media, the DraD+/DraE−

pCC90D54stop and pCC90DraCmut) E. coli strains also formed
ellular clusters (of more than 10 cells in physical contact) of
igher density than those formed by the DraD+/DraE+ (pCC90) and

raD−/DraE+ (pCC90DraDmut) E. coli strains.

Variants of the DraE protein (JJB30 [T131N], G2152 [I85 M,
131A], G2076 [G68, T88 M],  G2099 [D61G, I111T], and G2100
D52N, D61G]) have been isolated from E. coli strains associated
al Research 168 (2013) 367– 378

with  UTI, and they show an increased ability to bind to the DAF
receptor at high salt concentrations (800 mM NaCl) relative to the
parental DraE (Korotkova et al. 2007). The experiments presented
herein may  therefore be useful in understanding the mechanism of
biofilm development by E. coli Dr+ uropathogenic strains in condi-
tions of high osmolarity in the urinary tract.

Further studies were focused on reducing the adhesion step
mediated by Dr fimbriae, as the main urovirulence factor of the
E. coli Dr+ strains, and inhibition of biofilm formation on abi-
otic surfaces by the studied uropathogens treated with CLM. The
results obtained suggest that the first stage of biofilm development
requires the synthesis of adhesive proteins (the components of Dr
fimbriae and the DraD adhesive sheath) and a coordinated adher-
ence step mediated by Dr haemagglutinin and the DraD protein.
The action of CLM is associated with a combination of 2 biologi-
cal effects: the inhibition of protein synthesis and the inhibition of
adherence of Dr haemagglutinin to cell receptors (without affect-
ing the adhesive properties of the DraD protein) (Moazed and Noller
1987; Pettigrew et al. 2009). There are also speculations that CLM
may be structurally related to a soluble inhibitor (binding to the
hydrophobic pocket I111 and T88 of DraE) associated with the
natural environment of E. coli strains expressing the Dr family
of adhesins (Korotkova et al. 2007). Since adhesion is absolutely
required for the process of colonization, blocking adhesion at an
early stage can prevent biofilm formation, and thus development
of urogenital infections caused by the bacterial strains express-
ing the parental DraE adhesin. We assume that Dr fimbriae can
interact with the abiotic surface in a direct manner. The attach-
ment involves regions of the DraE adhesin that are responsible for
non-specific binding to the abiotic surface. The binding of CLM to a
region of DraE, involved in interacting with cellular receptors, can
change the conformation of the Dr-binding pocket. In a further step,
conformational changes in Dr haemagglutinin bound to CLM may
mask one of the regions of the Dr fimbrial subunit that is needed
to establish a stable attachment to the abiotic surface. In sum-
mary, the severe reduction of biofilm development by E. coli strains
bearing Dr fimbriae (with or without DraD as a capping fimbrial
subunit) grown in the presence of CLM confirms the earlier obser-
vation that Dr adhesin not bound to CLM is absolutely required to
achieve stable cell-to-surface attachment (Zalewska-Piątek  et al.
2009). The activity of CLM did not influence the adhesive abilities
of the DraD protein, as evidenced by its binding to HeLa cells. How-
ever, in the case of E. coli strains with only surface-expressed DraD,
the presence of CLM also decreased the frequency of the initial
cell-to-surface interaction as a result of its conventional bacterio-
static activity associated with the inhibition of protein synthesis.
The synthesis of new DraD subunits is necessary to strengthen the
interaction with the abiotic surface during the first stage of the
biofilm formation.

In  further experiments, we showed that bacteria that possess
the dra gene operon and form biofilm microcolonies are sur-
rounded by a polysaccharide matrix. Exopolysaccharides, a major
component of bacterial biofilms, were specifically stained by PAS,
confirming the presence of polysaccharides. In addition, PAS stain-
ing revealed reduced exopolysaccharide coverage (visible as less
intensely stained purple-magenta areas) in E. coli strains expressing
only cell-surface Dr fimbrial polyadhesins with or without the DraD
capping subunit (DraD+/DraE+ and DraD−/DraE+, respectively). The
observed effect may  be related to the greater ability of E. coli
DraD+/DraE− cells to autoaggregate, relative to DraD+/DraE+ and
DraD−/DraE+ cells. However, the lower staining intensity does not
necessarily mean that the concentration of the individual sugars of

the exopolysaccharide matrix is also different.

The exopolysaccharide staining results were in agreement with
spectral data from ATR/FTIR spectroscopy (Suci et al. 1997; Schmitt
and Flemming 1999; Quilès et al. 2010). ATR/FTIR spectroscopy has
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 important advantages over all staining methods: directness and
igh discrimination potential. It can directly indicate the presence
f adsorbed bacterial cells and the outer matrix (on the basis of the
resence or absence of characteristic adsorption bands). ATR/FTIR
pectroscopy also provides specific information on the chemical
omposition of a biofilm and helps to identify pseudo-negative or
seudo-positive results obtained by using staining methods.

Comparable levels of the exopolysaccharide matrix (evidenced
y the intensity of the spectra in the region of 1200–900 cm−1)
ere observed in the case of the laboratory E. coli strains
L21(DE3)/pCC90 and BL21(DE3)/pCC90DraDmut and the clinical
. coli strain IH11128 that expresses Dr fimbriae at the bacterial cell
urface (fimbrial structure with or without the DraD tip subunit,
espectively). The highest intensities of exopolysaccharide-related
ands  were observed in the case of E. coli BL21(DE3)/pCC90D54stop
nd E. coli DR14, both expressing only the DraD protein at the
urface of bacterial cells; this confirmed the role of proteins with
dhesive phenotypes in biofilm formation. The results obtained
lso showed that the DraD protein alone is sufficient for the initial
nteraction with the abiotic surface at a higher level than Dr fim-
riae with or without the DraD tip subunit. Therefore, we can state
hat each of these urovirulence factors is able to initiate biofilm
ormation. The laboratory E. coli strain BL21(DE3)/pCC90DraCmut
train,  which accumulated Dr fimbrial subunits in the periplasmic
pace, showed a lower absorbance value than the above bacterial
trains. All ATR/FTIR spectra (except the negative control) also dis-
layed bands at approximately 1650 and 1550 cm−1 corresponding
o proteins (the amide I and amide II bands, respectively). These
roteins include not only all proteins expressed by a bacterial cell
ut also the surface-exposed urovirulence factors, such as the Dr
mbrial subunit and the DraD protein that are responsible for direct
ell-to-surface contact. The E. coli IH11128 strain showed differ-
nt spectral patterns in the amide I (ca. 1650 cm−1) and III region
ca. 1350–1200 cm−1) compared to that of the other strains, sug-
esting the ability of these bacterial cells to express other proteins
possibly also other urovirulence factors besides the DraE and DraD
roteins). The preliminary results revealed the ability of the clini-
al E. coli strains IH11128 and DR14 to express (in a phase-variable
anner) the surface-located adhesin antigen 43 (Ag43; a member

f the autotransporter family) (Henderson et al. 1997; Henderson
nd Nataro 2001; Anderson et al. 2003), which is associated with
rovirulence (data not shown); this might be responsible for the
bserved differences.

We  believe that the data obtained on biofilm-forming cells of
. coli dra+ strains and their mutants can contribute to under-
tanding the mechanism of pathogenicity of bacteria colonizing the
pper urinary tract. This research will also be helpful in designing
lternative therapies for the studied uropathogens, because they
emonstrate that blocking the adhesion phenotype of the main
rovirulence determinant (Dr fimbriae) of the E. coli Dr+ strain is
ot sufficient to inhibit the initial attachment of bacteria and the
ubsequent steps of biofilm expansion.
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