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A multiresistant clonal Escherichia coli O78:H10 strain qualifying molecularly as enteroaggregative Escherichia coli (EAEC) was
recently shown to be the cause of a community-acquired outbreak of urinary tract infection (UTI) in greater Copenhagen, Den-
mark, in 1991. This marks the first time EAEC has been associated with an extraintestinal disease outbreak. Importantly, the out-
break isolates were recovered from the urine of patients with symptomatic UTI, strongly implying urovirulence. Here, we sought
to determine the uropathogenic properties of the Copenhagen outbreak strain and whether these properties are conferred by the
EAEC-specific virulence factors. We demonstrated that through expression of aggregative adherence fimbriae, the principal ad-
hesins of EAEC, the outbreak strain exhibited pronouncedly increased adherence to human bladder epithelial cells compared to
prototype uropathogenic strains. Moreover, the strain was able to produce distinct biofilms on abiotic surfaces, including ure-
thral catheters. These findings suggest that EAEC-specific virulence factors increase uropathogenicity and may have played a
significant role in the ability of the strain to cause a community-acquired outbreak of UTI. Thus, inclusion of EAEC-specific vir-
ulence factors is warranted in future detection and characterization of uropathogenic E. coli.

Enteroaggregative Escherichia coli (EAEC) is best known for
causing acute and persistent diarrheal illness in developing

countries as well as in travelers and immunocompromised indi-
viduals (1). Moreover, several EAEC-associated outbreaks have
been reported worldwide (2–4). Most notably, a Shiga toxin-pro-
ducing EAEC strain caused a major food-borne outbreak in Ger-
many in May-June 2011 infecting over 4,000 individuals and lead-
ing to 53 deaths (5), thus emphasizing the need for an increased
understanding of EAEC pathogenesis and its epidemic potential.

Conventionally, EAEC and other diarrheagenic E. coli isolates
are thought to be distinct from extraintestinal pathogenic E. coli
(ExPEC) (6). However, recent studies have demonstrated the
presence of EAEC-defining genes in collections of uropathogenic
E. coli (UPEC) isolates (7–9). Most interesting is the recent dis-
covery of a clonal EAEC strain responsible for a cluster of predom-
inantly community-acquired urinary tract infections (UTI) in
greater Copenhagen, Denmark, in 1991 (10, 11). During this out-
break, 19 isolates of a multiresistant E. coli O78:H10 strain were
collected, 18 of which were urine culture isolates from patients
with symptomatic UTI; the remaining fecal isolate was recovered
from a patient with diarrhea (10).

The phylogenetic origin, clonal background, and virulence
characteristics of these 19 isolates were recently characterized and
compared to those of archived nonoutbreak O78:H10 strains. All
of the outbreak isolates were found to (i) be multidrug resistant
and (ii) represent a single clonal group within phylogenetic group
A (sequence type 10), as well as (iii) fulfill molecular criteria for
the EAEC pathotype (11). Notably, except aerobactin, none of the
isolates harbored ExPEC-defining traits (P fimbriae, S/F1C fim-
briae, Dr-binding adhesins, or group 2 capsule), thereby failing to
fulfill the operational molecular criteria currently defining ExPEC
(12). They did, however, contain ExPEC-associated virulence
genes, including fyuA (yersiniabactin receptor) and traT (serum
resistance associated), as well as the serine protease autrotrans-
porters of Enterobacteriaceae (SPATEs) Pic and Sat, both of which
are also associated with diarrheagenic E. coli such as EAEC (13).

EAEC-specific virulence factors present in all 19 Copenhagen
outbreak isolates included aggregative adherence fimbria (AAF)
variant I; AggR, a global regulator of EAEC virulence (14, 15);
dispersin, required for proper dispersal of AAFs on the bacterial
surface (16); and the Aat transporter system, which mediates dis-
persin secretion (17). AAFs play a central role in EAEC pathogen-
esis by facilitating adherence to human intestinal mucosa and for-
mation of a thick biofilm within the mucus layer covering the
epithelium, thus allowing the organism to persistently colonize
the intestinal tract and cause infection (18). Notably, AAFs have
also been shown to mediate adherence to human urethral mucosa
in vitro (19), implying a role for these multifunctional adhesins in
conferring uropathogenic fitness. Finally, AAF-mediated adher-
ence also appears to trigger host inflammatory responses, includ-
ing the release of proinflammatory cytokines and recruitment and
infiltration of neutrophils (20–22).

As described by Olesen et al. (11), the facts that the Copenha-
gen outbreak isolates originated from patients with symptomatic
UTI and that all of them possessed ExPEC-associated genes imply
extraintestinal virulence properties. Moreover, unlike the com-
mensal E. coli strain MG1655, a representative outbreak isolate
(C555-91) was shown to be highly lethal in an established mouse
model of subcutaneously induced sepsis (11, 23). Here, we sought
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to further characterize the extraintestinal potential of the outbreak
strain, focusing on the role of the EAEC-specific virulence factors.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The 19 outbreak isolates used in
this study were collected in 1991 during a predominantly community-
acquired outbreak of a multiresistant clonal E. coli strain (O78:H10) in
greater Copenhagen, Denmark, in 1991 (10). All other strains used are
listed in Table 1.

Bacteria were routinely cultured at 37°C on Luria-Bertani (LB) agar
and in LB broth. For cell adhesion experiments, EAEC overnight cultures
grown in LB broth were subcultured into Dulbecco’s modified Eagle me-
dium (DMEM) with 0.45% glucose.

Construction of isogenic aggDCBA and aggR mutants. The AAF/I
gene cluster (aggDCBA) and the aggR gene in C555-91, a representative
Copenhagen outbreak isolate, were deleted by allelic exchange with a
kanamycin resistance-encoding cassette flanked by regions homologous
to sequences on either side of the aggDCBA gene cluster and the aggR gene,
respectively. All primers used are listed in Table 2. The aggDCBA-flanking
cassette was generated by PCR amplification from a previously con-
structed JM221 �aggDCBA mutant strain using primers B-aggD-F and
E-aggA-R (31). The aggR-flanking cassette was generated by amplification
of the kanamycin resistance-encoding gene (kan) from pKD4 (32) using
primers aggR-Kn1 and aggR-Kn2 containing 30-bp overhangs from the
upstream and downstream regions of aggR, respectively. The purified
PCR products were transformed into C555-91 harboring the thermosen-
sitive plasmid pKOBEGApra encoding the � Red recombinase (33). Both
mutants were selected by growth on LB plates containing 50 �g/ml kana-
mycin at 37°C. Loss of the pKOBEGApra plasmid was verified by the
inability of the mutants to grow on LB plates containing 30 �g/ml apra-
mycin. Correct allelic exchange was verified by PCR analysis using com-
binations of primers inside the kan gene (K1 and K2) and primers B-
aggD-F and E-aggA-R (for the aggDCBA mutant) or primers B-aggR-F
and E-aggR-R (for the aggR mutant).

Biofilm formation in microtiter plates. Overnight cultures of bacte-
ria were diluted 1:50 in DMEM with 0.45% glucose and grown in 96-well
microtiter plates (Nunc) for 24 h with mild shaking, washed to remove
unbound bacteria, and then stained with 0.1% crystal violet (CV). Biofilm
formation was quantified by dissolving the CV in 1 ml of 96% ethanol, and
optical density at 595 nm (OD595) was measured.

Cell adhesion assays. The human larynx cancer-derived epithelial cell
line HEp-2 and the human bladder cancer-derived epithelial cell line 5637
were both maintained in RPMI 1640 medium (Invitrogen) containing
10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 �g/ml strep-
tomycin. The human colon cancer-derived epithelial cell line T84 was

maintained in DMEM–F-12 medium (Invitrogen) containing 10% FBS,
100 U/ml penicillin, and 100 �g/ml streptomycin.

For the HEp-2 adhesion assay, cells were grown to 50% confluence in
Lab-Tek chamber slides (Nunc), washed in 0.9% NaCl, supplied with 1 ml
DMEM with 0.45% glucose, 10% FBS, and 1% mannose, and infected
with 10 �l of bacterial suspensions (1 � 108 bacteria) at 37°C for 3 h.
Following washing, cells and adhering bacteria were fixed in 4% formalin
in phosphate-buffered saline (PBS) for 10 min, washed, stained in 0.1%
CV for 5 min, and washed again, and the slides were mounted using
Vectashield solution (Vector).

For the T84 and 5637 adhesion assays, cells were grown to 90 to 100%
confluence in 24-well plates (Nunc), washed, supplied with 1 ml fresh
culture medium without antibiotics, and infected with 25 �l of bacterial
suspensions (2 � 106 bacteria) at 37°C for 3 h. For quantification of the
total number of bacteria, Triton X-100 (0.5% final concentration) was
added to wells containing both cell-associated and nonadhering bacteria,
followed by a 10-min lysis step. For quantification of cell-associated bac-
teria using other wells, nonadhering bacteria were removed by washing
and the cell monolayers lysed as described above. Serial dilutions of lysed
cells and bacteria were plated and colony counted the following day. The
data shown are numbers of cell-associated bacteria relative to the total
numbers of bacteria recovered.

Mouse model of ascending urinary tract infection. Single- and coin-
fection studies using 6- to 8-week-old female OF-1 (Charles River Labo-
ratories) mice were carried out as previously described (34, 35). Briefly,
the mice were anesthetized and inoculated transurethrally with 50 �l of
bacterial suspension containing approximately 5 � 108 CFU of wild-type
and mutant strains, either separately or mixed 1:1, through a sterile cath-
eter. The mice were sacrificed 3 days after inoculation. For the recovery of
bacteria, bladders and kidneys were collected in 1 ml 0.9% NaCl and
homogenized, and serial dilutions were plated on MacConkey medium.
All animal experiments were conducted under the auspices of the Danish
Animal Experiments Inspectorate, the Danish Ministry of Justice.

Biofilm on catheters under hydrodynamic conditions. Biofilm for-
mation under hydrodynamic conditions on size 14 sterile Foley all-sili-
cone catheters (Bard) was carried out as previously described by Stahlhut
et al. with some modifications (36–38). Briefly, catheters were cut sterilely
to 4.5-cm-long pieces and connected to a Watson-Marlow 205S pump
using silicone tubing. The system was sterilized with 0.5% sodium hypo-
chlorite for 3 to 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) sterile artificial urine (39)
and the flow was left on for 2 h to precondition the catheter surface.
Overnight cultures of EAEC subcultured into DMEM with 0.45% glucose
for 4 h and then diluted to an OD600 of 0.05 were then inoculated in each
channel. The bacteria were allowed to become established in catheters for
1 h before the flow was turned on at a rate of 1 ml/h. Following incubation
at 37°C for 48 h, the catheter pieces were disconnected from the system
and connected to 1-ml syringes. Cells attached to the catheter surfaces
were stained by aspiration with 0.1% CV through the catheters by the

TABLE 2 Primers used in this study

Primer Sequence (5=¡3=)
B-aggD-F TTTTTAGCGTTATATGATTTG
E-aggA-R TATGATCCTTTCCGTTTTTATG
aggR-Kn1 AAATATGATGTACTGGAAAATCCTATCATAGTGTAGG

CTGGAGCTGCTTC
aggR-Kn2 TACTATATACATCTAATTGTACAATCGATGATGGGAA

TTAGCCATGGTCC
K1 CAGTCATAGCCGAATAGCCT
K2 CGGTGCCCTGAATGAACTGC
B-aggR-F TCAAGAATTGTTTTGGTGTTATGC
E-aggR-R AAAACAAAACATCGAAAAAGAGA

TABLE 1 Strains used in this study

Strain Description Reference

C555-11 Representative isolate from the 1991
Copenhagen UTI outbreak

10

C555-91 �aggDCBA C555-91 in which a kanamycin cassette
has been inserted into the aggDCBA
gene cluster encoding AAF/I

This study

C555-91 �aggR C555-91 in which a kanamycin cassette
has been inserted into the aggR gene

This study

042 Prototype EAEC strain expressing AAF/II 29
JM221 Prototype EAEC strain expressing AAF/I 30
CFT073 Prototype UPEC strain 28
J96 Prototype UPEC strain 27
MG1655 Commensal E. coli K-12 strain 24
F-18 Commensal E. coli strain 26
HB101 Nonfimbriated E. coli K-12 strain 25
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syringes and left for 20 min. The catheters were then washed three times in
PBS to remove excess CV and subsequently dried. Finally, CV was dis-
solved in 1 ml of 96% ethanol and the OD595 was measured. A catheter
piece treated the same way without any contact with bacterial cells served
as a blank.

Catheterized bladder model. The catheterized bladder model was
performed as previously described by Stahlhut et al. with some modifica-
tions (38, 40). Briefly, two-compartment (inner and outer compartment)
glass chambers were maintained at 37°C by circulating water through the
outer compartment. A catheter was inserted into the inner compartment
of the glass chambers through an outlet at the base, followed by inflation
of the catheter retention balloon with 10 ml sterile water. The catheters
were connected to standard drainage bags, and 15 ml of sterile artificial
urine (39) was pumped into the inner chambers.

For inoculation, overnight bacterial cultures grown in LB were diluted
1:100 in DMEM with 0.45% glucose, incubated for 6 h, and then diluted to
an OD600 of 0.2 in prewarmed (37°C) artificial urine. A 5-ml sample of
bacterial suspension (approximately 1 � 108 CFU) was added to the arti-
ficial urine in the inner chambers. After 1 h, the artificial urine supply was
resumed for 24 h at a constant rate of 30 ml/h. For quantification of
biofilms on catheters, the artificial urine supply was stopped and a sample
of the bladder (inner compartment) was collected. The inserted catheters
were carefully removed and cut aseptically. The tip of the catheter (includ-
ing the eyehole) was transferred to 1 ml 0.9% NaCl, and the retention
balloon section was removed. The next 1-cm catheter section, serving as
the catheter sample, was cut sterilely down the middle, transferred to 1 ml
0.9% NaCl, and scraped thoroughly to release catheter-associated bio-
films. All samples were sonicated for 5 min (50% power) and vortexed for
2 min and then serially diluted, plated, and counted the next day.

Statistical analysis. Student’s t test was used for statistical evaluation,
and P values of �0.05 were considered statistically significant.

RESULTS
Biofilm formation in microtiter wells by the Copenhagen out-
break isolates. To assess the pathogenic potential of the 19 Co-
penhagen outbreak isolates, we initially screened all of them for
their ability to form biofilms in microtiter plates using DMEM
with 0.45% glucose as the medium (AggR-inducing conditions
[41]). The majority of the 19 isolates were found to be modest to
good biofilm producers (data not shown). Strain C555-91 was
selected as a representative outbreak isolate for further examina-
tion in this study.

Biofilm formation in microtiter plates by C555-91 is AAF de-
pendent. We sought to determine the role of AAFs in the ability of
the Copenhagen outbreak strain to form biofilms. The aggDCBA
gene cluster (encoding AAF/I) in C555-91 was deleted by allelic
replacement of the entire cluster with a kanamycin resistance-
encoding cassette. The same technique was also used to generate a
C555-91 isogenic AggR mutant strain. Confirming correct mutant
constructions, we observed that, like other AAF-producing EAEC
strains (42), wild-type C555-91 was capable of agglutinating hu-
man erythrocytes, whereas both the AAF and AggR mutants failed
to do so (data not shown).

We next examined the ability of these strains to form biofilms
in the microtiter plate assay in comparison with those of prototype
EAEC and UPEC strains. Notably, wild-type C555-91 produced
biofilms at levels comparable to those of EAEC prototype strains
042 and JM221 and at levels significantly higher than those of
UPEC prototype strains CFT073 and J96 or commensal E. coli
strains MG1655 and F-18 (Fig. 1). However, deletions of AAF or
AggR strikingly attenuated the ability of C555-91 to form biofilms
(P � 0.001), revealing that the ability of C555-91 to form a strong
biofilm is mediated by AAF fimbriae. Moreover, the reduced bio-

film-forming capacity of the AggR mutant strain is consistent with
lack of AAF expression.

AAF mediates aggregative adherence in C555-91. To further
characterize the C555-91 isolate, we assessed its ability to adhere to
HEp-2 epithelial cells in an aggregative pattern, the gold standard
for identifying EAEC (43). Similarly to prototype EAEC strain
042, C555-91 exhibited the characteristically stacked-brick aggre-
gative pattern of adherence to the HEp-2 cells (Fig. 2). As ex-
pected, the aggregative phenotype was mediated by AAF/I fim-
briae, as the AAF/I mutant was unable to adhere to the HEp-2 cells
(Fig. 2).

AAF mediates adherence of C555-91 to human colonic and
bladder epithelial cells. We next sought to determine the ability
of C555-91 to adhere to intestinal and bladder epithelial cells. The
T84 human colonic epithelial cell line has previously been de-
scribed as a model for EAEC adherence (44). We found that wild-
type C555-91 adhered to T84 cells to nearly the same extent as
EAEC strains 042 and JM221 (Fig. 3A). In contrast, deletions of
AAF/I or AggR almost entirely abolished the cell-adhesive prop-
erties of C555-91 (P � 0.01) to levels comparable to HB101, a
nonfimbriated E. coli strain incapable of adherence to epithelial
cells.

We next examined the ability of C555-91 to adhere to cell line
5637 human bladder epithelial cells. We found that wild-type
C555-91 exhibited a remarkable high adherence capacity to the
bladder cell line. Thus, the percentages of adhering C555-91 cells
were 10- to 20-fold higher than those of the UPEC prototype
strains J96 and CFT073 (P � 0.01) (Fig. 3B). In line with the
observations from the T84 cell assays, the C555-91 AAF/I and
AggR mutants both failed to adhere to the 5637 monolayers al-
most entirely (P � 0.01) (Fig. 3C). Thus, adherence of C555-91 to
both intestinal and bladder epithelial cells requires AAF expres-
sion, and AggR is required for AAF expression.

C555-91 is virulent in a UTI mouse model. To investigate the
ability of C555-91 to cause UTI and assess the influence of EAEC
virulence factors, a previously described mouse model of ascend-

FIG 1 C555-91 forms AAF/I-dependent biofilms in microtiter plates. Wild-
type (WT) C555-91, the AAF/I and AggR mutants, commensal E. coli strains
MG1655 and F-18, UPEC prototype strains CFT073 and J96, and EAEC pro-
totype strains 042 and JM221 were grown at 37°C in microtiter plates contain-
ing DMEM with 0.45% glucose for 24 h under shaking conditions, after which
biofilm formation was quantified as described in Materials and Methods. The
results are presented as the means � standard errors of the means for eight
replicates and represent one of three independent experiments performed with
similar results. ***, P � 0.001.
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ing UTI was applied (34). Groups of 7 or 8 mice were inoculated
transurethrally with C555-91, C555-91 �AAF/I, or C555-91
�AggR, either separately or mixed 1:1 for competition experi-
ments (wild-type versus either one of the two mutant strains).
Indeed, C555-91 was able to cause UTI in the mouse model, as all
bladder samples were found to be infected, with a median bacte-
rial count of approximately 1 � 106 CFU per bladder (Fig. 4).
However, the bacterial counts of the AAF/I and the AggR mutant
were similar to that of the wild-type strain (Fig. 4). Also, from the
kidney and urine samples similar levels of wild-type and both
mutant strains were recovered (Fig. 4). In an attempt to detect
more subtle differences in virulence, competition experiments
were applied; however, even when in direct competition with the
wild type, the AAF/I and AggR mutants were as virulent as the
wild-type strain (data not shown). Thus, these findings show that
C555-91 is capable of establishing a UTI but that AAF and AggR
do not appear to influence the urovirulence in mice.

AAF promotes biofilm formation on urethral catheters. We
next refocused our attention on the biofilm-forming properties of
the Copenhagen outbreak strain. In particular, we sought to ad-
dress its ability to form biofilms on urinary catheters, a common
trait of uropathogens such as Klebsiella pneumoniae and UPEC
strains, which frequently cause biofilm-related catheter-associ-
ated UTIs (CAUTIs) (45, 46).

We first investigated the ability of C555-91 to form biofilms on
urethral catheters under hydrodynamic conditions using a previ-
ously described in vitro model system (38). Wild-type C555-91
and its isogenic AAF/I mutant were inoculated in catheters at 37°C
under continuous-flow conditions employing artificial urine as
the growth medium. After 48 h, the catheters were emptied and
the catheter-associated bacteria were quantified by CV staining.
Wild-type C555-91 produced extensive amounts of catheter-asso-
ciated biofilm in this model system (Fig. 5). In contrast, the AAF/I
mutant strain showed a 4-fold attenuation in biofilm formation
compared to the wild type (P � 0.001).

To evaluate the potential of C555-91 to cause CAUTIs under
conditions mimicking the conditions in the patients, an in vitro
model of a catheterized bladder was applied. This model mirrors
all the physicochemical properties of a CAUTI patient except for
the presence of a bladder epithelium (38, 40). Using artificial urine
as the growth medium, wild-type C555-91 and the AAF/I mutant
were inoculated in the artificial bladder lumen at an initial con-
centration of �2 � 107 CFU/ml, mimicking an established
CAUTI. After 24 h of artificial urine supply, bacterial counts were
monitored in the bladder lumen, on the catheter tip (located in the
bladder), and on the lower part of the catheter (below the reten-
tion balloon of the catheter). The two strains grew to the same
extent in the bladder (Fig. 6), suggesting that deletion of AAF did

FIG 2 C555-91 exhibits AAF/I-dependent aggregative adherence to HEp-2 cells. Bacterial aggregative patterns of adherence (arrows) after 3 h of incubation of
EAEC 042 or wild-type (WT) C555-91 with HEp-2 cells. The C555-91 AAF/I mutant strain failed to adhere to the HEp-2 cells or to the substratum.

FIG 3 AAF/I facilitates adherence of C555-91 to colonic and bladder epithelial cells. (A) T84 colonic epithelial cell monolayers were infected with wild-type (WT)
C555-91, the C555-91 AAF/I or AggR mutant, EAEC prototype strain 042 or JM221, or E. coli strain HB101 (negative control). (B and C) 5637 bladder epithelial
cell monolayers were infected with wild-type C555-91, the C555-91 AAF/I or AggR mutant, UPEC prototype strain CFT073 or J96, or HB101 (negative control).
The number of cell-adhering bacteria was quantified 3 h later as described in Materials and Methods. The results are presented as the means � standard errors
of the means for at least triplicate samples and represent one of three independent experiments performed with similar results. ***, P � 0.001; **, P � 0.01.
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not alter the growth rate in the bladder and thus did not affect the
number of bacteria transferred from the bladder into the catheter.
Extensive biofilm formation was observed on the catheter tips
located in bladders infected with wild-type C555-91, whereas the
AAF mutant showed an 8-fold attenuation in biofilm formation
on the catheter tips (P � 0.001). On the catheter itself, the biofilm-
promoting effect of AAF was even more striking, as the AAF mu-
tant showed more than a 100-fold attenuation in biofilm forma-
tion on the catheter compared to the wild-type strain (P � 0.001)
(Fig. 6).

In conclusion, these results clearly demonstrate that C555-91 is
capable of extensive biofilm formation on urethral catheters and
that AAF expression plays a key role in facilitating this event.

DISCUSSION

The 1991 community-acquired UTI outbreak caused by a multi-
resistant clonal E. coli O78:H10 strain is quite unique since, unlike
previously reported multiresistant clonal E. coli groups associated
with UTI outbreaks (47–49), the Copenhagen outbreak strain did

not fulfill the molecular criteria for ExPEC (11). Instead, it quali-
fied molecularly as EAEC, thus for the first time associating a
clonal EAEC strain with an extraintestinal disease outbreak. Im-
portantly, 18 of the 19 collected outbreak isolates were from the
urine of patients with symptomatic UTI, strongly implying an
extraintestinal virulence potential (11).

The objective of this study was to characterize the uropatho-
genic properties of the Copenhagen outbreak strain, focusing on
the role of the EAEC virulence factors. Notably, all 19 outbreak
isolates harbored AAF variant I whereas none of the ExPEC-de-
fining adherence factors P fimbriae, S/F1C fimbriae, or Dr-bind-
ing adhesin were found in any of the isolates (11). As adherence to
epithelial surfaces is expected to be a critical first step in the patho-
genesis of most diarrheagenic and uropathogenic E. coli strains
(6), we therefore focused our initial attention on the role of the
AAF adhesin.

C555-91 was chosen as a representative Copenhagen outbreak
isolate. Of particular interest, this isolate originated from a
4-month-old boy with recurrent UTIs as well as diarrhea, suggest-
ing that the Copenhagen outbreak strain exhibits both diarrhea-

FIG 4 C555-91 causes urovirulence in a UTI mouse model without the requirement for AAF/I or AggR expression. Groups of eight mice were inoculated with
wild-type (WT) C555-91, the AAF/I mutant, or the AggR mutant. Three days following inoculation, the mice were sacrificed and the bladders (n � 8) and kidneys
(n � 16) collected. Urine samples (n � 6 or 7) were collected where possible. Bacteria present in the samples were enumerated as described in Materials and
Methods. Values of 0 represent CFU counts below the lower detection limit of 50 CFU/g sample or CFU/ml sample.

FIG 5 AAF/I plays a key role in promoting biofilm formation by C555-91 on
urethral catheters under hydrodynamic conditions. Wild-type (WT) C555-91
and the C555-91 AAF/I mutant were inoculated in catheters under hydrody-
namic conditions for 48 h, after which catheter-associated biofilm formation
was quantified by CV staining (see Materials and Methods). All treatments
were repeated at least 4 times. ***, P � 0.001.

FIG 6 AAF/I-enhanced biofilm formation by C555-91 on urethral catheters in
a catheterized bladder model. Biofilm formation by wild-type (WT) C555-91
(black bars) and the C555-91 AAF/I mutant (white bars) was quantified from
the bladder, the catheter tip (located in the bladder), and the catheter as de-
scribed in Materials and Methods. Both treatments were repeated 9 times.
Means � standard errors of the means are shown. ***, P � 0.001.
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genic and uropathogenic properties. In support of the diarrhea-
genic properties, the outbreak strain was also isolated from an
AIDS patient with diarrhea (10).

As expected, the EAEC-characteristic pattern of adherence of
C555-91 to HEp-2 cells was shown to require AAF expression.
Consistent with EAEC prototype strain findings (44), C555-91
furthermore exhibited AAF-dependent adherence to human T84
colonic epithelial cells. More intriguingly, the AAF adhesin was
shown also to mediate extensive adherence of C555-91 to human
bladder epithelial cells, notably to a much greater extent than pro-
totype UPEC strains, thus illustrating the potential of the Copen-
hagen outbreak strain to both colonize the intestinal tract and
infect the bladder.

Olesen et al. evaluated the performance of C555-91 in a sub-
cutaneous mouse sepsis model and found it to be highly lethal
compared to the commensal MG1655 strain (11). While these in
vivo observations point to extraintestinal pathogenic capabilities
of the Copenhagen outbreak strain, this model system bypasses
key early steps in uropathogenesis, including the requirement for
adherence to urinary epithelial cells as well as entry and persis-
tence within the urinary tract (23).

To address the urovirulence of the outbreak strain in vivo, we
tested C555-91 in a mouse model of ascending UTI. The strain was
indeed found to be virulent in the mouse UTI model, as all bladder
samples were found to be infected. As C555-91 exhibited a re-
markable AAF-mediated ability to adhere to human epithelial
bladder cells, it was surprising that similar levels of bacteria were
detected in the bladders of mice infected with the C555-91 wild-
type or AAF or AggR mutant strain. Thus, in the mouse model, the
ability of C555-91 to infect the bladder does not appear to corre-
late with AAF expression. Notably, in addition to regulating the
machinery required for AAF expression (i.e., the AAF genes them-
selves, dispersin, and the dispersin transporter system), AggR has
recently been shown to regulate a large number of additional
EAEC genes (50). Thus, while further studies are needed to clarify
the role of these potential virulence genes, our findings here sug-
gest that none of them impact the uropathogenic properties of
EAEC.

As C555-91 and its AAF mutant express type 1 fimbriae, as
shown by the ability to agglutinate yeast cells in a mannose-sensi-
tive manner, we speculate that in the mouse bladder adherence is
primarily mediated by type 1 fimbriae. Notably, using the same
model, we have previously demonstrated that K. pneumoniae ad-
heres to the mouse bladder by virtue of type 1 fimbriae (35). The
fact that AAF did not influence infection of the mouse bladder is
consistent with a previous study demonstrating that AAF expres-
sion has no effect on the ability of EAEC to colonize the mouse
intestinal tract (51). These observations likely reflect the general
assumption that EAEC pathogenesis is highly adapted to human
tissue and may result from the inability of AAF adhesins to bind to
different receptors present on the mucosal surfaces of animal spe-
cies compared with that in humans. Thus, it is likely that mice do
not express AAF-specific receptors. In contrast, clear signs of dis-
ease and host inflammatory responses were observed when EAEC
pathogenesis was examined in a model using human intestinal
xenografts in immunodeficient mice in which the bacteria interact
with epithelium of human origin (21).

In addition to our studies related to epithelial adherence, we
also assessed the potential biofilm formation properties of the
Copenhagen outbreak strain. Formation of thick layers of biofilms

covering the intestinal mucosa is a defining feature of EAEC
pathogenesis and likely contributes profoundly to the ability of the
pathogen to persistently colonize the intestinal tract (18). Biofilm
formation is also a common characteristic trait of uropathogens
such as K. pneumoniae and UPEC strains and is believed to play a
significant role in uropathogenicity. Biofilm formation is of par-
ticular concern for catheterized patients since indwelling urinary
catheters provide an inert surface on which uropathogens can
attach and establish CAUTIs. Moreover, the frequent recurrence
of CAUTIs shortly after antibiotic treatment is believed to be
caused by recolonization of organisms having survived in the bio-
films (45, 46).

In line with AAF-producing EAEC prototype strains (41, 42),
we found that the majority of the Copenhagen outbreak isolates
were excellent producers of biofilms in the microtiter plate assay.
Moreover, using the C555-91 wild-type and mutant strains we
demonstrated that this event is AAF dependent. More intrigu-
ingly, using a catheterized bladder model, we found that the
C555-91 wild-type strain was capable of producing extensive bio-
films on catheters. Again, the remarkable ability of the outbreak
strain to form these biofilms was mediated by AAF, as the C555-91
AAF/I mutant showed more than a 100-fold attenuation in bio-
film formation on catheters compared to the wild type.

Whereas our study reveals that EAEC-specific virulence factors
may promote the urovirulence of the outbreak strain, the fact that
no previous reports of EAEC-associated UTI outbreaks have been
reported raises an important question: are the uropathogenic
properties of the Copenhagen outbreak strain attributable to a
unique combination of ExPEC-associated and EAEC-specific vir-
ulence factors present in this particular strain? Or are future UTI-
associated outbreaks caused by other strains with the EAEC-spe-
cific virulence background likely to occur? Our findings in this
study show that EAEC virulence factors, in particular the AAF
adhesins, have the capacity to confer uropathogenic virulence,
e.g., uroepithelial adhesion and biofilm formation. Thus, EAEC
strains appear capable of spreading from the human distal colon,
their natural reservoir, to the urinary tract, where AAF may pro-
mote increased adhesion to and colonization of the bladder epi-
thelium. In addition, the fact that the AAF organelle mediates
extensive catheter-associated biofilm formation indicates a strong
potential for urinary EAEC strains to cause CAUTIs. Collectively,
we suggest that the Copenhagen outbreak strain was spread via a
fecal-oral route and that the UTIs were a secondary consequence
in some infected individuals.

In addition to AggR and AAF/I, other EAEC-associated viru-
lence factors may also contribute to the urovirulence of the out-
break strain. Notably, the strain also possessed the SPATEs Sat and
Pic, both of which are commonly found in EAEC but also in Ex-
PEC strains (13, 52, 53). Sat functions as a vacuolating cytotoxin
(54), whereas Pic exhibits mucinolytic properties causing modu-
lation of host immune responses (55). Both Sat and Pic are also
present in UPEC strain CFT073, but neither of the two SPATEs
appears to effect colonization of this strain in the mouse model of
ascending UTI (53, 54). However, Sat did cause histopathological
changes to the mouse kidneys (54), whereas Pic appeared to de-
crease infiltration of neutrophils into the bladder lumen (53). The
role of these SPATEs in uropathogenesis in humans warrants fur-
ther investigation.

The current lack of global routine surveillance systems for de-
tecting EAEC, likely rendering EAEC underreported, makes it dif-
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ficult to address the extent to which this pathogen is associated
with extraintestinal disease (56). Focus on EAEC in the context of
diarrheal disease has increased since the 2011 major German out-
break (5), but only a few studies have investigated the prevalence
of EAEC virulence factors in strains causing extraintestinal infec-
tions. However, the fact that EAEC strains were found with rela-
tively high prevalence in collections of UTI isolates (7–9, 11) sup-
ports that EAEC-related virulence factors may likely play a role in
uropathogenicity and illustrates the need for including these genes
in future detection and characterization of uropathogenic E. coli.
Moreover, given our findings that EAEC-specific fimbriae pro-
mote extensive biofilm formation on catheters, it will be highly
relevant to screen CAUTI isolates for prevalence of EAEC-specific
genes. Analysis of E. coli isolates from UTI patients will contribute
to clarifying the potential role of EAEC in these important and
very common infections.
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