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Diarrhea-causing strains of Escherichia coli are responsible
for many cases of gastrointestinal disease throughout the
world, notably among infants in third world countries, where
these pathogens are a major cause for concern (37). According
to World Health Organization sources, more than 2 million
humans, mainly infants, die from E. coli diarrhea each year. An
essential step in the pathogenesis of diarrheagenic E. coli is the
initial recognition of and attachment to intestinal tissue surfaces. Bacterial attachment is provided by specific adhesins
protruding from the bacterial surface. There are a multitude of
bacterial adhesins, and they can crudely be divided into two
groups: long organelle-type adhesins (typified by fimbriae) and
short, non-organelle-type adhesins (reviewed in reference 27).
The AIDA protein, a non-organelle-type adhesin, was originally found to be associated with adherence to human cells of
an E. coli O126:H27 strain isolated from a case of infantile
diarrhea (2, 3). AIDA belongs to the autotransporter protein
family. One characteristic of this group of proteins, which
encompasses many virulence factors, is that the protein itself
contains all of the information required for traversing the
bacterial membrane system and routing to the bacterial cell
surface (20, 21). AIDA is produced as a precursor consisting of
1,286 amino acids, which subsequently undergoes extended
posttranslational modifications. First, it is processed by removal of a 49-amino-acid signal peptide. The resultant protein,
located in the periplasm, is further processed by autocatalytic
action into a C-terminal translocator domain and an N-terminal passenger domain consisting of 439 and 798 amino acids,
respectively. The translocator moiety forms a ␤-barrel porin in
the outer membrane through which the adhesin moiety gains
access to the surface (31, 50). Additional modifications also

occur since the fully mature AIDA adhesin is a glycoprotein.
Immediately upstream of the aidA gene, responsible for AIDA
production, is a second gene, aah, which encodes a 45-kDa
heptosyltransferase (autotransporter adhesin heptosyltransferase [AAH]) that modifies the AIDA adhesin by addition of
an average of 19 heptose residues (5). Without this modification AIDA does not bind to human cells (4, 5).
AIDA has been demonstrated to mediate bacterial binding
to a wide range of human and nonhuman cell types, exemplified by cell line types such as HeLa human cervical cancer cells,
HT29 human colon cancer cells, monkey fibroblast cells, and
Chinese hamster ovary cells (2, 28, 46). This suggests that the
molecular motif(s) that AIDA interacts with is widely distributed. The broad-range cell recognition characteristics of AIDA
are also reflected in the fact that although AIDA was originally
found in an E. coli O126:H27 strain associated with a case of
infantile diarrhea, it has also been found in E. coli strains
isolated from pigs with edema disease and diarrhea (40). Interestingly, AIDA was found to be associated with the Stx2
Shiga-like toxin in such strains.
Several adhesins, such as type 1 fimbriae and curli, have
been shown to confer bacterial autoaggregation and/or enhance biofilm formation on abiotic surfaces in addition to their
receptor recognition faculty (17, 43, 45, 47). In this study we
investigated whether the AIDA adhesin, in addition to its
ability to promote bacterial binding to mammalian cells, possesses additional virulence properties, including autoaggregation of bacterial cells and biofilm formation.
MATERIALS AND METHODS
Bacterial strains and plasmids and growth conditions. The strains, plasmids,
and primers used in this study are listed in Tables 1, 2 and 3, respectively. Cells
were grown at 37°C on solid or liquid Luria-Bertani medium supplemented with
the appropriate antibiotics unless indicated otherwise.
E. coli strain MS427 was genetically marked by insertion of gfpmut3b* into the
chromosomal attachment site of bacteriophage  (attB) essentially as previously
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Diarrhea-causing Escherichia coli strains are responsible for numerous cases of gastrointestinal disease and
constitute a serious health problem throughout the world. The ability to recognize and attach to host intestinal
surfaces is an essential step in the pathogenesis of such strains. AIDA is a potent bacterial adhesin associated
with some diarrheagenic E. coli strains. AIDA mediates bacterial attachment to a broad variety of human and
other mammalian cells. It is a surface-displayed autotransporter protein and belongs to the selected group of
bacterial glycoproteins; only the glycosylated form binds to mammalian cells. Here, we show that AIDA
possesses self-association characteristics and can mediate autoaggregation of E. coli cells. We demonstrate that
intercellular AIDA-AIDA interaction is responsible for bacterial autoaggregation. Interestingly, AIDA-expressing cells can interact with antigen 43 (Ag43)-expressing cells, which is indicative of an intercellular AIDA-Ag43
interaction. Additionally, AIDA expression dramatically enhances biofilm formation by E. coli on abiotic
surfaces in flow chambers.
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TABLE 1. Bacterial strains
Relevant characteristics

MG1655
MS427
MS528
LH56
LH73
LH75
OS45
OS46
OS47
OS56
OS68
OS70
OS71
OS82
OS84

E. coli K-12 reference strain
MG1655 ⌬flu
MG1655 ⌬flu ⌬fim
MS427 containing pACYC184
MS427 containing pIB264; AAH-AIDA
MS427 containing pLH44; AAH-AIDA
SAR19 containing pLH44; Cfp, AAH-AIDA
SAR20 containing pLH44; Yfp, AAH-AIDA
MS528 containing pOS32
MS427 attB::bla-PA1/04/03-gfpmut3b*-T0; Gfp
OS56 containing pKKJ128; Gfp, Ag43
OS56 containing pACYC184; Gfp
OS56 containing pLH44; Gfp, AAH-AIDA
MS427 containing pAR163; DsRed. T3
MS427 containing pAR163 and pKKJ128;
DsRed.T3, Ag43
MS427 containing pOS33; AIDA
OS56 containing pOS33; AIDA
MS427 containing pOS37; AAH
MS427 containing pAR163 and pOS33;
DsRed.T3, AIDA
MS427 containing pLH44 and pPKL4;
AIDA, fimbriae
CSH26 attB::bla-PA1/04/03-cfp*-T0; Cfp
CSH26 attB::bla-PA1/04/03-yfp*-T0; Yfp

OS85
OS99
OS101
OS130
PKL1110
SAR19
SAR20

Reference

1
24
24
This
This
This
This
This
This
This
This
This
This
This
This

study
study
study
study
study
study
study
study
study
study
study
study

This
This
This
This

study
study
study
study

This study
44
44

Microscopy and image analysis. All microscopic observations and image acquisition were performed by using a confocal scanning laser microscope
(TCS4D; Leica Lasertechnik, GmbH, Heidelberg, Germany) equipped with detectors and filters for monitoring cyan fluorescent protein (Cfp), yellow fluorescent protein (Yfp), green fluorescent protein (Gfp), and DsRed. Vertical cross
sections through the biofilms were generated by using the IMARIS software
package (Bitplane AG, Zürich, Switzerland) running on a Silicon Graphics
Indigo2 workstation (Silicon Graphics, Mountain View, Calif.). Images were
further processed for display by using Photoshop software (Adobe, Mountain
View, Calif.).

RESULTS
Cloning and characterization of the AIDA gene system. Plasmid pIB264 contains the adjacently linked aah and aidA genes
from E. coli O126:H27 strain 2787 (2, 5). In order to perform
functional analysis of AIDA with and without glycosylation, we

TABLE 2. Plasmids used in this study
Plasmid

pAR81
pAR90
pAR94

described (14). The gfpmut3b*-containing NotI fragment from pOS32 was ligated to the bla-attP-containing NotI fragment of plasmid pLDR11. The ligation
mixture was transformed into MS427(pLDR8) cells expressing -Int. Correct
chromosomal insertion of gfpmut3b* in an ampicillin-resistant, green fluorescent
transformant (OS56) was verified by PCR. E. coli MS427 was labeled with the red
fluorescent protein DsRed by transformation with plasmid pAR163 and designated OS82. The differently labeled fluorescent strains were used as hosts for the
expression of antigen 43 (Ag43) or AIDA via plasmid-encoded genes.
DNA manipulations and genetic techniques. Isolation of plasmid DNA was
carried out by using a QIAprep Spin miniprep kit (QIAGEN). Restriction
endonucleases were used according to the manufacturer’s specifications (New
England Biolabs Inc.). Chromosomal DNA was purified by using a GenomicPrep
cell and tissue DNA isolation kit (Amersham Pharmacia Biotech Inc.). All PCRs
were performed with the Expand High Fidelity polymerase system (Roche)
essentially as previously described (48). The primers used are listed in Table 3.
Amplified products were sequenced to ensure fidelity of the PCR (MWG Biotech, Ebersberg, Germany).
Release and purification of AIDA protein. One-milliliter portions of overnight
cultures were standardized to a final optical density at 600 nm (OD600) of ⬃1,
harvested by centrifugation, washed, and reconstituted in phosphate-buffered
saline. The ␣ subunit was released from the surface of the cells by heating the
cells at 60°C for 3 min. The cells were immediately removed by centrifugation,
and the resultant protein in the supernatant was precipitated with acetone (75%,
vol/vol). The pellet was dried, resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) buffer, and boiled for 3 min prior to gel
electrophoresis.
Autoaggregation assay. To monitor differences in autoaggregation, we devised
an assay to monitor bacterial settling rates over time. Overnight cultures were
standardized and mixed vigorously for 15 s prior to the start of the assay. At
regular time intervals, a 150-l sample was taken approximately 0.5 cm from the
liquid surface and transferred into a microtiter plate maintained on ice. At the
end of the experiment the OD600 values were determined with a microtiter plate
reader. When the influence of pH was investigated, the cells were harvested and
resuspended in phosphate-buffered saline at different pH values.
Flow chamber experiments. Flow chamber experiments were performed essentially as previously described (10); the major exception was that cells were
grown in morpholinepropanesulfonic acid (MOPS) minimal medium and incubated at 30°C (39). Briefly, biofilms were allowed to form on glass surfaces in a
multichannel flow system that permitted online monitoring of community structure. Flow cells were inoculated with OD600-standardized cultures pregrown
overnight in MOPS medium containing chloramphenicol. Glucose was used as
the sole carbon source at a concentration of 0.2%.

pAR163

pAR176

pAR178

pAR179
pDsRed.T3
pIB264
pKKJ128
pLH44
pOS32

pOS33
pOS37
pPKL4
pRL27
pSM1690
pTP801
pTP809

Relevant genotype or phenotype

Reference

cat gene from pTP801 ligated into BamHIdigested pTP809; Cmr
cfp* inserted between SphI and HindIII sites
in pJBA27
PrrnB, P1 containing SacI-XbaI fragment of
pSM1690 inserted into pAR90 digested
with SacI and XbaI
Amplification of dsred2.T3 with primers
Dsred2d and UDsRed2.T3 and ligation
into Xbal-HindIII-digested pAR94; results
in replacement of cfp* with dsred2.T3, controlled by PrrnB, P1
Amplification of PtetA with primers ar047 and
ar048 from pRL27 and ligation into SacIXbaI-digested pSM1690; results in replacement of PrrnB, P1 with PtetA
Amplification of cat gene with primers ar059
and ar060 from pAR81 and ligation with
ClaI-SalI-digested p15A ori-containing
fragment from pSM1690 (amplified by
PCR with primers ar057 and ar058)
Insertion of PrrnB, P1-RBSII-dsred2.T3-T0
containing NotI cassette from pAR163
into the NotI site of pAR178
Encodes a rapidly maturating DsRed.T3
variant
SphI-ClaI aah-aidA-containing fragment
from pIB6
flu gene from E. coli MG1655 in pACYC184
aah-aidA genes from pIB264 ligated into
SphI-ClaI-digested pACYC184
gfpmut3b* gene from plasmid pAR176 ligated to XbaI-HindIII-digested pAR179;
construct has gfpmut3b* gene under transcriptional control of the E. coli rrnB-P1
promoter
aidA gene from pIB264 PCR amplified with
primers 482 and 483 and ligated into
EcoRV-SalI-digested pACYC184
aah gene from pIB264 PCR amplified with
primers 537 and 541 and ligated into
BamH1-XmaIII digested pACYC184
fim gene cluster from E. coli PC31 in
pBR322
mini-Tn5 delivery vector; source of PtetA
PrrnB, P1-RBSII-gfpmut3b*-T0-T1 NotI
fragment in LOW2; Kmr
cat gene in BamHI site of pUC19
pBR322 derivative with multiple cloning site
introduced between EcoRI and NdeI sites

This study
44
This study
This study

This study

This study

This study
7
2
23
This study
This study

This study
This study
26
29
49
35
35
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TABLE 3. Primers used in this study
Primer

Sequence

prepared several different plasmid constructs. The aah-aidA
fragment from pIB264 was cloned into plasmid pACYC184,
resulting in plasmid pLH44. A plasmid containing the aidA
gene alone was prepared by PCR amplification and cloning
into pACYC184, which resulted in plasmid pOS33. Both constructs were verified by restriction enzyme mapping and DNA
sequencing (Fig. 1). The AIDA passenger domain, but not the
translocater domain, could be efficiently liberated from cells by
brief heating to 60°C. To confirm correct processing, glycosylation (plasmid pLH44), and a surface location for AIDA, the
␣ subunit was released by heat treatment of bacteria harboring
plasmids pOS33 and pLH44 and examined by SDS-PAGE
(Fig. 1). As expected, proteins with apparent molecular masses
of approximately 80 kDa (AIDA) and 100 kDa (glycosylated
AIDA) were visible (Fig. 1).
AIDA mediates autoaggregation, flocculation, and settling
of cells. Cells of E. coli strain MS427 did not aggregate or settle

FIG. 1. (A) Overview of the plasmid constructs used for expression
AIDA (pOS33) and glycosylated AIDA (pLH44). The constructs were
made in the pACYC184 cloning vector and were constitutively expressed. (B) Coomassie brilliant blue-stained SDS-PAGE gel of AIDA
(lane 1) and glycosylated AIDA (lane 2) ␣-subunit proteins liberated
from E. coli MS427 host cells by brief heat treatment.

FIG. 2. Cell-cell aggregation characteristics (left panels) and settling from static liquid suspensions (right panels) of E. coli MS427
containing either the vector control plasmid pACYC184 (A), the aahaidA-encoding plasmid pLH44 (B), or the aidA-encoding plasmid
pOS33 (C).

from liquid suspensions (Fig. 2). When plasmid pLH44, containing the aidA and aah genes, was introduced into MS427,
colonies of the resultant strain (OS71) were observed to aggregate, and when liquid suspensions of the cells were left
standing, they flocculated and settled (Fig. 2). The aggregates
formed by AIDA-expressing cells were very compact and
rather difficult to separate. This finding was also reflected in
the fast settling kinetics of AIDA-expressing cells (Fig. 3). It
should also be noted that MS427 hosts that contained other
types of plasmids encoding the aidA and aah genes (for example, pIB264 [2]) behaved like OS71 (data not shown). Furthermore, AIDA-induced cell aggregation was not restricted to a

FIG. 3. Autoaggregation assay demonstrating the settling profiles
of liquid suspensions of E. coli strains OS70 (vector control), OS71
(AAH-AIDA⫹), OS101 (AAH⫹), OS85 (AIDA⫹), and OS68 (Ag43⫹).
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DsRed2d .................5⬘-CCTCAAGCTTCCCGGGTTACAGGAACAGGT
GGTGGCG-3⬘
UDsRed2.T3...........5⬘-GGTCTAGAATTAAAGAGGAGAAATTAAGC
ATGGCCTCCTCCGAG-3⬘
ar047 ........................5⬘-GTCGAGCTCAATGATTCTCCGCCAGCA-3⬘
ar048 ........................5⬘-GCTCTAGAATATGTGGCCTCCGGACC-3⬘
ar057 ........................5⬘-GCATCGATGACCAAAATCCCTTAACG-3⬘
ar058 ........................5⬘-GCGGTCGACGGAAATGGCTTACGAA-3⬘
ar059 ........................5⬘-GCGGTCGACTCCTTACGCATCTGTGC-3⬘
ar060 ........................5⬘-GCATCGATAGGCGTATCACGAGGC-3⬘
482............................5⬘-CGCGGATATCATAATAAAGGATCATTTAAT
GAATAAGGCCTAC-3⬘
483............................5⬘-CGCGCGGTCGACTCAGGAGCAAGAGTAAT
CCGCC-3⬘
537............................5⬘-CGCGGGATCCATAATAAGGAATGACTTTCT
TATCACCA-3⬘
541............................5⬘-CGCGCGGCGGCCGTTAAATGATCCTGTCAT
GA-3⬘
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particular host strain as it was observed in a range of E. coli
K-12 strains.
AIDA-mediated cell-cell aggregation is independent of glycosylation. AIDA-mediated attachment to human cells has
been reported to be dependent on the glycosylation status of
the protein; i.e., in the absence of the glycosylation conferred
by the aah heptosyltransferase gene product AIDA does not
bind human cells (4, 5). It was therefore conceivable that
glycosylation played a role in AIDA-mediated bacterial autoaggregation. To test this, plasmid pOS33, which harbored the
aidA gene but not the aah gene, was used. pOS37 harboring
the aah gene but not the aidA gene was constructed as a
control plasmid. When plasmid pOS33 was introduced into
MS427, the transformant (OS85) was observed to aggregate
(Fig. 2) and settle from liquid suspensions in the same way that
cells expressing the glycosylated version of AIDA aggregated
and settled (Fig. 3). When plasmid pOS37 was introduced into
MS427 (OS101), this strain did not aggregate or settle from
liquid suspensions (Fig. 3), suggesting that the aidA gene and
not the aah gene is responsible for bacterial autoaggregation.
Taken together, these results indicate that AIDA mediates
autoaggregation and that glycosylation of AIDA does not play
a role in this phenotype.
AIDA-AIDA interaction is responsible for bacterial autoaggregation. The observed AIDA-mediated cell aggregation
could be due to either (i) an intercellular AIDA-AIDA interaction or (ii) an intercellular interaction between AIDA and
some other cell surface component. To distinguish between
these possibilities, plasmid pLH44, containing the aidA and
aah genes, was transformed into E. coli strain CSH26 expressing either Cfp or Yfp (SAR19 and SAR20, respectively). The
resulting strains were designated OS45 and OS46, respectively.
First, cultures of SAR19 and SAR20 were mixed and exam-

ined. No interaction between these E. coli strains was evident,
as expected (Fig. 4A). When OS46 cells (expressing glycosylated AIDA and Yfp) were mixed with SAR19 cells, aggregates
composed of only Yfp-tagged OS46 cells were evident, and no
interaction between these cells and Cfp-tagged SAR19 cells
was evident (Fig. 4B). Finally, when OS45 cells (expressing
glycosylated AIDA and Cfp) and OS46 cells (expressing glycosylated AIDA and Yfp) were mixed, aggregates consisting of
both Cfp- and Yfp-tagged cells were produced (Fig. 4C). This
result suggests that an intercellular AIDA-AIDA interaction
was responsible for the observed cell aggregation. AIDA-mediated cell aggregation was found to be sensitive to pH extremes. For example, when glycosylated AIDA-expressing cells
were subjected to pH 11, no aggregation took place, while a
range of pH 10 to 4 demonstrated that aggregation occurred
progressively faster as the pH decreased and was most efficient
at pH 4. This suggests that charged amino acid side chains
could participate in the aggregation process. In this context it
should also be mentioned that alkaline conditions ranging
from pH 9 to 11 do not release the passenger domain from the
cells (data not shown). The AIDA passenger domain, but not
the translocater domain, can be efficiently liberated from cells
by brief heating to 60°C. Cells depleted in the passenger domain do not interact with AIDA-expressing cells. This suggests
that an intercellular interaction between AIDA passenger domains is required for AIDA-assisted cell aggregation.
AIDA- and Ag43-expressing cells interact and aggregate.
AIDA, TibA, and Ag43 belong to an autotransporter subfamily
whose members contain repetitive amino acid sequence motifs
(20). One member of this subfamily, Ag43, has been shown to
be a self-recognizing protein and to cause cell-cell aggregation
and settling of bacteria from suspensions (13, 18, 19). A comparison of the settling kinetics of AIDA and those of Ag43
showed that AIDA consistently settled at a higher rate than
Ag43 (Fig. 3). These similarities prompted us to study possible
interactions between the two self-recognizing proteins. To this
end, E. coli MS427 was tagged with either Gfp or DsRed,
resulting in OS56 and OS82 (see Materials and Methods). The
fluorescence-tagged strains were transformed with either plasmid pLH44 (glycosylated AIDA expression), pKKJ128 (Ag43
expression), or pOS33 (AIDA expression), resulting in strains
OS71, OS84, and OS130, respectively. These organisms were
mixed in various combinations and examined (Fig. 5). It is
clear that control strains OS56 and OS82 did not interact (Fig.
5A). The combination of OS71 (glycosylated AIDA⫹ Gfp⫹)
mixed with OS82 (DsRed⫹) produced only one type of aggregate, consisting uniquely of Gfp-tagged cells (Fig. 5B). Likewise, the combination of OS56 (Gfp⫹) plus OS84 (DsRed⫹
Ag43⫹) produced only aggregates composed of DsRed-tagged
cells (Fig. 5C). When OS71 (glycosylated AIDA⫹ Gfp⫹) and
OS84 (DsRed⫹ Ag43⫹) cells were mixed, aggregates composed of both green and red fluorescent cells resulted (Fig.
5D). Likewise, the combination of OS84 (DsRed⫹ Ag43⫹) and
OS130 (AIDA⫹ Gfp⫹) produced aggregates composed of both
green and red fluorescent cells (Fig. 5E). These results indicate
that Ag43 and AIDA are capable of interacting with each other
and that the interaction is not dependent on glycosylation of
AIDA. Also, when liquid suspensions containing equivalent
quantities of OS71 and OS84 cells were mixed and left stand-
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FIG. 4. Confocal scanning laser microscopy showing cell autoaggregation mediated by specific AIDA-AIDA interactions. (A) SAR19
(Cfp⫹) and SAR20 (Yfp⫹). (B) SAR19 (Cfp⫹) and OS46 (Yfp⫹ AAHAIDA⫹). (C) OS45 (Cfp⫹ AAH-AIDA⫹) and OS46 (Yfp⫹ AAHAIDA⫹).
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ing, the entire population settled, indicating that there was an
efficient AIDA-Ag43 interaction (data not shown).
AIDA-mediated cell aggregation is blocked by fimbriae.
AIDA belongs to the class of short non-organelle-type adhesins and has been predicted to protrude about 10 nm from
the bacterial surface (22). Thus, AIDA-mediated cell aggregation requires close cell-cell contact. Expression of type 1 fimbriae (stiff organelles that are ⬃1 m long) is thought to physically shield and block the close cell-cell contact required for
non-fimbria-mediated cell aggregation. To determine if AIDAmediated cell aggregation is blocked by type 1 fimbria expression, we introduced plasmid pPKL4 (conferring expression of
type 1 fimbriae) and plasmid pLH44 (conferring glycosylated
AIDA expression) into MS427 cells, which resulted in strain
PKL1110.
To confirm that the surface location of AIDA was not affected by type 1 fimbria expression, the ␣ subunit was released
by brief heat treatment of host cells expressing AIDA (viz.,
strain LH75) or both AIDA and type 1 fimbriae (viz., strain
PKL1110), and the supernatants were examined by SDSPAGE (Fig. 6A). Clearly similar quantities of ␣ subunit were

released from the surfaces of both LH75 and PKL110, indicating that type 1 fimbria expression did not affect surface presentation of AIDA. However, PKL1110 cells were unable to
aggregate or settle from static liquid solutions (Fig. 6B). Arguably, fimbria expression physically shields AIDA-AIDA interactions. A similar phenomenon with fimbrial abolishment of Ag43mediated cell aggregation has been observed previously (18).
AIDA display enhances biofilm formation under continuous-flow growth conditions. Given the excellent cell aggregation characteristics of AIDA, we speculated whether this facility could influence biofilm formation. To evaluate the role of
AIDA in biofilm formation, we compared strain OS71 (AAHAIDA⫹ Gfp⫹) with the vector control strain OS70 (Gfp⫹).
Biofilm formation was initially assessed in polystyrene microtiter plates by quantitative crystal violet staining of adhering
cells, and the results indicated that AIDA expression enhanced
biofilm formation (data not shown).
To obtain a more detailed picture of this phenomenon, biofilm experiments were performed in flow chambers with strains
OS70 (Gfp⫹), OS71 (AAH-AIDA⫹ Gfp⫹), and OS68 (Ag43⫹
Gfp⫹). The Ag43-expressing strain was included in these experiments to permit comparison with AIDA. The experimental
design enabled us to monitor bacterial distribution within an
evolving biofilm under continuous-flow conditions. Furthermore, the spatial distribution of individual bacterial cells could
be assessed due to the combination of fluorescence-tagged
cells and scanning confocal laser microscopy.
Biofilms were established on glass surfaces in separate flow
cells and analyzed. Image analysis of optical sections was performed to examine the distribution and thickness of the established biofilm. The control strain, OS70, produced small, flat
microcolonies (Fig. 7A). A distinct change in the surface colonization pattern was observed when Ag43 was expressed
(OS68). Initially, the OS68 microcolonies were both larger and
more elevated than those of OS70 (Fig. 7B), and by the end of
the experiment the biofilm consisted of fluffy aggregates of
cells. In the case of OS71 (AAH-AIDA⫹) the effect was particularly striking (Fig. 7C). Initially, tight and compact microcolonies were produced. These colonies developed further into
macrocolonies protruding from the thin-layer sessile community, and eventually after 30 h the biofilm was dense and uniform and covered the entire surface of the flow cell. The
biofilm formed by AIDA⫹ cells was interspersed with void
spaces devoid of any bacteria. The average depth of this bio-

FIG. 6. AIDA-mediated cell aggregation is blocked by fimbriae.
(A) Coomassie brilliant blue-stained SDS-PAGE gel of glycosylated
AIDA ␣-subunit proteins liberated from E. coli MS427 and E. coli
MS427 (Fim⫹) host cells, showing that overexpression of type 1 fimbriae does not affect surface presentation of AIDA. (B) Fimbria production prevents AIDA settling in static liquid suspensions.
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FIG. 5. Confocal scanning laser microscopy showing cell aggregation mediated by glycosylated AIDA-Ag43 and AIDA-Ag43 interactions. (A) MS427 (Gfp⫹) and MS427 (DsRed⫹). (B) MS427 (Gfp⫹
AAH-AIDA⫹) and MS427 (DsRed⫹). (C) MS427 (DsRed⫹ Ag43⫹)
and MS427 (Gfp⫹). (D) MS427 (Gfp⫹ AAH-AIDA⫹) and MS427
(DsRed⫹ Ag43⫹). (E) MS427 (Gfp⫹ Ag43⫹) and MS427 (DsRed⫹
AIDA⫹).
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film was 40 m. Furthermore, the AIDA biofilm was extremely
stable and resistant to sheer flow forces, in contrast to the Ag43
or control biofilm. Even after exposure of the AIDA biofilm to
a 10-fold increase in the flow rate followed by treatment with
SDS, a substantial portion of the OS71 biofilm remained attached to the glass surface of the flow cell. Neither the negative
control nor the Ag43 biofilm remained after this treatment. In
fact, these biofilms were removed after the first 5 min of flushing of the flow cell. There were no differences between the
biofilms formed by glycosylated AIDA (OS71) and the biofilms
formed by the nonglycosylated protein (OS130) (data not
shown), indicating that glycosylation of AIDA is not required
for induction of biofilm formation.

DISCUSSION
Adherence and colonization of host tissues are generally
considered key events in bacterial pathogenesis. Moreover, it is
also apparent that the ability to form aggregates is a common
theme in many bacterial pathogens. A diverse range of both
gram-positive and gram-negative bacteria, such as Staphylococcus aureus (32), Streptococcus pyogenes (9, 16), Bordetella pertussis (33), and Mycobacterium tuberculosis (34), are able to
form aggregates. Such aggregates are known to be able to resist
various host defenses (e.g., complement attack and phagocytosis) more efficiently than planktonic bacteria (6, 41). For
example, mice infected with aggregated S. pyogenes cells were
reported to develop abscesses more frequently than mice infect-
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FIG. 7. Spatial distribution of biofilm formation for Gfp-labeled E. coli strains OS70 (vector control) (A), OS68 (Ag43⫹), (B), and OS71
(AAH-AIDA⫹) (C). Biofilm development was monitored by confocal scanning laser microscopy at 15 h (left panels) and 30 h (right panels) after
inoculation. The images are representative horizontal sections collected within each biofilm and vertical sections (to the right and below of each
larger panel, representing the yz plane and the xz plane, respectively) at the positions indicated by the white lines.
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may also have implications in bacterial pathogenesis. Bacteria
expressing the AIDA aggregating phenotype may exist as tight
communities of cells having all of the beneficial aspects of this
type of existence. In this respect it is interesting to speculate
that the autoaggregative function of AIDA may aid survival of
the organism on route to a mammalian host. Furthermore,
AIDA expression enhanced biofilm formation and gave rise
to very compact sessile communities that resisted shear flow
forces and detergent treatment very efficiently. The ability to
form biofilms is a trait that is closely associated with bacterial
persistence and virulence, and many persistent and chronic
bacterial infections, including periodontitis, otitis media, biliary tract infections, and endocarditis, are now believed to be
linked to the formation of biofilms (11, 15).
A novel picture of the AIDA autotransporter is emerging.
This molecule seems to be a highly versatile virulence factor
that plays multiple potential roles in bacterial pathogenesis, as
follows: (i) it is a potent adhesin with affinity for different
human cell types; (ii) it is capable of mediating bacterial aggregation via intercellular self-recognition; (iii) it is able to
mediate aggregation with other bacteria that express the distantly related protein Ag43 due to an intercellular AIDA-Ag43
interaction; and (iv) it is a highly efficient initiator of biofilm
formation.
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