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Autotransporters are a large family of virulence factors of Gram-negative bacterial pathogens. The autotransporter adhesin in-
volved in diffuse adherence (AIDA-I) is an outer membrane protein of Escherichia coli, which allows binding to epithelial cells as
well as the autoaggregation of bacteria. AIDA-I is glycosylated by a specific heptosyltransferase encoded by the aah gene that
forms an operon with the aidA gene. aidA is highly prevalent in strains that cause disease in pigs. Nevertheless, there are only
two published whole-length sequences for this gene. In this study, we sequenced the aah and aidA genes of 24 aidA-positive por-
cine strains harboring distinct virulence factor profiles. We compared the obtained sequences and performed phylogenetic and
pulsed-field electrophoresis analyses. Our results suggest that there are at least 3 different alleles for aidA, which are associated
with distinct virulence factor profiles. The genes are found on high-molecular-weight plasmids and seem to evolve via shuffling
mechanisms, with one of the sequences showing evidence of genetic recombination. Our work suggests that genetic plasticity
allows the evolution of aah-aidA alleles that are selected during pathogenesis.

Escherichia coliisan important cause of severe diarrhea resulting
in mortality and morbidity in humans and animals worldwide
(26). Adhesion is often a critical first step in the infection process,
and pathogenic E. coli strains employ a vast array of fimbrial or
afimbrial adhesins (27). The adhesin involved in diffuse adher-
ence (AIDA-I) is one such adhesin and was first identified in a
strain isolated from a case of infantile diarrhea (1). However,
AIDA-I is rarely found in E. coli strains that cause disease in hu-
mans (18, 29). In contrast, it is frequently found in E. coli strains
that cause postweaning diarrhea or edema disease in pigs (24, 28,
29, 36, 37). Indeed, experimental infections have shown that
AIDA-T is important for the development of disease in pigs (31).

AIDA-I belongs to the family of autotransporters, outer mem-
brane proteins of Gram-negative bacteria characterized by their
modular organization and secretion mechanism (13, 17). Auto-
transporters comprise (i) an N-terminal signal sequence for Sec-
dependent translocation across the inner membrane, (ii) an extra-
cellular central “passenger” domain, and (iii) a C-terminal
domain embedded in the outer membrane. In several autotrans-
porters, a conserved region between the passenger domain and the
membrane-embedded domain forms a junction, or “stable core,”
which is important for secretion (30, 32).

The N-terminal part of the passenger domain of AIDA-I is un-
usual: it is formed by multiple repetitions of a 19-amino-acid consen-
sus sequence. This characteristic is shared by two other E. coli auto-
transporters, the adhesin/invasin TibA (23) and the autoaggregation
factor Ag43 (16). With AIDA-I, these proteins have been called self-
associating autotransporters (SAATSs), as they can mediate bacterial
autoaggregation through self-associations (15, 22).

Two main alleles of agn43 code for proteins with differences in
the number of consensus sequence repetitions (33, 35). An allele
of tibA with a different number of consensus sequence repetitions
was also recently identified (19). Allelic variations in agn43 have
been associated with functional differences and distinct phyloge-
netic groups (21, 33). This suggests that there is a mechanism of
evolution that allows the appearance of variations in the number
of repetitions of the consensus sequence, but such a mechanism
remains to be understood. Similar studies examining putative al-
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leles of aidA are lacking. The aidA sequences from two strains,
human pathogenic strain 2787 (1) and porcine pathogenic strain
E393 (37), are known. Thus, the question of the existence of aidA
alleles is still unresolved.

In porcine pathogenic strains of E. coli, aidA has been found in
isolates associated with different pathogenicity mechanisms, cor-
responding to its association with distinct virulence factors.
AIDA-I has been associated with heat-stable enterotoxin b (STb)
of enterotoxigenic E. coli (ETEC) (14, 34). It has also been associ-
ated with the Stx2 toxin and F18 fimbriae of Shiga toxin-produc-
ing E. coli (STEC) or with F18 alone (nonpathogenic) (29). Fi-
nally, AIDA-Iis present in some strains of enteropathogenic E. coli
(EPEC), which are characterized by attaching/effacing lesions
caused by intimate adhesion mediated in part by the adhesin in-
timin (6). These strains cause various diseases in pigs, including
edema disease and postweaning diarrhea. Thus, it is possible that
aidA, like agn43, has functionally distinct alleles.

In this study, we have sequenced the aah-aidA operon from 24
porcine pathogenic E. coli strains in order to investigate the ge-
netic organization and the allelic distribution of aah-aidA. By
comparing these sequences, along with ones previously known,
we found that there are three different alleles for aidA and that the
sequences are distributed, in part, according to virulence factor
profiles. Our data also reveal insights into the functionality of
AIDA-I and the mechanism of evolution of the aidA alleles.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli strains 2787 and PD20 and
23 other porcine pathogenic E. coli strains isolated from pigs presenting dis-
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TABLE 1 Primers used in this study

Primer Sequence (5'—3") Function

AIDA_F TAATAACCATGGGTAACGCCTACAGTATCATATGG Amplification and cloning of aidA
AIDA_R TTATCTAGATTATCAGAAGCTGTATTTTATCC

Aah_F ATGACTTTCTTATCACCACC Amplification of aah

Aah_R AATGATCCTGTCATGATTGG

Promo_F CTCCGTATGTAACGCTGTG Amplification of the region upstream of aah
Promo_R GGTATCTCTGGTGGTGATAAG

Seq_aidAl ATGGGTAAGGCCTACAGTATCATATGG Sequencing of aidA

Seq_aidA2 GGCGCTAATGCCACTGAGAC

Seq_aidA3 CTGTGGCGAGGTATCTGG

Seq_aidA4 CAGAGTTGTCAGGTAGTGG

Seq_aidA5 TATGTCAATGAAGATGGCAG

Seq_aidA6 GCTTCTGCAGGTGGGGG

Seq_aidA7 GGTTTTCCCACCATTATTGACG

Seq_aahl CGGATAACCAGCCTGTGG Sequencing of aah

Seq_aah2 CCACTTCAGCCCACCCC

Seq_prom CTCCGTATGTAACGCTGTG Sequencing of the region upstream of aah
AIDA_1 ATGGGTAAGGCCTACAGTATCATATGG Generation of DIG-coupled probes
DIG-AIDA-R GTGGCATTAGCGCCAGCAG

F18_Probe_F GTGAAAAGACTAGTGTTTATTTC

F18_Probe_R CTTGTAAGTAACCGCGTAAGC

STb_Probe_F ATGAAAAAGAATATCGCATTTCTTC

STb_Probe_R TTAGCATCCTTTTGCTGC

ease in Québec, Canada, in 2007 were provided by the Reference Laboratory
for E. coli (Faculty of Veterinary Medicine, University of Montreal). The pres-
ence of genes encoding virulence factors was tested by conventional PCR and
by colony hybridization. Bacteria were grown on Luria-Bertani (LB) agar
plates or in liquid LB broth at 37°C overnight. A PD20 AaidA strain was
previously generated by allelic exchange (31). Antimicrobial susceptibility
was tested by using a disk diffusion assay (Kirby-Bauer). The following 8
antimicrobials were used: ampicillin (AMP) (10 pg), apramycin (AM) (15
ng), ceftiofur (TIO) (30 pg): florfenicol (FLR) (30 pg), neomycin (NEO) (30
|.g), spectinomycin (SPCM) (100 pg), tetracycline (TET) (30 pg), and trim-
ethoprim-sulfamethoxazole (SXT) (25 ng). The breakpoints used were those
recommended by the CLSI (12).

E. coli strain C600 (F~ thr-1 leuB6 thi-1 lacY1 supE44 rfoD1 fhuA21)
(New England Biolabs) was used for phenotypic assays. Bacteria contain-
ing the different plasmids were grown at 30°C on LB agar plates or in
liquid LB medium containing 100 g/ml ampicillin and 50 pg/ml chlor-
amphenicol. Growth was monitored by measuring the turbidity as the
optical density at 600 nm (ODg,). At an ODg,, of 0.8, cultures were
induced with 10 wM isopropyl-B-p-thiogalactopyranoside (IPTG). This
low concentration of IPTG was used to limit toxicity associated with the
overexpression of AIDA-I and/or Aah.

Sequencing of the aah and aidA genes. DNA was extracted by using
the DNeasy blood and tissue kit (Qiagen) according to the instructions
provided by the manufacturer. Following extraction, aah, aidA, and the
region upstream of aah were amplified by PCR and sequenced by using
the primers listed in Table 1.

Phylogenetic analysis. Sequence alignments were made with Geneious
Pro 5.0.4 software (Biomatters Ltd.), using BLOSUM matrix 62. Phylogenetic
trees were generated by using the neighbor-joining method and the Jukes-
Cantor model. Silent variations, conservative variations, and nonconservative
variations were designated by comparisons with the sequence of strain 2787.

SDS-PAGE and immunoblotting. Cultures (5 ml) grown overnight
were adjusted to an identical optical density measured at 600 nm and
centrifuged for 10 min at 12,000 X g in microcentrifuge tubes, and the
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pellets were resuspended in 50 pl of Tris-buffered saline (TBS). Suspen-
sions were then diluted in 2X SDS-PAGE loading buffer containing
B-mercaptoethanol, denatured by heating at 100°C for 10 min, and sep-
arated by SDS-PAGE on 10% acrylamide gels. The gels were transferred
onto polyvinylidene fluoride membranes (Millipore). Immunodetection
was performed with a serum raised against glycosylated AIDA-I (7), di-
luted 1:60,000 in blocking buffer (5% skim milk, 50 mM Tris-HCI [pH
7.5], 150 mM NaCl, 0.05% Triton X-100). A goat anti-rabbit horseradish
peroxidase (HRP)-conjugated antibody (Sigma) was used as a secondary
antibody according to the instructions provided by the manufacturer.
Immune complexes were revealed by using a 3,3",5,5'-tetramethylbenzi-
dine solution for membranes (Sigma).

Plasmid extraction and pulsed-field gel electrophoresis. High-mo-
lecular-weight plasmids were extracted according to a procedure de-
scribed previously by Kado and Liu (20). LB cultures of the tested strains
grown overnight were collected, and the pellets were suspended in E buf-
fer (40 mM Tris, 2 mM EDTA [pH 7.8]). Bacteria were incubated in lysis
buffer (50 mM Tris, 3% SDS [pH 12.6]) for 1 h at 56°C. A crude phenol-
chloroform mix (1:1) was added, and the solution was emulsified by in-
version. The emulsion was broken by centrifugation, and the upper aque-
ous phase was transferred into a microcentrifuge tube. Electrophoresis
was performed on 1% agarose gels in 0.5X Tris-borate-EDTA (TBE) buf-
fer on a CHEF-Mapper XA pulsed-field gel electrophoresis (PFGE) sys-
tem (Bio-Rad) for 20 h at 14°C, with run conditions of 6 V/cm, a pulse
angle of 120°, and pulse times from 0.47 to 10.29 s.

DNA hybridization. Southern hybridization was performed according
to standard methods. Briefly, high-molecular-weight plasmids were trans-
ferred from the gel by a modified downward alkaline capillary transfer
method (11). The gel was stained with a 1-pg/ml ethidium bromide solution
for 30 min, and the DNA was nicked with the use of a GS Gene Linker UV
chamber (Bio-Rad) at 60 mJ. The gel was then destained for 20 min and
equilibrated for 15 min in 0.4 N NaOH-1.5 M NaCl. The gel was then put
onto a positively charged nylon membrane (Boehringer Mannheim), and the
transfer proceeded for 40 h. The membrane was finally neutralized in 0.5 M
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TABLE 2 Strains used in this study

Alleles of aidA Autotransporter

Strain Virulence factor profile” Host Location Antimicrobial resistance(s)” Reference
14430 AIDA, F18 Pig Canada AMP, AM, TET This study
15139 AIDA, F18 Pig Canada AMP, TET, SXT This study
15194 AIDA, F18 Pig Canada AMP, AM, FLR, TET This study
17530 AIDA, F18 Pig Canada AM, NEO This study
15334 AIDA, F18 Pig Canada AMP, FLR, TET This study
15372 AIDA, F18 Pig Canada AMP, FLR, NEO, TET This study
14596 Stx2, Eastl, AIDA, F18 Pig Canada AMP, NEO, TET, SXT This study
14603 Stx2, Eastl, AIDA, F18 Pig Canada AMP, TET, SXT This study
15478 Stx2, Eastl, AIDA, F18 Pig Canada AMP, FLR, TET This study
14377 Stx2, Eastl, AIDA, F18 Pig Canada AMP, FLR, TET, SXT This study
15742 Stx2, Eastl, AIDA, F18 Pig Canada AMP, NEO, TET, SXT This study
15941 Stx2, Eastl, AIDA, F18 Pig Canada AMP, FLR, TET This study
14748 Eae, AIDA Pig Canada AMP, TET This study
14503 Eae, AIDA Pig Canada TET This study
2010 Eae, AIDA Pig Canada AMP, TIO, FLR, TET This study
2020 Eae, AIDA Pig Canada FLR, TET This study
2034 Eae, AIDA Pig Canada AMP, FLR, TET This study
14466 STb, AIDA, East1 Pig Canada AMP, TET This study
14326 STb, AIDA, East1 Pig Canada AMP, AM, SPCM, TET, SXT This study
14707 STb, AIDA, Eastl Pig Canada FLR, SPCM, TET This study
14675 STb, AIDA, East1 Pig Canada AMP, SPCM, TET, SXT This study
15146 STb, AIDA, East1 Pig Canada AMP, AM, NEO, TET, SXT This study
14187 STb, AIDA, East1 Pig Canada AMP, TET, SXT This study
2787 Eastl, AIDA Human Germany —° 1

PD20 STb, AIDA Pig Canada —° 28

E393 STb, Eastl, AIDA Pig China ND? 37

“ Strains tested by colony hybridization using radioactively labeled (*?P) DNA probes for the genes encoding the virulence factors STa, STb, heat-labile enterotoxin (LT), Eastl,
Stx1, Stx2, cytotoxic necrotizing factor (CNF), F4, F17, F18, F5, F6, F41, P, Eae, AIDA, Paa, AFA, Tsh, and aerobactin.
Y The antimicrobials tested were as follows: ampicillin (AMP), apramycin (AM), ceftiofur (TIO), florfenicol (FLR), neomycin (NEQ), spectinomycin (SPCM), tetracycline (TET),

and trimethoprim-sulfamethoxazole (SXT).
¢ —, no antimicrobial resistance was found.
4 ND, no data on the antimicrobial resistance of this strain.

Tris-HCI (pH 7) for 5 min, rinsed briefly in 2X SSC (1X SSCis 0.15 M NaCl
plus 0.015 M sodium citrate), and dried on blotting paper.

The membranes were rehydrated in DIG Easy Hyb buffer (Roche) at
42°C for 1 h. Hybridization was performed with digoxigenin (DIG)-cou-
pled probes, generated by PCR using DIG DNA labeling mix (Roche) and
corresponding to the 683 nucleotides at the N terminus of aidA, to the estB
gene, or to the 230 nucleotides at the N terminus of fedA (29), the gene
coding for the main subunit of F18 fimbriae (Table 1). Hybridization was
performed with the denatured probes (10 min at 100°C), diluted 1:1,000
in DIG Easy Hyb buffer at 42°C for 18 h with gentle agitation. The probe
was then washed with 2X SSC-0.1% SDS and revealed with an anti-DIG
antibody conjugated to horseradish peroxidase (Anti-DIG-POD; Roche)
diluted 1:1,000 in blocking buffer. Immune complexes were revealed by
using a 3,3',5,5'-tetramethylbenzidine solution for membranes (Sigma).

Cloning of AIDA-I alleles. The aidA genes from strains 2787, 14326
(STb), and 17530 (F18) were amplified by PCR using primers AIDA_F
and AIDA_R (Table 1), using the Expand Long Template PCR system
(Roche) according to the instructions provided by the manufacturer. The
PCR products were then cloned into the pTRC99A vector (Pharmacia
Biotech), using Ncol and Xbal. Constructions were verified by restriction
mapping and sequencing.

Phenotypic assays. Autoaggregation, biofilm formation, and adhesion
assays were performed as previously described (10). E. coli C600 cells harbor-
ing a plasmid allowing the expression of Aah (8) and the pTRC99A vector or
plasmids allowing the expression of the different alleles of AIDA-I were in-
duced with 10 pM IPTG at an ODy, of 0.8 and grown overnight in LB
(autoaggregation and adhesion assays) or M9 (biofilm assay) medium. For
the autoaggregation assay, the cultures grown overnight were normalized in 5
ml of LB to an ODy, of approximately 1.5 in culture tubes and left standing
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at4°C. Samples (100 pl) were taken 1 cm below the surface at the beginning of
the assay and after 120 min, and the ODy, values of the samples were mea-
sured. ODyg, values at 120 min were compared to ODy, values at the begin-
ning of the assay, and results are shown as percentages of the initial OD,,. For
the biofilm formation assay, the cultures grown overnight were normalized in
M9 minimal medium and grown for 24 h at 30°C in plastic microtiter plates.
Biofilms were stained with crystal violet. After washes, the dye was then solu-
bilized with a mixture of ethanol and acetone (4:1), and the absorption of the
solution at 595 nm was measured. For the adhesion assay, the cultures grown
overnight were inoculated onto monolayers of confluent HEp-2 cells in a 24-well
plate (approximately 2.5 X 10° cells), using 10° CFU per well. After 3 h, the cells
were washed with phosphate-buffered saline (PBS), and the adhering bacteria
were recovered with 100 pl of Triton X-100 (1%), plated, and counted.

All functional assays were performed at least three times in duplicate
or triplicate. For each assay, the results obtained were compared to the
2787 allele by performing an analysis of variance (ANOVA) and Dunnett
posttests using Prism 4.0 software (Graphpad Software).

Nucleotide sequence accession numbers. The sequences of aah, aidA,
and the region upstream of aah were deposited into the GenBank database
under accession numbers HQ641298 to HQ641310 and JQ044400 to JQ044410.

RESULTS AND DISCUSSION

Assembly of a collection of aidA™ strains with differing viru-
lence gene profiles. We selected 24 strains of E. coli isolated from
pigs and harboring the aidA gene, as demonstrated by PCR. Our
selection included the previously described porcine pathogenic
strain PD20 (28). The presence of the various virulence genes was
determined at the Reference Laboratory for E. coli of the Faculty of
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FIG 1 Expression of AIDA-I. Whole-cell lysates from normalized cultures of 24
porcine isolates grown overnight were separated by SDS-PAGE and probed by
immunoblotting with an antibody raised against glycosylated AIDA-I. Whole-cell
lysates from strain 2787 and the PD20 AaidA strain were added as a positive con-
trol and as a negative control, respectively. MW, molecular weight (in thousands).

Veterinary Medicine, Université de Montréal (Table 2). These strains
represent the 4 distinct virulence factor profiles and pathogenicity
mechanisms described above: (i) F18 alone (nonpathogenic); (ii)
F18, Stx2, and the thermostable toxin East1 (STEC); (iii) the intimin
Eae (EPEC); or (iv) STb with or without East1 toxins (ETEC). The
two strains for which aidA sequences are known are ETEC strains,
with the profiles STb-East1 (E393) or East1 (2787). Other similarities
and differences exist between the 24 porcine strains and the previ-
ously studied ones: all newly selected strains were isolated in Canada,
whereas 2787 was isolated in Europe and E393 was from China. In

alalalaElalalalaialalaa) >

IE1 151 161 81 1 IS1 FE1 151 B8 151 1 11 51 P81 151 51 151 11 181 181 61 51 51
[ 1 1 0 51 151 51 51 9 51 6151 150 61 151 B8 51 160 51 151 51 81 1 Y
Y51 51 91 15 151 15 1S 1S 150 P11 1 1 1 16 15 P 1 P61 51 1 1 1 ot 1

afafalalalafalalslabafalalalals s alalalabe e b)) -

addition, all strains were recovered from pigs, except for strain 2787,
which was recovered from a child. To assess the diversity of our
strains, we also determined their antimicrobial resistance profiles
(Table 2). Different resistance profiles were observed, showing that
the strains were not identical clones.

Expression of AIDA-I. We first looked at the expression of
AIDA-I from the 24 porcine strains by blotting total protein extracts
and probing them with an antibody raised against AIDA-I (Fig. 1). In
the blot, we included total protein extracts from strain 2787 as a pos-
itive control and from PD20 where aidA had been deleted as a nega-
tive control (PD20 AaidA) (31). All strains expressed AIDA-I at sim-
ilar levels, except for strain 15194. In this strain, AIDA-I is not well
expressed. There is no difference in the sequences of the promoter
regions, aah, or aidA that could explain this lowered expression level
(see below). It is therefore possible that the aah-aidA operon is regu-
lated differently in this strain.

AIDA-I is matured by self-cleavage (9) and is glycosylated by
the heptosyltransferase Aah (2). Our antibody specifically recog-
nizes the glycosylated AIDA-I fragment (8). Thus, our results
show that both Aah and AIDA-I are expressed, consistent with the
fact that genes coding for these proteins form an operon (3, 4).
Furthermore, the polypeptides for each of the strains had the same
apparent size, which suggests that there was no important varia-
tion in the number of consensus sequence repetitions.

Building of sequence alignments and phylogenetic trees.
From the 24 porcine strains, we amplified by PCR and se-
quenced aah, aidA, and the promoter region upstream of aah.
We aligned the resulting sequences of aah and aidA, along with
the sequences from 2787 and E393. All aah and aidA sequences
had the same length, confirming that there was no variation in

2787/ E393

- STh/Eae

safallabalapatalata balala s pa e lala e i s s a2

2787/ E393

- F18

- STh/Eae

FIG 2 Polymorphism in the aah-aidA operon. The sequences of the operons were aligned by using the BLOSUM 62 matrix. Shown here are only the nucleotides
showing polymorphisms. We omitted all the nucleotides that were identical for all the sequences in order to show the pattern of polymorphisms. Position 1176

corresponds to the end of aah and the start of aidA.
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FIG 3 Phylogenetic analysis of aah and aidA. aah (A) and aidA (B) were aligned separately, and a phylogenetic tree was built from these alignments by using the

neighbor-joining method.

the number of repetitions in aidA, and were identical over 96%
and 93.2% of the gene, respectively. In Fig. 2, we report all the
nucleotide positions for which there were variations among the
sequences and only these positions. Variations in the part of
the sequences corresponding to aah and the first half of aidA
reveal two distinct groups: the sequences from 2787 and E393
are similar to each other and differ from those of all the other
strains. Variations in the second half of aidA (corresponding to
the junction region and the membrane-embedded domain) re-
veal three groups: the sequences of 2787 and E393 are still
similar to each other and are different from those of the other
strains. However, the latter strains were separated into two
groups: one consisting of the strains with genes coding for the
F18 fimbriae and the other consisting of the strains with genes
coding for the STDb toxin or intimin (Eae). The presence of
three distinct groups of sequences was further evidenced by the
building of phylogenetic trees with the aah and aidA sequences
(Fig. 3). Again, strains 2787 and E393 clustered away from all
the other strains, which were split into the F18 and STb/Eae
groups. The sequence from one strain, 14466, clustered with
the F18 or the STb/Eae group depending on whether it was the
aah or aidA sequence that was considered in the analysis (Fig.
3). This is discussed below.

Finally, we amplified the promoter region upstream of aah,
using primers based on the known sequence from 2787 (4). The
sequencing of the PCR fragments indicated a difference between
strain 2787 and all the other strains (Fig. 4). For instance, one of
the two directly repeated sequences upstream of the aah Shine-
Dalgarno sequence is absent in all strains but 2787 (Fig. 4A). The
sequences of the promoter also highlight some differences be-
tween the STb- and the F18-expressing strains (Fig. 4B). Of note,
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there is an insertion of 3 nucleotides (TAT) near the — 10 region of
the promoter in the STb-expressing strains and some Eae-express-
ing strains. The transcription start site of P149 in these strains
might therefore be slightly different. The consequence of these
changes should be investigated in future experiments.

Taken together, our results suggest that one determinant for
sequence variations is the presence of specific virulence genes,
namely, those encoding F18 and STb/Eae. Since the receptor for
F18 is expressed only in older pigs, strains possessing F18 usually
infect older animals (25), whereas strains producing STb or in-
timin may be present in younger pigs. Thus, strains expressing
these virulence factors might segregate, which could result in se-
quence differences. In addition, the similarity of sequences from
strains expressing STb or Eae is surprising, since they correspond
to different pathogenicity mechanisms, those of ETEC and EPEC,
respectively.

Additional factors play an important role, however, as the se-
quence from E393 was very different from that of strains with the
same STb-Eastl profile. Such a difference could be due to the
geographical origin of the strains: since the sequences from 2787
and E393 are highly similar, it is possible that strains from Eurasia
differ from those isolated in North America. More sequences from
Eurasian strains are needed to validate this hypothesis. Finally, the
host species origin does not seem to be a factor for sequence vari-
ability, since E393 and 2787 have similar sequences but were iso-
lated from human and pig, respectively.

Mapping of the positions for which there are genetic varia-
tions. We observed a bias when we averaged the number of posi-
tions for which there are variations among the aah-aidA se-
quences over a window of 20 nucleotides. Far more variations
clustered in the region coding for the junction region of AIDA-I
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FIG 4 Promoter region upstream of aah. The sequences of the region upstream of aah were aligned to show the direct repeat right in front of aah (A) and the

two promoters at positions —128 and —149 (B). SD, Shine-Dalgarno sequence.

and two smaller regions in the C terminus of the passenger do-
main (Fig. 5A). These regions correspond to blocks of sequence
that are different between alleles. These blocks are readily identi-
fiable in the alignment of the nucleotides for which there are vari-

ations. In fact, the block corresponding to the junction region
extends to include the sequence coding for the whole membrane-
embedded domain (Fig. 2). This finding suggests that the se-
quence of aidA has evolved by the acquisition of blocks of nucle-

A 15 ]
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So i

cc :
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0
1 aah 1176 aidA 5039

ss ‘ junction MED
1 49 AIDA-I 846 1287

FIG 5 Regions of variability and conservation in the aah-aidA operon. Polymorphisms (shown in Fig. 2) were placed at their actual positions in the operon. (A)
The number of variations was averaged over 20 nucleotides along the sequence, and this average number of variations was plotted for each position. Over the
length of the aah-aidA operon, there are 3.39 variations/20 nucleotides. (B) Variations were separated into three categories: silent variations (blue), conservative
variations (red), and nonconservative variations (green). To determine in which category a polymorphism should be placed, we compared it to the sequence from
strain 2787. (C) Schematic representation showing the organization of AIDA-I: the signal sequence (ss); the passenger domain, with adhesion domains in gray;

the junction region; and the membrane-embedded domain (MED).
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FIG 6 Localization of aidA on large plasmids. Plasmids from 12 of the porcine
isolates as well as from strain 2787 were extracted and separated by pulsed-field
gel electrophoresis and revealed by ethidium bromide staining. A plasmid
extract from strain x7122 was used as a molecular weight control.

otides, in addition to the accumulation of point mutations. It is
striking in particular that the aidA sequences from the STb-Eae
and F18 groups have nearly identical passenger domains but dis-
tinct junction and membrane-embedded domains. A mechanism
involving modular changes could also contribute to the evolution
of other autotransporter genes. Indeed, domain shuffling has been
implicated in the evolution of some autotransporters, such as
EspP (5) and Ag43. For the latter, there are two main alleles of
agn43 that differ in length, with one allele having lost the C-ter-
minal part of the passenger domain (35). The “full-length” allele is
further subdivided into three different subfamilies. Indeed, by
looking at the polymorphisms of these subfamilies, blocks of se-
quence that have been exchanged are also easily identifiable (see
Fig. S1 in the supplemental material).

We then distinguished variations resulting in conservative or
silent mutations from variations resulting in nonconservative mu-
tations. Positions resulting in silent and conservative mutations
are spread throughout the sequence, but some regions of the gene
encoding AIDA-I clearly lack variations resulting in nonconserva-
tive mutations (Fig. 5B). In particular, the sequences coding for
the C-terminal membrane-embedded domain and the two previ-
ously identified adhesion regions of the passenger domain (10)
were highly conserved. This is not surprising, since these domains
of the protein play key roles in biogenesis and function, respec-
tively. It is surprising, however, that there are many variations
resulting in nonconservative mutations in the junction region,
since the junction region is known to be important for the trans-
location and folding of the passenger domain (30, 32), and one
would expect it to be more sensitive to mutations.

Localization of the aah-aidA genes on large plasmids. The
evolution of three aah-aidA alleles could be due to the localization
of these genes on specific and different genetic elements. Indeed,
aidA has been found on large plasmids also coding for the F18
fimbriae (24). It is possible that the aidA allele corresponding to
the STb-Eae group is located on a different plasmid than that
corresponding to the F18 group. Using pulsed-field gel electro-
phoresis, we investigated the presence of plasmids extracted from
a subset of 13 strains, including strain 2787 (Fig. 6). All strains
contained large plasmids, although there was no common pattern
of plasmids corresponding to aidA alleles in the F18 or STb-Eae
group. This heterogeneity confirms that none of the strains were
identical clones, in agreement with the phenotypic diversity that
we noted when we selected the strains (Table 2). We used an aidA-
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FIG 7 Colocalization of aidA and other virulence factors. Plasmids from 11 of
the porcine isolates as well as from strain 2787 were extracted and separated by
pulsed-field gel electrophoresis, transferred onto a nitrocellulose membrane,
and probed with a DIG-coupled oligonucleotide specific for aidA (A), fedA
(B), or estB (C). A plasmid extract from strain x7122 was used as a negative
control.

specific probe to determine which plasmid harbored the aah-aidA
operon in each strain (Fig. 7A). We observed that the aah-aidA
operon is present on large plasmids that vary in size. In a previous
study, it was also reported that large plasmids extracted from
strains expressing F18 and harboring aidA had various sizes (24).
Thus, the sizes of plasmids harboring aidA do not seem to corre-
late with specific aidA alleles.

We further used estB- and fedA-specific probes to determine if
aidA colocalized on plasmids encoding these other virulence fac-
tors (Fig. 7). In every strain, aidA was found on the same plasmid
as the genes coding for either STb or the F18 fimbriae. This finding
suggests that aidA is physically linked to these other virulence
factor genes.

1119 1380

GIECAMCAGCGCIACGIMMPARA GAAAMCGAGAAACACH
GEECAMCAGCGCIMACGIMTAA GAAAMCGAGAAACAC
GEECAWCAGCGCIACGIMTARGAAATNCGAGAARACAC
GIECANCAGCGCIACGITTAAGAAANCGAGAAACAC
G CACAGCGCHACGITTAA GAAASRCGAGAAR CAC
[CIECAMCAGC GCWA CGBMAA CAAARC GAGAARACAC
15334
(EXT A CIFCAM CA G C G CIA C G AA GAAAMC GAGAAACAC

F18

15478
15742
GEECAMCAGCGCIEACCIETTAA GAAATCGAGAAACAC
GECAMCAGCGCIIA CGITMPARA GAAATNCGAGAARACAC
[ CHGAAGGC GCIEAC GEMEIAA GAAAMRC GAGAAACAC

STb/Eae

FIG 8 Recombination of the sequence from strain 14466. The first half of the
polymorphisms defining the STb group and the F18 group were used to ana-
lyze the position where the recombination of strain 14466 occurred. From the
alignment shown in Fig. 2, we selected only the polymorphisms specifically
defining the STb group and the F18 group. We omitted strains 2787 and E393
because they form a separate group. We also omitted polymorphisms that were
specific for only one sequence.
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FIG 9 Functionality of the three alleles. (A) E. coli C600 cells bearing a plasmid allowing the expression of Aah from strain 2787 and an empty vector (—) or a
plasmid allowing the expression of AIDA-I from strain 2787, 14326 (STb), or 17530 (F18) were probed with an antibody raised against glycosylated AIDA-I. (B
to D) The bacteria were also assessed for their abilities to mediate autoaggregation (B), adhesion to Hep-2 cells (C), and the formation of biofilms (D). The
functional assays were made in triplicate. ANOVA and Dunnett posttests were used to identify significant differences from the 2787 allele (, P < 0.05).

Overall, our results suggest that aidA alleles are not harbored
by specific plasmids. Therefore, the association of different alleles
with distinct virulence factors might stem from the fact that aidA
genes are readily moving between plasmids and/or that the plas-
mids harboring aidA are easily gaining or losing genes.

Fortuitously, the sequences which we obtained illustrate this
plasticity. Indeed, the sequence of aah from strain 14466 clusters
with the STb-Eae group, whereas the sequence of aidA from this
strain clusters with the F18 group (Fig. 3). This suggests that there
was a recombination event between the alleles of the two groups.
When only the variations specific for the F18 and STb-Eae groups
are represented (Fig. 8), it becomes evident that recombination
occurred between nucleotides 1119 and 1380 of the aah-aidA
operon, which corresponds to the limit between aah and aidA.

Functional properties of the AIDA-I variants. The three al-
leles of aidA possess a similar passenger domain. In order to de-
termine if they are also functionally similar, we cloned one repre-
sentative for each allele. We previously cloned and characterized
the functionality of aidA from strain 2787 (10). We further cloned
aidA from strains 14326 (STb-Eae group) and 17530 (F18 group)
into the same expression vector. Glycosylation is important for the
stability of AIDA-I (8). Therefore, we cotransformed the plasmids
allowing the expression of the different alleles of AIDA-I with a
plasmid allowing the expression of Aah from strain 2787.

The three alleles were expressed and glycosylated properly, as
shown by total protein extracts immunoblotted with an antibody
raised against glycosylated AIDA-I (Fig. 9A). We then tested the
constructs for their abilities to mediate adhesion to cultured epi-
thelial cells, the autoaggregation of bacteria, and the formation of
biofilms. The three alleles mediated the same levels of adhesion,
autoaggregation, and formation of biofilms (Fig. 9B to D). This is
not surprising, since the sequences indicated that the passenger
domain is well conserved, especially for the parts of the passenger
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domain that are associated with the functionality of the protein
(Fig. 5).

In conclusion, we propose the existence of at least three differ-
ent alleles of the aah-aidA operon. One group corresponds to
strains 2787 and E393, which could reflect their Eurasian geo-
graphical origin. The two remaining groups are divided according
to their virulence gene profiles: the presence of the F18-encoding
genes versus the presence of the STb toxin- or the Eae adhesin-
encoding genes. The evolution of these alleles seems to rely on a
high genetic plasticity involving mutations as well as the shuffling
of whole blocks of sequence and recombination. Sequence varia-
tions could then become fixed during the segregation of strains,
through self-interactions of the new alleles and/or other factors.
Such a mechanism allowing a quick apparition and spread of new
alleles of a self-associating surface protein could be an important
mechanism to permit the recognition of “self” in bacteria. In this
respect, the association of alleles with specific virulence factors
may indicate the emergence of strains with a specific pathogenic
process. This idea remains to be tested.
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