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We report the complete nucleotide sequence and genetic organization of the Vat-encoding pathogenicity
island (PAI) of avian pathogenic Escherichia coli strain Ec222. The 22,139-bp PAI is situated adjacent to the
3� terminus of the thrW tRNA gene, has a G�C content of 41.2%, and includes a bacteriophage SfII integrase
gene, mobile genetic elements, two open reading frames with products exhibiting sequence similarity to known
proteins, and several other open reading frames of unknown function. The PAI encodes an autotransporter
protein, Vat (vacuolating autotransporter toxin), which induces the formation of intracellular vacuoles result-
ing in cytotoxic effects similar to those caused by the VacA toxin from Helicobacter pylori. The predicted
148.3-kDa protein product possesses the three domains that are typical of serine protease autotransporters of
Enterobacteriaceae: an N-terminal signal sequence of 55 amino acids, a 111.8-kDa passenger domain containing
a modified serine protease site (ATSGSG), and a C-terminal outer membrane translocator of 30.5 kDa. Vat has
75% protein homology with the hemagglutinin Tsh, an autotransporter of avian pathogenic E. coli. A vat
deletion mutant of Ec222 showed no virulence in respiratory and cellulitis infection models of disease in broiler
chickens. We conclude that the newly described PAI and Vat may be involved in the pathogenicity of avian
septicemic E. coli strain Ec222 and other avian pathogenic E. coli strains.

Avian pathogenic Escherichia coli induces extraintestinal in-
fections which may cause respiratory disease, septicemia, swol-
len head syndrome, cellulitis, or combinations of these syn-
dromes (16, 17). Respiratory infections due to E. coli occur
primarily in young broilers whose respiratory tract is damaged
by infectious agents or noxious stimuli (17). As a sequel to the
respiratory infection, the E. coli may invade the bloodstream
and cause septicemia. Avian pathogenic E. coli strains com-
monly belong to certain O serogroups, particularly O1, O2,
O35, and O78 (9, 17, 43). However, several other O serogroups
and nontypeable E. coli strains are also avian pathogenic, albeit
at lower frequencies.

Properties associated with virulence of avian pathogenic E.
coli include production of F1 (type 1) and P fimbrial adhesins
that mediate adherence to tissues (10, 13, 38), secretion of
aerobactin for scavenging iron, resistance to the bactericidal
activity of serum, the formation of certain polysaccharide cap-
sules, the production of colicin V (16, 32, 34, 49), and the
synthesis of temperature-sensitive hemagglutinin (Tsh) (39).
These virulence factors are protein structures located at the
cell surface, proteins that are secreted to the bacterial cell
surface, or proteins that are released into the external envi-
ronment. Autotransporters are one category of secreted pro-
teins implicated in virulence of avian pathogenic E. coli and
certain other types of pathogenic E. coli. The autotransporter
proteins constitute a distinct family of proteins secreted from
gram-negative bacteria that represent bacterial virulence fac-
tors, such as adhesins, proteases, and toxins (14, 23). The

autotransporters have an overall unifying structure comprising
(i) an N-terminal signal sequence, (ii) the secreted mature
protein (or passenger domain), and (iii) a C-terminal domain,
which forms a pore in the outer membrane through which the
passenger domain passes to the cell surface (23). Members of
this family include virulence factors of important human
pathogens, such as the immunoglobulin A1 proteases from
Neisseria gonorrhoeae, Neisseria meningitidis, and Haemophilus
influenzae, the VacA cytotoxin from Helicobacter pylori (23),
Tsh from avian pathogenic E. coli (39), E. coli secreted protein
C (EspC) from enteropathogenic E. coli (45), E. coli serine
protease P (EspP) from enterohemorrhagic E. coli (5), Sat
from uropathogenic E. coli (19), and PssA from Shiga toxin-
producing E. coli (11).

It was recently reported that avian pathogenic E. coli pro-
duces a cytotoxin that is similar to the H. pylori VacA cytotoxin
(40). The cytotoxic substances in supernatants of both avian
pathogenic E. coli and H. pylori cause similar morphological
changes in target cells and are similar with respect to heat
lability and susceptibility to proteolytic enzymes. The similar-
ities in vacuolation of cells by the avian E. coli culture super-
natants and the VacA toxin from H. pylori were remarkable
(40). The fact that the H. pylori cytotoxin is considered to be a
virulence factor suggested that the E. coli cytotoxin may also
contribute to virulence.

Virulence genes of bacterial pathogens may be carried on
plasmids, bacteriophages, or the chromosome and tend to be
clustered in the genome. Pathogenicity islands (PAIs) are re-
gions on the genomes of certain pathogenic bacteria that in-
clude virulence genes and are absent from related nonpatho-
genic strains (22). The acquisition of PAIs has been proposed
as a major mechanism in pathogen evolution (22). PAIs have
been identified in several bacterial species, including uropatho-
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genic E. coli (46), enteropathogenic E. coli (29), H. pylori (6),
Vibrio cholerae (4), and Shigella spp. (2, 31). The genes for
several autotransporter proteins have been identified in PAIs.
The she PAI of Shigella flexneri 2a encodes two autotransporter
proteins, namely, Pic, a protease with mucinase and hemag-
glutinin activities, and SigA, a cytopathic protease that con-
tributes to intestinal fluid accumulation (2, 24). The espC PAI
of enteropathogenic E. coli encodes EspC, a member of the
autotransporter family with enterotoxic activity (30).

In the present study, we report the cloning and sequence
determination of the structural gene encoding the vacuolating
autotransporter (Vat) cytotoxin from an avian pathogenic E.
coli strain and a preliminary evaluation of the role of Vat in
virulence. In addition, we describe the complete sequence of a
novel PAI in which the vat gene is located.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. E. coli strain Ec222 (se-
rogroup O78) was isolated from a septicemic chicken and has been shown to
produce vacuolating cytotoxicity (40). E. coli XL10-Gold (Stratagene, La Jolla,
Calif.) was used as the recipient strain for genetic manipulations. Strains were
grown in Luria-Bertani (LB) broth or agar. Plasmid vectors pUC18 (Fermentas,
Burlington, Ontario), pBluescript II SK(�) (Stratagene), and pOK12 (47) were
used as cloning vectors and for plasmid library construction. Suicide vector
pRE107 (oriT oriV sacB Apr) and E. coli SM10(�pir) (thi thr leu tonA lacY supE
recA::RP4-2-Tc::Mu Kmr) were used for allelic exchange mutagenesis. When
antibiotic selection was necessary, the growth medium was supplemented with
ampicillin (100 �g/ml) or kanamycin (50 �g/ml). All strains were stored at �70°C
in LB broth containing 15% glycerol.

Plasmid library construction. All genetic manipulations were performed by
standard methods as described by Sambrook et al. (41). Plasmid DNA was
purified by using a plasmid mini kit (Qiagen Inc., Santa Clarita, Calif.). Purifi-
cation of DNA fragments and extraction from agarose gel slices were performed
with Geneclean (Geneclean III Kit; BIO101 Inc., La Jolla, Calif.). DNA ligations
and restriction endonuclease digestions were performed with enzymes supplied
by New England Biolabs (Beverley, Mass.) or Amersham Pharmacia Biotech
(Piscataway, N.J.). DNA transformations were performed by using the heat
shock method described by Nishimura et al. (33).

Cloning strategy. (i) Recombinant DNA technique. Initially, a plasmid library
was constructed by ligating Sau3A-digested E. coli Ec222 genomic DNA into
BamHI-digested pBluescript II SK(�). The ligation mixture was used to trans-
form E. coli XL-I Blue (Stratagene) competent cells. The transformants were
screened for vacuolating cytotoxin activity on chicken embryo fibroblasts (CEFs)
as previously described (40).

(ii) Chromosome walking. For the initial sequence information, we cloned and
sequenced the PCR product obtained with E. coli Ec222 as the template and
primers based on the C-terminal translocator domain which is highly conserved
among autotransporters. The information obtained was used to (i) select specific
restriction enzymes that were used for digestion of the chromosomal DNA, (ii)
design specific primers, and (iii) generate probes which were used in Southern
blotting or colony blotting to select for cloning DNA fragments of convenient
sizes adjacent to the previously sequenced areas and to identify positive sub-
clones. The entire PAI sequence was obtained by chromosome walking by using
sequence information obtained from each round of sequencing.

Preparation of DIG-labeled probes. DNA probes for detection of all steps of
chromosome walking were labeled by PCR amplification in the presence of
digoxigenin-11-dUTP (DIG; Boehringer Mannheim) according to the manufac-
turer’s recommendation. DNA probes were amplified from E. coli strain Ec222.

Southern and colony blot hybridizations. The preparation of genomic DNA of
E. coli Ec222 and DNA hybridizations were described previously (35). The
genomic DNA of E. coli Ec222 was extracted with the Qiagen genomic tip and
associated reagents (Qiagen Inc.). In Southern blots and colony hybridizations,
the nylon membranes were prehybridized for at least 4 h at 42°C in hybridization
solution without labeled probe and then hybridized separately at 42°C with
specific DNA probes for 16 h. The membranes were washed at 68°C under
high-stringency conditions. DNA hybridizations and detection were performed
by using the DIG labeling and detection system according to the manufacturer’s
recommendation (DIG system user’s guide for filter hybridization, Boehringer
Mannheim GmbH, Mannheim, Germany).

Cytotoxin production. Cytotoxicity assays were used to confirm toxin produc-
tion by the recombinant E. coli XL10/pVP1685 (vat). CEF cells were grown at
37°C in Eagle’s minimal essential medium with 10% fetal calf serum (Sigma-
Aldrich Co., St. Louis, Mo.) as described by Salvadori et al. (40). Transformants
were cultivated overnight in LB broth with ampicillin at 37°C, with shaking at 150
rpm. Culture supernatants were assayed in twofold serial dilutions. The plates
were incubated at 37°C in humidified 5% CO2. Morphological changes were
observed over a 6-h period, and the cells were stained with neutral red as
described by Cover et al. (8).

Plasmid and strain construction. DNA fragments of E. coli Ec222 detected by
Southern blot were cloned, and then inserts in plasmids pVP16 (Apr) and pVP85
(Apr) were sequenced. Sequence analysis showed that these two plasmids con-
tained inserts which likely included the entire sequence of a Tsh-related protein.
A clone (pVP16-85) that was expected to express the Vat protein was con-
structed by ligating together fragments from pVP16 (AccI-KpnI) and pVP85
(AccI-EcoRV) into the KpnI-EcoRV site of pOK12. pVP16-85 contained the
complete vat coding region, native promoter, and downstream termination motif.
Vat production was determined by cytotoxicity assays on CEF cells.

Construction of a vat deletion mutant of E. coli strain Ec222 was performed by
suicide vector mutagenesis as described by Gunzer et al. (18). We generated
PCR fragments of 1,021 and 970 bp from E. coli Ec222 by using Advantage HF-2
polymerase (Clontech, Palo Alto, Calif.) and the primer pairs Vat74up-
Vat74down and Vat73up-Vat73down, respectively (Table 1). The two amplified
DNA fragments were ligated at their XbaI restriction sites, generating a vat gene
with an internal 1,161-bp deletion (corresponding to amino acid positions 389 to
767) (see Fig. 2), which was cloned into the SalI-SacI site of suicide vector
pRE107 to generate plasmid pRE�vat (Apr). The vat mutant strain
(Ec222VP�2) was generated by allelic exchange of the vat gene in pRE�vat by
using ampicillin and sucrose selection as previously described (18). PCR ampli-
fication with the primers Vat74up and Vat73down was performed to confirm that
the deletion in the vat gene had occurred, and the isogenic pair, Ec222 and
Ec222VP�2, were tested for cytotoxicity on CEF cells.

DNA sequencing and sequence analysis. Nucleotide sequencing was per-
formed at the Guelph Molecular Supercentre with the ABI Prism fluorescent Big
Dye Terminator system by using universal vector primers or synthetic oligonu-
cleotides designed on the basis of preceding sequences. The DNA sequences in
the PAI and the sequences of the corresponding translated proteins were com-
pared with sequences in the GenBank genetic sequence database by using the
BLAST programs accessed from the National Center for Biotechnology Infor-
mation. Comparisons of multiple sequence alignments were done using the
program Vector NTI (InforMax, Inc., Bethesda, Md.).

Infection studies. The virulence of E. coli Ec222 and its vat deletion mutant
Ec222VP�2 were tested in experimental models of respiratory-septicemic dis-
ease and cellulitis. The respiratory-septicemic disease model consisted of aerosol
administration of the challenge E. coli 4 days after intranasal administration of
the Massachusetts strain of infectious bronchitis virus to 17-day-old broiler chicks
(36). Two groups of 10 chickens received wild-type E. coli Ec222, and two groups
of 10 received E. coli Ec222VP�2. Six days after the E. coli challenge, chickens
that survived were euthanized and gross lesions of airsacculitis, pericarditis, and
perihepatitis were scored on the basis of severity. Absence of lesions was scored
as 0.01, airsacculitis was scored as 1 to 3, and pericarditis and perihepatitis were
each scored as 1 or 2. Mean total lesion scores were determined for each group,
and differences were compared by the two-tailed t test, with P of �0.05 consid-
ered significant. Air sacs, pericardial fluid, and livers were also cultured by direct
plating of swabs and by immersion of the swabs in Trypticase soy broth (Difco,
Detroit, Mich.).

The cellulitis model of disease in 3-week-old broiler chicks involved disinfect-
ing the skin of each chick with 70% ethanol, making a 1-cm scratch with a sterile
22-gauge needle on the skin of the left side of the caudal abdomen, and then
swabbing the scratched area with a cotton swab dipped in an overnight culture of
the challenge organism (37). One group of 12 chickens was challenged with

TABLE 1. Oligonucleotide primers used in allelic
exchange experiment

Primer 5�-3� Sequencea

Vat74up GC-GTCGAC-CTTACCTCTCTGGCACT (SalI)
Vat74down CG-TCTAGA-GTCAGTGAACCGGCACC (XbaI)
Vat73up GC-TCTAGA-TCTTCAACGGCACCGTC (XbaI)
Vat73down CG-GAGCTC-GATGTGCATGAATGTGG (SacI)

a Recognition sites for restriction endonucleases are underlined, and restric-
tion endonucleases are indicated. The reference for all primers is this study.

5088 PARREIRA AND GYLES INFECT. IMMUN.



wild-type E. coli Ec222, and a second group of 12 chickens was challenged with
E. coli Ec222VP�2. Ten days after infection, the chickens were euthanized and
the lesions were scored as mild (score of 3), moderate (score of 5), or severe
(score of 7). Absence of a lesion was scored as 0.01.

Nucleotide sequence accession number. The sequence reported here has been
assigned GenBank accession no. AY151282.

RESULTS

The cloning of fragments of E. coli Ec222 DNA into high-
copy-number vectors yielded two colonies whose culture su-
pernatants possessed vacuolating activity on CEF cells. How-
ever, the positive clones rapidly lost the ability to express
vacuolating cytotoxicity. This loss of biological activity was
accompanied by loss of some or all of the insert DNA in the
recombinant plasmids. This problem was not solved by use of
a low-copy-number vector for cloning. We therefore modified
our strategy. We designed primers based on gene sequences
corresponding to the highly conserved C termini of E. coli
autotransporters (Tsh, SepA, EspP, Pet, and Sat) and made a
probe called C-AT. A Southern blot of digested genomic DNA
from strain Ec222 was hybridized with the C-AT probe, and a
single band of 2,360 bp was detected. The 2,360-bp fragment was
cloned, subsequent recombinants were screened with the C-AT
probe, and a positive clone was sequenced. The entire PAI se-
quence was obtained by chromosome walking by using sequence
information obtained from each round of sequencing.

Sequence analysis of VAT-PAI in E. coli Ec222. (i) Size and
site. The assembly of the sequences inserted into different
plasmid vectors revealed a PAI which we have designated
VAT-PAI. The complete VAT-PAI is 22,139 bp in size and
exhibits several features which are typical of PAIs. The chro-
mosomal integration site of VAT-PAI is the thrW tRNA gene
at one end and the yagU gene at the other, representing loci
that are 40 kb apart from each other in the E. coli K-12
MG1655 chromosome.

(ii) Structure of VAT-PAI. Analysis of the unique DNA
sequences from this PAI revealed the presence of genes en-
coding proteins with potential virulence roles and open reading
frames (ORFs) with unknown functions. The PAI includes 33
ORFs that encode putative proteins which are �60 deduced
amino acids long and are numbered sequentially (Table 2; Fig.
1). Nineteen of the ORFs and their products showed either no
similarity or no significant homology to any protein or nucle-
otide sequence in the database. Significant homology was de-
fined as greater than 30% identity over at least 50% of the
query sequence. There are eight ORFs that are related to
mobile genetic elements, such as bacteriophage integrase
genes and insertion sequences (IS), and six ORFs that encode
putative proteins including the vacuolating autotranporter
toxin and the PapX protein (Table 2; Fig. 1).

In the VAT-PAI, the tRNA gene thrW is followed by a
fragment of the sequence for the bacteriophage SfII attach-
ment site, followed by inserted DNA that contains 16 ORFs
encoding proteins with �60 deduced amino acids (Table 2).
Among these ORFs, which are numbered sequentially from 1
to 16, only three (ORFs 1, 3, and 16) showed similarities to
sequences in the database. ORFs 1 and 3 encode proteins with
low homology (24% identity) to a phosphoserine aminotrans-
ferase of Spinacea oleracea and to a hypothetical protein of
Arabidopsis thaliana, respectively. ORF 16 encodes a fragment

similar to gp22 of mycobacteriophage Bxb1 and is followed by
sequences encoding products with homology to integrases
found in E. coli MG1655, E. coli O157:H7 EDL 933, and
Xanthomonas axonopodis strain 306. The terminal 18 nucleo-
tides of the thrW gene are repeated between ORFs 23 and 24
(bp 13217 to 13234). In the adjacent region, ORF 26 encodes
a putative protein similar to the 17-kDa transcriptional regu-
lator PapX (43% homology) and ORF 27 encodes a protein
75% similar to Tsh or Hbp of E. coli. ORF 27 is followed by IS
elements that are homologous to iso-IS1 of S. flexneri 2a. At the
right junction site of VAT-PAI, there is an ORF that encodes
the integrase of bacteriophage SfII, the remaining sequence of
the attachment site of bacteriophage SfII, and the upstream
region of the interrupted gene yagU. If one includes ORFs that
encode proteins of �60 amino acids, then ORF 32 (22 amino
acids) is identified. This ORF is similar to a region of unknown
function in pathogenic poultry E. coli. The DNA inserted from
thrW to yagU contains approximately 6.5 kb of fragments without
any nucleotide or translated amino acid sequence homology.

The average G�C content of the VAT-PAI is 41.2%, which
is lower than the average for the E. coli genome (51%). Inter-
estingly, the G�C content has high variability across the VAT-
PAI (Table 2).

(iii) Sequence analysis of the vat toxin gene. The largest
ORF (27) in the VAT-PAI consists of 4,134 nucleotides and
was designated the vat gene. This gene encodes a putative
protein with 1,377 amino acids and a deduced molecular mass
of 148.3 kDa. The G�C content of the vat gene was deter-
mined to be 48.4%, slightly lower than the average in E. coli.
Two cysteines are present in the mature cytotoxin (positions
239 and 251) (Fig. 2). A predicted Shine-Dalgarno site, with
sequence GGAA, was identified 13 bp upstream of the pro-
posed start codon. A possible rho-independent stem-loop tran-
scriptional termination signal was also identified 6 bp down-
stream of the TGA termination codon of the vat gene. Regions
flanking the vat gene show the presence of IS-like elements and
phage-related integrase genes (Fig. 1).

Comparison of the amino acid sequence translated from vat
with sequences in GenBank revealed that the Vat sequence
was similar to sequences of a family of serine protease auto-
transporters of Enterobacteriaceae (SPATEs), including Tsh
(78%), Pic (47%), SepA (45%), EspP (36%), Sat (36%), and
Pet (35%) (Fig. 3). As expected, a high degree of homology
was found among the C-terminal domains, with homologies
that ranged from 60 to 98% identity. Homologies among the
N-terminal regions were less and varied from 42 to 60% iden-
tity. The alignments between Vat and some SPATEs showed
homologous areas and also the presence of large gaps (Fig. 3).
A serine protease motif (GDSGSP) has been found at the
same position in several SPATEs, but at the corresponding site
in Vat, the sequence was ATSGSP. Computer analysis of the
deduced amino acid sequence of Vat indicated the character-
istics of a signal sequence followed by a signal peptidase cleav-
age site between residues 55 and 56 (AGA-ST). By comparison
with other autotransporters, the cleavage site of the 	 domain
was predicted to lie between residues N1100 and N1101 (Fig. 2).

To confirm that the vat ORF encoded a secreted protein,
supernatants of overnight cultures of recombinant E. coli
XL10/pVP16-85 (vat), the control strain (vector only), and
wild-type Ec222 were tested on CEF cells for the presence of

VOL. 71, 2003 NOVEL PATHOGENICITY ISLAND 5089



vacuolating cytotoxic effects. Supernatants from the recombi-
nant and wild-type strains showed the characteristic vacuola-
tion on CEF cells, while supernatant from the control bacteria
with vector only had no effect.

Tests of culture supernatants of the isogenic E. coli pair
Ec222 and Ec222VP�2 with the cytotoxicity assay showed that
the wild-type Ec222 strain possessed vacuolating cytotoxic ac-
tivity whereas Ec222VP�2 lacked this activity. Cytotoxicity was
seen as vacuolation which was detected by 2 h, reached maxi-
mal activity at 6 h, and was still observable at 24 h. The
vacuoles were observed in unstained cells and after staining
with neutral red. Figure 4A shows the appearance of vacuoles
in CEF cells stained with neutral red after exposure to a 1/16
dilution of supernatant of an overnight LB culture of E. coli
Ec222. A similar preparation from the vat deletion mutant
Ec222VP�2 had no effect on the cells (Fig. 4B).

Infection studies. The results of infection of chickens with
the wild type and the vat deletion mutant of E. coli Ec222

(Ec222VP�2) are summarized in Table 3. For the aerosol infec-
tion, the results for both groups were pooled as there was no
significant difference in the results for the groups which received
the same treatments. Among the 20 chickens challenged with E.
coli Ec222, nine chickens had severe lesions (scores of 5 to 7),
three had moderate lesions (scores of 2 to 3), three had mild
lesions (score of 1), and four had no lesions. Among the 20
chickens challenged with E. coli Ec222VP�2, two had mild lesions
of airsacculitis and 18 had no lesions. In the cellulitis infection
study, all 12 chickens which received wild-type E. coli Ec222
developed cellulitis; one chicken had a severe lesion, 10 had
moderate lesions, and one had a mild lesion. All but one of these
chickens showed signs of septicemia (perihepatitis and pericardi-
tis), and four of them died. None of the chickens infected with E.
coli Ec222VP�2 developed cellulitis. The challenge E. coli was
recovered from the cellulitis lesions. In both models of infection,
the difference in virulence levels of the wild type and the vat
deletion mutant of Ec222 was highly significant (P � 0.0001).

TABLE 2. ORFs and mobile genetic elements within the VAT-PAI

ORF or
feature

G � C
content

(%)

No. of aaa

encoded
Positionb

(bp) Gene or protein with similar sequence
% ntc

(protein)
identity

Accession no.

1–641 proA (E. coli K-12 MG1655) 95 AE000132
642–717 thrW (E. coli K-12 MG1655) 100 AE000132

att 699–720 Bacteriophage SflI attachment site (S. flexneri) 100 AF021347
1 39.3 149 1818–2267 Phosphoserine aminotransferase (Spinacea oleracea) (24) D84061
2 40.4 60 3736–3918 No significant homology
3 33.8 208 4165–4791 Putative protein (A. thaliana) (24) AL049730
4 33.3 89 4801–5070 No significant homology
5 39.1 68 5342–5548 No significant homology
6 36.9 130 5727–6119 No significant homology
7 46.9 117 7362–7715 No significant homology
8 47.1 96 7708–7418 No similarity
9 46.5 164 7732–8226 No significant homology
10 48.2 169 8252–8761 No significant homology
11 47.7 173 8319–7798 No similarity
12 48.8 206 8725–8105 No similarity
13 36.9 65 8926–9123 No significant homology
14 44.5 190 9158–9730 No similarity
15 43.9 84 9654–9400 No similarity
16 44 424 9715–10989 gp22 Mycobacteriophage Bxb1 (30) AF271693
17 43.6 90 10424–10152 No significant homology
18 41 225 11037–11714 No significant homology
19 46.4 60 11146–10964 No significant homology
20 41.4 61 11164–11349 No significant homology
21 48.3 68 12099–12305 No significant homology
22 44.2 159 12275–11796 Putative integrase (E. coli O157:H7 EDL933) (33) AE005658
23 43.2 290 13131–12259 Integrase (X. axonopodis 306) (27) AE011739
24 46 112 13389–13727 Integrase (E. coli) (49) AJ278144
25 41 130 13831–13439 Integrase (E. coli) (50) AJ278144
26 30.5 174 14685–14161 PapX regulatory protein (E. coli) (48) P42193
27d 48.4 1377 18944–14811 Tsh and Hbp (E. coli) 80 (75) AF218073

AJ223631
28 48.3 71 19534–19749 iso-IS1 insA (S. flexneri 2a) 93 (89) AF386526.1
29 52.8 64 19831–20025 iso-IS1 insB (S. flexneri 2a) 94 (88) AF386526.1
30 52.3 64 20012–19818 iso-IS1 insB (S. flexneri 2a) 94 (88) AF386526.1
31 51.1 74 20206–19982 iso-IS1 insB (S. flexneri 2a) 93 (65) AF386526.1
att 20421–20571 Bacteriophage SflI attachment site (S. flexneri) 91 AF021347
32 56.7 22 20679–20745 Unknown function (pathogenic poultry E. coli) 86 AF524932.1
33 41.1 63 20709–20900 No similarity

191 21045–21620 Protein YagU (E. coli K-12 MG1655) 91 AE000136
76 22138–21908 Ferredoxin (E. coli K-12 MG1655) AE000136

a aa, amino acids.
b Data for E. coli K-12 are in bold.
c nt, nucleotide sequence; percent identity with the translated amino acid sequence is shown in parentheses.
d ORF 27 encodes the Vat protein.
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DISCUSSION

We describe for the first time a PAI in avian E. coli that
encodes an autotransporter protein. We designated the gene
for the autotransporter protein vat, for vacuolating autotrans-
porter toxin, and the PAI was designated VAT-PAI.

PAIs are clusters of genes that include virulence genes, are
present in the genomes of pathogenic strains, and are absent from
nonpathogenic strains. PAIs occupy large genomic regions (�10
kb) often associated with tRNA genes which act as integration
sites for foreign DNA, reflecting horizontal gene transfer. These

islands have G�C contents that differ from those of the core
genomic DNA and often carry genes encoding mobility factors
such as integrases and transposases and IS elements (21). All
these characteristics are shared by the VAT-PAI.

The VAT-PAI is inserted at a chromosomal site adjacent to
a tRNA-thrW gene, a site that is preferentially occupied in
uropathogenic E. coli by PAI III536 (12) and in S. flexneri by a
PAI that encodes the O antigen (1). The VAT-PAI is located
between the thrW and yagU genes and interrupts the attach-
ment site of bacteriophage SfII. Additionally, integrase genes

FIG. 1. Genetic map of the VAT-PAI with 22,139 bp of unique DNA downstream of the tRNA gene thrW and upstream of the yagU gene of
E. coli K-12 MG1655. Numbers indicate ORFs described in Table 2. ORFs have not been drawn to scale.

FIG. 2. Structure of the Vat precursor protein (not drawn to scale). The protein consists of 1,377 amino acids, with a signal sequence (SS) of
5.7 kDa, the Vat cytotoxin of 111.8 kDa, and a C-terminal outer membrane translocator of 30.5 kDa. A, signal sequence cleavage site; B, two
cysteine residues; C, atypical serine protease motif; D, region that is deleted in vat mutant strain Ec222VP�2; E, outer membrane translocator
cleavage site.
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of E. coli were found throughout the PAI, a feature which is
also characteristic of PAIs. Insertion of the VAT-PAI is asso-
ciated with absence of a large fragment of E. coli K-12 DNA at
thrW. The integration of other PAIs into thrW also appears to

have caused deletions (1, 12). In E. coli K-12 MG1655, the
region from thrW to yagU covers approximately 40 kb and
contains several IS elements, which may lead to high recom-
bination in this region and could explain the loss of a large

FIG. 3. Alignment of the sequence of the predicted Vat protein (accesion number AY151282) with those of its closest homologues, Tsh
(AJ223631), SepA (Z48219), EspP (X97542), Pet (AF056581), and Sat (AF289092). Residues identical in all six sequences are shaded in dark grey
and those residues conserved in at least three sequences are shaded in light grey. The asterisk at residue 56 indicates the first amino acid of the
mature Vat protein. The serine protease motif is underlined.
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fragment. Maurelli et al. suggest that the strategy of “black
hole” formation or deletion of large regions could precede
additions of PAIs, making the recipient background more fa-
vorable for expression of virulence genes (28). The VAT-PAI,
with approximately 22 kb, has a G�C content of 41.2%, which
is lower than the 51% present in the E. coli K-12 genome,
suggesting that it may have been acquired by horizontal trans-
fer. The variability across the PAI may represent insertion of
DNA from a number of sources over time. In particular, the

G�C content of the portion of the PAI inserted between thrW
and the E. coli integrase gene (bp 718 to 13439) is 43.3%,
whereas the G�C content of the remainder of the PAI is
37.9%.

Another common characteristic of PAIs is the presence of
unidentified ORFs. On the VAT-PAI, there are 19 ORFs
encoding proteins of �60 deduced amino acids with no ho-
mology to known DNA or protein sequences. It is not known
at this time whether these ORFs contribute to gene expression
or regulation in the VAT-PAI.

In the VAT-PAI, two ORFs, numbered 26 and 27, are pos-
sibly related to virulence. ORF 26 shows no homology to
known DNA sequences in GenBank, but it encodes a putative
protein that has 43% homology with regulatory protein PapX
(accession number P42193) or Mar (accession number P27245)
(7). papX was first identified as a gene at the end of the pap
operon which encoded a 17-kDa protein that was not required
for assembly of P fimbriae in uropathogenic E. coli strain J96
(27). mrpJ occupies a similar location in the mrp fimbrial
operon of Proteus mirabilis, and although PapX and the MrpJ
protein of P. mirabilis have only 26 to 46% amino acid se-
quence identity in three domains, these two proteins are func-
tional homologs (26). Both proteins acted as transcription reg-
ulators to repress flagella synthesis and motility in P. mirabilis
when the fimbrial operon was turned on. The coordination of
motility and fimbrial expression was shown to contribute to
virulence of P. mirabilis in a mouse model of urinary tract
infection (26).

ORF 27 is the largest ORF, with 4,134 nucleotides, and
encodes a putative protein with 1,377 amino acids and a de-
duced molecular mass of 148.3 kDa. The product of this gene
induces the formation of intracellular vacuoles in cell culture
and shows 75% homology with the hemagglutinin Tsh of avian
pathogenic E. coli (accession number AF218073) and the he-
moglobin protease (Hbp) from a human pathogenic E. coli
strain (accession number AJ223631), which are both members
of the autotransporter family of proteins. In a previous study,
we showed that a putative toxin of avian pathogenic E. coli
Ec222 exhibited vacuolating cytotoxic effects on primary cul-
tures of CEF (40). The present study shows that the gene
encoding the vacuolating toxin has high homology with genes
encoding members of the autotransporter protein family. The
autotransporter family of proteins comprises a rapidly growing
number of virulence determinants of gram-negative bacteria.
In the autotransporters, an N-terminal amino acid leader se-
quence directs secretion via the sec pathway and is cleaved at
the inner membrane by a signal peptidase. Once in the
periplasm, the C-terminal portion of the protein then forms a
	-barrel structure which inserts into the outer membrane to
form a pore for the passage of the passenger domain to the
bacterial cell surface. The passenger domain may then be re-
leased into the extracellular milieu or remain associated with
the bacterial cell surface (23).

Many of its structural features indicate that Vat is a new
member of the subfamily of autotransporters termed SPATEs.
This hypothesis is supported by our analysis of the vat gene
structure and its predicted protein. Vat shows a signal se-
quence in the N-terminal sequence and a signal peptidase
cleavage site between residues 55 and 56 (AGA-ST). Analysis

FIG. 4. Vacuolation of CEF cells caused by culture supernatant of
E. coli Ec222. (A) Vacuoles (arrows) were evident after 6 h of exposure
of CEF cells to a 1/16 dilution of the filter-sterilized supernatant of an
overnight culture of wild-type E. coli Ec222. The cells were stained
with neutral red, which accumulated in the vacuoles. (B) Normal
appearance of CEF cells 6 h after treatment as described for panel A
except that the E. coli strain was Ec222�VP, a vat deletion mutant
derivative of Ec222. Bars, 10 �m.

TABLE 3. Mortality, lesion scores, and recovery of challenge
E. coli from infected chickens

Challenge E. coli Mortality
(%)

Mean lesion
score 
 SEM

Recovery of
E. coli

Directa Totalb

Aerosol challenge
Wild-type Ec222 15 3.65 
 0.65c 43/60 56/60
Ec222 vat deletion mutant 0 0.11 
 0.07 9/60 32/60

Cellulitis challenge
Wild-type Ec222 33 5.0 
 0.25c 12/12 NDd

Ec222 vat deletion mutant 0 0.01 
 0 0/12 ND

a Number recovered by direct plating of swabs on MacConkey agar/total.
b Number recovered by culture of swabs in Trypticase soy broth followed by

subculture on MacConkey agar/total.
c Significantly higher than that for lesions caused by infection with for Ec222

vat mutant. P � �0.0001. Maximum score was 7.0. Normal was scored as 0.01.
d ND, not done.
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of the C terminus of Vat suggested the presence of 14 amphi-
pathic 	-strands, typical for members of the autotransporter
family, and the amino acid motif YSF, which is necessary for
correct localization of autotransporters to the outer membrane
(25). However, members of the SPATE subfamily show the
presence of a conserved serine protease motif (GDSGSPL),
whereas in Vat there is a modification in the first two amino
acids (ATSGSPL). It has been shown that the serine protease
motif is important for phenotypic functions such as cytotoxic
and proteolytic activities (20). Some authors predict that casein
hydrolytic activity is dependent on the conserved serine pro-
tease active-site motif (2, 3). The difference in this motif may
be the reason that Vat was negative in tests for proteolytic
activity on casein-based substrate (data not shown). It is pos-
sible that related SPATE proteins may have been adapted to
fulfill specific roles in pathogenesis in their host organisms
since the precise role of SPATE proteins in pathogenesis has
not been determined yet. Dutta et al. suggest that SPATE
proteins are derived from a common ancestor and have been
modified in each pathogenic species to permit adaptation to
specific niches (14).

Several SPATE proteins have been described for E. coli and
Shigella species. These include Tsh of avian pathogenic E. coli,
with hemagglutinin activity (39); EspP of Shiga toxin-produc-
ing E. coli that produces cytopathic effects on epithelial cells
(5); Pet, an enterotoxin of enteroaggregative E. coli (15); Sat of
uropathogenic E. coli, which exhibits a cytopathic and vacuo-
lating activity (20); and SepA of S. flexneri that produces cyto-
pathic effects (3). An important role for Vat in pathogenesis
may lie in its vacuolating activity. The similarities in vacuola-
tion of cells by the avian E. coli culture supernatants and the
VacA toxin from Helicobacter pylori are remarkable. Similarly,
the VacA precursor contains three functional domains: a 33-
amino-acid N-terminal signal sequence, the 87-kDa cytotoxin
domain, and the C-terminal 50-kDa domain. Interestingly,
there are no significant similarities between nucleotide se-
quences of vat and vacA or between protein sequences of Vat
and VacA. However, among the SPATE proteins, two cysteine
residues are found only in VacA (42) and Vat and are located
in the passenger domain 11 and 12 amino acids apart, respec-
tively. This characteristic may be important for the mechanism
of action of these proteins.

A vacuolating cytopathic effect similar to that demonstrated
for Vat and VacA has also been described for Sat, a SPATE
protein of uropathogenic E. coli (20). Guyer et al. demon-
strated that Sat causes vacuolation and glomerular damage in
experimental urinary tract infection in mice and contributes to
the pathogenesis of urinary tract infection, thereby demon-
strating its important role in the pathogenicity of uropatho-
genic E. coli (20). Interestingly, although Vat and Sat elicit
vacuolation on cell lines, a comparison of SPATE protein
sequences (Fig. 3) shows that Vat is more closely related to Tsh
(78%) than it is to Sat, with which it shares only 36% similarity.
It would be interesting to conduct comparative studies on the
mechanisms of vacuole formation by SPATE proteins.

During the revision of the manuscript, the sequence of the
genome of uropathogenic E. coli CFT073 was published (48),
and section 2 of the complete genome (accession no.
AE016756) contained a region (bp 669932 to 78853) with 98%
nucleotide sequence homology with the sequence of the VAT-

PAI between bp 13217 and 22130. The region in strain CFT073
contains the intact thrW gene followed by a region homologous
with papX and then a gene for a hemoglobin protease. The
homology with the VAT-PAI begins with the terminal 19 bp of
the CFT073 thrW gene.

It appears that the vat gene is required for virulence of E.
coli strain Ec222 as its inactivation resulted in an E. coli mutant
that was nonpathogenic in both the respiratory-septicemic and
the cellulitis models of disease. The wild-type organism was
exceptionally invasive, and lesions of pericarditis and/or peri-
hepatitis were observed in over 50% of the chickens which
received an aerosol challenge and in 92% of the chickens
which received the challenge via scratched skin. We would like
to have complemented the mutation and demonstrated a res-
toration of virulence, but the instability of the cloned vat gene,
even in a low-copy-number vector, has so far prevented the
creation of the complemented mutant. Nonetheless, this pre-
liminary examination of the role of Vat in virulence suggests
that it is a major virulence factor.

According to the present data and the similarity between
Vat and SPATE, we predict that the Vat structure consists of
a signal sequence of 5.7 kDa, the Vat cytotoxin of 111.8 kDa,
and a C-terminal outer membrane translocator of 30.5 kDa,
following the model of secretion described for autotransport-
ers. We hypothesize that other closely related members of this
class of autotransporters may also produce vacuolating effects.

The expression of many bacterial virulence proteins, includ-
ing the autotransporters Tsh (44), EspP (5), and SepA (3), is
thermoregulated. We found that Vat was detectable in the
culture supernatant of E. coli Ec222 grown at 37°C but not in
that of E. coli grown at 21 or 42°C (data not shown).

In conclusion, we have characterized the novel gene vat,
which is part of a PAI newly identified in an avian pathogenic
E. coli strain. We provide experimental evidence that vat is
required for virulence of septicemic E. coli Ec222. Nucleotide
sequence homologies and analysis of the protein encoded by
vat indicate that it is a member of the SPATE family of auto-
transporter proteins. The protein encoded by vat was shown to
possess a vacuolating cytotoxic activity on CEF cells. Further
investigation of the VAT-PAI and Vat protein may reveal that
the PAI carries additional virulence determinants and may
identify the specific role of Vat in the virulence of avian E. coli.
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