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Enterohemorrhagic Escherichia coli (EHEC) is a noninvasive food-borne pathogen that colonizes the distal
ileum and colon. Proteins encoded in the EHEC locus of enterocyte effacement (LEE) pathogenicity island are
known to contribute to this pathogen’s adherence to epithelial cells and intestinal colonization. The role of
non-LEE-encoded proteins in these processes is not as clear. We found that the Z2053 gene (designated adfO
here), a gene located in a cryptic EHEC prophage, exhibits similarity to adherence and/or colonization factor
genes found in several other enteric pathogens. An EHEC adfO mutant exhibited marked reductions in
adherence to HeLa cells and in the secretion of several proteins into the supernatant. YodA, one of these
secreted proteins, was found to be a substrate of the EHEC pO157-encoded type 2 secretion system (T2SS).
Both the T2SS and YodA proved to be essential for EHEC adherence to cultured HeLa cell monolayers. Using
an infant rabbit model of infection, we found that the adfO mutation did not affect colonization but that the
colonization of an etpC (T2SS) mutant was reduced �5-fold. A strain deficient in YodA had a more severe
colonization defect; however, this strain also exhibited a growth defect in vitro. Overall, our findings indicate
that the pO157-encoded T2SS contributes to EHEC adherence and intestinal colonization and thus show that
EHEC pathogenicity depends on type 2 secretion as well as type 3 secretion.

Enterohemorrhagic Escherichia coli (EHEC) is an important
cause of food-borne illness in developed nations around the
world. Several EHEC serotypes cause disease, but the O157:H7
serotype is the most common cause of EHEC-related disease in
North America, the United Kingdom, and Japan (22). After in-
gestion of food or beverages contaminated with this pathogen,
humans can develop a variety of symptoms ranging from mild
diarrhea to the severe and sometimes life-threatening hemolytic-
uremic syndrome (35). Besides causing significant human disease,
EHEC is a major economic burden due to the high cost associ-
ated with the recall of contaminated food (www.fsis.usda.gov
/FSIS_Recalls/index.asp).

EHEC is a noninvasive pathogen that, following ingestion
and passage through the human stomach and proximal small
bowel, colonizes the distal ileum and colon (54). While grow-
ing in the intestine, EHEC produces Shiga toxins; systemic
absorption of these prophage-encoded toxins is thought to
account for the severe clinical manifestations of EHEC infec-
tion, such as hemolytic-uremic syndrome (22). The genes and
mechanisms that enable EHEC to colonize the human intes-
tine are incompletely understood. However, it is clear that the
EHEC locus of enterocyte effacement (LEE) pathogenicity
island is essential for tight adherence of EHEC to tissue cul-
ture cells and for intestinal colonization in experimental ani-
mals (9, 36, 43, 62). The LEE pathogenicity island encodes a
type 3 secretion system (T3SS), several effector proteins that
are translocated directly into host cells by the T3SS, intimin

(an outer membrane protein important for adherence), and
transcriptional regulators (for a review, see reference 14).

EHEC tightly adheres to epithelial cells by subverting host cell
cytoskeletal processes, yielding “attaching and effacing” lesions
(27). These histologic lesions are defined by the intimate attach-
ment of bacteria to the epithelial cell surface along with the
localized loss (effacement) of microvilli and assembly of electron-
dense fibrillar structures underneath attached bacteria, forming a
“pedestal-like” protrusion from the cell (33). Interactions be-
tween two LEE-encoded proteins, intimin and Tir (a T3SS effec-
tor that inserts into the host plasma membrane), are thought to
mediate “intimate” adherence (8, 18, 23). Interactions between
translocated Tir, EspFU (a T3SS effector protein encoded by the
cryptic prophage CP-933U; also known as TccP), and host pro-
teins are thought to promote actin polymerization in host cells,
resulting in pedestal formation (3, 15, 31).

A variety of models have been used to investigate EHEC
adherence to host cells. These models include assays of adher-
ence to cultured epithelial cell lines (e.g., HeLa, HEp-2, HT-
29, Caco-2, and T84) (57, 61) and to intestinal explants from
pigs and cows (1, 16). In general, these assays measure the
number of adherent bacteria rather than actin rearrangements
that result from translocation of type 3 effector proteins. Sev-
eral EHEC proteins that promote EHEC adherence, including
ToxB/Efa-1� (51, 56), OmpA (60), and hemorrhagic coli pilus
(64), have been identified using these assays; it is likely that
these proteins contribute to EHEC adherence independent of
T3SS-mediated adherence. One possibility is that T3SS-inde-
pendent factors mediate initial interactions between bacteria
and epithelial cells, thereby facilitating the protein transfer
that enables tight adherence and pedestal formation. To date,
none of these accessory adherence proteins has been shown to
contribute to E. coli O157 intestinal colonization in animal
models.
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Most O157:H7 strains possess pO157, an F-related plasmid
that encodes a number of proteins that may influence EHEC
pathogenicity. Loss of pO157 has been associated with a re-
duction in O157:H7 virulence (30). Among the putative viru-
lence factors encoded on pO157 is the secreted mucin protease
StcE. Although deletion of stcE does not significantly alter
EHEC adherence, addition of purified StcE protein has been
shown to enhance EHEC intimate attachment to cultured
monolayers (17). StcE is secreted by the O157 Etp type 2
secretion system (T2SS) (28), which is also encoded by pO157
(47). The T2SSs of several gram-negative pathogens secrete
numerous proteins that influence pathogenesis (46). T2SS sub-
strates are usually first released into the periplasmic space by
the general secretory apparatus after cleavage of a signal se-
quence. These substrates are then recognized by the T2SS in
an as-yet-undetermined fashion and exported past the outer
membrane. StcE is the only EHEC T2SS substrate identified to
date. The role of this secretion system in EHEC pathogenesis
has not been defined.

Besides the �90-kb pO157 plasmid, the sequenced O157:H7
genomes contain more than 1 Mb of DNA that is not present
in the genome of nonpathogenic E. coli K-12 (19, 38). This
additional DNA is interspersed as “O-islands” along the back-
bone of DNA that is shared with E. coli K-12. In the prototype
O157:H7 strain EDL933, 18 of these O-islands are thought to
correspond to prophages that in most cases are believed to be
defective (38). Since genes implicated in virulence are often
located in prophages or other mobile elements (58, 63), we
looked for potential virulence-associated genes located in the
EDL933 prophages. We noticed that the cryptic prophage CP-
933O (O-island 57) contains a gene, the Z2053 gene, whose
predicted product exhibits similarity to virulence-associated
proteins in other enteric pathogens. Batisson et al. previously
noted that the sequence of the Z2053 gene was nearly identical
to the sequence of paa, a gene of porcine enteropathogenic E.
coli that was implicated in this pathogen’s colonization of the
pig ileum (2). Here we studied the role of the Z2053 gene
(designated adfO here) in EHEC pathogenicity and deter-
mined that adfO promotes adherence of EHEC to HeLa cells.
AdfO also appears to facilitate the secretion of YodA, a pro-
tein encoded by DNA that is also present in the E. coli K-12
chromosome and (as we show here) is secreted by the pO157-

encoded T2SS. Both the T2SS and YodA proved to be essen-
tial for adherence of EHEC to cultured HeLa cell monolayers
and to promote colonization of the infant rabbit intestine.
Thus, the EHEC T2SS and at least one of its substrates pro-
mote EHEC virulence.

MATERIALS AND METHODS

Bacterial strains and growth. The strains used in this study are shown in Table
1. Unless otherwise noted, strains were grown in LB broth or on LB agar plates.
For antibiotic selection, agar plates were supplemented with ampicillin (100
�g/ml), spectinomycin (100 �g/ml), or chloramphenicol (10 �g/ml). EDL933, a
sequenced clinical O157:H7 isolate (38), was used as the wild-type strain in our
experiments. We used a two-step approach to generate deletions in adfO
(Z2053), yodA (Z3065), and etpC in the EDL933 background. Initially, deletion-
insertion mutations in each of these genes were constructed in TEA023 (EDL933
�gal::aad-7) or TEA028 (EDL933 �gal::tetA) (20) using the lambda red recom-
binase-based gene replacement system (5). The primers used to generate these
mutations are shown in Table 2. Then, for each mutation, the antibiotic resis-
tance gene-marked deletion was transduced into EDL933 using phage P1 as
described previously (20). In each case, the deletion in EDL933 was confirmed
by PCR.

The plasmids used in this work are also shown in Table 1. For each plasmid,
the gene of interest was amplified using specific primers, HotStart Taq Master-
mix (Qiagen), and Pfu polymerase (Invitrogen). Following PCR amplification,
the genes were cloned into pBAD-TOPO using the TOPO TA method (Invitro-
gen). The sequence of each cloned gene was subsequently confirmed. The
pBAD-TOPO clones expressed C-terminal V5, His-tagged protein fusions under
arabinose control. To construct pAdfO (� pTHE073), the adfO-pBAD-TOPO
plasmid (pTHE012) was digested with NdeI and religated with T4 DNA ligase.
In pAdfO, the arabinose promoter was removed, and the endogenous adfO
promoter was used to drive AdfO-V5-His expression.

Protein isolation and immunoblot analysis. Strains harboring plasmids encod-
ing V5, His-tagged proteins were grown in M9 medium containing glucose
(0.2%), Casamino Acids (0.2%), and ampicillin (10 �g/ml) overnight at 37°C.
Cultures were then diluted 1:50 into fresh M9 medium containing glucose
(0.2%), Casamino Acids (0.2%), ampicillin (10 �g/ml), 44 mM NaHCO3, and
L-arabinose (0.2%) and incubated for 16 h at 37°C without agitation. Following
pelleting of the cells, culture supernatants (1.2 ml each) were transferred to fresh
Eppendorf tubes, incubated in 10% tricarboxylic acid (Sigma) on ice for 2 h, and
then centrifuged for 30 min at 13,000 � g at 4°C. Each pellet was washed with 500
�l of ice-cold acetone for 5 min at 4°C, air dried, and then resuspended in 20 �l
of loading dye. Proteins were resolved on 10% NuPAGE gels and then trans-
ferred onto nitrocellulose and analyzed by immunoblotting with anti-V5 antibody
(Invitrogen). Two-dimensional in-gel electrophoresis was used to compare the
amounts of different proteins in culture supernatants from the adfO mutant and
the wild-type strain (Applied Biomics, Hayward, CA).

Adherence assay. Each EHEC strain was grown for 8 h in LB broth at 37°C
with agitation. Bacterial cultures were then diluted 1:50 into Dulbecco modified
Eagle medium (DMEM) (Gibco) supplemented with 100 mM HEPES (pH 7.0)

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Genotype and/or description Primers used in construction

Strains
EDL933 O157:H7 wild type (clinical isolate)
TEA009 EDL933 �adfO::FRT-cat-FRT (deletes AdfO15-238) TE030, TE031
TEA017 EDL933 �tir::FRT-cat-FRT (deletes Tir13-545) JRW016, JRW017
TEA022 EDL933 �etpC::FRT-aad-7-FRT (deletes EtpC11-280) TE083, TE084
TEA053 EDL933 �yodA::FRT-cat-FRT (deletes YodA13-212) TE150, TE151

Plasmidsa

pTHE012 Para-PadfO-adfO-V5-His6 (Ampr) TE046, TE050
pAdfO (� pTHE073) PadfO-adfO-V5-His6 (Ampr)
pEspFu (� pTHE016) PespFU-espFU-V5-His6 (Ampr) TE112, TE074
pTir (� pTHE034) Para-Ptir-tir-V5-His6 (Ampr) TE113, TE068
pYodA (� pTHE065) Para-yodA-V5-His6 (Ampr) TE160, TE161
pStcE (� pTHE066) Para-stcE-V5-His6 (Ampr) TE162, TE163

a All plasmids are derivatives of pBAD-TOPO.
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and grown for 16 h at 37°C in the presence of 5% CO2 without agitation. For
each assay, bacteria (10 �l) were added to 500 �l DMEM (low glucose; Gibco)
containing 25 mM HEPES (pH 7.0), NaHCO3 (4 mM), and fetal calf serum (3%;
Gibco) and transferred to a HeLa cell monolayer seeded on a glass coverslip in
a 24-well dish. The multiplicity of infection was approximately 50 bacteria per
HeLa cell. The 24-well dish was then centrifuged at 1,000 rpm for 10 min at room
temperature and incubated at 37°C in the presence of 5% CO2. To induce
protein expression in plasmid-bearing strains, L-arabinose (0.2%) was added 1 h
after addition of the bacteria. Each well was washed three times with phosphate-
buffered saline (PBS) after 3.5 h of incubation of bacteria with HeLa cells. Fresh
DMEM (low glucose; Gibco) containing 25 mM HEPES (pH 7.0), NaHCO3 (4
mM), and fetal calf serum (3%; Gibco) was added to each well, and following an
additional 2 h of incubation at 37°C in the presence of 5% CO2, the wells were
washed five times with PBS. Bacteria and HeLa cells were then fixed using
paraformaldehyde and were permeabilized using PBS–0.1% Triton X-100. Cov-
erslips were stained with Alexa-Fluor 568-conjugated phalloidin (Invitrogen) and
4�,6�-diamidino-2-phenylindole (DAPI) (Invitrogen), washed, mounted, and
sealed. This assay measured tight (T3SS-dependent) adherence of EHEC to
HeLa cells; no binding was observed for strains unable to induce actin pedestals.
In our hands, assays for diffuse (T3SS-independent) adherence did not give
reproducible results.

We found that there was also day-to-day variation in the percentage of HeLa
cells with adherent wild-type bacteria (EDL933). Therefore, for each set of
adherence assays, the adherence of each bacterial strain was calculated relative
to the adherence of the wild-type strain. Twenty microscopic fields were exam-
ined to determine the percentage of HeLa cells with adherent bacteria. To
calculate the relative binding efficiency (RBE) of each strain, the percentage of
HeLa cells with adherent bacteria of interest was divided by the percentage of
HeLa cells with adherent wild-type bacteria. The data shown below for each
mutant are the mean and standard deviation derived from three to nine inde-
pendent experiments; in each experiment the assay was performed once. The
one-sample t test was used to compare RBE values for the mutants and the wild
type.

Competition assays with infant rabbits. Three-day-old New Zealand White
rabbits were orally inoculated with a 1:1 mixture of the wild-type strain
(EDL933) and an isogenic derivative, either TEA009, TEA022, or TEA053,

containing a total of �2.5 � 108 bacteria. Prior to inoculation, bacteria from
overnight cultures were washed once and then resuspended in PBS. Seven days
after inoculation, rabbits were sacrificed, and portions of the ileum, midcolon,
and cecum were homogenized, diluted, and plated on sorbitol-MacConkey agar.
After overnight growth, bacteria were replica plated on LB agar containing 10
�g/ml chloramphenicol (for TEA009 or TEA053) or 100 �g/ml spectinomycin
(for TEA022) to determine the number of mutant bacteria. Competitive indices
(CIs) were calculated using the following formula: CI � [(number of mutant
bacteria in output)/(number of wild-type bacteria in output)]/[(number of mutant
bacteria in input)/(number of wild-type bacteria in input)].

Growth curves. Each strain was grown overnight in LB broth at 37°C and then
diluted 1:1,000 in fresh LB broth. An aliquot (300 �l) was inoculated into a well
of a 96-well plate and shaken at 37°C. The absorbance at 600 nm was determined
for 16 h using a synergy HT plate reader (Biotek Instruments). Assays were
performed in triplicate, and each strain was tested in three independent exper-
iments.

RESULTS

AdfO is necessary for efficient adherence of EHEC to HeLa
cells. Because several EHEC virulence factors, including Shiga
toxins 1 and 2, are encoded in prophages (37, 53), we hypoth-
esized that additional genes that influence EHEC pathogenic-
ity would be found in one or more of the 18 prophages in the
genome of the prototype O157:H7 strain EDL933. We noticed
that the cryptic prophage CP-933O (O-island 57) contains a
gene, Z2053, whose predicted product has significant similarity
to proteins of several other enteric pathogens that have been
implicated in adherence to epithelial cells and/or intestinal
colonization. For example, the predicted Z2053 amino acid
sequence is 100% identical to the sequence of Paa, a porcine
enteropathogenic E. coli protein that has been shown to pro-
mote this pathogen’s colonization of epithelial cells in an ex
vivo pig ileum explant model of infection (2). In addition, the
Vibrio cholerae Z2053 protein orthologue, AcfC (50% identity
to the Z2053 protein), is encoded on the V. cholerae TCP
pathogenicity island and functions as an accessory intestinal
colonization factor (39). Another Z2053 protein orthologue,
PEB3 (53% identity to the Z2053 protein), is a major antigenic
surface adhesin of Campylobacter jejuni (41).

We deleted the Z2053 gene from EDL933 to investigate
whether the Z2053 protein plays a role in EHEC pathogenesis.
Initially, we explored the attachment of wild-type and EDL933
Z2053 mutant strains to cultured HeLa cell monolayers by
assessing adherence by Giemsa staining and by quantitating
attached CFU. However, these assays yielded highly unrepro-
ducible results with wild-type bacteria. Therefore, we instead
assessed the frequency with which HeLa cells coincubated with
bacteria generated actin pedestals (focal adhesions) visualized
by fluorescent actin staining (FAS) underneath cell-associated
bacteria. With wild-type strain EDL933 all cell-associated bac-
teria (stained with DAPI) were found to be adjacent to phal-
loidin-stained actin, and a majority of HeLa cells had adherent
bacteria. Bacteria unable to induce FAS (e.g., an espFU mutant
and a tir mutant) were rarely found to be cell associated,
suggesting that under these experimental conditions actin re-
arrangement is required for bacterial adherence and that bac-
teria that did not tightly adhere were washed away. As there
was some day-to-day variability in the results obtained with this
assay, in each experiment the adherence of each strain relative
to the adherence of the wild-type bacteria was calculated.
Compared to the wild type, the Z2053 mutant exhibited a
dramatic adherence defect; it had an RBE of 0.016 (P � 0.0001

TABLE 2. Oligonucleotide primers used in this study

Primer Sequence (5�–3�)

JRW016.................GACGAAACGATGGGATCCCGCGCTGGTGG
GTTATTGTGTAGGCTGGAGCTGCTTCG

JRW017.................ATGCCTATTGGTAATCTTGGTCATAATCCC
AATGTGCATATGAATATCCTCCTTA

TE030 ....................GAGGAACATAATGGCAGGTTTTTTAATAT
TCCTGTCTTCTGTG TAGGCTGGAGCTG
CTTC

TE031 ....................AATGCAGGCGCCGCTTCATCGGTTTGTAG
CCATTCTGCAAACAATGAATATCCTC
CTTA

TE046 ....................AACAACATATGCACGAGGTAAA
TE050 ....................AGTGCCTTTCCTGGTCCAGCC
TE068 ....................GACGAAACGATGGGATCCCGG
TE074 ....................TTTTTTGAGAGGATATATGTCAACATCGAC
TE083 ....................ATGTTGTTCTTTCTATCATTCCGGGGTGAC

GTGTAGGCTGGAGCTGCTTC
TE084 ....................GTTTTCTCCTACAGCAATAAATGCATCATA

ATTCCGGGGATCCGTCGACC
TE112 ....................TCGGAGGTCATACCATTAATCAA
TE113 ....................TGGTCGATGTCATGTTCAGC
TE150 ....................ATGACTCTGGAGGAAACTGTTTTGGCGAT

TCGTCTTGTGTAGGCTGGAGCTGCTTC
TE151 ....................TCAATGAGACATCATTTCCTCGACCACTTC

TTCGCTCATATGAATATCCTCCTTA
TE160 ....................ATCATATACAATGACTCTGGAGGAAACTG

TTTTG
TE161 ....................TGCGGCCGCATGAGACATCATTTCCTCGA

CCAC
TE162 ....................ATCCGGCTGCATGAACACTAAAAT
TE163 ....................TGCGGCCGCTTTATATACAACCCTCATTG

ACCT
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in comparison with the wild type) (Fig. 1 and 2). Introduction
of a plasmid-borne copy of the Z2053 gene driven from its
native promoter increased the RBE of the Z2053 mutant to
0.64, confirming that deletion of the Z2053 gene accounted for
the impaired adherence phenotype of this mutant (Fig. 2).
Based on this observation that the Z2053 protein contributes
to EHEC adherence to epithelial cells, we designated Z2053
AdfO (adherence factor encoded on CP-933O phage).

AdfO influences protein secretion into the supernatant. In
the course of characterizing the adfO mutant, we compared the
amounts of different proteins in culture supernatants from the
adfO mutant and the wild type using two-dimensional in-gel
electrophoresis. For the majority of the proteins in the super-
natants, there was no AdfO-dependent change in the level.
This was consistent with our observations that the adfO mutant
did not exhibit a change in membrane integrity based on assays
of sodium dodecyl sulfate and Triton X-100 tolerance (4; data
not shown). However, we observed that the levels of four spots
were reduced at least twofold in the mutant (data not shown).
Two of these spots were picked from the gel and subject to
matrix-assisted laser desorption ionization mass spectrometry
analysis. Both of the proteins identified, the Z1931 and Z3065
proteins, had not been previously characterized in EHEC.

The gene encoding the Z1931 protein is located on the
CP-933X prophage and has similarity to genes encoding mem-
bers of the omptin family of outer membrane proteases. A

number of omptin family members have been implicated in
virulence, including Pla from Yersinia pestis and NspA from
Neisseria meningitidis (21). The Z3065 protein was previously
identified in the culture supernatant of EHEC grown in the
tissue culture medium DMEM (29). The Z3065 protein is 99%
identical to YodA from E. coli K-12, and the Z3065 gene and
yodA are flanked by the same genes in their respective ge-
nomes. In E. coli K-12, YodA (recently renamed ZinT [24]) is
a metal-binding protein that is secreted into the periplasm
under stress conditions (6, 40).

YodA is required for efficient EHEC adherence to HeLa
cells. Since the amounts of the Z1931 and Z3065 proteins
detected in culture supernatants were influenced by adfO, we
reasoned that these proteins might contribute to EDL933 ad-
herence to HeLa cells. We deleted the Z1931 and Z3065 genes
from EDL933 to investigate this possibility. While the �Z1931
mutant did not have an adherence defect (data not shown), the
�Z3065 mutant had a dramatic adherence defect whose mag-
nitude (RBE, 0.011; P � 0.0001 in comparison with the wild
type) was similar to the magnitude of the adherence defect of
the adfO mutant (Fig. 2). Overexpression of the Z3065 gene in
the �Z3065 mutant partially complemented the mutant’s ad-
herence defect (Fig. 2), increasing its binding efficiency to 0.42.
These observations suggest that the Z3065 protein (referred to
below as YodA) is also associated with efficient adherence of
EHEC to cultured cells; however, it is possible that at least
some of the adherence defect of the Z3065 mutant can be
attributed to the growth defect of this strain (see below).

Since deletion of adfO and deletion of yodA resulted in
similar profound adherence defects and because adfO influ-
ences the amount of YodA found in supernatants, we tested
whether the adherence defect of the �adfO mutant could be
bypassed by increasing the level of YodA. We found that
overexpression of YodA in the adfO deletion mutant had a
dramatic effect on the strain’s adherence, increasing it from
0.016 to 0.77 (P � 0.0001) (Fig. 2). In contrast, overexpression
of AdfO had only a minor effect on adherence of the yodA
mutant (Fig. 2). Since overexpression of YodA could comple-
ment the adfO deletion, yodA appears to act downstream of
adfO in EHEC adherence.

YodA is a T2SS substrate. Since YodA was isolated in cul-
ture supernatants, we explored the possibility that secretion of
this protein is facilitated by either the EHEC T2SS or the

FIG. 1. Adherence of (A) wild-type (EDL933) and (B) �adfO (TEA009) EHEC strains to HeLa cells. Bacteria and HeLa nuclei were visualized
with DAPI (blue), and F-actin was visualized with Alexa-Fluor-586–phalloidin (red). The percentage of HeLa cells with adherent bacteria was
calculated for 20 microscopic fields. The adherence of the wild-type strain was defined as 1; the RBE of the �adfO strain was found to be
0.016 	 0.013.
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EHEC T3SS. YodA is predicted to have a signal sequence;
such sequences are not associated with substrates for T3SS
(45) but are usually present in T2SS substrates (46). We there-
fore tested whether YodA is a substrate for the EHEC T2SS.
The O157 T2SS is encoded by the etpC to etpO genes located
on pO157 (47). We constructed a T2SS mutant by replacing
etpC, the first gene in the putative etp operon, with a specti-
nomycin resistance gene (aad-7) oriented in the direction op-
posite the etp genes. The �etpC::aad-7 mutant showed a
marked reduction in the amount of StcE (the only known
substrate of the O157 T2SS [28]) detected in the supernatant
(Fig. 3). This observation suggests that the �etpC::aad-7 mu-
tant was, as expected, deficient in type 2 secretion. In addition,
there was almost no detectable YodA in the supernatant from
the T2SS mutant, whereas this protein was readily identified
in the supernatant from the wild-type strain (Fig. 3). In con-
trast, the �etpC::aad-7 mutation did not affect secretion of the
T3SS effector Tir (Fig. 3), suggesting that this mutation spe-
cifically reduced type 2 secretion. Furthermore, there was no
reduction in YodA secretion in a T3SS mutant (data not
shown). These observations suggest that YodA can be a sub-
strate of the EHEC T2SS. However, additional experiments
revealed that not all YodA is secreted from the cell (data not
shown).

Type 2 secretion is necessary for efficient adherence of
EHEC to HeLa cells. Since we found that YodA promotes
EHEC adherence and that the T2SS is required for secretion
of this protein, we tested whether the T2SS is important for
EHEC adherence. The adherence of the T2SS mutant to HeLa
cells also was found to be dramatically impaired (RBE, 0.003).
Presumably, the EHEC T2SS is required for adherence to
cultured monolayers because it enables the secretion of YodA
and perhaps additional substrates as well.

T2SS is required for efficient EHEC colonization of the
rabbit intestine. Since EHEC adherence to epithelial cells is
thought to be an important step in intestinal colonization, we
investigated if adfO, yodA, and etpC contribute to intestinal
colonization, as well as to adherence of EHEC to cultured
monolayers. Intestinal colonization by the adfO, yodA, and
etpC mutants was examined in competition assays with the
wild-type strain using the infant rabbit model. In this assay, ap-

proximately 1:1 mixtures of mutant and wild-type strains were
intragastrically inoculated into 3-day-old rabbits. Seven days later,
the ratios of the numbers of mutant cells to the numbers of
wild-type cells in different parts of the gastrointestinal tract were
determined and expressed as CIs (see Materials and Methods).

The adfO, yodA, and etpC mutants exhibited disparate phe-
notypes in this in vivo competition assay. When the adfO mu-
tant and the wild-type strain were used, the CIs for the ileum,
midcolon, and cecum were �1.0 (Fig. 4A). Thus, although the
adherence of the adfO mutant to HeLa cells was markedly
impaired, this strain was not attenuated in colonization of the
infant rabbit intestine.

The yodA mutant was severely outcompeted by the wild type
in the in vivo competition assay. In the infant rabbit model, the
yodA mutant was outcompeted �10- to 100-fold in the ileum,
midcolon, and cecum (Fig. 4B). However, monoculture growth
analysis of the yodA mutant revealed that this strain had a
delayed transition from the lag phase to the log phase, as well
as a slight reduction in the growth rate (Fig. 5). This general
growth deficiency of the yodA mutant may provide an expla-
nation for the attenuated growth of this strain observed in the
in vivo competition assay.

Interestingly, the T2SS mutant did not exhibit a growth

FIG. 3. Immunoblots of epitope-tagged Tir, StcE, and YodA in
supernatants from wild-type EHEC strain EDL933 and a T2SS mutant
(TEA022). Proteins in equal volumes of culture supernatants from
EDL933 and TEA022 expressing plasmid-encoded V5-tagged Tir,
StcE, or YodA were concentrated using tricarboxylic acid precipita-
tion, resolved with 10% NuPAGE gels, and analyzed by immunoblot-
ting with anti-V5 antibody.

FIG. 4. In vivo competition assays performed with the (A) �adfO
(TEA009), (B) �yodA (TEA053), and (C) �etpC (TEA022) mutants
and the isogenic wild-type strain (EDL933). TEA022, TEA009, or
TEA053 and EDL933 were coinoculated into infant rabbits and har-
vested after 7 days of infection from the ileum, midcolon, and cecum.
The CIs for TEA022 and TEA053 were significantly less than 1.0
(P � 0.01).
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defect in vitro (Fig. 5) but displayed a colonization defect in
vivo. Fewer mutant bacteria than wild-type bacteria were re-
covered from the ileum (CI, 0.26), midcolon (CI, 0.22), and
cecum (CI, 0.15) (Fig. 4C). For all three of these regions of the
gastrointestinal tract, the CIs were statistically different from
the theoretical value, 1 (P � 0.01, Wilcoxon signed-rank test).
Thus, the pO157-encoded T2SS contributes to efficient EHEC
intestinal colonization.

DISCUSSION

Numerous EHEC genes have been shown to be important
for adherence of this pathogen to tissue culture monolayers
(60) and animal intestinal explants (34, 48) and to promote
persistence in ruminant reservoir hosts (10, 11); however, with
the exception of proteins encoded in the LEE pathogenicity
island (9, 43, 44), the roles of candidate adhesion factors in
animal models of disease are not known. Here, we identified
three EHEC genes (adfO [Z2053], located on prophage CP-
933O; yodA, a gene also found in E. coli K-12; and etpC, a gene
located on pO157) that contribute to adherence of EHEC to
HeLa cell monolayers. Using an infant rabbit model of infec-
tion, we found that the adfO mutant did not have a coloniza-
tion defect but the etpC (T2SS) mutant had a �5-fold coloni-
zation defect. A strain deficient in YodA, which we found to be
a substrate for the EHEC T2SS, had a larger colonization
defect; however, this strain also exhibited a growth deficiency
in vitro. Overall, our findings indicate that the pO157-encoded
T2SS contributes to EHEC adherence and intestinal coloniza-
tion and thus show that EHEC pathogenicity depends on type
2 secretion as well as type 3 secretion.

Tight adherence of EHEC to intestinal epithelia is thought
to be mediated by the binding of the outer membrane protein
intimin to Tir, a type 3 effector (23), and perhaps to host cell
beta1 integrins (13) and/or nucleolin (50). Actin rearrange-
ment and attaching and effacing lesion formation require that

the T3SS translocate Tir and EspFU to host cells, and it is
thought that LEE-encoded proteins and EspFU are necessary
and sufficient for these processes. Since we assayed actin rear-
rangements rather than adherent bacteria, in principle, adfO,
yodA, and etpC could directly influence the type 3 secretion
process; alternatively, these genes may contribute to steps
prior to or independent of type 3 secretion to promote adher-
ence. Our assays to date have not allowed us to distinguish
between these possibilities. Our attempts to monitor secretion
of type 3 effectors have suggested that wild-type strain EDL933
releases very small amounts of these proteins into culture su-
pernatants. Additional EHEC proteins are also likely to con-
tribute to this organism’s attachment to host cells, independent
of the translocation of T3SS effectors. For example, fimbrial
and nonfimbrial adhesins (25, 32, 52, 55, 56, 59, 60, 64) have
been proposed to promote the binding of EHEC to host cells.

Recent studies revealed that pO157 contributes to EHEC
adherence and long-term colonization of the bovine terminal
rectum (49). Sheng et al. found that an EHEC strain cured of
pO157 exhibited a �30-fold reduction in colonization of the
bovine rectum compared to a complemented strain 7 days after
infection (49). We observed only a �6-fold reduction in colo-
nization of the infant rabbit intestine for an EHEC etpC mu-
tant. The differences in the data may suggest that pO157-
encoded factors in addition to the T2SS promote intestinal
colonization. For example, the pO157-encoded serine protease
EspP has been shown to promote EHEC colonization of the
calf intestine (10, 11). Different proteins may augment adher-
ence of EHEC to different regions of the ileum or large bowel;
furthermore, distinct proteins may promote EHEC adherence
in human and ruminant hosts.

Our data suggest that one or more of the substrates of the
EHEC type 2 secretion machinery (such as YodA) contribute
to EHEC adherence. However, it is not clear yet how a se-
creted protein could augment adhesion. The concept of a se-
creted adherence factor is not without precedent. The V. chol-
erae chitin binding protein GbpA is secreted by the V. cholerae
T2SS and promotes this organism’s adherence to intestinal
epithelial cells, as well as to chitinaceous surfaces (26). A
secreted protein could promote adherence by directly serving
as an adhesin, by acting as a bridge between the pathogen and
host cell, or indirectly by a variety of mechanisms. For exam-
ple, StcE, the only known substrate of the EHEC T2SS besides
YodA, is a zinc metalloprotease that cleaves the host protein
C-1 esterase inhibitor, mucin, and glycoprotein 340 (28). StcE
cleavage of proteins in the glycocalyx and mucin layers on top
of enteric epithelial cells has been proposed to facilitate access
of EHEC to the host cell membrane; this may explain the
threefold decrease in EHEC intimate adherence (measured by
the FAS test) of stcE mutants to HEp-2 cells (17). The defect
in intimate adherence of our etpC mutant to HeLa cells cannot
be explained by a defect in StcE secretion, since we observed
that a stcE deletion mutant did not have a significant deficiency
in adhesion to HeLa cells (data not shown); however, a defect
in intraintestinal StcE secretion by the etpC mutant may con-
tribute to this strain’s colonization defect.

Information regarding YodA function garnered from studies
of E. coli K-12 should provide some insight into the YodA
function in EHEC since the predicted sequences of the two
proteins are 99% identical. YodA was originally identified as a

FIG. 5. Growth curves for the wild type (EDL933) and the �adfO
(TEA009), �etpC (TEA022), and �yodA (TEA053) mutants grown in
LB medium.
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cadmium-induced protein that is translocated from the cyto-
plasm to the periplasm following exposure of E. coli K-12 to
cadmium (40). The YodA crystal structure revealed that this
protein binds to metal ions, including cadmium and zinc, and
is structurally related to the lipocalin family of proteins (7).
Members of this protein family are usually secreted and are
often involved in transport (7). The growth of the E. coli K-12
yodA mutant was found to be impaired in copper- or zinc-
limited conditions, leading the authors to propose that YodA
may have a function in zinc homeostasis (24). Unlike the E. coli
K-12 yodA mutant (24), the EHEC yodA mutant exhibited a
growth defect in LB broth. This difference might be attribut-
able to differences in the regulation of YodA production in
EHEC and E. coli K-12 or to differences in the localization of
the protein and/or its cellular role. We found that some portion
of YodA is secreted by the EHEC T2SS. Secretion of YodA by
E. coli K-12 has not been observed, perhaps because the genes
encoding the E. coli K-12 T2SS are usually transcriptionally
silenced (12). Only a portion of YodA is secreted from EHEC,
and it is not yet clear whether cell-associated or secreted YodA
influences adherence to cultured cells. Furthermore, addi-
tional studies are required to discern if YodA acts directly or
indirectly to promote adherence. The growth defect of the
yodA mutant makes it difficult to discern whether the coloni-
zation defect of this strain is simply the result of its reduced
growth rate or reflects a specific role for YodA in promoting
intestinal colonization.

Despite the marked deficiency in adherence of the adfO
mutant to HeLa cells, this strain did not have an intestinal
colonization defect in competition assays. We recently found
that an EHEC espFU mutant has a similar phenotype; the
espFU mutant is highly defective in generating actin rearrange-
ments in HeLa cells, yet it had no defect in colonization of
infant rabbits in competition assays (42). A four- to sixfold
intestinal colonization defect was observed in the espFU mutant
when single-infection experiments were performed, suggesting
that production of EspFU by the wild-type strain in the com-
petition experiments may have rescued the mutant in these
assays (42). Single-strain infection studies with the adfO mu-
tant suggested that transcomplementation of the mutant by
AdfO produced by the wild-type strain in vivo is not the ex-
planation for the absence of a colonization defect of the adfO
mutant (data not shown). As mentioned above, there may be
several EHEC proteins that act in a redundant fashion to
promote adherence of EHEC to epithelial cells in the intes-
tine, and other proteins may be able to substitute for AdfO in
the rabbit intestine. Alternatively, it is possible that increased
intraintestinal expression of type 3 effectors obviates the re-
quirement for AdfO for attachment in vivo. Since AdfO ortho-
logues are found in several pathogens and are linked to attach-
ment to host cells and/or intestinal colonization in EHEC, porcine
enteropathogenic E. coli (Paa), and V. cholerae (AcfC), additional
investigation of the mechanism of action of AdfO is warranted.
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