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Extraintestinal pathogenic Escherichia coli (ExPEC) are a common
cause of disease in both mammals and birds. A vaccine to prevent
such infections would be desirable given the increasing antibiotic
resistance of these bacteria. We have determined the genome
sequence of ExPEC IHE3034 (ST95) isolated from a case of neonatal
meningitis and compared this to available genome sequences of
other ExPEC strains and a few nonpathogenic E. coli. We found
19 genomic islands present in the genome of IHE3034, which are
absent in the nonpathogenic E. coli isolates. By using subtractive
reverse vaccinology we identified 230 antigens present in ExPEC
but absent (or present with low similarity) in nonpathogenic
strains. Nine antigens were protective in a mouse challenge model.
Some of them were also present in other pathogenic non-ExPEC
strains, suggesting that a broadly protective E. coli vaccine may
be possible. The gene encoding the most protective antigen was
detected in most of the E. coli isolates, highly conserved in
sequence and found to be exported by a type II secretion system
which seems to be nonfunctional in nonpathogenic strains.

urinary tract infections ∣ sepsis

Escherichia coli is a common colonizer of the human gastroin-
testinal tract, often appearing soon after birth and persisting

for decades. Although E. coli are largely regarded as commensals,
some isolates have the potential to also cause disease. Pathogenic
E. coli can be divided into three major subgroups depending on
their pathogenic traits: commensals or nonpathogenic, patho-
genic causing intestinal infections, and extraintestinal pathogenic
E. coli (ExPEC). The ExPEC group includes human and animals
pathogens causing urinary tract infections (UPEC), and others
causing neonatal meningitis (NMEC) and septicemia. Other
ExPEC are pathogenic to avian species (APEC). ExPEC strains
account for over 80% of urinary tract infection cases and are the
second major cause of neonatal meningitis and sepsis. The intes-
tinal pathogenic E. coli group includes many pathotypes such
as enterotoxigenic (ETEC), enteropathogenic, enterohemorrhagic
(EHEC), enteroinvasive, adherent invasive, and diffusely adherent
E. coli, all causing infections to the human intestinal tract (1).

The unique ability to colonize different sites and to cause a
heterogeneous group of disorders is potentially due, at least in
part, to the versatile genome of E. coli, which are able to remodel
their genetic repertoire by acquiring and losing virulence attri-
butes. This plasticity is reflected in the size of E. coli genomes
that vary from 4.64 Mb for the nonpathogenic E. coli K12 isolate
MG1655 (2) to 5.70 Mb for the enterohemorrhagic strain 11368
(3). Differences in genome size are primarily due to the insertion
or deletion of a few large chromosomal regions. Horizontal gene
transfer plays a major role in the acquisition or loss of DNA and

usually contributes to the evolution and adaptation of E. coli to
different niches (4).

The development of an efficacious ExPEC vaccine would have
significant public health and economic impacts, considering the
increasing antibiotic resistance among ExPEC strains and the
associated mortality, morbidity, and lost productivity (5). Conven-
tional vaccinology approaches have mainly relied on whole-cell,
single antigens or polysaccharide-based approaches, but these
have been largely unsuccessful in providing a highly immunogenic,
safe, and cross-protective vaccine against ExPEC strains (6).

Today,multiple genomic sequences ofE. colihave been comple-
tely or partially determined providing an opportunity to use a
“reverse vaccinology” approach to identify vaccine candidates (7).

Because most of the ExPEC genomes available up to now are
from UPEC strains, we decided to sequence a neonatal menin-
gitis-associated K1 E. coli, IHE3034 (8). The comparison of this
genome with those of pathogenic and nonpathogenic E. coli
strains facilitated the identification of unique genomic features
and of broadly protective vaccine candidates.

Results
IHE3034 Genome Features and Genome Comparison. We determined
the complete chromosome sequence of the E. coli K1 strain
IHE3034 (O18:K1:H7), belonging to the EcoR B2 group and
to multilocus sequence type 95 (ST95) and isolated in Finland
in 1976 from a case of neonatal meningitis (8). The assembly of
IHE3034 genome sequence (GenBank accession no. CP001969)
revealed a 5,108,383-bp circular chromosomal sequence con-
sisting of 4,805 annotated protein-coding regions, 21 rRNAs, 96
tRNAs and a Gþ C% content of 50.7%.

To identify genomic features restricted to IHE3034, we aligned
this genome with those of other sequenced strains. The IHE3034
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genome sequence was initially compared to that of nonpathogenic
E. coliK12 strain MG1655 (2), shown in gray in the outer circle of
Fig. 1. This comparison identified 19 genomic islands (>10 Kb)
absent in the MG1655 genome (Fig. 1 and Table S1). As shown
in Table S1, the size of the IHE3034-specific islands varies from
16 to 78Kb and altogether account for 777Kb.Many of the islands
have the typical features of pathogenicity islands (PAIs), i.e., they
are associated with tRNAs genes and have a Gþ C% content
different from the core genome. The genomic islands that we
consider meet the definition of PAIs are I, V, IX, XV, and XVI.
The 19 genomic islands harbor genes coding for many candidate
virulence factors, such as typeVI secretion systems (T6SS, islands I
and XV) (9); S-fimbrial determinants (island V) (10); autotran-
sporter proteins (island V) (11); the siderophore receptor IroN
(island V) (12); iron transporters, SitABCD (island VI) (13);
the yersiniabactin gene cluster (island VIII) (14); cytolethal dis-
tending toxin (island VIII) (15); a colibactin gene cluster (island
IX) (16); IbrA and IbrB proteins (island X) (17); enterohemolysin
1 (island XIII) (18); a type II secretion system (T2SS, island XVI)
(19); the K1 capsule locus (island XVI) (20); and IbeA and IbeT
(islandXVIII) (21, 22).We then compared the IHE3034 sequence

to the genomes of other ExPEC strains such as APECO1 (23), S88
(24), UTI89 (25), UMNO26 (24), IAI39 (24), CFT073 (26), and
536 (27) (Fig. 1: red, APEC; light blue, NMEC; green,UPEC).We
found that only part of island VI and VIII, encoding a Salmonella
iron transporter and the yersiniabactin gene cluster respectively,
are present and highly conserved in all strains, confirming the high
plasticity of the genomes and the high variability of the E. coli
causing extraintestinal infections (27–29).

Selection of Potential Vaccine Candidates by Subtractive Reverse
Vaccinology. To identify potential vaccine candidates against
ExPEC, we applied a “subtractive reverse vaccinology” approach.
Briefly, antigens predicted to be surface associated or secreted and
with no more than three transmembrane domains (TMDs) were
selected by bioinformatic analysis of the IHE3034, 536, and
CFT073 genomes. The presence (and the level of similarity) of
these antigens in the nonpathogenic strains MG1655, DH10B,
and W3110 were used as exclusion criteria. By this approach,
we were able to identify 230 potential antigens (black bars in
Fig. S1), which were then expressed as His-tagged proteins,
purified and tested for protection in a sepsis mouse model. In
order to improve the solubility or expression levels of some of
the antigens, the genes were expressed as smaller peptides, yield-
ing a total of 270 candidates. Of these, 220 were successfully puri-
fied, 69 as soluble and 151 as insoluble proteins. In vivo protection
was evaluated in CD1 mice by subcutaneous injection with three
doses of 20 μg for each purified recombinant antigen, in Freund’s
adjuvant at days 1, 21, and 35. Two weeks after the last dose,
mice were challenged by intraperitoneal injection of the E. coli
pathogenic strains (1 × 107 CFU∕mL for strains IHE3034,
3 × 107 CFU∕mL CFT073) or intravenous (3 × 107 CFU∕mL
for strain 536). After challenge, animal survival was followed
for 4 d and bacteremia was measured at 20 h. We found a good
correlation between mortality and the number of bacteria in
the blood. By using this approach, we identified nine potential
vaccine candidates, able to induce significant level of protection
compared to the control group. The vaccine candidate protection
level following an homologous lethal challenge was expressed as
protective efficacy (PE) and ranged from 13% in the case of
ECOK1_3473 to 82% in the case of ECOK1_3385 (Table 1).

Most of the protective candidates are encoded in large geno-
mic islands and have just a putative or hypothetical function
assigned. Among the protective candidates identified, two seem
to be associated with a type 2 secretion system (T2SS), including
ECOK1_3374 which corresponds to subunit K, believed to be a
minor subunit of a pseudopilus (30). The most protective candi-
date, ECOK1_3385, is a putative lipoprotein that shares signifi-
cant similarity with an accessory colonization factor (AcfD) of
Vibrio cholerae, also secreted by a T2SS. The role of this protein
in V. cholerae is still unclear, but it appears to be required for
efficient colonization of infant mouse small intestine (31).

Other protective candidates have been previously described.
Hemolysin A (HlyA, ecp_3827) is a toxin of the repeats-in-toxin

Fig. 1. Comparative genome analysis between IHE3034 and other ExPEC
strains. Comparison between IHE3034 ORFs with the nonpathogenic E. coli
strain MG1655 (external gray) and other seven ExPEC strains. Nineteen
genomic islands (black boxes in the outside, identified by roman numerals),
specific to ExPEC strains, and not present in the nonpathogenic strain
MG1655 are shown. The green circles represent UPEC strains, the light blue
is a human K1 strain, and the red is an avian K1 strain.

Table 1. The most protective candidates selected in the mouse model of sepsis

Candidate Annotation Protective efficacy, % P value Solubility Location Source

ECOK1_3385 Lipoprotein, putative 82 <0.0001 Soluble PAI VIHE3034 This study
ecp_3827 Hemolysin A 76 <0.0001 Insoluble PAI I536, PAI II536 (53)
c1275 Hypothetical protein 45 0.0002 Soluble PAI-CFT073-serX (54)
c5321 Hypothetical protein 33 <0.0001 Soluble — This study
ECOK1_3457 TonB-dependent siderophore receptor 25 0.029 Insoluble — This study
c0975 Hypothetical protein 24 0.1 Insoluble Φ-CFT073-b0847 (54)
ECOK1_3374 gspK general secretion pathway protein K 20 0.0009 Soluble PAI VIHE3034 This study
ECOK1_0290 Bacterial Ig-like domain (group 1) protein 15 0.048 Soluble — This study
ECOK1_3473 Fimbrial protein 13 0.09 Soluble — This study

Candidates ECOK1_3385, ECOK1_3457, ECOK1_3374, ECOK1_0290, and ECOK1_3473 have been amplified from IHE3034; candidates c1275, c5321, and
c0975 have been amplified from CFT073; candidate ecp_3827 has been amplified from 536. The infection was performed with the homologous challenge
strains. P value <0.05, calculated by Fisher’s exact test, indicates a significant difference in survival between vaccinated and control groups.
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family with membrane-permeabilizing activity, secreted by the
type I secretion system (32), and shown to be protective against
E. coli infection (33). FitA (ECOK1_3457) participates in iron
uptake and is up-regulated in iron-restricted media (34). Other
candidates may be involved in bacterial adhesion. For example,
ECOK1_0290 shares 94% similarity with EaeH (35), a protein
identified in an ETEC strain which has some similarity with
EHEC intimin (eae) (30%). Although the sequence similarity
with invasin and intimin is low (up to 35%), ECOK1_0290 likely
shares a similar immunoglobulin-like folding and could be in-
volved in cell adhesion. Another candidate, ECOK1_3473, is a
putative fimbrial subunit potentially related to a recently de-
scribed ExPEC adhesin EA/I involved in the colonization of
chicken’s lung (36). Screening the public databases, we found that
most of the genes coding for the nine protective antigens are also
present in other pathogenic E. coli strains, including extrain-
testinal and intestinal isolates (Fig. S2), suggesting that a combi-
nation of these antigens may be able to provide protection against
most pathogenic E. coli.

Protective Antigen Encoded by ECOK1_3385 Is Expressed but Not
Secreted by Nonpathogenic Strains. We focused our attention on
the antigen encoded by ECOK1_3385, the most protective anti-
gen identified during the primary screening. Fig. 2 shows that
active immunization with the antigen (Fig. 2 A and C) or passive
immunization with sera raised against it (Fig. 2 B andD) provided
nearly complete protection from bacteremia and from mortality.
To explore the conservation of ECOK1_3385, the full-length
nucleotide sequence of the ECOK1_3385 gene was determined
in 96 ExPEC isolates. Analysis of the predicted amino acid
sequences of the 96 genes and of others available in databases
revealed an identity ranging from 86% to 100%. In addition,
the antigen appears to cluster into two main variants (Fig. S3).
To evaluate the ability of this antigen to cross-protect against
heterologous strains, mice were immunized with the antigen
derived from IHE3034 and then challenged with four ExPEC
strains with different level of identity. As shown in Table 2,

protection was observed even against the most distant variant
of antigen ECOK1_3385. The protective efficacy was variable
but ranged from 43% to 78%, suggesting that this antigen has
potential to be broadly protective.

To understand the potential coverage of all pathogenic E. coli
by a vaccine containing the antigen encoded by ECOK1_3385,
we amplified the gene in 147 E. coli isolates including various
pathotypes of human and animal origin. We found that the gene
is present in 83% of the strains tested. To further investigate the
distribution of ECOK1_3385, we amplified the gene in a total of
573 isolates representing the entire span of the E. coli phylogeny
(Fig. 3). We showed that ECOK1_3385 is widely distributed
among all strains with an overall higher presence in intestinal

Fig. 2. Passive and active immunization using the antigen encoded by
ECOK1_3385. Mice (10 per group) were actively (A and C) or passively
(B and D) immunized with recombinant ECOK1_3385 (⧫), heat-inactivated
IHE3034 (△) and saline solution with Freund’s adjuvant (□). Following
challenge with the strain IHE3034 survival of mice was followed for 4 days
(A and B). Bacterial counts in the blood (C and D) were determined at
20 h by counting the colony forming units (CFUs) in the blood detected
by 10-fold serial dilutions and plating method. Bacteremia mean values in
each group were determined assuming that mice, dead before 20 h, had
the maximum level of CFU causing mouse death.

Table 2. Cross-protection of ECOK1_3385 against
heterologous ExPEC strains

Strain Identity, %* Protective efficacy, % P value

B616 100 78 0.0002
536 86 60 0.0320
9855/93 87 50 0.0065
BK658 98 43 0.28

*Aminoacid identity with ECOK1_3385 from strain IHE3034.

Fig. 3. MSTree analysis of ECOK1_3385 distribution in a collection of E. coli
isolates. TheMSTreewas constructed by a graphical tool, implemented as part
of Bionumerics V4.6 (Applied Maths Belgium), that links allele designations
within an MLST database. ST complexes are defined as containing at least
three STs, differing in no more than one allele to their nearest neighbor.
The MSTree displays the quantitative relationships between STs (given as
numbers) and ST complexes (given as underlined numbers), measured as
the number of shared alleles, by lines of different thickness and type. (A) Dis-
tribution of different E. coli groups (ExPEC, extraintestinal pathogenic E. coli;
InPEC, intestinal pathogenic E. coli; commensals) in the phylogenetic back-
ground of 573 strains. The groups have been classified not only on the basis
of their clinical history but also according to extensive virulence typing. (B)
Distribution of ECOK1_3385 in the phylogenetic background of 573 strains.
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and extraintestinal pathogenic (70–83%) compared to commen-
sal isolates (59%). However, it is important to consider that
“commensals” are only poorly defined, and that the absence of
E. coli pathogenic-specific genes does not imply that they are
nonpathogenic.

A closer look at the region encoding ECOK1_3385 showed
that the adjacent T2SS region is truncated in MG1655 (Fig. 4A),
suggesting that the antigen encoded by ECOK1_3385 may not be
secreted in this strain. Western blot analysis, indeed, confirmed
that in MG1655 and W3110 the antigen is expressed in total cell
lysates, but not secreted (lanes 1 and 2 of Fig. 4B) and not surface
associated, as demonstrated by Western blot analysis of outer
membrane vesicles (OMV) fractions and by FACS analysis
(Fig. S4). In the pathogenic strains 536 and IHE3034, the antigen
is expressed and secreted into the supernatant (Fig. 4B, lanes 4
and 5). The secreted antigen ECOK1_3385 does not derive from
OMV shedding because it is found in soluble form after ultracen-
trifugation. To confirm that a complete T2SS is necessary for the
secretion of the antigen encoded by ECOK1_3385, three deletion
mutants of the T2SS components were constructed in IHE3034.
In particular, ECOK1_3381, the outer membrane secretin
(component D), ECOK1_3380, a cytoplasmic ATPase that pro-
vides the energy required to regulate extracellular secretion
(component E), and ECOK1_3374, a minor pilus subunit (com-
ponent K) and also a protective candidate, were deleted. Dele-
tion of each single component resulted in the abrogation of
ECOK1_3385 secretion but not expression (Fig. 4B, lanes 7, 8,
and 9, respectively), confirming that, indeed, the T2SS is neces-
sary for the secretion of the antigen encoded by ECOK1_3385.

Discussion
The absence of a broadly protective vaccine against ExPEC strains
is a major problem for modern society because some of the dis-
eases caused by these bacteria, such as urinary tract infections
(UTIs), are associated with high costs to health care systems
and others, such as sepsis, are associated with high infant mortality
(5). In addition, ExPEC infections are arguably increasing in
susceptible subpopulations, such as patients with diabetes, multi-
ple sclerosis, HIV/AIDS, catheters, and spinal cord injuries, preg-
nant women, children, and the elderly. The overall problem is
exacerbated by the increasing antibiotic resistance and the number
of recurrent infections (44%). The attempts to develop a broadly

protective and safe vaccine against ExPEC have not been success-
ful. The large antigenic and genetic variability of these strains, for
example in the O antigen, has been a major obstacle to find com-
mon antigens. Adhesins associated with host interaction, for
example P fimbriae (37) and type 1 pilus subunits (38), were able
to confer protection in animalmodels but failed in phase II clinical
trials. Whole-cell preparations are available against ExPEC (39)
and killed genetic engineered strains are still amatter of study (40).
Other antigens considered for vaccines are the outer membrane
proteins associated with iron uptake, such as IroN (41), Hma,
IreA, IutA (42), FyuA, and other hypothetical TonB-dependent
receptors (43).

Because reverse vaccinology has shown to be a potential
route to protective antigen identification where conventional
approaches to vaccine development had failed (44, 45), wedecided
to search the whole genome for broadly protective antigens. To do
so, we determined the genome sequence of a strain isolated from
neonatal meningitis and we compared the sequence to the
available genomes of ExPEC and nonpathogenic strains. We
found that the genome of the K1 strain contained 19 genomic
islands that were not present in the nonpathogenic strains. These
different regions accounted for almost 20% of the total genome,
indicating the huge diversity of E. coli strains. The most remark-
able finding, however, was that these large genomic differences
were not only present between the pathogenic and the nonpatho-
genic strains, but also within the pathogenic ExPEC strains,
confirming the hypothesis of the individual virulence potential
for each ExPEC strain (27).

In spite of the huge genomic diversity, by using a subtractive
reverse vaccinology approach, we were able to identify nine
potential vaccine candidates against ExPEC able to confer a
protection efficacy ranging from 13% to 82% in a sepsis mouse
model by active immunization and challenge with the homolo-
gous strain. In addition, the finding that passive protection
tests with immune sera against the best protective antigen
ECOK1_3385 show almost complete protection provides evi-
dence that antibodies may be the key effectors for protection.
Further studies will shed light on the type of protective immune
response mediated by the vaccine candidates.

Most of the identified antigens have just a hypothetical func-
tion assigned. Some of them are conserved not only in ExPEC
strains but also in pathogenic intestinal E. coli, suggesting that

Fig. 4. T2SS is necessary for the secretion of the antigen encoded by ECOK1_3385. Map of the genomic region encoding ECOK1_3385 and the adjacent T2SS in
strains IHE3034 and MG1655. The figure shows that the T2SS is truncated in the strain MG1655. Presence of the antigen in the total cell lysates and culture
supernatants of strains, MG1655 (lane 1), W3110 (lane 2), CFT073 (lane 3), 536 (lane 4), IHE3034 (lane 5), IHE3034ΔECOK13385 (lane 6), IHE3034ΔECOK13381
(lane 7), IHE3034ΔECOK13380 (lane 8), and IHE3034ΔECOK13374 (lane 9). Antigen ECOK1_3385 is present in the total cell lysates of all strains with the
exception of lanes 3 and 6 that contain strain CFT073 and the knockout mutant IHE3034ΔECOK13385 used as negative controls. The antigen is secreted only
in strains 536 and IHE3034 that have an intact T2SS (lanes 4 and 5, respectively). Deletion of T2SS components such as ECOK1_3381 (component D), ECOK1_3380
(component E), and ECOK1_3374 (component K) leads to the abrogation of its secretion but not expression (lanes 7, 8, and 9, respectively).
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they may be useful for a broadly cross-reactive E. coli vaccine.
Antigens were selected mostly from the regions absent in non-
pathogenic E. coli strains. However, in the case of ECOK1_3385,
which is the most protective antigen, we found that the gene was
present, reasonably well conserved, and expressed also in non-
pathogenic organisms, although the antigen could not be secreted
because the adjacent T2SS was not functional. The finding that
some nonpathogenic strains produce but not secrete the antigen
encoded by ECOK1_3385 suggests that this antigen may be
associated with virulence.

In conclusion, by sequencing the genome of an ExPEC strain
causing neonatal meningitis, and comparing the genome to those
of other ExPEC and nonpathogenic strains, we have confirmed
the great diversity of E. coli genomes and shown that the diversity
is not only between nonpathogenic and pathogenic strains, but
also within strains causing similar diseases. In spite of the
observed diversity, we have been able to identify nine protective
antigens that are conserved among several E. coli strains suggest-
ing that, by combining some of these antigens, we may be able to
develop a broadly cross-reactive vaccine against ExPEC. Preli-
minary results show that some of the antigens are also present
in intestinal pathogenic E. coli, suggesting that the vaccine
may have the potential to cover most pathogenic E. coli.

Materials and Methods
Strains. IHE3034 (O18:K1:H7), ST95, is a neonatal meningitis-associated strain
isolated in Finland in 1976 (8). The IHE3034 strain sequenced in this work has
lost its plasmids during laboratory passages and is more virulent than the
ancestor strain in the sepsis mouse model.

Open Reading Frame (ORF) Prediction and Gene Identification. ORFs were
predicted as previously described (44, 45). All ORFs were searched with
FASTA3 against all ORFs from the complete genomes and matches with a
fasta P value of 10−15 were considered significant.

Antigens Selection. Antigens were selected based on different criteria: low
identity between ExPEC (IHE3034, 536, and CFT073) and nonpathogenic
(DH10B,W3110, andMG1655) ORFs, low number of transmembrane domains
(TMDs), and subcellular localization. Proteins sharing an identity and overlap
with nonpathogenic strains above 90% and 80%, respectively, were
discarded, as well as proteins with a cytoplasmic prediction and a high
number of TMDs (>3). Protein subcellular localization was predicted by bioin-
formatic tools (46, 47) and also proteomic approaches (48).

Cloning and Expression of Candidates. Antigens were PCR amplified from the
genomic DNA templates, cloned in pET-21b vector (Novagen) and trans-
formed in DH5α-T1 chemically competent cells for propagation (Invitrogen).
BL21(DE3) chemically competent cells were used for protein expression. All
candidates were cloned and expressed as His-tagged fusion proteins without
the predicted signal sequence, and the proteins purified as previously
described (44).

Mice Immunization and Lethal Challenge. Active protection was evaluated in a
sepsis mouse model. CD1 out-bred mice (8–10 females per group, at least
three groups per antigen, 5 weeks old, purchased from Charles River Italia)
were immunized by subcutaneous injections at day 1, 21, and 35with 20 μg of
recombinant protein in 150 μL of saline solution using complete and incom-
plete Freund’s (Sigma) as adjuvant. Positive control mice were immunized

with 108 heat-inactivated bacteria (65 °C for 30 min) in Freund’s adjuvant,
whereas negative control mice were immunized with Freund’s adjuvant in
saline solution. Immunized animals were challenged at day 49 with a lethal
dose of homologous strains IHE3034, CFT073, or 536, causing 80% to 100%
killing in control mice. Heparinised-blood samples were collected from
survived mice at 20 h after challenge to determine bacteremia levels and
the mortality was monitored for 4 days after challenge.

For passive protection experiments, mice were immunized intravenously
with 100 μL of rabbit hyperimmune sera and infected intraperitoneally 24 h
after immunization as described above.

Vaccine protection was expressed as percent PE calculated as (1 − ½%dead
in vaccine group∕%dead in negative control group� × 100). Statistical analy-
sis was carried out by two-tailed Fisher’s exact test comparing the number of
survived animals in vaccinated groups with the number of survived animals in
negative control groups. P value <0.05 are considered as significant.

PCR Amplification and Sequencing of ECOK1_3385. GenomicDNAwas prepared
by culturing bacteria overnight at 37 °C in atmosphere humidified with 5%
CO2 in LB (Difco). Chromosomal DNA was prepared from 1.5 mL of culture
using theGenElute Bacterial GenomicDNAKit (Sigma) according to themanu-
facturer’s instructions. DNA concentration was calculated by optical density
determinationat260nm.About 100ngof chromosomalDNAwasusedas tem-
plate for the amplification of ECOK1_3385 gene. The amplification enzyme
used was the Phusion® DNA Polymerase (Finnzymes). All genes were ampli-
fiedusingprimers external to the coding region. Primersweredesigned in con-
served DNA region and the sequences are reported in Table S2. ECOK1_3385
was amplified using primers ECOK1_3385_1 and ECOK1_3385_22. PCR
conditions were as follows: 35 cycles of denaturation at 98 °C for 10 s, anneal-
ing at 55 °C for 20 s, and elongation at 72 °C for 3 min. PCR products were
purified with Agencourt® AMPure® protocol (Beckman Coulter) and se-
quenced on the capillary sequencer ABI3730xl DNAAnalyzers (Applied Biosys-
tems). Sequences were assembled with Sequencher 4.8 (Gene Codes) and
aligned and analyzed using the Vector NTI Suite 10.

Multilocus Sequence Typing (MLST) Phylogenetic Analysis. MLST analyses were
performed according to a previously published protocol (49) using oligonu-
cleotide primers given on the MLST website (http://mlst.ucc.ie/mlst/mlst/dbs/
Ecoli/). MLST data of E. coli strains were partly adopted from previous studies
(50, 51).

Bioinformatic Tools. Comparative genome analysis were performed using the
Genetics Computer Group version 11.1 (Accelrys, Inc.). Circular maps were
plotted using GenomeViz (52). Amino acid alignments were performed using
CLUSTALW and the phylogenetic tree was inferred from the alignments by
the neighbor-joining distance-based method and bootstrapped 100 times.
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