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Abstract
Escherichia coli O157:H7 is a major food-borne infectious pathogen that causes diarrhea, hemorrhagic
colitis, and hemolytic uremic syndrome. Here we report the complete chromosome sequence of an O157:H7
strain isolated from the Sakai outbreak, and the results of genomic comparison with a benign laboratory
strain, K-12 MG1655. The chromosome is 5.5 Mb in size, 859 Kb larger than that of K-12. We identiﬁed a
4.1-Mb sequence highly conserved between the two strains, which may represent the fundamental backbone
of the E. coli chromosome. The remaining 1.4-Mb sequence comprises of O157:H7-speciﬁc sequences, most
of which are horizontally transferred foreign DNAs. The predominant roles of bacteriophages in the emergence of O157:H7 is evident by the presence of 24 prophages and prophage-like elements that occupy more
than half of the O157:H7-speciﬁc sequences. The O157:H7 chromosome encodes 1632 proteins and 20 tRNAs that are not present in K-12. Among these, at least 131 proteins are assumed to have virulence-related
functions. Genome-wide codon usage analysis suggested that the O157:H7-speciﬁc tRNAs are involved in
the eﬃcient expression of the strain-speciﬁc genes. A complete set of the genes speciﬁc to O157:H7 presented here sheds new insight into the pathogenicity and the physiology of O157:H7, and will open a way
to fully understand the molecular mechanisms underlying the O157:H7 infection.
Key words: E. coli O157:H7; genome sequence; E. coli K-12; bacterial pathogenicity; evolution

∗

Communicated by Satoshi Tabata
Corresponding authors:
T. Hayashi Tel. +81-985-85-0871, Fax. +81-985-6475, E-mail:
thayash@fc.miyazaki-med.ac.jp
K. Makino Tel. +81-6-6879-8318, Fax. +81-6-6879-8320,
E-mail: makino@biken.osaka-u.ac.jp

1.

Introduction

Since enterohemorrhagic Escherichia coli (EHEC)
O157:H7 was ﬁrst recognized as a gastrointestinal
pathogen in 1982,1 its occurrence has become a world-
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2.

Materials and Methods

2.1. Bacterial strain
EHEC 0157:H7 (RIMD 0509952) was isolated from a
typical patient during the Sakai outbreak. This strain
produces two Shigatoxins, Stx1 and Stx2, and contains
two plasmids, pO157 and pOSAK1. The sequences of
the plasmids, prophages encoding Stx1 and Stx2, and
the seven sets of rrn operons were reported previously.6–9
The physical map of the chromosome was also reported.10
2.2. Sequencing and assembly
The initial stage of sequencing was done by the whole
genome random shotgun method as described.6–8 We
constructed a pUC18-based library containing 1- to 2Kb inserts, and sequenced 50, 156 clones using a forwardsequencing primer. After assembling the sequence data
using phred/phrap/consed,11,12 we selected two groups
of clones: clones having inserts whose sequences started
within 1.5 Kb from the ends of contigs and oriented outside, and those having inserts whose opposite ends covered the regions which have ambiguity in the sequence
(lower than the evaluation value 20 by phred scoring).

A total of 19, 969 clones that were selected according to
these criteria were sequenced using the reverse primer.
This strategy was quite eﬀective in reducing the number of random clones to be sequenced as well as in improving the sequence quality. We also constructed a
lambda-based library with ca. 20-Kb inserts. We selected
86 clones that contained the sequences non-homologous
to the K-12 sequence at either end of the inserts, and determined the entire sequences of each insert by the random strategy. The obtained sequences were assembled
into 111 contigs larger than 1 Kb in size. At this stage,
we checked the sequence waves of all the regions that had
low quality values by visual inspection, and all regions
with any ambiguity (286 regions) were ampliﬁed by PCR
and reanalyzed by direct sequencing of the PCR products. Subsequently, we performed gap closing by PCR
according to the physical map of the chromosome and
the results of the systematic gene mapping.10 The physical map deduced from the whole chromosomal sequence
determined in this study agreed with the experimentally
determined map, guaranteeing the accuracy of the ﬁnal
assembly.
2.3.

ORF prediction, annotation, and sequence comparison with K-12
We ﬁrst deﬁned all the O157 Sakai-speciﬁc sequences
larger than 19 bp by comparing the whole chromosomal sequence with that of K-12 MG1655 (Accession
no. U00096) using the MUMmer program.13 Then, the
open reading frames (ORFs) in the strain-speciﬁc regions and those on the regions conserved in the two
strains were identiﬁed and annotated separately using
Genome Gambler version 1.41,14 GLIMMER 2.01,15 and
BLAST.16 In principal, ORFs larger than 150 bp were
searched, but there are several exceptions. Conserved
ORFs were annotated principally according to the descriptions for K-12 MG16555 and to “The E. coli Index” (http://web.bham.ac.uk/bcm4ght6/res.html), but
eight small conserved ORFs were newly identiﬁed in this
study. ORFs lying at the junctions of conserved regions
and strain-speciﬁc regions were manually identiﬁed and
annotated with a guide by BLAST results. tRNA genes
were identiﬁed by tRNAscan-SE-1.12,17 and other small
RNAs were identiﬁed by BLAST. Paralogous gene families were determined using BLAST under the criteria
that at least 60% of query sequences were aligned with
at least 30% identity.
3.

Results and Discussion

3.1. Overview
The complete sequence of the O157 Sakai chromosome
is 5, 498, 450 bp in length (Fig. 1). Since the strain contains a large virulence plasmid of 92, 721 bp (pO157)
and a cryptic plasmid of 3306 bp (pOSAK1),6 the whole
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wide public health problem, causing sporadic incidents as
well as outbreaks of hemorrhagic colitis. Although other
E. coli serotypes, such as O26:H11 and O111:NM, share
a similar pathogenic potential, most large outbreaks of
EHEC infection have been caused by O157:H7.2 A prominent example is the huge outbreak which occurred in
1996 in primary schools of Sakai City, Osaka prefecture, Japan, where more than 6000 schoolchildren were
aﬀected.3 EHEC causes not only hemorrhagic colitis but
also serious complications such as hemolytic uremic syndrome (HUS), sometimes resulting in death. In the Sakai
outbreak, approximately 1000 patients were hospitalized
with severe gastrointestinal symptoms and about 100 victims had complications of HUS, resulting in 3 deaths.
Virulence determinants contributing to the EHEC infection have been partly characterized, but the mechanism
by which EHEC causes hemorrhagic colitis and HUS are
not fully understood.4
We have determined the genome sequence of an
O157:H7 strain isolated from the Sakai outbreak. The
genome sequence of the benign laboratory strain K12 MG1655 has already been determined,5 but, to our
knowledge, this strain (referred to as O157 Sakai) is the
ﬁrst pathogenic E. coli strain whose genome has been
fully sequenced. By comparing the two strains, we identiﬁed all chromosomal components speciﬁc to each strain
as well as those conserved in both strains. These results
provided a broad array of whole genome-level information
not only for obtaining a complete set of genes potentially
related to the pathogenicity of O157:H7 but also for understanding the evolution of E. coli strains.
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genome size is 5, 594, 477 bp, being the second largest
bacterial genome sequenced so far. The 5.5-Mb chromosome encodes 5361 protein coding regions, 7 sets of
rRNAs (16S, 23S, and 5S RNAs), 102 tRNAs, 1 tmRNA,
and at least 13 small RNAs including RNase P, 6S RNA,
and 4.5S RNA. Protein-coding regions occupy 88.1% of
the chromosome and the average length of the ORFs is
904 bp. The G + C content of the entire chromosome is
50.5 mol% (Table 1).
The chromosome length is 859 Kb larger than K-12
MG1655. By comparing the two chromosome sequences,
we identiﬁed an approximately 4.1-Mb sequence conserved in the two strains. There is no large rearrangement
such as translocation or inversion in the conserved regions
(Fig. 2a). The level of nucleotide sequence conservation
in the 4.1-Mb sequence is remarkable; 98.31% identity
with 2027 gaps. Since the two strains are known to belong to distinct E. coli lineages,18,19 the 4.1-Mb sequence
probably represents the chromosome backbone conserved
in most E. coli strains, though it may contain some segments exceptionally common to the two strains but not
to others.
The backbone is, however, interrupted by numerous
DNA segments of various sizes that are speciﬁc to each
strain. These segments, that we call “strain-speciﬁc
loops,” are distributed throughout the backbone, but

Figure 2. Chromosome comparison of O157 Sakai and K-12
MG1655. a: Dot plot representation of the nucleotide sequence
conservation. Dots represent perfectly conserved sequences
longer than 19 bp. b: Distribution of the strain-specific loops
on the conserved backbone. The horizontal axis represents
the backbone location, and the vertical bars the locations and
the lengths of loops specific to O157 Sakai (upwards) or K-12
(downwards). Loops composed of prophages and prophage-like
elements are depicted by solid and broken red bars, respectively.
Phages and phage-like elements integrated into tRNA (or tmRNA) genes and those carrying tRNA genes are indicated by
blue triangles and green circles, respectively.

in an uneven manner (Fig. 2b). In O157 Sakai, larger
loops were more frequently present in the regions surrounding the replication termination site (ter). Although
replichores 1 and 2 are almost equal in length in K-12,
replichore 1 in O157 Sakai is 290 Kb longer than replichore 2, as has previously been predicted.10 The importance of the chromosome symmetry has been proposed
in enteric bacteria,20 but this level of asymmetry appears to be permissible in E. coli. There are 296 strainspeciﬁc loops larger than 19 bp in O157 Sakai (S-loops
1–296) and 325 loops in K-12 (K-loops 1–325). Among
these, 203 loops are located at analogous sites on the two
chromosomes, but they are diﬀerent sequences. These
sites may represent “hot spots” for integration of foreign
DNAs or for recombination. Another striking feature is
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Figure 1. Circular representation of the O157 Sakai chromosome. The outermost circle indicates the chromosomal location
in base pairs (each tick is 100 Kb). The second and the third
show predicted ORFs transcribed in the clockwise and counterclockwise directions, respectively. ORFs conserved in K-12
are depicted in green and those not present in K-12 in red. The
fourth circle shows the locations of ORFs on prophage genomes
(Sp1–18). The fifth circle shows the 20-Kb window-average of
G + C percent in relation to the mean value of the chromosome.
The locations of tRNA and rRNA genes are shown in the sixth
and seventh circles, respectively. tRNAs conserved in K-12 are
depicted in green, and those absent in K-12 are in red.
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Table 1. Genome features of O157 Sakai.

* Sum of the strain-speciﬁc loops longer than 19 bp.
† The data was taken from Makino et al.6

3.2. Mobile genetic elements
A number of mobile genetic elements were identiﬁed
on the O157 Sakai chromosome; 20 kinds of insertion
sequences (80 copies in total, but 45 are truncated or
partially deleted copies) and 18 prophages or phage rem-

nants (Tables 1 and 2 in the Supplement section and
Fig. 1). Among the 20 kinds of IS elements, seven species
are the ones newly identiﬁed in this study. O157 Sakai
and K-12 share eight types, but the major IS elements in
each strain are completely diﬀerent. The most abundant
IS elements on the O157 Sakai chromosome are IS629
(19 copies) and the IS679-related elements (ISEc8, 682,
and 683; 16 copies in total).
Of the 18 prophages or phage remnants (Sakai
prophages; Sp1–18), 13 are lambda-like phages resembling each other. All these lambda-like phages, including Stx1- and Stx2-transducing phages that corresponded to Sp15 and Sp5, respectively,7,8 contain various types of deletions and/or insertions of IS elements
in the phage-essential regions, and thus are apparently
defective. They, however, show surprisingly high similarities to each other even on the nucleotide sequence
level (Table 2). It is unknown how these highly homologous sequences were initially brought in and how they
are maintained on a single chromosome, but recombination between the prophages may be responsible for the
generation of some chimeric phages which share identical
or nearly identical segments. Prophages other than the
lambda-like phages include a Mu-like phage, a P4-like
phage, and the remnants of P2-like and P22-like phages.
Taken together, about half of the O157 Sakai-speciﬁc sequences (48.2%) are of bacteriophage origin, suggesting
the predominant roles of bacteriophages in the evolution
of O157:H7. These phages indeed carry not only the Stx
genes but also various genes potentially related to the
pathogenesis (see below).
In addition to the 18 prophages, six chromosomal regions of O157 Sakai exhibit prophage-like features (Sakai prophage-like elements, SpLE1–6), though
they contain no genes with signiﬁcant homology to
known bacteriophage genes, except for those encoding integrase-like proteins (Table 2 in the Supplement
section). SpLE1 and 4 share some identities with
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that most of the large loops are prophages or prophagelike elements. In O157 Sakai, 21 of 29 S-loops larger than
10 kb are prophages or prophage-like elements, and the
largest loop of 91.8 Kb in size (S-loop108) is composed
of two lambda-like phages integrated in tandem.
The total length of S-loops is 1, 393, 071 bp, 25.3%
of the chromosome. This corresponds to the whole
genome size of a Lyme disease pathogen, Borrelia
burgdorferi (1.44 Mb),21,22 and is more than twice that
of Mycoplasma genitalium which has a minimal genome
(0.58 Mb).23 The average G + C content of the S-loops
is 48.5 mol%, signiﬁcantly lower than that for the conserved backbone (Table 1 and Fig. 1), suggesting that
many of the loops are of foreign origin. The S-loops are
categorized into two groups: loops apparently composed
of prophages or phage remnants into one and the rest
into another. The G + C content of the latter group
is more atypical, while the phage loops have an average
G + C content more similar to that of the backbone (Table 1). This is because most regions encoding the phageessential genes are generally similar to the backbone in
base composition. Regions on the phage genomes that
are apparently non-essential for phage propagation often
exhibit atypical base compositions.
The comparative analysis of codon usage between the
genes on the backbone and those on the S-loops also suggests the abundance of foreign genes on S-loops (Fig. 3).
Codons that are used frequently in the backbone genes
are less frequently used in the S-loop genes. Conversely,
codons that are less frequently used in the backbone
genes are more frequently used in the S-loop genes. This
indicates the atypical codon usage in the S-loop genes.
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“CP4 cryptic prophages,” prophage-like elements of K12.5,24 The former corresponds to S-loop72 (the second largest loop, 86.2 Kb in size), a part of which has
been described as a “tellurite resistance- and adherenceconferring island.”25 The latter includes the LEE locus. Both elements encode P4 integrase-like proteins and
are integrated into tRNA genes accompanying phage attachment site-like (att-like) sequence duplications. Furthermore, the two SpLEs share several homologous
genes with CP4 prophages of K12; such as ECs1405
(on SpLE1)/ECs4538 (on SpLE4)/yeeV (on CP4–44),
ECs1406/ECs4539/yeeU, and ECs1407/ECs4540/yeeW,
suggesting that both SpLEs are CP4-like elements.
SpLE5 encodes a phage integrase-like protein and is integrated into a tRNA gene (leuX) with a 26-bp duplication.
SpLE3 and SpLE6 also encode P4 integrase-like proteins
and are apparently integrated into tRNA genes, but their
right end regions containing the attR sites have been lost
probably by IS insertions and following genetic rearrangements. SpLE2 is a correspondent of CP4–44, but the
internal portion is replaced by a diﬀerent sequence. Although we do not have direct evidence to claim that these
elements are really prophages, the above mentioned features suggest that they are at least phage-like mobile
genetic elements.
tRNA genes have been repeatedly reported as integration sites for various genetic elements including
bacteriophages.26,27 In O157 Sakai, a total of 10 tRNA or

tmRNA genes are used as integration sites for phages or
phage-like elements. At two loci, two diﬀerent phages are
integrated in tandem. Each of these loci encodes a single
tRNA (or tmRNA) gene except leuZ which is located the
furthest downstream of the glyW-cysT-leuZ tRNA gene
cluster. Thus, 36% of the 25 single-tRNA gene loci on
the O157 Sakai chromosome are occupied by phages or
phage-like elements. In other words, of the 24 phages or
phage-like elements, 11 use such single-tRNA gene loci
as integration sites, demonstrating that single-tRNA loci
are the most favored integration sites for these elements.
K-12 also carries three lambda-like phages (DLP12,
Rac, and Qin), a phage-like element (e14) and four CP4
cryptic prophages (CP4–6, -44, -57, and an unnamed
one)5,24 Although the endpoints of the three lambda-like
phages have not been exactly deﬁned, we could determine their possible endpoints by sequence comparison
with O157 Sakai (Table 3 in the Supplement section). It
is noteworthy that Rac is integrated into the same site
as that for Sp10 of O157 Sakai, and that Rac and Sp10
share a ca. 21-Kb segment encompassing a region from a
putative integrase gene, b1345 in MG1655 (ECs1929 in
O157 Sakai), to the 5 part of ydaW (ECs1946), but with
several replacements of internal small segments. Qin and
Sp12 also share a 3.8-Kb right end segment encoding the
dicF RNA gene, dicB (ECs2284), ydfD (ECs2285), and
ydfE (ECs2286), but the structures of the very ends differ. The attR-containing regions of both qin and Sp12
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Figure 3. Codon usage analysis of the O157 Sakai chromosomal genes. The genes were divided into four groups: those on the
conserved backbone (conserved), on the prophages carrying tRNA genes (tRNA(+) phages), on the prophages not carrying tRNA
genes (tRNA(−) phages), on the other S-loops (other loops). Then the codon frequency was calculated for each group. Codons are
put in the order of frequency in the genes on the conserved backbone.
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Table 3. Functions of strain-specific ORFs on the O157 Sakai
chromosome.

Class
Function assigned
Metabolism
Transport
DNA/RNA processing
Regulation
LPS synthesis
Fimbrial synthesis
Virulence-related†

appear to have been deleted.
In addition to the four previously identiﬁed CP4
prophages, we have newly identiﬁed two phage-like elements on the MG1655 chromosome (K-12 prophage-like
element; KpLE1 and 2) (Table 3 in the Supplement section). KpLE1 is integrated into the argW tRNA gene
with a 16-bp sequence duplication. KpLE2 is apparently integrated into the leuX tRNA gene, but the right
end region has been deleted. Since K-12 had been originally lysogenized by phage lambda, it contained a total
of 11 prophage or phage-related elements, demonstrating
again the predominant roles of bacteriophages in generating the genetic diversity among E. coli strains.
Another possible mobile genetic element is the rhs
element.28 O157 Sakai contains 9 rhs elements at 7 loci
(Fig. 1 in the Supplement section). Four (rhsA, C, D, and
E) are conserved in K-12 and two (rhsF and G) are the
same as the elements identiﬁed in other E. coli strains,29
but the remaining three are the ones newly identiﬁed in
O157 Sakai (designated rhsI, J, and K). The signiﬁcance
of diversity and the physiological functions of the rhs elements in E. coli strains remain to be elucidated.
3.3. RNA genes
O157 Sakai contains seven rrn operons (rrnA-H) and
their locations and directions on the chromosome are
the same as those in K-12 (Table 1), though some intraspeciﬁc sequence diversities of rRNAs are present between the two strains.9 In contrast, the compositions of
tRNA genes diﬀer remarkably between the two strains
(Table 1). Of the 102 tRNA genes of O157 Sakai, 82 are
conserved in K-12 but 20 are absent in K-12. Conversely,

out of 86 tRNA genes identiﬁed in K-12, 4 are absent in
O157 Sakai. Two leucine tRNA genes (leuPV), and one
lysine tRNA gene (lysQ) in the leuQPV and lysYZQ loci
are absent in O157 Sakai. In the argX-hisR-leuT-proM
locus, the leuT-proM portion is duplicated in O157 Sakai
(or deleted in K-12), yielding two O157 Sakai-speciﬁc
genes, but the ﬁrst proM of O157 Sakai has become a
pseudogene by extensive base changes in the 3 region.
Other 18 tRNA genes that are present only in O157 Sakai
reside on the genomes of 7 lambda-like phages, and are essentially the same as the ileZ-argN-argO genes identiﬁed
in phage 933W.30 However, three genes corresponding
to argN have undergone extensive base changes and have
become pseudogenes. As a consequence, O157 Sakai contains seven copies of ileZ (anticodon; CAU), four copies of
argN (UCG), seven copies of argO (UCU). These three
tRNA species have been proposed to recognize the Ile
codon ATA (ileZ), a subset of the CGN family of Arg
codons (argN), and a subset of the AGN family of Arg
and Ser codons (argO).30 They can, thus, recognize the
ﬁve codons that are used most rarely in the genes on
the conserved backbone, but used with a dramatically
increased frequency in the genes on the S-loops; ATA,
CGA, CGG, AGA, and AGG (Fig. 3). When the codon
usage was compared between the genes on the phages
carrying the tRNA genes, on the phages not carrying the
genes, and on the other loops, there was essentially no
diﬀerence. This suggests that these phage-encoded tRNAs may be required not only for the eﬃcient expression
of the genes on the tRNA genes-bearing phages but also
for that on other phages and loops.
3.4. Protein-coding regions
Among the 5361 ORFs identiﬁed on the O157 Sakai
chromosome, 3, 729 are conserved in K-12 (referred to as
conserved ORFs) and the remaining 1632 are the ones not
present in K-12 (speciﬁc ORFs) (Table 1). Table 3 is a
simpliﬁed presentation of the functions of speciﬁc ORFs.
The functions of the 873 speciﬁc ORFs are predicted
by sequence similarity to known proteins and 369 are
similar to proteins of unknown functions; the remaining
ORFs are unique to O157 Sakai. ORFs for phage-related
and IS-related functions occupy large fractions of the
function-assigned ORFs (45.7% and 13%, respectively),
reﬂecting the abundance of these genetic elements on the
chromosome. Genes with virulence-related functions, including those for ﬁmbrial biosynthesis, also represent a
large functional group (15%). Many genes involved in
transport and metabolism were identiﬁed as well.
Among the genes on the O157 Sakai chromosome, a
total of 2292 ORFs constitute 630 paralogous gene families. Out of the 630 families, 345 consisted only of
the conserved ORFs (906 ORFs) and 157 of the speciﬁc ORFs (637 ORFs), whereas those consisting of both
groups of ORFs comprised 128 families (445 conserved
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Number
Percent*
873
53.5
60
3.7 (6.9)
56
3.6 (6.4)
22
1.3 (2.5)
38
2.3 (4.4)
17
1.0 (1.9)
47
2.9 (5.4)
84
5.1 (9.6)
400
24.5 (45.8)
IS-related
114
7.0 (13.1)
Unclassiﬁed
35
2.1 (4.0)
Conserved hypothetical
384
23.5
Hypothetical‡
375
23.0
Total
1,632
100
* The numbers in parenthesis represent the percent of
function-assigned ORFs.
† Genes for type III secretion systems are included.
‡ No database hit.
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ORFs and 304 speciﬁc ORFs). Thus, less than oneﬁfth of the speciﬁc ORFs have paralogs in the conserved ORFs, suggesting again that many of the speciﬁc genes were acquired by horizontal gene transfer but
not by duplication of preexisting genes. This notion
may be further supported by the fact that only 392 speciﬁc ORFs, including 46 transposases, have counterparts
in COGs (Clusters of Orthologous Groups of proteins;
http://www.ncbi.nlm.nih.gov/COG/xindex.html),31
making a sharp contrast with the ﬁnding that 3240 of
the 3729 conserved ORFs (86.9%) have counterparts in
COGs.

that encodes a new type III secretion system, designated
ETT2 (E. coli type three secretion 2). Although the locus resembles the inv/spa locus on the Salmonella SPI-1
pathogenicity island,36,37 it encodes only the components
of a secretion apparatus but not the secreted eﬀector proteins. It has, however, been shown that the Inv/Spa
system translocates not only the proteins encoded on the
SPI-1 locus but also those encoded outside the locus.38,39
Thus, it may be possible that eﬀector proteins, which are
translocated via the ETT2 machinery, are also encoded
outside the locus. In this regard, it is noteworthy that
O157 Sakai encodes several proteins with some similarities to known eﬀector proteins, such as EspF (ECs1126
and 2715). Since the cloned LEE element failed to confer
the ability to secrete Esp eﬀector proteins and express
the A/E phenotype on K-12,40 it may be also possible
that ETT2 complements the function of the LEE locus.
Cloned ETT2 actually shows an ability to secrete EspB
in K-12 (Tobe, T. et al., unpublished data).
O157:H7 strains are known to produce Stxs (Stx1
and/or 2) and enterohemolysin. Stxs are deeply involved
in the pathogenesis of HUS, one of the life-threatening
complications of EHEC infection, though the role of enterohemolysin has not been well elucidated.41 In O157
Sakai, Stx1 and Stx2 are encoded on the genomes of two
lambda-like phages and the enterohemolysin on pO157,
as are in other EHEC strains.6–8 pO157 also encodes
a protein resembling LCT toxins,6 which are the major virulence factors in Clostridium diﬃcile, a causative
agent of severe antibiotics-associated colitis.42 In addition to these toxins, we have identiﬁed two genes encoding toxin-like proteins, ECs0542 and ECs1283. The
former encodes an extremely large protein of 5292 amino
acids, which belongs to the RTX toxin family containing repeated glycine-rich motifs (GGXXGXD) at the Cterminal domain.43 It resides on S-loop42 together with
four genes, three of which are probably responsible for
its secretion (ECs0540, 0543, 0544). ECs1283 encodes a
hemagglutinin/hemolysin-like protein and is followed by
a gene encoding a protein belonging to the hemolysinsecretion/activation protein family.44
Another unexpected ﬁnding is the presence of a large
number of genes that may confer an increased capability to survive in phagosome on O157 Sakai. One
lom-like gene (lomX), one copper/zinc-superoxide dismutase (SOD) gene (sodC), and two catalase genes (katE
and katG) are present in the conserved region. In addition, the strain contains 11 lom/rck/pagC-like genes,
2 copper/zinc-SOD genes, and 2 catalase genes that are
absent in K-12. They are all encoded on the genomes of
lambda-like phages except for one catalase gene (katP)
which is carried on pO157. Two copies of bor and one
copy of traT that may be able to confer the serum resistance were also identiﬁed. These ﬁndings, together with
the identiﬁcation of the Inv/Spa-like type III secretion
system, raise a challenging hypothesis that intracellular
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3.5. Virulence-related genes
Adhesion to the tissue surface is the ﬁrst step for bacteria to establish infection. Fimbria (also called pilus) is
an important adhesion apparatus found in many Gramnegative bacteria. Some surface proteins are also used as
aﬁmbrial adhesins. On the O157 Sakai chromosome, a
total of 14 loci, each encoding a set of genes for ﬁmbrial
biosynthesis, were identiﬁed. Five loci are conserved in
K-12 and four are unique to O157 Sakai. The remaining ﬁve are partially conserved in K-12. Similar gene
sets are present at the same loci in both strains but have
undergone signiﬁcant sequence changes and/or gene rearrangements (Fig. 2 in the Supplement section). The
newly identiﬁed loci include a locus encoding a gene set
(ECs4426–4431) similar to that for Salmonella long polar
ﬁmbriae,32 but no genes for the type IV pili are present in
O157 Sakai. Besides the 14 ﬁmbrial gene clusters, at least
14 genes encode adhesin/invasin-like proteins, including
two previously identiﬁed proteins: gamma-intimin on the
LEE locus and the Iha adhesin.25,33 At present, it is unknown under what circumstances these genes for ﬁmbrial
biosynthesis and adhesin-like proteins are expressed and
whether they are actually involved in bacterial adherence.
The presence of multiple sets of these genes, however,
suggests that O157 Sakai may bind/adhere to a broader
spectrum of tissues, cells, and molecules encountered in
various environments than has been recognized.
It should be also noted that O157 Sakai encodes
two proteins belonging to the TrcA chaperon-like protein family, ECs1825 and ECs3485. In enteropathogenic
E. coli (EPEC), TrcA is encoded in the LIM locus and
required for the normal production of the bundle-forming
pili and for the full development of the “localized adherence” phenotype.34 ECs1825 and 3485 are encoded in loci
similar or almost identical to LIM, and may participate
in the adherence of O157 Sakai as well. Both loci reside
on the genomes of lambda-like phages, Sp9 and Sp17,
respectively.
A type III secretion system encoded by the LEE locus
is responsible for the formation of attaching and eﬀacing (A/E) lesion, an essential step for establishing the
EHEC infection.33,35 We have identiﬁed a second locus
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3.6. Transport and metabolism
O157 Sakai contains a number of genes related to
transport and metabolic functions that are not present
in K-12. Many of the transport systems belong to
the ABC transporter family or the phosphoenolpyruvate:carbohydrate phosphotransferase (PTS) system; 25
and 13 ORFs are for the components of ABC transporters and PTS systems, respectively. O157 Sakai possesses operons for transport and utilization of sucrose,
urease, and sorbose, but the sorbose operon is disrupted
by the insertion of a Mu-like phage. The strain also
possesses a glutamate-fermentation system and two aromatic acid degradation systems that are not present in
K-12. One of the aromatic acid degradation systems is
probably for salicylate degradation and the other is a
non-oxidative decarboxylation system similar to the vdc
system of Streptomyces sp.50 Operons for a multidrugeﬄux transport system and for tellurite resistance were
also identiﬁed. The latter is probably responsible for a
high-level resistance to tellurite, one of the phenotypes
used for the laboratory isolation of O157 strains.51 The
operon is similar to the terZ-F operon on incHI2 and
incHII plasmids,52 and is located on an 86.2-kb CP4-like
element (SpLE1) where the urease operon, traT, and iha
also reside. Although substrates were not predicted in
other cases, most are apparently for transport and degradation of small molecules. Functional analyses of these
strain-speciﬁc genes related to transport and metabolic
functions are also important because they will provide
a line of information essential to develop new selective
media for more eﬃcient isolation of O157.

Relatively fewer genes for biosynthetic pathways were
identiﬁed in speciﬁc ORFs than those for degradation.
The rfa and rfb loci encode the genes required for the
synthesis of polysaccharide moieties of lipopolysaccharide: the R3 type core and the O157-speciﬁc O antigen,
respectively.53,54 On S-loop71 and 225, we have identiﬁed two loci that probably encode specialized or modiﬁed systems for fatty acid biosynthesis. A locus on Sloop225 encodes a methyltransferase, an acyltransferase
and a set of proteins required for elongation cycles in
fatty acid synthesis:55 two acyl carrier proteins (ACPs),
a beta-hydroxyacyl-ACP dehydratase, a beta-ketoacyACP synthetase (KAS) II, a beta-hydroxydecanoyl-ACP
dehydratase, a beta-ketoacyl-ACP reductase, and a protein consisting of two fused KAS II molecules. A locus on S-loop71 also encodes a holo ACP synthetase, a
beta-ketoacyl-ACP reductase, a beta-hydroxyacyl-ACP
dehydratase, an ACP, an aminomethyl transferase, and
a KAS I. Both loci probably participate in the synthesis
of fatty acid-containing molecules such as lipids, liposaccharides, or lipoproteins that are speciﬁcally produced by
O157 Sakai but not by K-12. It is of interest that the second locus are located just downstream of the genes for the
hemolysin-like and hemolysin-secretion/activation proteins (ECs1283 and 1284), constituting an operon-like
structure. It might be possible that the locus participates
in acylation and activation of the hemolysin-like protein as has been demonstrated for the alpha-hemolysin
of uropathogenic E. coli.56
3.7. K-12 genes missing in O157 Sakai
As compared with K-12, O157 Sakai lacks a total of
567 ORFs, including the above mentioned fec operon and
the genes for utilization of 2-phenylethylamine, xanthosine, d-galactonate, l-idonate, glycolate, and short chain
fatty acids. The inability to rapidly ferment d-sorbitol
and the lack of beta-glucronidase (GUD) activity are the
phenotypes that serve as markers for the laboratory identiﬁcation of O157:H7.57,58 In typical E. coli strains, utilization of d-sorbitol occurs through a pathway initiated
by a speciﬁc PTS system encoded by the gut operon.59 In
O157 Sakai, both the gutA and gutE genes encoding the
sorbitol-speciﬁc PTS enzymes IIC and IIB have authentic frameshifts, and thus sorbitol transport is impaired.
The slow sorbitol fermentation may be explained by the
ﬁnding that the PTS system for d-mannitol can act on dsorbitol at a low aﬃnity.59 The uidA gene encoding GUD
is also disrupted in O157 Sakai by a two-base insertion
at nucleotide position 690. This mutation is diﬀerent
from that reported for the uidA gene of other O157:H7
strains.60
Genes for the general secretion pathway (GSP) identiﬁed on the K-12 chromosome do not exist on the O157
Sakai chromosome, but a diﬀerent set of GSP genes reside
on pOI57 instead.6 All the K-12 genes for DNA restric-
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and/or invasive phases may exist at some stage in the
O157 infection.
Iron transport systems are also important in bacterial pathogenesis, since access to this essential nutrient is
severely limited in the host. E. coli strains possess multiple iron transport systems.45 Most genes for iron acquisition that have been identiﬁed in K-12 are conserved
in O157 Sakai, but the fec operon encoding a citratedependent iron transport system is missing. The strain,
however, contains a set of genes that possibly encodes a
diﬀerent citrate-dependent transport system resembling
that of Synecocystis spp.46 Beside, the strain possesses
two additional loci for iron acquisition: one is similar
to the afu operon of Actinobacillus pleuropneumoniae,47
and the other to the shu operon of Shigella dysenteriae
type 1.48,49 Furthermore, another gene cluster on Sloop83 (ECs1693-1699) may also be involved in iron
transport, since the cluster contains the genes for a TonBdependent outer membrane receptor protein and the proteins with some similarities to the components of iron
transport systems. Thus, the iron acquisition ability of
O157 Sakai is apparently increased as compared with K12.
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3.8. Conclusions
Genomic comparison of O157 Sakai with K-12 provided
a large amount of information with biological and medical importance. The presence of a well-conserved 4.1Mb sequence that can be regarded as the chromosome
backbone of E. coli and numerous strain-speciﬁc DNA
segments of foreign origins (“strain-speciﬁc loops”) indicate how the two strains have diversiﬁed from a common ancestral lineage. There is no doubt that bacteriophages have played the predominant roles in this process. This mode of diversiﬁcation probably represents
a general pathway of the intraspeciﬁc evolution of most
E. coli strains, though the ﬁnal veriﬁcation has to wait
until the third or more genomes of the strains belonging to the other lineages are analyzed. Identiﬁcation of
a complete set of genes that are speciﬁcally present in
O157 Sakai will shed new insights into the pathogenicity
and the physiology of O157, and open a way to fully understand the molecular mechanisms underlying the O157
infection and to develop new strategies for prevention,
treatment, and surveillance of the infection.
Supplementary information is available in the Supplement section of this issue. It is also available at DNA
Research Online [http://www.dna-res.kazusa.or.jp/] and
on the authors’ World-Wide Web site [http://genome.
gen-info.osaka-u.ac.jp/bacteria/o157/]. The chromosome
sequence has been deposited DDBJ/EMBL/GenBank
under the accession numbers BA000007 and AP002550–
AP002569.
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