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Mobile genetic elements play important roles in the evolution and diversification of bacterial genomes. In enter-
ohemorrhagic Escherichia coli O157, a major factor that affects genomic diversity is prophages, which generate most of the
large-size structural polymorphisms (LSSPs) observed in O157 genomes. Here, we describe the results of a systematic
analysis of numerous small-size structural polymorphisms (SSSPs) that were detected by comparing the genomes of eight
clinical isolates with a sequenced strain, O157 Sakai. Most of the SSSPs were generated by genetic events associated with
only two insertion sequence (IS) elements, IS629 and ISEc8, and a number of genes that were inactivated or deleted by these
events were identified. Simple excisions of IS629 and small deletions (footprints) formed by the excision of IS629, both of
which are rarely described in bacteria, were also detected. In addition, the distribution of IS elements was highly biased
toward prophages, prophage-like integrative elements, and plasmids. Based on these and our previous results, we conclude
that, in addition to prophages, these two IS elements are major contributors to the genomic diversification of O157 strains
and that LSSPs have been generated mainly by bacteriophages and SSSPs by IS elements. We also suggest that IS elements
possibly play a role in the inactivation and immobilization of incoming phages and plasmids. Taken together, our results
reveal the true impact of IS elements on the diversification of bacterial genomes and highlight their novel role in genome
evolution.

[Supplemental material is available online at http://www.genome.org. The nucleotide sequences from this study have been
submitted to DDBJ/GenBank/EMBL database under accession nos. AB471314–AB471489 (IS629 insertion sites), AB471490–
AB471530 (ISEc8 insertion sites), AB471531–AB471555 (other types of structural changes), AB471556 (prophage
PPO157_s3), AB471557 (prophage PPO157_s2), and AB471558 (prophage PPO157_s4).]

Insertion sequence (IS) elements are the smallest autonomously

mobile genetic elements (generally 700–2500 base pairs [bp] in

size) and are widely distributed in both eukaryotic and bacterial

genomes. Most bacterial IS elements are of the DNA type (Chandler

and Mahillon 2002). They only encode transposases (TPases) and

thus are phenotypically cryptic by themselves, but the insertion/

transposition of IS elements can result in gene inactivation and/or

affect the expression of adjacent genes. IS elements can also induce

a variety of genomic rearrangements, including deletions, inver-

sions, and duplications (Wei et al. 2003; Kothapalli et al. 2005;

Iguchi et al. 2006). Thus, it is generally assumed that IS elements

play important roles in bacterial genome evolution. During long-

term experimental evolution of Escherichia coli strain B in vitro

(Papadopoulos et al. 1999; Schneider et al. 2000), several IS-

mediated mutations were detected; some of these mutations con-

tributed to adaptation to or improved fitness in the medium used

for the experiment (glucose minimal medium). Several compara-

tive genome analyses have also revealed that IS elements induce

large genomic inversions and translocations in some bacterial

species ( Jin et al. 2002; Parkhill et al. 2003; Yang et al. 2005; Chain

et al. 2006; Rohmer et al. 2007; Naito et al. 2008; Salzberg et al.

2008). However, it remains largely unknown how and to what

extent IS elements affect genome diversification among closely

related bacterial strains or species.

IS elements are classified into about 20 families based on

various features, such as the sequences of the TPases and the ter-

minal inverted repeats. The mechanism of transposition differs

between IS families, but most IS elements transpose through either

the nonreplicative (cut-and-paste) or the replicative (copy-and-

paste) mechanisms (Chandler and Mahillon 2002). The IS3 family

is one of the largest IS families, and its molecular mechanism of

transposition has been well characterized. In several IS3 family

members, such as IS2, IS3, IS150, and IS911, transposition has been

shown to be achieved through the formation of a ‘‘figure eight’’

intermediate (Lewis and Grindley 1997; Sekine et al. 1999; Haas

and Rak 2002; Rousseau et al. 2002; Ohtsubo et al. 2004). One

study revealed that in IS911, a circular form that integrates into

a new insertion site is replicatively generated through the forma-

tion of a ‘‘figure eight’’ intermediate (Duval-Valentin et al. 2004).

On the other hand, very little is known about the fate of the do-

nor DNA in IS transpositions, although some kind of genomic
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alteration could occur in the chromosomal regions that serve

as the donor DNA. A detailed structural comparison of closely

related genomes that contain a number of active copies of IS3

family members may shed some light on this unresolved scientific

issue.

E. coli comprise a wide variety of strains with different phe-

notypes. Most are commensal inhabitants of vertebrates and rarely

cause diseases, except in immunocompromised hosts. However,

several E. coli clones or lineages have acquired specific sets of vir-

ulence-related genes that cause a range of diseases in humans.

Among the various types of pathogenic strains, enterohemor-

rhagic E. coli (EHEC) O157:H7, which causes diarrhea, hemor-

rhagic colitis, and hemolytic uremic syndrome, is one of the most

important food-borne pathogens in many industrialized countries

(Mead and Griffin 1998).

The chromosome of the sequenced O157:H7 strain RIMD

0509952 (referred to as O157 Sakai) contains 1.4 Mb of sequences

that are not present in the benign laboratory E. coli strain K-12.

These Sakai-specific sequences, or S-loops, are scattered through-

out a 4.1-Mb chromosome backbone that is shared with K-12

(Hayashi et al. 2001). Most of the large Sakai-specific sequences are

prophages and prophage-like integrative elements (Sp1-Sp18 and

SpLE1-SpLE6, respectively), and many of the virulence-related

genes in O157 have been introduced into the O157 genome by

these genetic elements or a large plasmid, pO157 (Makino et al.

1998; Hayashi et al. 2001). K-12 also contains 11 prophages and

prophage-like elements, implying that bacteriophages are major

contributors to the genomic diversification of E. coli (Ohnishi et al.

2001; Hayashi et al. 2008). The O157 Sakai genome is also rich in IS

elements; 25 types of IS elements (98 copies in total) have been

identified, and 37 of the 98 copies are apparently intact (Hayashi

et al. 2001). These intact IS elements, including IS629, an IS3

family member (19 copies), ISEc8 (eight copies), IS677 (three

copies), IS1-Nuxi and IS609 (two copies each), and three other

types (one copy each), may also contribute to genomic diversi-

fication in the O157 lineage.

We previously compared the genomic structures and com-

positions of eight O157 clinical strains isolated in Japan in 1998

with those of O157 Sakai by whole genome PCR scanning (WGPS),

a long-range PCR-based method for fine comparison of genome

structures (Ohnishi et al. 2002), and comparative genomic hy-

bridization (CGH) using an O157 oligo DNA microarray (Ogura

et al. 2006). The results of these analyses and the data from another

laboratory (Wick et al. 2005) revealed

that an unexpectedly high degree of ge-

nomic diversity exists in the O157 lineage.

Among the numerous structural poly-

morphisms identified, the longer poly-

morphisms were exclusively observed in

regions harboring prophages, indicating

that prophages are a major contributor to

genomic diversity within the O157 line-

age (Ohnishi et al. 2002). This conclusion

is supported by the results of genomic

comparisons of O157 substrains obtained

from long-term subculturing in vitro

(Iguchi et al. 2006). In our WGPS analysis

of the eight O157 strains, we also identi-

fied numerous genomic segments that

exhibited small size differences, ranging

from a few hundred bases to several kilo-

bases. However, it is not known how

these small-size structural polymorphisms (referred to as SSSPs) are

generated.

In the present study, we systematically analyzed SSSP-

containing genomic segments found in the eight O157 strains.

Most were generated by genetic events associated with two IS

elements, IS629 and ISEc8, and we identified several genes that

were inactivated or deleted by such events. We also found simple

excisions of IS629 and small deletions that were generated upon

the excision of IS629, both of which have rarely been described in

bacteria. These results indicate that these two IS elements should

be regarded as major factors contributing to the genomic di-

versification of O157. The distribution of IS elements in O157 is

highly biased toward prophages, prophage-like integrative ele-

ments, and plasmids, suggesting that these elements may play

a role in the inactivation and immobilization of incoming phages

and plasmids.

Results

Systematic analysis of SSSP-containing genomic regions

We examined 179 SSSP-containing genomic segments that were

identified in the eight O157 strains (hereafter referred to as strains

#2–#9) by WGPS (Ohnishi et al. 2002). We first randomly selected

20 SSSP-containing segments and amplified them by long-range

PCR with the primers used in our previous WGPS analysis (Ohnishi

et al. 2002). The PCR products were digested with one or two re-

striction enzymes, and the resulting digestion patterns were

compared with those of the reference strain O157 Sakai (restriction

fragment length polymorphism analysis of the PCR products [PCR-

RFLP]) to identify subregions of each segment that exhibit altered

digestion patterns compared with the reference. We then de-

termined the sequences of these subregions by primer walking

based on the Sakai genome sequence. This analysis revealed that

most of the 20 SSSPs were introduced by small genomic rear-

rangements related to two IS elements, IS629 and ISEc8 (15 of

IS629 and two of ISEc8), suggesting that the two IS elements are

frequently associated with SSSPs. Therefore, we categorized the

179 segments into three groups (Fig. 1B): those in which IS629

and/or ISEc8 were present in O157 Sakai (Group 1) and those in

which neither IS element was present in O157 Sakai with size

differences of >3 kb (Group 2) or <3 kb (Group 3) compared with

O157 Sakai in the WGPS analysis. We then systematically analyzed

each group using three different strategies (Fig. 1B, Strategies 1–3).

Figure 1. Experimental scheme for the analysis of SSSP-containing regions. (A) The locations of the
PCR primers specific to IS629 or ISEc8 (IS-insideF and -insideR and IS-outwardL and -outwardR) and to
each IS-flanking genomic region (IS-outsideL and -outsideR). (B) The three strategies used to analyze the
three types of SSSP-containing regions.
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All strategies involved amplification of each segment by long-

range PCR with the primer sets prepared in our previous WGPS

analysis (Ohnishi et al. 2002). In Strategy 1 (for Group 1), we di-

rectly sequenced the long-range PCR products with IS-outward

primers (Fig. 1A) to determine whether the IS629 or ISEc8 elements

had inserted into the same locus as in O157 Sakai. In Strategy 2 (for

Group 2), we identified subregions displaying SSSPs in each seg-

ment by PCR-RFLP analysis and determined the DNA sequences of

these subregions. In Strategy 3 (for Group 3), we searched for the

presence of IS629 or ISEc8 in each segment by IS629-specific or

ISEc8-specific PCRs and, if the segment contained either IS ele-

ment, determined the sequence of the IS insertion site by direct

sequencing of the long-range PCR products with IS-outward prim-

ers. When Strategy 1 or Strategy 3 did not work for a segment, the

segment was further analyzed using Strategy 2.

These strategies allowed us to define the genetic events that

generated SSSPs in 165 segments. The results are summarized in

Table 1 and Figure 2. The 14 segments that we failed to characterize

were parts of lambda-like prophage genomes. O157 contains mul-

tiple lambda-like prophages that are similar to one another. All 14

segments are located within such prophage regions. Some struc-

tural alterations, such as partial replacement of the prophage ge-

nomes, have probably taken place in these segments.

Of the 165 SSSPs, 130 (78.8%) were generated by IS-related

genetic events, four (2.4%) by strain-specific prophage integration,

19 (11.5%) by small genomic deletion probably induced by ho-

mologous recombination, and 12 (7.3%) by unknown mecha-

nisms. Because several segments exhibited different types of SSSPs

between different strains, the total number of SSSP-containing

genomic loci identified was 119 (105 in the chromosome and 14 in

the pO157 plasmid). IS-related structural alterations were found in

98 of the 119 loci (82.4%), indicating that IS elements are the

predominant way in which SSSPs are generated in O157 genomes.

IS-related genomic rearrangements

The 130 IS-related SSSPs detected in the 98 genomic loci described

above were generated by two types of IS elements: IS629, which

generated 109 SSSPs at 77 loci, and ISEc8, which generated 21 SSSPs

at 20 loci. Although most of the ISEc8-related SSSPs (16 of 20 loci)

Table 1. Summary of the systematic analysis of SSSPs in eight
O157 strains

O157
strains

Total number
of segments
examined

IS-related
(IS629,
ISEc8)

Phage
integration Others

Not
defined

#2 48 39 (31, 8) 1 7 1
#3 20 15 (15, 0) 1 1 3
#4 28 17 (12, 5) 1 7 3
#5 4 4 (4, 0) 0 0 0
#6 20 15 (14, 1) 0 5 1
#7 29 20 (15, 5) 1 5 2
#8 21 13 (11, 2) 0 5 3
#9 9 7 (7, 0) 0 1 1
Total 179 130 (109, 21) 4 31 14

Figure 2. Systematic SSSP analysis results for eight O157 strains. (Upper row) For each strain, WGPS data (Ohnishi et al. 2002) are presented; (lower row)
the results of the SSSP analysis. In the WGPS data, segments that yielded PCR products with lengths identical to or different from O157 Sakai are
represented by gray or yellow rectangles, respectively; (red) those that were not amplified. In this study, we analyzed all of the yellow segments, which
contain SSSPs. (Blue) Segments found to contain IS629-related genomic rearrangements; (light green) those containing ISEc8-related rearrangements;
(magenta) segments containing other types of structural changes; of these, segments containing strain-specific phage integrations are circled; (blue
rectangles) genomic regions >500 bp in length that are not present in K-12 (Sakai-specific regions or S-loops). Loci lacking prophages (Sp1–Sp18) or
prophage-like integrative elements (SpLE1–SpLE6) are indicated by a line.
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were single strain-specific ISEc8 insertions, we identified eight

additional genomic loci within which ISEc8 was inserted in all

strains (and thus showed no structural polymorphisms). In con-

trast, the distribution of IS629 in the O157 genomes exhibited

highly variable and complex patterns among the strains, and

IS629 appeared to have induced various types of genomic rear-

rangements. The distributions of IS629 and ISEc8 in the nine

O157 genomes, including that of O157 Sakai, are summarized in

Figure 3.

Simple insertion sites of IS629 and ISEc8

Most IS elements create 2–14 bp of duplicated sequences at the site

of insertion, called a target site duplication (TSD), and the length of

the TSD differs depending on what type of IS element is inserted.

The presence of a TSD indicates that the locus where the IS inserted

has not undergone any additional genome rearrangements after IS

insertion. Thus, simple insertion sites containing TSDs can be used

to determine the sequence specificity and other common insertion

site features of each IS type.

We identified a total of 50 and 24 simple insertion loci for

IS629 and ISEc8, respectively, in the nine O157 strains used in this

study (Table 2; see Supplemental Table S2 for more details). When

IS629 or ISEc8 is inserted, TSDs of 3 or 4 (mainly 3) bp and 8 bp are

created, respectively (Kusumoto et al. 1999; Schneiker et al. 1999).

Comparison of the sequences of TSDs indicated that neither ele-

ment favors a specific target sequence (Supplemental Table S2). By

analyzing their genomic locations, we found that these IS elements

inserted more frequently (about 4.3 times higher) in Sakai-specific

regions (45 loci in 1.5 Mb) than in the chromosome backbone (29

loci in 4.1 Mb; Fig. 3). IS629 insertion is highly biased toward

prophages and prophage-like integrative elements, whereas ISEc8

insertion is highly biased toward the pO157 plasmid.

IS-associated genomic deletion

All IS-associated genomic deletions identified were associated with

IS629, and none was associated with ISEc8 (Supplemental Table

S3). Among the 20 deletions identified, most were larger than 2 kb,

with the largest being 20 kb, which was detected in segment 276f/

278r of strain #6. It is interesting that these deletions frequently

occur (15 of 20, 75%) in the regions downstream from TPase genes,

which are transcribed in the direction opposite that of chromo-

somal DNA replication (Supplemental Table S3).

Genes disrupted or deleted by IS-related genetic
events

We identified a total of 203 genes that

were disrupted or deleted by IS insertions

or IS-associated deletions in one or more

O157 strains. As summarized in Table 3,

163 of these genes (80.3%) were within

Sakai-specific sequences (see Supplemen-

tal Table S3 for more details), including

many genes related to phage functions

or unknown functions. There were also

a significant number of genes of known

or predicted functions, such as 10 genes

for various transporters (substrates were

unpredictable in most cases) and 11

transcriptional regulator genes. In addi-

tion, several virulence-related genes, such

as those for curlin biosynthesis, a gene for

catalase-peroxidase, and an AidA-I adhe-

sin-like protein, were disrupted or deleted in some strains. This

suggests that the IS-related genomic rearrangements may have

significantly altered virulence and other phenotypes in O157

strains. We confirmed that curlin production was abolished spe-

cifically in strains that contained IS insertions in the csg operons

that encode the curlin biosynthesis genes (strains #2, #4, and #5;

Supplemental Fig. S2).

Other types of structural changes

Other types of genomic rearrangements have been generated by

strain-specific phage integrations and several other mechanisms.

We identified four prophages that were not present in O157 Sakai:

in segment 167f/168r of strain #3, in segment 256f/257r of strain

#2, and in segment 448f/448.1r of strains #4 and #7 (Fig. 2). We

determined the sequence of each of these prophages, except for

a prophage in the 448f/448.1r segment of strain #7 (Supplemental

Fig. S1). The first prophage (named PPO157_s3) was 12 kb in size

and had integrated into the tqsA gene. This phage was very similar

to Sp7 of O157 Sakai, a unique prophage with chimeric features of

lambdoid and P4-like phages (Asadulghani et al. 2009). Because

Sp7 had integrated into the ycfD/phoQ intergenic region in O157

Sakai but strain #3 did not contain a prophage in this region (Fig.

2), PPO157_s3 may have been derived from Sp7 through re-

combination with one or more other phages, followed by re-

integration into the tqsA locus. The second prophage (PPO157_s2)

was 11.4 kb in size and contained 17 protein-coding sequences (or

CDSs). This prophage had integrated into the eutA/eutB intergenic

region, the same region in which the CPZ-55 prophage had in-

tegrated in K-12 (Blattner et al. 1997). However, both prophages

have largely degraded and only the integrase genes exhibited high

Figure 3. Distribution of IS629 and ISEc8 in the nine O157 genomes used in this study. The locations
of IS629 and ISEc8 elements on each chromosome and plasmid are shown. (Black vertical lines) Insertion
sites for IS629; (red lines) insertion sites for ISEc8; (blue rectangles) regions corresponding to prophages
and phage-like integrative elements.

Table 2. Characterization of simple insertion loci containing
IS629 and ISEc8

IS629
(50 loci)

ISEc8
(24 loci)

Sakai-specific (1.5 Mb) Sp or SpLE (0.9 Mb) 28 6
Others (0.5 Mb) 1 2
Plasmids (0.1 Mb) 1 7

Backbone (4.0 Mb) — 20 9
Total 50 24

Ooka et al.

1812 Genome Research
www.genome.org



sequence similarity (92.8% amino acid sequence identity) between

the two prophages. The third prophage (PPO157_s4) was 11.7 kb

in size and had integrated into the same tRNA gene (leuX), within

which an integrative element, SpLE5, is present in O157 Sakai.

PPO157_s4 is very similar to the satellite phage P4 (Halling et al.

1990), but encodes the EcoO109I restriction-modification sys-

tem (Kita et al. 1999, 2002). Although O157 Sakai also harbors

a P4-like prophage (Sp2), its chromosomal location and genome

structure differ from those of PPO157_s4, indicating that the

two phages independently invaded the O157 lineage. The pro-

phage in segment 448f/448.1r of strain #7 was identical or

very similar to PPO157_s4, because the 448f/448.1r segments of

strains #4 and #7 exhibited identical PCR-RFLP patterns (data not

shown).

Most of the other SSSPs (19 segments in 12 loci) were created

by deletions that were probably introduced by homologous re-

combination between identical or highly homologous sequences

of 3–141 bp. The observed deletion sizes ranged from 115 bp to

10,210 bp (Supplemental Table S4). The remaining SSSPs (12 seg-

ments in seven loci) were also generated by small genomic dele-

tions, but the mechanisms are unknown because neither a ho-

mologous sequence ($3 bp) nor an IS element was detected at the

deletion boundaries.

Identification of footprints created by IS629 transposition

Through multi-locus sequencing analysis of 15 housekeeping

genes (Wick et al. 2005), we identified four single-nucleotide

polymorphisms (SNPs) that can be used to divide the nine O157

strains into three distinct clades (Fig. 4; Table 4). By reinspecting all

IS629 and ISEc8 insertion loci (77 and 28, respectively) identified

in the nine strains and considering phylogenetic relationships,

we noted several genomic loci in which IS629 was absent in

a strain, although it would be predicted to be present according

to the phylogenetic position of the strain. For example, al-

though all other strains contain an IS629 insertion in segment

207f/208r, IS629 is missing at this locus in strain #7. This suggests

that IS629 was inserted into this locus, but was then deleted in

strain #7 by an unknown mechanism. Although transposition

mechanisms have been extensively studied for many IS elements,

neither the fate of the donor DNA nor the structural changes in-

duced upon IS transposition have been elucidated for any in-

dividual IS element. Therefore, we hypothesized that detailed

structural analysis of such IS insertion loci could provide insight

into the genomic structural changes induced by IS transposition.

We amplified all of the genomic loci in which IS629 or ISEc8

was found in any of the eight O157 strains (other than the fully

sequenced strain Sakai) by long-range PCR with the primer sets

used in our previous WGPS analysis (Fig. 1) and sequenced each of

the PCR products using IS-out-L and/or IS-out-R primers designed

for each IS insertion site to directly determine the nucleotide se-

quence of each locus. For ISEc8, simple insertions with 8-bp TSDs

or no insertions were found at 25 insertion loci. Three other loci

contained disrupted ISEc8 insertions in all nine O157 strains. On

the other hand, in 37 of the 77 IS629 insertion loci examined,

a significant number of small deletions were found, which were

not identified in the first series of SSSP analyses. Only simple

insertions with 3-bp or 4-bp TSDs or no insertions were found in

the remaining 40 loci. Thus, all IS629-related rearrangements

identified in the nine O157 strains used in this study can now be

classified as one of three types: (1) simple insertions with 3-bp or

4-bp TSDs, (2) IS629 transposition-mediated deletions of >100 bp,

and (3) small deletions of <100 bp. Most of the deletions in the

third group were identified by resequencing, as described in this

section.

Considering the phylogenetic positions of each strain, we

found four loci (in segments 127f/127.1r, 185.1f/186r, 204.3f/

204.4r, and 207f/208r, indicated by asterisks in Fig. 5) in which

IS629 was inserted once in the past and either was subsequently

deleted by simple excision or left behind structural changes. For

example, in segment 185.1f/186r, the insertion of an IS629 ele-

ment occurred before the separation of Clades 1 and 2 (and

probably after their separation from Clade 3). Subsequently, in

strains #3 and #5, IS629 was deleted by simple excision, which

reverted the genomic structure of the insertion sites to that of the

originals. In strain #6, however, excision (or transposition) of

IS629 appears to have left a 1-bp deletion. In strain #8, homolo-

gous recombination between two identical octamer sequences

within and outside of the IS element induced an IS-associated de-

letion. Similarly, simple excisions or footprints of various sizes

were detected in the other three segments. Deletions at six addi-

tional loci could also be regarded as footprints generated by IS629

excision (Fig. 5) because they occurred precisely at IS629 insertion

sites and no sequence capable of inducing homologous re-

combination was found at the deletion points. These results in-

dicate that IS629 has been deleted by simple excision and, more

importantly, that the excision (or transposition) of IS629 causes

deletions of various sizes at the insertion site, ranging from a single

base pair to several thousand base pairs.

Discussion
IS elements are generally regarded as genetic factors that signifi-

cantly contribute to genome diversification and evolution. How-

ever, only a limited number of genome-wide studies have been

conducted to compare IS distributions in closely related genomes,

Table 3. IS-related CDS disruptions or deletions

Strains Total Backbone

Sakai-specific

Sp or SpLE Others Plasmid

Sakai 22 5 (22.7%) 8 (36.4%) 6 (27.3%) 3 (13.6%)
#2 79 17 (21.5%) 52 (65.8%) 9 (11.4%) 1 (1.3%)
#3 29 4 (13.8%) 15 (51.7%) 4 (13.8%) 6 (20.7%)
#4 44 11 (25.0%) 17 (38.6%) 12 (27.3%) 4 (9.1%)
#5 20 6 (30.0%) 6 (30.0%) 1 (5.0%) 7 (35.0%)
#6 50 7 (14.0%) 36 (72.0%) 4 (8.0%) 3 (6.0%)
#7 48 11 (22.9%) 21 (43.8%) 12 (25.0%) 4 (8.3%)
#8 29 3 (10.3%) 18 (62.1%) 5 (17.2%) 3 (10.3%)
#9 21 7 (33.3%) 6 (28.6%) 5 (23.8%) 3 (14.3%)

Percentages of deleted or disrupted CDSs in each strain are shown in
parentheses.

Figure 4. Phylogenetic tree of the nine O157 strains used in this study.
The phylogenetic tree was constructed based on the sequencing and
analysis of 15 housekeeping genes. The locations of SNPs identified in this
analysis (Table 4) are indicated.
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which are required to reveal how and to what extent IS elements

actually contribute to genome diversification, even in bacteria

(Schneider et al. 2002; Kawai et al. 2006; Rohmer et al. 2007). Fine-

scale genomic comparison of naturally occurring closely related

strains should provide the best opportunity to understand this

process, but such an analysis has not yet been performed.

In the present study, we performed systematic genome-wide

analysis of SSSP-containing genomic regions in the nine O157

strains previously identified by our laboratory through WGPS

analysis (Ohnishi et al. 2002). We found that a large portion of the

SSSPs (130 of 165) were generated by genetic events associated

with only two types of IS elements, IS629 and ISEc8 (Figs. 2 and 3;

Table 1). Further analysis revealed that, whereas most of the ISEc8

insertions identified were simple insertions (17 of 20), IS629

induced a wide variety of genomic rearrangements, including

simple insertions, simple excisions, and various deletions of IS-

flanking regions ranging from 1 bp to several kilobase pairs in size.

This indicates that these IS elements served as important driving

forces behind the genomic diversity of O157 strains. In our pre-

vious genomic comparisons of O157 strains by WGPS and CGH

(Ohnishi et al. 2002; Ogura et al. 2006), most of the large structural

polymorphisms were found in prophage regions. Combining our

previous results with the results presented herein, we now con-

clude that IS629 and ISEc8, along with bacteriophages, are the

primary contributors to genomic diversification in O157 strains

and that LSSPs were generated mainly by bacteriophages and SSSPs

by IS elements.

Our analysis also revealed that insertion sites for IS629 and

ISEc8 exhibit a highly biased distribution in O157 genomes. These

IS elements were located much more frequently in O157-specific

regions than in the chromosome backbone (Table 2; Supplemental

Table S2). The genomic locations of other types of IS elements in

the O157 Sakai genome indicate that their distribution is also

highly biased toward the O157-specific regions, and thus this

trend is not specific to IS629 and ISEc8 (Supplemental Table S5).

Although IS elements are randomly inserted into the O157 ge-

nome, it is most likely that clones with IS insertions into genes

with essential functions have been selectively removed from the

population and those with insertions into regions that are less or

nonessential to growth, such as many of the Sakai-specific regions,

have been able to survive.

Prophages, prophage-like integrative elements, and plasmids

comprise a large portion of the O157-specific regions. Accordingly,

IS insertion and IS-mediated deletion have induced the inac-

tivation or deletion of various foreign genes that were carried into

the O157 lineage by these mobile elements, along with genes re-

quired for their mobility (Table 3; Supplemental Table S3). This

suggests that IS insertion and IS-mediated deletion could generate

various phenotypic differences among the O157 strains, including

differences in potential virulence, as we have shown for curlin

production. However, we need to analyze a wider range of O157

strains collected over a longer span of time to examine how much

of this variation would be fixed in the population. More inter-

estingly, the results suggest the possibility that the IS elements

play a role in immobilizing newly incoming phages and plas-

mids, leading to their fixation in the O157 genome. The IS elements

(at least IS629) may also hasten their departure from the genome

because many of these IS elements cause deletion upon excision.

The presence of IS elements in genomic regions is often discussed

in the context of the incorporation of foreign DNA into the ge-

nome during and/or following horizontal gene transfer. However,

our findings may imply novel roles for IS elements in bacterial ge-

nome evolution.

Of the IS elements identified in O157 Sakai, IS629 has the

highest copy number. Our present results confirmed that IS629

transposes very actively in O157 genomes (Fig. 3). In this regard, it

may be worth noting that a report by Kusumoto et al. (2004)

showed that IS1203 (a synonym of IS629) transposes at a much

higher frequency in O157 cells than in K-12 cells. Although the

molecular mechanism underlying this phenotype is not known,

the O157 lineage may contain some specific factor that facilitates

IS629 transposition.

Another notable finding related to IS629 transposition is the

identification of a significant number of genomic loci for which

Table 4. SNPs in the E. coli O157 strains and E. coli K-12

SNP Locus
Base change

positiona

Nucleotide in each strainb

K-12 #2 #4 #7 #8 Sakai #3 #5 #6 #9

1 uidA 776 A G G G G G G G G G
2 fadD 1198 C C T T T T T T T T
3 rpoS 543 C C C C C A A A A A
4 rpoS 562 A C A A A A A A A A

aWith respect to the ATG start codon of the open-reading frame.
bThis strain was used as an outgroup.

Figure 5. Simple excision of IS629 and the footprints generated upon
excision or transposition. (Blue) IS629 sequences; (red) target site dupli-
cations (TSDs). (Slash) Deleted sequences; the size of each deletion is
shown in parentheses. Homologous sequences that probably induced
deletions through homologous recombination are underlined. In the four
genomic loci labeled with asterisks, the phylogenetic relationships among
the strains indicate that the absence of IS629 and genomic deletions in
some strains were generated by a simple excision and upon the excision
(or transposition) of IS629. Deletions observed at six other loci were also
likely generated by a similar mechanism because they occurred precisely
at IS629 insertion sites.
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a footprint was generated upon the simple excision (or trans-

position) of IS629 (Fig. 5). Both events are rarely described in

bacteria (Chain et al. 2006). IS629 is a member of the IS3 family

(Matsutani et al. 1987), and therefore it is very likely that IS629,

like other IS3 family members, also forms a ‘‘figure eight’’ inter-

mediate upon transposition (Lewis and Grindley 1997; Sekine et al.

1999; Haas and Rak 2002; Rousseau et al. 2002; Ohtsubo et al.

2004), but it is not yet known whether it transposes replicatively or

nonreplicatively. In either case, however, some specific mecha-

nism(s) appears to be required to induce simple excision and the

formation of footprints. By elucidating the molecular mechanisms

behind these phenomena, we will be able to better understand the

fate of donor DNA in IS transposition, which would, in turn, lead

to a deeper understanding of the processes responsible for genome

diversification.

Methods

Bacterial strains, growth conditions, and DNA extraction
O157 Sakai was isolated during a large outbreak in 1996 in the city
of Sakai, Osaka Prefecture, Japan (Watanabe et al. 1996). The strain
has already been sequenced (Hayashi et al. 2001) and was used as
a reference strain in this study. The eight other O157 strains ex-
amined in this study, 980938 (referred to as #2), 980706 (#3),
990281 (#4), 980551 (#5), 990570 (#6), 981456 (#7), 982243 (#8),
and 981795 (#9), were all human clinical isolates. They were se-
lected from 1798 clinical O157 strains isolated in Japan in 1998
based on their XbaI-digestion patterns in pulsed-field gel electro-
phoresis (PFGE) analysis and were previously analyzed by WGPS
and CGH (Ohnishi et al. 2002; Ogura et al. 2006). Bacterial cells
were grown to stationary phase at 37°C in Luria-Bertani (LB) me-
dium. Genomic DNA was purified using the Genomic-tip 100/G
and Genomic DNA buffer set (QIAGEN K.K.), according to the
manufacturer’s instructions.

Analysis of SSSP-containing regions

Long-range PCR amplification of the O157 chromosomal seg-
ments was performed as previously described (Ohnishi et al. 2002)
using an LA PCR kit (TaKaRa Bio, Inc.) and the primers previously
prepared for WGPS analysis (WGPS-F and WGPS-R primers). All
primer sequences are available on our website (http://genome.
bio.titech.ac.jp/bacteria/o157/genome.html). DNA sequencing of
PCR products was performed using the ABI 3710 autosequencer
(Applied Biosystems, Inc.), as previously described (Ogura et al.
2008).

All 179 segments exhibiting SSSPs in our previous WGPS
analysis (Ohnishi et al. 2002) were divided into groups based on
the type of SSSP and analyzed using the three strategies shown in
Figure 1 (for details, see the main text). If an IS629 or ISEc8 element
was inserted in at least one of the nine O157 strains, IS-outsideL
and IS-outsideR primers designed for each IS insertion site were
used to determine the DNA sequence of that locus in all eight O157
strains. All primer sequences used in this analysis are listed in
Supplemental Table S1.

Multi-locus sequence analysis

To determine the phylogenetic relationships of the O157 strains,
a multi-locus sequence analysis was carried out using 15 house-
keeping genes (arcA, aroE, aspC, clpX, cyaA, dnaG, fadD, grpE, icd
[also known as icdA], lysP, mdh, mtlD, mutS, rpoS, and uidA).
These genes were sequenced and analyzed according to the pro-

tocol provided on the STEC website (http://www.shigatox.net/
mlst).
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