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Simultaneous Presence of Insertion Sequence Excision Enhancer and
Insertion Sequence 1S629 Correlates with Increased Diversity and
Virulence in Shiga Toxin-Producing Escherichia coli
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Although new serotypes of enterohemorrhagic Escherichia coli (EHEC) emerge constantly, the mechanisms by which these new
pathogens arise and the reasons emerging serotypes tend to carry more virulence genes than other E. coli are not understood. An
insertion sequence (IS) excision enhancer (IEE) was discovered in EHEC O157:H7 that promoted the excision of IS3 family
members and generating various genomic deletions. One IS3 family member, IS629, actively transposes and proliferates in
EHEC 0157:H7 and enterotoxigenic E. coli (ETEC) 0139 and 0149. The simultaneous presence of the IEE and IS629 (and other
IS3 family members) may be part of a system promoting not only adaptation and genome diversification in E. coli 0157:H7 but
also contributing to the development of pathogenicity among predominant serotypes. Prevalence comparisons of these elements
in 461 strains, representing 72 different serotypes and 5 preassigned seropathotypes (SPT) A to E, showed that the presence of
these two elements simultaneously was serotype specific and associated with highly pathogenic serotypes (0157 and top non-
0157 Shiga toxin-producing Escherichia coli [STEC]) implicated in outbreaks and sporadic cases of human illness (SPT A and
B). Serotypes lacking one or both elements were less likely to have been isolated from clinical cases. Our comparisons of IEE se-
quences showed sequence variations that could be divided into at least three clusters. Interestingly, the IEE sequences from 0157
and the top 10 non-0157 STEC serotypes fell into clusters I and II, while less commonly isolated serotypes O5 and 0174 fell into
cluster III. These results suggest that IS629 and IEE elements may be acting synergistically to promote genome plasticity and ge-

netic diversity among STEC strains, enhancing their abilities to adapt to hostile environments and rapidly take up virulence

factors.

higa toxin-producing Escherichia coli (STEC) strains are im-

portant food pathogens responsible for serious human disease
worldwide (1-3). Although new STEC serotypes constantly
emerge (4), the mechanisms by which these strains acquire viru-
lence are not entirely understood. Elements such as phages, patho-
genicity islands (PAIs), and plasmids can introduce new virulence
genes (such as those for producing Shiga toxin) that contribute to
the pathogenic potential of strains, but the existence of horizontal
transfer is not sufficient to explain the subsequent evolution of
these strains or why some strains carry more virulence genes than
others.

Karmali et al. (5) classified STEC into seropathotypes (SPT)
from A to E in descending order of virulence. Serotypes that are
frequently linked to outbreaks and severe disease, for example,
hemolytic-uremic syndrome (HUS), are classified as SPT A. Sero-
types in SPT B are also associated with outbreaks and severe dis-
ease, but these associations occur less frequently in SPT B sero-
types than those in SPT A serotypes. Serotypes associated with
sporadic cases of HUS, but not known to be responsible for out-
breaks, are classified as SPT C, and serotypes classified as SPT D
are known to have caused diarrhea but not HUS or outbreaks. The
last category, SPT E is reserved for serotypes not yet implicated in
human disease. These SPT classifications are dynamic since sero-
types may shift from one category to another on the basis of new
epidemiological data (6). Since 2009, the CDC has recognized the
importance of STEC serotypes other than O157:H7 (SPT A) and
has recommended the detection of the presence of the stx toxin in
every stool sample to diagnose Shiga toxin-producing E. coli in-
fections for clinical laboratories. This is because it has become
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evident that STEC serotypes other than O157:H7 can cause severe
disease, such as hemolytic uremic syndrome (7).

The evolution of pathogens is also influenced by insertion se-
quence (IS) elements that have contributed to the diversification
of enterohemorrhagic Escherichia coli (EHEC) O157 (8, 9) (10,
11). These IS elements move by inserting several copies of them-
selves randomly in the same genome, generally by a replicative
mode (12). Itis possible for the genomes of E. coli O157:H7 strains
to contain many different IS elements; strain Sakai carries 25 dif-
ferent types of IS elements and a total of 116 copies of IS elements,
of which 23 copies are 1S629 (13, 14). Some authors have specu-
lated that IS elements are kept in the genome because they are not
simply parasitic DNA but also have a cooperative function, sup-
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porting the evolutionary fitness of the cells that carry them (15). IS
elements also have been linked to a series of genomic rearrange-
ments; simple insertions, excisions and deletions, and inversions
and duplications have been described (16, 17).

An IS excision enhancer (IEE) was recently discovered in
EHEC 0157 that promotes the excision and deletion of IS3 family
members (such as IS629) and also causes genomic rearrangements
and strain diversification (16, 18). Kusumoto et al. observed four
different kinds of IEE-promoted genomic deletions: (i) IS629 can
be completely deleted with a short (1 to 7 bp) or (ii) long contig-
uous sequence. Alternatively, (iii) IS629 can be only partially de-
leted, or (iv) a long adjacent sequence to 1S629 can be deleted (9).
Similar IEE genes have been found in a broad range of bacteria,
frequently forming parts of larger integrative elements, such as
SpLELI (as seen in O157:H7 strains Sakai and EDL933), or other,
similar elements (9). Long-term experimental studies of E. coli
have shown that IS-mediated mutations can contribute to E. coli
adaptability or otherwise improve cell fitness (19, 20). The simul-
taneous presence of IEE and IS3 family members in the same
genome may, therefore, be part of a mechanism that synergisti-
cally promotes adaptation and genome diversification, with IEE
accelerating this process.

In a previous study, we analyzed strains of the E. coli O157:H7
stepwise evolutionary model (21, 22) and determined different
1S629 excision frequencies for each clonal complex (CC) Al to A6
(11). Strains belonging to the most common, non-sorbitol-fer-
menting (NSF), glucuronidase (GUD)-negative O157:H7 lineage
exhibited a high IS629 excision frequency, which was linked to the
presence of IEE in their genomes (EDL933 [A6] and G5101 [A5])
(11). The O157:H7 genomes we studied showed a highly diverse
1S629 distribution, which might be related to the elevated 1S629
transposition frequency (10). In contrast, another study showed
that two O55:H7 strains (from Al and A2) and a closely related
sorbitol-fermenting (SF) strain (A4), which did not carry IEE, had
lower 1S629 excision frequencies (11).

To establish whether IEE and 1S629 play significant roles in the
genomic plasticity and genetic diversity of STEC, as they do in
0157:H7, we screened 461 E. coli strains for the prevalence of these
two elements. Our strain collection included 66 different sero-
types from all 5 SPT to test whether they are present in the most
pathogenic and diverse E. coli SPT, indicating a possible role in
enhancing the pathogenicity potential of those strains.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli isolates (n = 461) from
72 different serotypes (see Tables S1 and S2 in the supplemental material)
included O157:H7 and non-O157 STEC. We assigned serotypes into se-
ropathotypes (SPT) based on current data by combining the original clas-
sification from Karmali et al. with other data found in the works of Bosi-
levac et al. and the European Food Safety Authority (EFSA) panel on
Biological Hazards (BIOHAZ/EFSA) (current for 2013) (5, 6, 23). Most
strains (n = 415 [90%]) were assigned to SPT A to E (see Table S1 in the
supplemental material). Serotypes with no data for human disease were
classified as SPT E according to Karmali’s scheme (5). Strains for which
only partial information was available were classified as unknown. All
strains were plated on sorbitol MacConkey agar overnight at 37°C. DNA
from overnight cultures grown on tryptic soy agar (TSA) at 37°C was
extracted with InstaGene matrix (Bio-Rad, Hercules, CA, USA) according
to the manufacturer’s instructions.

DNA preparation. Genomic DNA from each strain was isolated from
overnight cultures using the DNeasy blood and tissue kit (Qiagen, Valen-
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cia, CA), following the manufacturer’s instructions. The resultant DNA
solution was stored at —20°C until it was used as a PCR template.

Detection of IS629 and IEE. The presence of 1S629 and IEE was de-
termined by PCR using internal IS629 primers (IS629-TF1 5'-ACT AAA
AAT ACT CGT TTT TCC CCC GAA G-3' and 1S629-TR1 5'-GGCTGC
CAGATCATCGTTTCCGATG-3'; 1,208 bp) and IEE-specific primers
(IEEF4 5'-GAT AAA CGA TTT GCC GGG ACG GAA TG-3" and IEER4
5-GTT TAC CTC CCC CGA TAA TAC CAA TAC-3’, 280 bp) as de-
scribed previously (8). The 25-pl PCR mix contained 1 U of GoTaq DNA
polymerase (Promega, Madison, WI), 1X polymerase buffer, 3.5 mM
MgCl,, 200 uM deoxynucleoside triphosphate (dNTP), 200 nM each
primer, and ~1 ng of template DNA. PCR conditions were as follows: 3
min at 90°C to activate the Taq polymerase, followed by 30 cycles of
denaturation at 95°C for 15 s, then primer annealing and extension at
62°C for 30 s and 72°C for 1.5 min, and a final extension at 72°C for 1 min.
Products were examined on a 1% agarose gel in 1X Tris-borate-EDTA
(TBE) bufter.

Sequencing of IEE elements. The IEE core sequences were deter-
mined using IEE primers designed for this study (IEE LR SFW 5'-CCC
GTC TGG TCT CAT TAC TTG-3" and IEE LR SREV 5'-TAT CCC ACA
TTC TGA GCA GCA-3") to retrieve a 2,241-bp product (conditions as
described above). The partial IEE element was sequenced using internal
sequencing primers: IEE LR SF1 (5'-GCATGTCTGGATATTTTTTGCC
TCA-3'), IEE LR SR1 (5'-TGAGGCAAAAAATATCCAGACATGC-3'),
IEE LR SF2 (5'-TGAAAATCACGCTGGCAAACCAGA-3"), IEE LR SR2
(5'-TCTGGTTTGCCAGCGTGATTTTCA-3’), IEE LR SF3 (5'-AGTGA
TTGCCAAGCGGAAAGTGAATA-3"), IEE LR SR3 (5'-TATTCACTTTC
CGCTTGGCAATCACT-3'), IEELR SF4 (5'-GCGAAAAGTTCTGGTAC
TGACTGAAC-3"), and IEE LR SR4 (5'-GTTCAGTCAGTACCAGAACT
TTTCGC-3"). The IEE PCR products were sequenced by Genewiz Inc.
using the same primers (Germantown, MD). DNA sequences were indi-
vidually inspected and manually assembled. Alignments of these se-
quences were performed with BioEdit software version 7.2.5 (24).

IEE phylogenetic tree. A maximum likelihood phylogenetic tree
was constructed using MEGA software version 6.06 (25) based on the
IEE sequences from different STEC strains. The neighbor-joining al-
gorithm (26) was used to generate the initial tree. Then, the statistical
support of the nodes in the ML tree was assessed by 1,000 bootstrap
resampling. The general time reversible (GTR) model and gamma dis-
tribution with invariant sites (G+1) were selected. Nearest-neighbor-
interchange (NNI) was used as a heuristic method. IEE sequences
available publicly at NCBI in the GenBank databse were used to build
the phylogeny: E. coli O111:H-str. 11128 (AP010960.1), E. coli O26:H11
str. 11368 (AP010953.1), E. coli O157:H7 str. Sakai (BA000007.2), E. coli
0157:H7 str. EDL933 (AE005174.2), E. coli O157:H7 str. EC4115
(CPO01164.1), E. coli O157:H7 str. TW14359 (CP001368.1), E. coli O145:
H28 str. RM12761 (CP007133.1), E. coli O145:H28 str. RM13516
(CP006262.1), E. coli O145:H28 str. RM12581 (CP007136.1), E. coli
0145:H28 str. RM13514 (CP006027.1), E. coli O139:H38 str. E0046
(AB786874.1), E. coli O139:NM str. E0124 (AB786876.1), E. coli
O139:NM str. E0217 (AB786877.1), E. coli Ol149:NM str. E0231
(AB786879.1), E. coli O149:H10 str. E0223 (AB786878.1), E. coli O149:H?
str. E0092 (AB786875.1), E. coli O149:H? str. UMN K88 (CP002729.1), E.
coli 0104:H4 str. 2011C-3493 (CP003289.1), E. coli O104:H4 str. 2009EL-
2050 (CP003297.1), E. coli O104:H4 str. 2009EL-2071 (CP003301.1), and
E. coli O103:H2 str. 12009 (AP010958.1). Since a BLAST analysis of whole
genomes available in GenBank showed that more than 100 other O157:H7
strains also contained IEE sequences that were 100% identical to the IEE
found in Sakai, we included only a few O157:H7 IEE sequences for illus-
trative purposes (Fig. 1). The IEE sequence of ED1a-O81 (GenBank ac-
cession number NC_007519.1) was used as an out group (see Table S3 in
the supplemental material).

Whole-genome phylogenetic SNP analysis of E. coli genomes. In
order to study the lateral transfer acquisition of the IEE elements, we
performed a whole-genome single nucleotide polymorphism (SNP) anal-
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FIG 1 Maximum likelihood phylogenetic tree with 3 IEE types observed in O157 and non-O157 STEC and their phylogenetic relationships. The IEE sequence
of ED1a-081 (NC_007519.1) was used as an out group. IEEs sequenced in this study are indicated in bold.

ysis of eight complete E. coli genomes available at NCBI (O157:H7 strains
Sakai, EDL933, TW14359, and EC4115; O145:H28 strain RM13514;
O111:H strain 11128; O26:H11 strain 11368; O104:H4 strain 2011C-
3493; and O139:H28 strain E24377A) using the free snpTree server
(https://cge.cbs.dtu.dk/services/snpTree) (27). This broad SNP study
provided an evolutionary context for some E. coli isolates used for the
analysis. All E. coli genomes analyzed carried IEE type I (Fig. 1). The
snpTree server generated a matrix of core SNPs (i.e., SNPs that were
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present in all eight genomes) for each lineage using the reference-based
SNP-finding program (27). The genome of E. coli Sakai was used as a
reference, with the following filtering parameters: minimum distance be-
tween SNPs (prune), 10 bp, and minimum distance to end of sequence, 20
bp. The final matrix consisted of 70,282 SNPs.

Nucleotide sequence accession numbers. All newly identified IEE se-
quences determined in this study were deposited in GenBank under ac-
cession numbers JF330836 to JF330838 and KP235311 to KP235328.
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RESULTS

In the present study, we screened 461 STEC strains representing
72 different serotypes and all five seropathotypes (SPT) for the
presence of IS629 and IEE. We also studied the lateral acquisition
of IEE elements by analyzing the sequence of several IEE elements
and comparing them to those of the whole-genome phylogeny of
the strains.

Distribution of IS629 and IEE elements among the SPTs. In
our study, most strains were positive for 1S629 (405 [88%]), and
more than half carried IEE (277 [60%]). The two elements were
simultaneously present in 271 strains (59%); most strains carrying
the two elements belonged to SPT A or B. The presence of either
element did not appear to be serogroup-specific (Table 1); how-
ever, in most of the cases (62%), it was serotype (O type and H
types combined) specific (see Table S2 in the supplemental mate-
rial). Examples include serogroup 0103, with O103:H2 (IEE-pos-
itive [IEE™ ] and 1S629-positive [1S629"]) and O103:H6 (IEE-neg-
ative [IEE™] and 1S629"), and serogroup 0104, with O104:H4
(IEE" and 1S629") and O104:H21 (IEE~ and 1S629"). Strains
from seropathotypes C, D, E, and unknown (UNK) contained
either IEE or IS629 but not the two elements together. This ei-
ther/or pattern was seen in only one SPT A strain (LSU-61) and
two SPT B strains. Most of the strains classified as SPT E carried
only IS629, if they carried any element at all (121/138).

Genetic variation among IEE sequences found among E. coli
strains in this study. In order to define the genetic differences
among IEE sequences, we sequenced the IEE from a representative
strain from each individual non-O157 serotype that was positive
for IEE. Then, by comparing 18 IEE sequences from our current
project with 22 additional IEE sequences available in GenBank, we
were able to group IEEs into three clusters (Fig. 1); clustersI (9 IEE
serotypes) and II (7 IEE serotypes) appear to be the most prevalent
in this study.

Cluster I includes IEE sequences from STEC serotypes O157:
H7, 026:H11, O111:H11, O118:NM, O145:H28, and O139:NM/
H38, which were identical. Serotypes O111:H8, O157:H2, and
0149:NM also group within IEE cluster I but with minor differ-
ences (1 to 2 SNPs). The IEE cluster II includes IEE sequences
from serotypes O104:H4, O55:H7, O121:H17, O145:H28, O45:
H2,0103:H2, and O121:H19. In this group, IEE sequences cluster
by serotype but differ among each other more than cluster I se-
quences (Fig. 1). The IEE found in the O55:H7 group clustered
closely together with O104:H4 more than sequences of any other
IEE in this group, and they cluster far from the IEE from O157:H7.
Serotypes O145:H28, O45:H2, 0103:H2, and O121:H19 display
identical IEE sequences and cluster separately from that of sero-
type O121:H17. The IEE cluster III includes IEE sequences from
serotypes O5:NM and O174:H8 (both lacking IS629) and E. coli
0157:H7 strain LSU-61 (which also carries 1S629). However, this
last E. coli O157:H7 strain also lacks stx genes and clusters apart
from the other O157:H7 strains in our study.

In this study, serotype O145:H28 appears to carry two different
IEE sequences: strains RM12761, 07845, and RM13516 carried
IEE cluster I and two others (RM 13514 and RM12581) carried IEE
cluster II (Fig. 1).

DISCUSSION

E. coli O157:H7 has been frequently associated with severe diseases
and outbreaks (28), and its genome is highly diverse mainly due to
the acquisition of mobile genetic elements, such as phages and
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other mobile elements (like ISs) (22). While phages contribute to
genome plasticity, occasionally carrying virulence genes such as
Shiga-toxins, gene disruptions and rearrangements caused by ISs
result in those virulence genes becoming permanently fixed in the
genome (15, 23). In a previous study, we observed that highly
pathogenic O157:H7 carries 1S629 and IEE, suggesting that a syn-
ergistic mechanism between these two elements may contribute to
genome diversification (9, 10).

In this study, we hypothesized that there is an association be-
tween the simultaneous presence of 15629 and IEE elements in
STEC strains and their pathogenic potential (represented by their
seropathotype). Our main finding was that almost all SPT A and
SPT B strains contained 15629 and IEE (249 [98%]). These two
SPTs include the most pathogenic and clinically relevant non-
0157:H7 STEC serotypes (026:H11, O103:H2, O111:H8, O121:
H19, and O145:H28). These 1S629 and IEE elements were not
found together in the majority of those serotypes, which have
rarely, or never, been implicated in human illness (6, 29). Notably,
strains of serotype O104:H4, the causative agent of the devastating
E. coli outbreak in Germany in 2011, also carried the two elements
(3,4). Analyses showed that the outbreak strain had evolved from
an enteroaggregative E. coli (EAEC) that had acquired the stx gene
through horizontal gene transfer (4).

We found that serogroups O139 and 0149 and serotypes O50:
H7, O111:H11, O118:NM, O121:H17, O125:NM, O157:H2, and
0157:H16 also carried the IEE and 1S629 combination, which
suggests that these strains may have an enhanced pathogenic po-
tential, despite the fact that they have not yet been associated with
human illness. The established behaviors of two SPT E strains,
enterotoxigenic E. coli (ETEC) serotypes O139 and 0149, support
this hypothesis. They have already been recognized as major
causes of diarrhea and edema disease in swine (30). It may be that
these ETEC serotypes are more able than others to acquire viru-
lence elements thorough horizontal gene transfer.

Conversely, strains from seropathotypes C, D, E, and unknown
(UNK) contained either IEE or IS629 but not the two elements
together. This either/or pattern was seen in only one SPT A strain
and two SPT B strains. Strain LSU-61 (SPT A) is considered an
atypical O157:H7 strain because it displays a mix of different traits
from various clonal complexes, including SF-positive (SOR™) and
B-glucuronidase-positive (GUD™) traits (10, 11, 21, 31). How-
ever, it is possible that the absence of IEE in the 2 SPT B strains
might be explained as lineage differences; there are two different
lineages within this serotype (e.g., O103:H2).

A previous study in swine isolates reported that the presence of
either element (IS629 or IEE) is serotype specific (8); results from
Kusumoto et al. suggest that [EEs spread to different lineages of
ETEC and EHEC by horizontal gene transfer with a highly lineage-
specific occurrence (8). Our results confirm those findings, as iso-
lates from the same serogroup but different serotypes carry differ-
ences in the presence of the two elements. For example, strains of
serogroups 0103 and 0104 displayed different IEE and/or 1S629
combinations on the serotype (Table 1). These results show that
the presence of IEE and 1S629 appears to be related to a strain
H-type (lineage specific) and that this IEE and 1S629 combination
appears to be associated mostly with serotypes related to high
pathogenicity and human disease (SPT A and B). This supports
other findings by Stanton et al., who found an association between
the presence of 1S629 and elements with an effect on virulence and
phage production (32).

jcm.asm.org 3469


http://jcm.asm.org

Toro et al.

TABLE 1 IEE and IS629 prevalence by seropathotype

Seropathotype”

Presence IEE and/or 1S629 A B C D E UNK”

IEE and 15629 0157:H7 026:H11 055:H7 050:H7 0104:2¢
045:H2 0O111:H110 0121:?
0103:H2 0118:NM* 01452
0104:H4 O121:H17
O111:H8 0125:NM
0121:H19 157:H2
0145:H28 0157:H16

0157:H19
0157:H29
0157:H43
0139:NM¢
O149:NM¢

IEE 0157:H7 g 0O5:NM 0O174:H8 g
O113:H21 055:H7

1S629 g 0103:H2 0104:H21 O55:H7 02:H7 091:2
0145:H28 05:NM 0O73:H18 02:H25 0106:?
O157:H11 02:H27 028ac

0O8:H16

08:H30

O15:H16

022:H5

028ac:H7

0103:Hé6

0104:H6

0104:H7

0104:H11

0104:H12

0104:H27

0126:H8

0127:NM

0157:H1

0157:H16

0157:H42

0157:H43

None £ 045:H2 0O91:H21 O4:NM 0O8:H2 09:2
0O128:H2
O113:H21
015:H27 08:H28 092:2
O118:H16
O146:H21 022:H8 0105:2
0168:H8 0O28ac:H7 0122:2
036:H14
046:H38
083:H8
0O88:H38
0104:H49
O113:H36
0128:H45
0O157:H1
0O157:H32
0157:H46
0157:Hal8d
0O174:H36
0174:H36
028ac:H7

“ Bold indicates the five currently most clinically relevant non-O157 STEC serogroups (O-type only) (29).
? UNK, unknown.

€2, Unknown.

4NM, nonmotile.

¢ From Kusumoto et al. (8).

/Only one strain, LSU61.

£ No serotypes found.

Some serotypes—O5:NM and O174:H8 —carried IEE alone pathogenic E. coli and the excision of which is also enhanced by
(these strains represented SPT C and D, respectively). Although  IEE (8, 9).
1S629 was absent in those strains, they did appear to carry 1S2, As suggested by Kusumoto et al., our observations confirm that
another IS3 family member (data not shown) prevalent among IEEs within each cluster evolved independently of their current
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host genomes and were most likely acquired via horizontal gene
transfer (9). Finding identical sequences in disparate E. coli lin-
eages that have evolved separately confirms that the same IEE
element has been acquired multiple times by different E. coli lin-
eages, most likely by horizontal gene transfer (see Fig. S1 in the
supplemental material).

Strains of different serotypes clustered together to form cluster
I, and many of them displayed identical sequences (O157:H7,
026:H11, O111:H11, O118:NM, O145:H28, and O139:NM/
H38). Those serotypes have frequently been involved in serious
outbreaks, whereby those with minor differences rarely cause ill-
ness (serotype O111:H8/NM) or have not yet been implicated in
human illness (0157:H2, O149:NM) (33, 34, 35). Although less
frequent in human outbreaks than E. coli O111:H11, serotype
O111:H8 has been implicated in severe disease, such as hemolytic
uremic syndrome (HUS) (36). Cluster II also includes serotypes
frequently associated to human disease; however, cluster III
groups strains with a lower pathogenic potential.

Although most of O157:H7 strains belong to cluster I, the IEE
of LSU-61 is located in cluster III. Previous researchers have de-
bated whether LSU-61 may be a potential intermediate between
serogroups O55:H7 and O157:H7 (21). However, its IEE se-
quence neither clusters close to other O157:H7 nor to ancestral
055:H7, reducing the likelihood that it is a missing link. A
similar finding was shown by analyzing these two serotypes
using clustered regularly interspaced short palindromic repeats
(CRISPR); LSU-61 carries repeats not present in either sero-
type (37). These findings suggest that LSU-61 evolved on a
separate path from typical O157:H7 and might be better con-
sidered as part of a different O157:H7 lineage rather than an
ancestor of highly pathogenic O157:H7. Our data suggest that
IEEs were acquired by O55:H7, typical O157:H7, atypical O157:
H7, and LSU-61 independently and that these strains diverged
earlier. Intriguingly, an O157:H7 strain similar to LSU-61 was
isolated from a red deer in 2001 in Europe, but it has not yet
been reported to cause human disease (38). This suggests that
IEE was acquired separately by each serotype.

Interestingly, serotype O145:H28 appears to carry two differ-
ent IEE sequence types (Fig. 1) even when all four O145:H28
strains are closely related; however, these strains differed by food
matrix: RM 13516 was isolated in Belgium in 2007 from an ice-
cream outbreak (39, 40), whereby RM 12581 was a lettuce-associ-
ated outbreak strain identified in the United States in 2010 (41).
Little is known about serotype O145:H28 genetic diversity, but
this finding suggests that it might have two different lineages that
acquired IEE separately. Since the two IEEs belong to the patho-
genic IEE clusters (I and II), those differences might not affect the
likelihood that these lineages may evolve to become more virulent.

Since IS elements (particularly 1S629) are important driving
forces behind genomic diversity in O157:H7 (16, 42), if IEE accel-
erates 1S629-mediated mutations, the presence of the two ele-
ments in a single genome may improve the plasticity and fitness of
major STEC serotypes over strains lacking them (19, 20). This
might occur because the preferred substrates for IEE are IS3 family
members (specifically 1S629) resulting in a negative feedback loop.
When IS629’s OrfB overexpresses, its transposase (OrfAB), which
is obtained by a —1 frameshift signal, is repressed. As a conse-
quence, the expected transposition is inhibited (43). Genomes
having a high copy number of 15629 will also overexpress OrfB,
and 1S629 transposition will be reduced or inhibited. When IEE
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removes (using any of the 4 types of genomic deletions) some of
those IS629 copies (9), the levels of OrfB will be reduced and the
transposition of IS629 will be indirectly promoted. This, in turn,
increases the probability that 1S629 will be inserted into a new
region of the genome, subsequently silencing or fixating new
genes, and thereby increasing genome plasticity. Only those
strains that gain survival benefits will thrive, but past observations
have shown that enhancements to virulence or persistence in the
environment have often been associated with increased survival.

Some researchers have suggested that new clones may emerge
due to the intervention of IS629 (44) and, further, that IS629 can
inactivate inserted genes, thereby promoting the fixation of mo-
bile elements, such as phages (45). For example, in E. coli O157:H7
(KE531) the stx, gene has been silenced by an 1S629 (45). Further
activation of transposition/excision mechanisms produced a per-
fect excision of the [S629, resulting in a strain with a functional stx,
gene (45). Many other non-O157 serotypes appear to be emerging
to highly pathogenic serotypes and are being isolated from un-
usual sources (39—41). Genomic plasticity allows rapid adaptation
to changing environments, which provides an evolutionary ad-
vantage to virulent E. coli serotypes.

The genomes of STEC strains are much larger (5.5 to 5.9 Mb)
than those of other E. coli strains because they contain virulence
factors located in prophages, pathogenicity islands (PAIs) (46),
and other integrative elements (IEs) (47) typically acquired
through horizontal gene transfer (4). After up-take of an Stx2
bacteriophage, enteroaggregative E. coli (EAEC) 0104:H4 evolved
to a highly virulent clone (4). Therefore, another way that the IEE
and 1S629 system may increase pathogenicity is by inserting pre-
viously IEE-excised IS elements into genes required for the mobil-
ity of mobile elements, thereby integrating phages carrying viru-
lence markers and PAIs permanently into the hosts’ genome (16).
The process of evolution is accelerated by rapid uptake of phages
and other mobile elements carrying virulence factors, increasing
the likelihood of pathogenic clones.

In conclusion, the combined presence of IEE and 1S629 in
highly pathogenic serotypes may have the potential to leverage the
evolution to strains with higher virulence due to beneficial muta-
tions to enhance adaptation. Therefore, it is possible that sero-
types not currently associated with human disease but carrying
1S629 and IEE may evolve to become new, highly virulent sero-
types. Similarly, less predominant serotypes may likely, due to
their more rapidly changing genomes, evolve to more pathogenic
serotypes.
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