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Abstract

Lytic or lysogenic infections by bacteriophages drive the evolution of enteric bacteria. Enterohemorrhagic Escherichia coli
(EHEC) have recently emerged as a significant zoonotic infection of humans with the main serotypes carried by ruminants.
Typical EHEC strains are defined by the expression of a type Il secretion (T3S) system, the production of Shiga toxins (Stx)
and association with specific clinical symptoms. The genes for Stx are present on lambdoid bacteriophages integrated into
the E. coli genome. Phage type (PT) 21/28 is the most prevalent strain type linked with human EHEC infections in the United
Kingdom and is more likely to be associated with cattle shedding high levels of the organism than PT32 strains. In this study
we have demonstrated that the majority (90%) of PT 21/28 strains contain both Stx2 and Stx2c phages, irrespective of
source. This is in contrast to PT 32 strains for which only a minority of strains contain both Stx2 and 2c phages (28%). PT21/
28 strains had a lower median level of T3S compared to PT32 strains and so the relationship between Stx phage lysogeny
and T3S was investigated. Deletion of Stx2 phages from EHEC strains increased the level of T3S whereas lysogeny decreased
T3S. This regulation was confirmed in an E. coli K12 background transduced with a marked Stx2 phage followed by
measurement of a T3S reporter controlled by induced levels of the LEE-encoded regulator (Ler). The presence of an
integrated Stx2 phage was shown to repress Ler induction of LEE1 and this regulation involved the Cll phage regulator. This
repression could be relieved by ectopic expression of a cognate Cl regulator. A model is proposed in which Stx2-encoding
bacteriophages regulate T3S to co-ordinate epithelial cell colonisation that is promoted by Stx and secreted effector
proteins.
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Introduction escape from the bacterial host by using the stress or SOS response
of the bacterium [5]. The integration of phage genomes and their
subsequent degeneration is important in the evolution of many

bacterial genera, for example Salmonella, Staphylococcus and Esche-

Bacteria such as FEscherichia coli that colonise the mammalian
gastrointestinal tract are exposed to high levels of bacterial viruses,

bacteriophages [1]. Many bacteriophages inject their genetic
material and use the bacterial host simply to produce more phage
in a lytic cycle. Other, temperate phages, can insert their genetic
material into the bacterial genome [1-4]. In this lysogenic state the
phage genome is amplified along with the dividing bacteria [4].
Lysogenic phages have evolved to initiate their replication and
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richia [6,7].

Typical enterohemorrhagic E. coli (EHEC) are defined by the
presence of Shiga toxin (Stx)-encoding lambdoid-like bacterio-
phages in the chromosome and the ability to form attaching and
effacing lesions on epithelial cells of the gastrointestinal tract due to
the activity of a type III secretion (T'3S) system [8-11]. This
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Author Summary

Many significant infectious diseases that impact human
health evolve in animal hosts. Our work focuses on
infections caused by strains of enterohemorrhagic Esche-
richia coli (EHEC) that cause bloody diarrhoea and life
threatening kidney and brain damage in humans as an
incidental host, while ruminants are a reservoir host. EHEC
strains are infected with bacteriophages that can integrate
their genetic material into the bacterial chromosome. This
includes genes for the production of Shiga toxins (Stx) that
are responsible for the severe pathology in humans. It has
been demonstrated that certain EHEC strains are more
likely to be associated with human disease and ‘super-
shedding’ animals. The current study has shown that these
EHEC strains are more likely to contain two related Stx
bacteriophages, rather than one, and that the intercalating
bacteriophages take control of the bacterial type Il
secretion system that is essential for ruminant coloniza-
tion. We propose that this regulation favours co-acquisi-
tion of other genetic regions that encode type lll-secreted
proteins and regulators that can overcome this control.
This finding helps our understanding of EHEC strain
evolution and indicates that selection of more toxic strains
may be occurring in the ruminant host with important
implications for human health.

secretion system is expressed from the locus of enterocyte
effacement (LEE) and is controlled by multiple regulatory inputs,
many through the LEE-encoded regulator (Ler). The T3S system
translocates a cocktail of effector proteins into eukaryotic cells,
many of which were introduced originally into the EHEC
chromosome encoded on prophages along with regulators that
co-ordinate effector expression with the T3S and may allow these
non-LEE encoded effectors to compete for translocation [12-15].
While many of these prophages are considered cryptic their
presence in strains with active prophages generates the constant
possibility of new bacteriophage generation and transduction [16].

The Stx bacteriophages also introduce further variation into the
strains, including the expression of different variants of Stx [17].
All Stx types belong to a family of A;B5 exotoxins comprising of a
single A subunit that is non-covalently associated with pentameric
B subunits that are responsible for toxin binding to its receptor, the
glycosphingolipid Gb3 (globotriaosylceramide; CD77) [17-19].
The A subunit of Stx is an N-glycosidase which cleaves the N-
glycosidic bond of a specific adenine residue of the 28S rRNA in
the 60S ribosomal subunit inhibiting protein synthesis [17,20].
Severe EHEC infections in humans are characterised by bloody
diarrhoea and capillary damage in the kidneys and brain as a
result of Stx activity with potential fatal consequences or long-term
morbidity [1,21,22].

Humans are generally considered to be an incidental host for
the majority of EHEC strains and it is apparent that ruminants
[23,24], in particular cattle are the main reservoir for the EHEC
serotypes associated with human infection, in particular EHEC
O157:H7 and EHEC O26:H11 [25,26]. The pathogenesis of the
organism therefore needs to be considered in the context of the
ruminant host in terms of selective factors that drive its evolution.
In contrast to the situation in humans, there is little evidence for
pathology associated with EHEC: infection in mature, immuno-
competent cattle or other reservoir hosts which typically carry
EHEC asymptomatically [27,28]. This is related, in part, to
differences in Gb3 receptor distribution in cattle versus humans
and differences in how internalised toxin is trafficked in the cell
[29-31]. If phage insertion can confer an advantage to the
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bacterium then this will also increase the survival chances of the
mtegrated phage DNA. Studies on Shiga toxin activity have
provided some insight into its possible benefits for EHEC in the
ruminant host, even though a subset of the bacteria must lyse to
release the toxin. Advantages for colonisation include the
redistribution of nucleolin to the epithelial cell surface where it
aids bacterial attachment via interaction with the bacterial outer
membrane protein intimin [32]. Stx has also been shown to have
immuno-modulatory functions, including the suppression of
inflammatory responses and repression of B cell/T cell prolifer-
ation [33,34], which could complement T3S effector repression of
mnnate responses [35-39].

Epidemiological studies have shown that particular strain types
emerge that are more likely to be associated with human disease.
In the USA, Clade 8 is associated with more serious human
disease [40] and in Europe particular phage types are more
commonly associated with human infections [41]. In a previous
study, Chase-Topping et al [42] investigated fecal pat samples from
481 farms throughout Scotland for the presence of E. coli
O157:H7. Three main phage types were identified, 21/28
(46%), 32 (19%), and 8 (12%). Previous research had shown that
cattle colonized at the terminal rectum can shed bacteria at high
levels leading to the concept of ‘super-shedders’ [43,44]. Low or
high-level shedding was defined by whether the E. coli O157
counts were below or above 10° CFU g™ ' feces respectively.
PT21/28 strains were more likely to be associated with high
shedding and PT32 with low-level shedding samples. PT21/28
strains are the predominant type associated with human infection
in the UK [44]. The initial aim of this study was to identify genetic
differences between PT21/28 and PT32 strains. The research
indicated that Stx bacteriophage carriage was different between
the two as was the regulation of T3S. This led us to determine the
impact of Stx phage lysogeny on T3S regulation in EHEC with the
conclusion that Stx2-encoding bacteriophages usurp control of this
essential colonization factor.

Results

Comparative genomic hybridization of PT 21/28 and PT
32 strains

In order to investigate genomic differences between Phage types
21/28 and 32, twelve strains (six of each type) were analysed by
comparative genomic hybridization (CGH) as detailed in Mate-
rials and Methods. These strains were chosen to include strains
originating from fecal pats with both high and low bacterial counts
(table S1). While multiple differences in gene content were
identified between the phage types (GEO accession number
GSE28838) the most consistent difference was in hybridization to
the Stx2 bacteriophage immunity region. Only one PT32 strain
from the six analyzed showed hybridization to this immunity
region in contrast to all six PT21/28 strains that were investigated
(figure 1A). The array design is based on the E. coli K-12, EDL933
and Sakai sequences (figure 1A). While EDL933 and Sakai contain
both Stx1- and Stx2-encoding prophages they do not contain an
Stx2c-encoding prophage. Previous characterization of the strain
collection by the Scottish FE. coli reference laboratory had
determined that they all contained at least one type of Stx2 phage
(table S1), so to investigate whether Stx2 vs Stx2c prophages could
account for the hybridization differences, genomic DNA prepa-
rations from strains (n = 62) were analyzed for these prophages by
PCR (Materials and Methods). While the majority of all the strains
analyzed contained the Stx2c prophage (87%), the main difference
was 1n the distribution of Stx2 prophages. Overall, examining both
human and bovine-derived strains (table S1), 27/30 PT21/28
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Figure 1. Comparison of EHEC O157 PT 21/28 and PT32 strains. (A) Comparative genome hybridisation of six PT21/28 and six PT32 strains.
From left to right the PT21/28 strains are: 09807, 13425, 09064, 11204, 16438 & 17482; the PT32 strains are: 11805, 16117, 177706, 17478, 17489 &
08997 (table S1). The heat map shown indicates relative hybridisation levels of the defined strains to the Stx2 phage genome and flanking gene
sequences from the 0157:H7 Sakai strain which does not contain a Stx2c prophage. Red through to orange indicates a positive hybridization signal,
with yellow a weakening signal through to blue colouration indicative of poor hybridization. All the PT21/28 strains show good relative hybridization
to the sequences especially the gam-cll immunity region that is indicated. This is not the case for the PT32 strains with only 1 showing positive
hybridisation over this same region, indicating that the remaining 5 strains are unlikely to contain the Stx2 phage. This was confirmed for the strains
using a PCR to detect Stx2 and Stx2c phage control regions (Materials and Methods), the results of which are shown under the heat map lanes. The
Stx phage distribution was then determined by PCR for 60 strains (table S1), please see Results section. (B) Western blot analysis of a subset of PT21/
28 and PT32 strains as defined (table S1). EspD was detected from bacterial supernatants and Esc) and RecA from whole cell samples prepared as
described in Materials and Methods. (C) Relative fluorescence levels from a LEE1-GFP reporter construct transformed into 14 PT21/28 and 16 PT32
strains with levels measured at ODggo = 1. The strains with mean values are defined in table S1. The median level of fluorescence from the PT32 strains
is significantly higher than for the PT21/28 (p<<0.001), the variability in expression levels correlates with the Western blotting data in part B. Also
included is the overall median level (horizontal dashed line) (D) LEE1-GFP expression levels compared between strains containing either one or both
Stx2 or Stx2c prophages. Strains containing both Stx2 phages have a significantly reduced (P =0.016) median level of LEE1 expression compared with
strains containing only one type of Stx2 prophage as determined at ODggo=1 cultured in MEM-HEPES medium.
doi:10.1371/journal.ppat.1002672.g001

strains contained both an Stx2 and Stx2c-encoding prophage,
compared with 9/32 of the PT32 strains analysed (P<<0.01). This
difference was still significant when examining bovine strains only
(P<0.01) (table S1). It was interesting to note however that PT32
strains from humans were more likely (p =0.01) to contain a Stx2-
encoding prophage than the PT32 bovine isolates (75% versus
25%), while the majority of 21/28 strains from either source
contained a Stx2-encoding prophage (table S1). So overall, PT21/
28 strains, which are the main human disease associated phage
type in the United Kingdom, generally harbor both Stx2 and
Stx2c¢ phages whereas PT32 strains were more likely to contain
only a single Stx2 or Stx2c-encoding prophage, but with some
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further selection for Stx2-encoding prophages in the human-
derived isolates.

T3S regulation in PT 21/28 and PT 32 strains

The secretion profiles of thirty strains of each phage type were
analysed, including western blotting for the translocon protein
EspD (a subset of strains is shown in figure 1B). From these initial
profiles it was evident that more PT32 strains were secreting
higher levels of EspD. The strains also produced variable levels of
Esc], with higher levels of the T3S apparatus protein Esc]
correlating with higher levels of EspD secretion (figure 1B). In
order to quantify any differences in the expression of the T3S
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system 1n the two phage types, a subset of the strains (n = 31) were
transformed with a LEE1::GFP reporter construct that measures
transcription initiation of the first LEE operon including /er that
encodes a key regulator of the T3S system [45]. Fluorescence
levels were determined for the different strains during growth
curves in MEM-Hepes as defined in the Material and Methods.
For statistical analyses, fluorescence values were determined from
multiple experiments for ODggo = 1.0 (table S1). PT32 strains had
a significantly higher median level of expression compared to the
PT21/28 strains (p<<0.001, figure 1C). As an alternative way of
analysing potential differences in LEE1 expression between the
PTs, the number of strains exhibiting expression levels above or
below the median value of all the readings (13,846) was compared.
On this basis, PT32 strains were more likely to express the LEE]
fusion at higher levels than the PT21/28 strains (p<<0.01),
consistent with the secretion profiles and Western blotting data.
There was no association between T3S expression and single point
shedding levels of the strain obtained from the fecal pat at the time
of sampling (table S1).

Based on the observation that PT 21/28 was more likely to
contain two types of Stx2-encoding prophage (Stx2 and Stx2c) and
generally demonstrated lower levels of T3S, LEEl expression
levels were compared with the presence of Stx2 and Stx2c
prophages. Strains containing both Stx2 and Stx2c prophages
were significantly more likely (p<<0.05) to have lower LEEI
expression levels than strains containing just one Stx2 prophage
(figure 1D). The differences in T3S and LEEl expression
appeared consistent with differences in Stx2 and Stx2c prophage
content, with more repression of T3S evident in strains containing
both Stx2 and Stx2c prophages. As only one of the PT21/28 and
PT32 strains analysed contained a Stx1 phage (table S1) it was not
possible from this data to examine any impact of Stxl prophage
integration on T3S.

Comparison of T3S expression in the presence and
absence of Stx phages

In order to investigate whether the expression of the T3S system
is repressed by the presence of Stx prophages, secretion profiles
and LEE1 expression levels in EHEC strains, with and without
mtegrated Stx prophages, were analyzed. The sequenced isolate
EDL933 was compared with a published Stx1 and Stx2 prophage-
cured derivative TUV93-0 (figure 2A). Higher levels of EspD
secretion were detected in bacterial supernatants of TUV93-0
compared with EDLI33 (figure 2A). This correlated with higher
levels of the apparatus protein, Esc], in the whole cell fractions
compared with RecA as a control (figure 2A). Again, to quantify
this difference, the LEE] promoter fusion was introduced into
both strains. The expression in TUV93-0 was higher than
EDL933 throughout the growth curve with a significance
difference for values determined at ODggo=0.9 (figure 2B-C).
As both the EDL933 and TUV93-0 strains used have been
cultured in a number of different laboratories and EDL933 was
also subject to genetic manipulation during which phage deletion
occurred [46], there may be other genetic changes, in addition to
the absence of the Stx phages, that may account for the increased
level of T3S in TUV93-0. To investigate this, two approaches
were taken. In the first, a Stx2 bacteriophage (Sp5) marked with a
kanamycin resistance cassette from a derivative F. coli O157 Sakai
strain (Sakai stx24::kan, table 1) was moved in the TUV93-0
background. Attempts to transduce this marked Sp5 phage into
this background were not successful. However, conjugation of the
prophage into TUV93-0 worked in the presence of a cloned and
induced copy of the Sp5 ¢/ (pBAD-CI, table S2) to restrict
prophage induction. EspD secretion level, Esc] expression and

@ PLoS Pathogens | www.plospathogens.org

Stx Phage Control of T3S

LEEI-GFP levels were then determined in the absence of
arabinose-induced ¢/ induction (figure 2A-B). The conjugation
led to the repression of T3S but not to the level demonstrated for
EDL933. This repression was confirmed by analysis of both ler and
espD transcript levels in the TUV strain pair, with TUV93-0(Sp5)
showing a significant reduction in these T3S-associated transcripts
in comparison to the parent strain (TUV93-0), while there was no
significant change in gapA transcript levels between the two strains
(figure S1). As a second approach, another series of strains were
generated from EDL933 in which the Stx2-encoding prophage
and then the Stxl-encoding prophage were deleted by allelic
exchange to generate another Stx prophage negative derivative of
EDL933. This strain exhibited increased levels of T3S and LEEI
expression by comparison with the isogenic EDL933 parent, but at
lower levels than shown for TUV93-0 (figure 2A-C). Of note is
that deletion of just the Stx2-encoding prophage resulted in a
significant increase in T3S and LEE] expression levels but that the
further deletion of the Stxl-encoding prophage had no further
impact on expression, indicating that the repression is associated
with the Stx2-encoding prophage only in EDL933. The impact of
Stx phage deletion was further confirmed by RT-PCR (figure S1),
with significantly higher espD transcript levels associated with
either the single or double prophage deletions. Taken together, it is
evident that the presence of Stx2 prophages in the EHEC O157
chromosome can limit T3S by repressing levels of LEEI
transcription. However, other uncharacterized changes between
our laboratory stocks of EDL933 and TUV93-0 may also
contribute to T3S differences between these strains.

To examine if Stx2 prophage deletion has an effect on T3S in
another EHEC serotype, two pairs of published £. colz O26:H11
strains were obtained (table 1). Both pairs are considered isogenic
apart from the presence and absence of Stx2 prophage [47], the
prophage were lost during culture of the bacteria. For one pair,
T3S increased significantly in the absence of Stx2-encoding
prophage (figure 2A), while for the other no T3S was detectable
for either strain under the conditions tested (data not shown). For
the pair with detectable T3S, the LEEI-GFP reporter was
transformed into both strains and levels of expression measured
throughout the growth curve (figure 2D). Again the presence of the
Stx2 prophage correlated with significant repression of LEE]
expression in agreement with the Western blotting profile for
EspD secretion and production of the T3S apparatus protein, EscJ
(figure 2A-C).

Repression of LEE1 promoter activity in E. coli K12
transduced with a Stx2 bacteriophage

In order to determine whether the repression of T3S expression
by Stx2 prophages could also be detected in a distinct genetic
background, the marked Stx2 bacteriophage (Sp5) induced from
E. coli O157:H7 Sakai was used to transduce F. coli K12 MG1655.
This transduction was achieved and the establishment of a lysogen
in E. coli K-12 confirmed by selectable markers and PCR assays
(Material and Methods). This E. coli K-12 Stx2 prophage lysogen
and the parental MG1655 strain were then transformed with the
LEE1::GFP promoter fusion plasmid and fluorescence levels
measured throughout the growth curve (figure 3A). While there
was some detectable expression from the LEE1 promoter there
was no significant difference in LEE] expression levels between
the two strains (figure 3A). However, neither of these strains
contains the LEE encoded regulator (Ler) which is known to
activate T3S by relieving H-NS repression of LEE] and other
LEE promoters. To examine the effect of the Stx2 prophage on
Ler-induction of LEE] expression, ler was expressed from an
IPTG-inducible promoter on pWSK29 in the same pair of F. coli
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Figure 2. Analysis of T3S and LEE1 expression in E. coli with and without integrated Stx prophages. (A) Western blot analysis of paired E.
coli 0157 and 026 strains. EspD was detected from bacterial supernatants and EscJ and RecA from whole cell samples prepared as described in
Materials and Methods. EDL is the sequenced EDL933 strain and this was originally compared with a published strain TUV93-0 (lane 4) that has lost
both Stx1- and Stx2-encoding prophages. This strain demonstrates higher secretion levels and EscJ expression. The Stx2-encoding prophage and the
Stx1-encoding prophage were deleted from EDL933 (lanes 2 and 3 respectively) leading to increased T3S. A marked Stx2 phage [67] was conjugated
into TUV93-0 expressing a cloned ¢/ from Sakai Sp5 (lane 5) and this resulted in a reduction in T3S and EscJ expression. The final two lanes contain
samples from a published isogenic pair of EHEC 026 strains [47] from which one has lost the Stx2 phage leading to a marked increase in T3S. (B-C) To
quantify differences in T3S expression, the same strain sets as in part A, were transformed with a LEE1-GFP construct and fluorescence measured
throughout the growth curve. This was repeated three times with one experiment shown in (B). A minimum of three values were determined from
the expression curves for ODggo = 0.9 and plotted in (C) as mean and 95% confidence intervals. *** : p<<0.001 for the TUV strains and p=0.001 for the
EDL strains compared. (D) The E. coli 026 pair of strains blotted in (A) (table 1) were transformed with the LEET-GFP expression construct or a control
plasmid and population fluorescence levels measured through the growth curve. Taken together the data demonstrates that lysogeny with an Stx2-
encoding phage represses T3S expression.

doi:10.1371/journal.ppat.1002672.9002

K-12 strains containing the LEEI reporter. Induction of Ler was the LEE1-GFP reporter (figure 3E, lanes 6 & 8) contained equivalent

carried out using IPT'G and fluorescence levels measured throughout levels of the tagged Ler protein when compared to RecA levels as a
the growth curve. As anticipated expressing Ler @ trans significantly control. This implied that although Ler was induced and present its
increased expression from the LEE] promoter fusion in the E. coli K- capacity to act on the LEE] promoter was limited by the presence of

12 strain (figure 3A). However, this ler-dependent activation did not the integrated Stx2 phage in the chromosome.
occur to the same extent in the F. coli K-12 derivative containing the
Stx2 prophage (figure 3A). This result implied that Stx2 prophage- The lysogeny regulator Cll can repress type Ill secretion

based repression of T3S mvolved inhibition of Ler-mediated LEE1 One explanation for the failure of Ler to induce LEEI
promoter activation. To confirm that Ler was induced by IPTG expression in the presence of the Stx2 lysogen is that a regulator
induction to a similar level in the two backgrounds, a modified Ler or regulators expressed from the Stx2 lysogen repress Ler activity
was expressed from pWSK29 with a carboxy-terminal six Histidine on the LEE1 promoter. Several of the key lysis/lysogeny regulators
tag (6 xHis-Ler) to allow levels to be determined by Western blotting. characterized for phage lambda were cloned from the Sakai Stx2
This construct was also able to induce LEE] expression in E. coli phage (Spd) into the arabinose-inducible vector pPBAD myc HisA
MG1655 and again this activation of transcription from the LEE] (table S2). These clones were sequenced and confirmed as identical
promoter was repressed by the presence of the marked Stx2 prophage to the published genes from Sp5. The clones were electroporated
(Sp5) from Sakai (figure 3B). Whole cell protein samples were blotted into the Stx phage negative F. coli O157:H7 strain TUV93-0 and
for detection of 6 xHis-Ler and the isogenic K-12 strains containing the T3S profiles determined from supernatants following arabi-
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Table 1. Bacterial strains associated with the study.
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E. coli K12 EDCM367 (Nal?)

E. coli EDCM367(Sp5 stx2A:kan)

JC5029

JC5029(Sp5 stx2A::kan)

TUV93-0AgadE

E. coli O157:H7 PT21/28 and PT32 bovine isolates

Spontaneous NalR derivative from E. coli K12 MG1655.
Generated by transduction from the Sakai stx2A:kan strain
Hfr strain

Generated by transduction from the Sakai stx2A:kan strain
TUV93-0 with gadE replaced by allelic exchange

38 strains isolated as part of an international partnership
in veterinary epidemiology (IPRAVE) project 2001-2006.

Strain Details Source

ZAP1238 E. coli 026 Stx2+ [47]

ZAP1239 E. coli 026 Stx2— [47]

EDL933 E. coli O157:H7 EDL933 Lab stock
Stx1+ Stx2+

TUV93-0 EDL933 with excised Stx1 and Stx2 phages [46]

ZAP1321 EDL933 21449(clls;)<>sacBkan. Constructed by This study
allelic exchange using pXLS13 (table S2)

ZAP1322 EDL933ABP-933W (Stx2 phage) by allelic exchange of This study
ZAP1321 using pXLS15 (table S2)

ZAP1323 ZAP1321Az1449 This study

ZAP1324 ZAP1323 z3357<>sacBkan This study

ZAP1325 ZAP1324Az3357 This study

ZAP1326 ZAP1322 CP-933V<>sacBkan This study

Sakai stx2A::kan Sequenced E. coli 0157:H7 Sakai strain with a kanamycin [67]
cassette replacing the stx2A toxin gene (Sp5 stx2A:kan)

TUV(Sp5) TUV93-0 containing a marked Stx2 phage conjugated This study
from JC5029(Sp5) as described in Material and Methods

AAEC185 Laboratory K-12 strain for plasmid cloning [70]

Provided by Prof. M. Masters, [68]
This study

E. coli Genetic Stock Center

This study

[14]

[42]

E. coli O157:H7 PT21/28 and PT32 human isolates

24 strains provided by Dr. Lesley Allison from the E. coli reference
laboratory, Edinburgh. Further information is provided in table S1.

Further information is provided in table S1.

Laboratory stocks

doi:10.1371/journal.ppat.1002672.t001

nose induction (figure 4a). Only the clone of ¢/l showed any
evidence of T3S repression. However, it is established that CII
induction can be toxic for cells and we observed reduced growth
rates when inducing expression of ¢/I. It is also apparent that in
this case, even though EspD levels were reduced, Esc] expression
was not, indicating a difference over the Stx2 prophage repression
phenotype. Of note was the same reduced growth rate when ¢/
was induced in EPEC O127 E2348/69, but in this case there was
no repression of T3S (data not shown), indicating a regulatory
difference in this Stx phage negative background. To determine
the relevance of ¢// to repression of T3S at physiological levels, the
¢l gene was deleted sequentially from the Stx2 prophage and then
from the Stx1 prophage in E. coli O157 EDL933. Western blotting
for T3S proteins as well as fluorescence levels from the LEE1-GFP
reporter transformed into the strain demonstrated significantly
increased LEE1 expression and T3S in the absence of ¢// from the
Stx2 prophage (figure 4A-B), but with no further increase in
secretion following the deletion of the Stx1-prophage ¢// regulator.
This result is consistent with the results obtained following
sequential deletion of the Stx2 and Stxl prophages from
EDL933 (figure 2). Available database ¢/l sequences from StxI-
and Stx2-encoding bacteriophages were aligned and clustered
(figure 4E). This indicated that while ¢/ sequences can group to
some extent with Stx type, identical ¢/ sequences can also be
associated with both Stx1 and Stx2-encoding phages. In the case
of EDL933, the BP933W (Stx2)-associated CII peptide (Z1449)
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shares 94.6% amino acid identity to the predicted CII peptide
(23357) sequence from CP-933V (Stx1) which could account for
the differences in activity observed in this study. Both EDL933 and
Sakai also encode an additional gene within syntenic, non-stx
associated lambdoid phages (20370 in EDL933 CP-933H
prophage and ecs0276 in Sakai Spl prophage, respectively), with
low predicted identity to the Stx-associated CII homologs (<30%
amino acid identity with the EDL933 Stx2 prophage CII peptide
sequence). Table S4 summarizes the results of these comparisons.

Exogenous expression of homologous c/ represses Stx
prophage regulation of T3S

In the case of classic lambda, CII and the majority of prophage
regulators are silenced by CI once lysogeny has been established
[4,5]. Given that CII and potentially other regulators on Stx2/2c
prophages are involved in the repression of T3S when the
prophage is in a lysogenic state, we wanted to determine whether
increased expression of a homologous ¢/ could alleviate this
prophage-based control by repressing the expression of these
controlling factors such as ¢/I. This was tested in a number of
ways:

Firstly, when the marked Sakai Sp5 Stx2-prophage was
conjugated into TUV93-0 (figure 2) this required that ¢/ from
this phage was cloned, transformed and expressed in TUV93-0 in
order to prevent zygotic induction of phage-mediated lysis on
receipt of the transferred prophage. It had already been
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Figure 3. An Stx2-prophage represses LEE1 activation in E. coliK-12. Induction of the LEE1-promoter in isogenic E. coli K-12 strains with and
without an integrated Stx2 (Sp5) phage. (A) A marked Stx2 phage was transduced into E. coli K-12 MG1655 as described in Materials and Methods.
Expression of the LEE1-GFP reporter, or a control GFP plasmid (GFP vector) were compared in the Stx+ and Stx— K-12 strains with and without
induction of the LEE-encoded regulator (pWSKler) or control plasmid (pWSK29) with 1 mM IPTG. (B) This experiment was repeated four times and
fluorescence values determined at ODgpo=0.9 with the mean values and 95% confidence intervals presented. Stx2 lysogeny significantly reduced
LEE1-GFP expression levels (p<<0.001 (***)) following Ler induction (black and red squares), but there was no significant difference without Ler
induction (green and blue triangles). (C-D) The experiments as above were repeated with a 6 xHis-tagged Ler construct (pWSKler*) to enable a
comparison of Ler levels in the different backgrounds. Again the Stx2 lysogen led to significantly reduced levels (p<<0.001 (***)) of population
fluorescence following Ler induction (red and black squares in (C) when compared at ODgpo=0.9 in (D - presented as mean and 95% confidence
intervals). (E) 6 xHis-tagged Ler levels were compared with RecA in the different strains by Western blotting from whole cell samples taken at
ODgoo=0.9. Both strains containing the LEE1-GFP fusion and the induced pWSKler* contained equivalent levels of the induced 6 xHis-tagged Ler
protein, lanes 6 & 8.

doi:10.1371/journal.ppat.1002672.g003

demonstrated that this clone had no impact on T3S in TUV93-0
in the absence of a Stx2 prophage (figure 4), but when this ¢/-
encoding plasmid was subsequently displaced from the TUV93-
0(Sp5) background, there was further suppression of T3S as
determined by a reduction in EspD secretion levels (figure 5A).
The presence of the Cl-encoding plasmid was therefore limiting
the capacity of the bacteriophage to repress T3S.

Secondly, the same Sakai (Sp5) ¢/ construct was then transformed
into both E. coli O157 Sakai and EDL933 backgrounds. While there
was no detectable impact of the regulator on T3S in EDL933 (data
not shown), the expressed regulator increased levels of T3S in the
Sakai background (figure 5B). This was consistent with the fact that
the Sakai Sp5 produces a CI regulator that is markedly different

@ PLoS Pathogens | www.plospathogens.org

(52/217 identity, 24%) to that encoded by the Stx2 prophage (BP-
933W) of EDLI33.

Finally, in order to test whether the prophage-based regulation
contributed to repression of T3S in the original PT21/28 isolates
that contain both Stx2 and Stx2c prophages (figure 1), the Sakai
Sp3 ¢l clone was transformed into the PT21/28 strain 15602 (table
S1). Sequencing of amplified ¢/ alleles from this strain (Material
and Methods) indicated that it contains an identical ¢/ to that
present in Sakai Sp5. The presence of the Sp) ¢/ clone and further
induction with arabinose increased EspD secretion in this PT21/
28 strain (figure 5C), supporting the concept that increased
expression of a homologous ¢/ can counteract the activity of Stx2
prophage-based regulators, including ¢//, that repress T3S.
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Figure 4. The Cll protein is involved in repression of T3S in EHEC O157. (A) The defined bacteriophage lysis/lysogeny regulators were
cloned into the pBAD18 vector and induced in E. coli TUV93-0 that does not contain any Stx prophages. Western blot detection of EspD from
bacterial supernatants and Esc) & RecA from whole cell samples. (B) Western blot analysis of the same proteins from E. coli EDL933 and isogenic
strains from which the Stx2 cll gene and then the Stx1 phage c/l gene had been deleted by allelic exchange as described in Materials and Methods.
(C-D) Population fluorescence from the LEE1-GFP reporter, or control plasmid, were examined in EDL933 and c// deletion strains and presented in D
as mean and 95% confidence intervals. Deletion of either the single cll from the Stx2-encoding bacteriophage or both c/l genes led to significant
increases (p<<0.001 (***)) in population fluorescence levels at ODggo=0.9. (E) Cll phylogenetic analysis. Phylogram shows unrooted maximum-
likelihood tree of 16 publicly available c/l nucleotide sequences from Stx1 (green) and Stx2/Stx2c (orange) encoding bacteriophages. Abbreviations:
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EC970520); and 1717 (Stx2-converting phage 1717 from unspecified strain of E. coli O157:H7). Scale bar shows substitutions per site.
doi:10.1371/journal.ppat.1002672.g004

compared with PT32 strains. In addition, P121/28 strains over
that period were the most prevalent phage type associated with
human infection [41,42]. The initial aim of this study was to
compare PT21/28 and PT32 strains in terms of genomic
differences to determine how these inform the epidemiology.
Comparative genomic hybridisation (CGH) and PCR analyses
demonstrated that Stx phage carriage differed between the phage
types. PT21/28 strains generally carried both Stx2 and Stx2c
bacteriophages, irrespective of whether the strains were sourced
from cattle or humans. By contrast, nearly all the bovine P132
strains analysed carried only the Stx2c phage. The situation for the
limited number of human PT32 strains was more complex, but

Discussion

Enterohemorrhagic Escherichia coli strains are characterised by
the integration of lambdoid-like phages into their chromosome
that encode Shiga toxins [1,8,47,48]. EHEC O157 strains can be
lysogenized by different types of Stx phage, but those associated
with Stx2 and Stx2c are considered the most important in terms of
human virulence [49,50]. Some strains carry multiple Stx phages
indicating differences in phage exclusion control beyond that
characterized for classical lambda [51,52]. A key question is
whether Stx phage lysogeny confers an evolutionary advantage on
the recipient EHEC strain, and whether this might underpin the

epidemiology of EHEC O157 strains? A large epidemiological
study of farms in Scotland demonstrated that PT21/28 strains
were more likely to be associated with higher level fecal counts
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these were significantly more likely to contain a Stx2 phage in
comparison to the bovine PT32 strains. This data indicates that
strains carrying both Stx2 and Stx2c phages are more likely to be
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Figure 5. Homologous ¢/ expression represses prophage control of T3S. Western blot of Secreted EspD and whole cell pellet RecA levels
(preparation control) for the indicated strains: (A) Conjugation of a marked Sp5 Stx2-prophage from E. coli 0157 Sakai was carried out into TUV93-0
containing an induced clone of Sp5 ¢/ to prevent zygotic induction. This pBAD-CI clone was then displaced with a variant of pBR322. The ¢/ clone
limited the repressive impact of the Sp5 prophage on T3S. (B) E. coli 0157 Sakai was transformed with both pBAD18 and pBAD-Cl. The presence of
pBAD-CI with or without arabinose induction increased the level of EspD secretion. (C) An E. coli O157 PT21/28 isolate (15602, table S1) was
transformed with both pBAD18 and pBAD-CI. The presence of the pBAD-CI clone led to detectable EspD secretion that was increased on induction of
cl. There was no increase in T3S when the same plasmid was induced in E. coli 0157 EDL933 (data not shown), indicating that the induction may be

specific to strains containing a cognate ¢/ on the Stx2-encoding bacteriophage.

doi:10.1371/journal.ppat.1002672.9005

associated with human infection. This result is in line with recently
published research on Clade 8 strains in the USA that are
considered to be more virulent. Clade 8 strains were significantly
more likely to carry both the stx2 and stx2¢ genes in comparison to
the other clades containing stx2¢ [40]. All clade 8 strains tested had
stx2, and 57.6% had stx2¢c. Whether this association for both relates
to differences in toxicity of the strains or other phenotypes
associated with the strains is not known, although more recent
work has indicated that levels of Stx2 production alone are likely to
be important, irrespective of lineage, in terms of association with
human clinical disease [49].

As type III secretion (T3S) is essential for cattle colonisation and
variation in regulation may be associated with differences in
shedding level from cattle [44], T3S levels of PT32 and P121/28
strains was investigated. Levels of T3S varied markedly between
strains in agreement with our previous work on T3S profiles of
EHEC O157 strains [53]. T3S levels were low in the majority of
PT21/28 strains compared with the PT32 strains. Extensive
research has defined multiple regulatory inputs for T3S and it is
likely that the variation observed will be due to a complex
combination of alleles. For example, use of a LEEIl reporter
readout in different lineages of EHEC O157 strains has yielded a
complex and widely distributed pattern of expression with no clear
association with particular integrated O-islands or S-loops [54].
However, the finding in the present study that strains with both
Stx2 and Stx phages had on average lower levels of LEE]
expression than strains with a single type of Stx2 bacteriophage
prompted us to test strain pairs with and without Stx bacterio-
phages. Analysis of these strains demonstrated that Stx2 phage
insertion into the chromosome leads to repression of T3S, this was
also apparent in a pair of O26 strains, including one from which
the Stx2 phage had been naturally cured [47]. As stated there are
likely to be multiple variable inputs into T3S expression and this
was confirmed by analysis of the potentially isogenic EDL933 and
TUV9I3-0 strains. While Stx2 bacteriophage insertion and deletion
repressed and activated T3S respectively, other differences
between the strains may also account for the marked difference
in T3S levels between these strains.
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To confirm and study the Stx2 bacteriophage repression in
another background, the sequenced E. coli K12 MG1655 strain
was lysogenised with a marked Stx2 phage from the sequenced £.
coli O157:H7 Sakai strain. This set of experiments provided insight
into the mechanism of the Stx2 prophage control as the capacity of
Ler to induce LEE1 expression was reduced in the presence of the
Stx2 lysogen despite equivalent levels of the Ler protein being
present. In turn, this will limit expression of the other LEE operons
under Ler control reducing T3S levels from the EHEC lysogen. As
LEEL expression is subject to auto-regulation by Ler, we cannot
rule out repression of LEE] transcription independently of the
inhibition of Ler activation.

Of note is recently published work examining the impact of Stx
phage insertion on gene expression in E. coli K-12 by micro-array
[55]. There were 166 genes found to be differentially expressed
indicating global regulation by the integrating prophage. 62
transcripts were down-regulated and 104 up-regulated, including
motility and acid-resistance associated genes. This included
increased expression of gadE that is known to be involved in
repression of T3S so increased gadE expression following Stx
phage lysogeny could account for some of the reduced expression
[14,56,57]. In the present study, this was investigated in E. coli K-
12, in which Stx2 lysogeny was demonstrated to increase gadE
expression (figure S2A), but in an F. coli O157 background, the
deletion of gadE had no impact on the capacity of the integrated
Stx2 prophage to repress T3S (figure S2B), indicating that while
this pathway may be relevant for the prophage control, it is not
required.

Previous work has established that the LEE2/3 operons, but not
LEE] are subject to repression by LexA in EPEC with activation
following SOS induction [58]. The repression of Ler activity on
LEE!l demonstrated in the present study may be the result of
established lambda lysogeny regulators and/or regulators encoded
elsewhere in the bacteriophages. To test established lambda phage
regulators, ¢/, ¢II, cro, anti-terminators N and Q) were cloned and
induced in TUV93-0. CI was a potential regulator as this is the
main phage encoded-protein known to be expressed constitutively
during lysogeny [52] but its induction had no direct impact on
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T3S in the absence of an integrated Stx prophage. CII was the
only induced regulator that had a direct effect in this background,
and de-regulated CII expression is known to have effects on
growth rate [59] and so the T3S changes may have been due to
indirect effects. For example, ClpX activity is increased in stressed
bacteria and this is known act predominately on LEE4/5 and so
would affect T3S levels of the LEE4-encoded EspD but not Esc]
expressed from LEE3 [60]. To test the potential importance of ¢/I,
both copies were sequentially deleted from the Stx2- and then
Stx1-encoding prophages in EDL933. T3S was increased follow-
ing deletion of ¢l but no further increase was measured on
further deletion of ¢/Ig,;, indicating a role of ¢/l,» in the control
of T3S regulation. This result is however incongruous with the
established regulation and function of CII, which is thought to
primarily aid the establishment of the lambda lysogen [52]. While
this is the case for bacteriophage lambda there may well be
differences in the regulation between classic lambda and Stx
lambdoid bacteriophages; for example it is already clear that these
phages are tolerant of multiple lysogens [51]. Further confirmation
that the repression of T3S is controlled by Stx2 phage-based
regulators such as CII that are under the control of CI was shown
by increasing expression of a cognate ¢/ in a number of EHEC
backgrounds which led to an increase in T3S levels (Figure 5A-C).
We cannot rule out that other Stx2 bacteriophage-based regulators
may also contribute to repression of T3S following lysogeny but
both ¢ and ¢II sequence variation, as well as differences in their
expression and potential to cross-talk with other Stx-encoding
prophages are likely to account for the different repressive
capacities of Stx-encoding phages and T3S variation between
EHEC strains.

So why is this repression of T3S associated with Stx phage
lysogeny? We propose that Stx phages repress LEE] expression
to effectively take control of this critical colonisation factor. The
Stx bacteriophage, through this regulation, may ensure that
bacterial colonisation and persistence become dependent on the
bacteriophage. It is interesting that EHEC strains, by comparison
with the sequenced EPEC strain O127:H6 have a greater
number of T3S effector proteins expressed from a variety of
cryptic prophages [8,61]. These effector proteins have their
expression co-ordinated with production of the T3S system by
the PchA/B regulators and Ler that act on both effector protein
expression and LEE1 [12,13]. We propose that the repression
demonstrated by Stx2 phages could select for co-integration of
effector-encoding prophages and their associated LEE regulators
(figure 6A-C). As a consequence, it is the network of prophage-
based repressors and activators controlling T3S that is important
for EHEC strains for which Stx2 prophages must also be taken
into consideration [13].

It is also evident that Stx phages provide a selective advantage
in EHEC strains for colonisation and persistence through the
production of Shiga toxins. SOS induction in the gastrointestinal
tract will lead to lysis of a subset of the bacteria with Stx release
(figure 6D). Stx allows increased expression and relocation of
nucleolin and other receptors to the epithelial cell surface where
they bind to the EHEC adhesin, intimin promoting EHEC
colonization [32,62]. This function of Stx directly links Stx phage
regulation and LEE-promoted adherence, as intimin is expressed
from the LEE and is necessary for intimate attachment and
attaching and effacing (A/E) lesion formation by binding to the
translocated intimin receptor (Tir) also expressed from the LEE
and secreted by the T3S system. It is established that EHEC
strains vary markedly in their capacity to produce Stx toxins [49],
a phenotype that is intricately associated with Stx phage carriage
and levels of lysis induction. EHEC strains also vary in their
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capacity to secrete T3 translocon and eflector proteins [45,53] a
phenotype that can now also be related, in part, to the
combination of Stx phages carried by a strain. The heterogeneous
nature of lysis induction means there is a subset of bacteria that
do not lyse and which can then induce T3S when appropriate
niche signals are detected, including quorum sensing [63]; these
bacteria benefit from Stx priming of the epithelium as a result of
the lysed population (figure 6D). In this way, the Stx phage and
effector prophage repertoire of an EHEC strain are critical
factors governing colonization of the gastrointestinal tract and
subsequent innate responses that will determine excretion levels
from the animal (figure 6D). Future work will examine whether
increased excretion of strains from cattle is associated with
integration of multiple Stx phages, altered T3S regulation and
increased Stx toxin levels, with important ramifications for the
selection of strains able to cause more severe infections in
humans.

Materials and Methods

Bacterial strains, plasmids, oligonucleotides and media
The bacterial strains and plasmids used in the study are
described in tables 1, S1 and S2. Table S3 lists the oligonucleotide
primers used. MEM-HEPES is minimal essential medium with
HEPES buffer (Sigma), containing additional glucose to a final
concentration of 0.2%. LB broth was also used (Oxoid).
Antibiotics were included when required at the following
concentrations: chloramphenicol (C) 12.5 pg/ml, Nalidixic acid
(20 pg/ml) kanamycin (K) 25 pg/ml and ampicillin (A) 50 pg/ml,
spectinomycin (50 pg/ml) and tetracycline (15 pg/ml).

Cloning of prophage-encoded regulators

ler, cll alleles, ¢, cro, anti-terminator N and Q) genes were cloned
from E. coli O157 Sakai and EDL933 strains as explained in table
S2 with primer sequences described in table S3. These clones were
confirmed by sequencing (GATC Biotech). The ¢/ alleles from
15602 were sequenced following amplification using Clseql and
Clseq?2 primers (table S3). Clones in pBAD/HisA were induced
with 0.2% (w/v) L-arabinose when indicated.

Comparative genomic hybridization (CGH)

Genomic DNA was extracted with Invitrogen ChargeSwitch
gDNA Mini Bacteria Kit (Invitrogen). Labeling was carried out
with Bioprime Plus Array CGH Genomic Labelling System
(Invitrogen). Protocols for pre-hybridization, hybridization and
washing for ultragaps slides were from UBEC project (School of
Biosciences, University of Birmingham). The arrays were 70-mer
spotted oligonucleotides based on open reading frames from . coli
K-12, E. coli Sakai, and E. coli EDL933. Briefly, array slides were
washed twice in Wash Buffer II (0.1% SDS, 0.1 x SSC), each time
for 30S. Then slides were transferred in pre-hybridization buffer
(0.1% BSA, 0.1% SDS, 5x SSC) for 120 min. After washing in
Wash Buffer II and III (0.1 x SSC), the denatured hybridization
probe mixture (30% formamide, 5x SSC, 0.1% SDS, 0.1 mg/ml
Salmon sperm DNA, 1x Denhardt’s Solution and 80 picomoles
Cy3 and Cy) probe) was added to slides and incubated overnight.
Next day, the array slides were washed in Wash Buffer I (0.1%
SDS, 2x SSC), II and III and scanned with an Axon scanner. The
hybridization levels were analyzed using Genespring GX 7.3.1
(Agilent).

PCR to identify stx2- and stx2c-encoding bacteriophages
Genomic DNA for 62 tested strains was extracted with the
Invitrogen ChargeSwitch gDNA Mini Bacteria Kit. The concen-

May 2012 | Volume 8 | Issue 5 | €1002672



Stx Phage Control of T3S

D

% T3S repressed by Stx2 prophage
Qe O O O

SOS RESPONSE & NICHE SENSING

Stx INDUCTION IN ACTIVATES
SUB POPULATION Pch & Ler
Stx prophage
_ =, Celllysis & repression
‘o =/ Stx release overcome,
T3S induced

5 | 4
Lo L EE —> T3S L6

LEE LEE
C Stx upregulates EHEC binds Modulation of
and re-distributes to Stx innate responses
receptors induced by Stx and
receptors  effector proteins
via intimin

\{ | - ) IMPACT ON REPLICATION AND SHEDDING

C_ LEVELS FROM COLONISED ANIMALS
5 4

LEE —>T3S _°

Nle LEE

Figure 6. Regulatory scheme for prophage control of T3S and impact on cattle colonisation. (A) Schematic diagram showing that the
integrated Shiga toxin prophage represses type Il secretion (T3S) by restricting Ler-mediated LEE promoter activation. Under the conditions shown
there is no expression of the PchA/B regulators associated with other integrated prophages that express effector proteins secreted by the T3S system.
(B) Repression is overridden by the activity of activators such as PchA/B that are induced following sensing of niche specific signals in the animal host.
A number of environmental signals are known to control T3S [13] including quorum sensing [63] which is proposed to contribute to the tropism of
EHEC 0157 for the terminal rectum of cattle [43]. However, much less is known about whether these can act through Pch activation. PchA/B stimulate
LEE1 and Ler expression leading to production of the T3S apparatus and secretion of LEE-encoded regulators, indicated as blue circles marked ‘LEE’ in
the figure. (C) Psr regulators on effector-encoding prophages increase gadE expression leading to repression of LEE-encoded effector protein
secretion. It is proposed that this prophage regulation allows non-LEE encoded effectors (Nle) to compete for export through the T3S system [14]. (D)
A model for EHEC interaction with the epithelium. SOS stress responses result in prophage induction and Stx release in a subset of the population.
Potentially certain stresses associated with the interaction with epithelial cells may induce this response. The released toxin induces the expression
and redistribution of receptors to the epithelial cell surface [32,62]. T3S is repressed but can be induced by Pch regulators [12,13], RgdR [15] and
further controlled by PsrA/B [14] present on cryptic prophages to ensure co-ordinate T3S apparatus expression and effector protein secretion
(figure 5A-C). The induction of T3S includes intimin expression on the outer membrane of the bacteria allowing binding to Stx-induced receptors,
including nucleolin [32]. This leads to intimate attachment and lesion formation. Secreted effector proteins can repress inflammation as can Stx [33-
39]. It is proposed that the degree and nature of this modulation will be different between strains impacting on bacterial replication and therefore
the extent of excretion from the animal.

doi:10.1371/journal.ppat.1002672.9g006
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tration of the genomic DNA was measured by a nanodrop. The
method of Wang et al. [64] was used to determine the presence of
stx2 and stx2¢ coding sequences. 100 ng of genomic DNA was used
for each PCR reaction. An amplicon of 115 bp with the respective
primers indicated the presence of an Stx2-encoding bacteriophage
while an amplicon of 124 bp with the six2¢-specific primers
indicated the presence of an Stx2c-encoding prophage.

Preparation of secreted proteins and bacterial fractions
for protein analyses

Bacteria were cultured in 30 ml of MEM-HEPES at 37°C
(200 r.p.m.) to an ODggo of 0.8 unless specifically stated. The
bacterial cells were pelleted by centrifugation at 4000x g for
15 min, and supernatants were passed through filters (0.45 um).
Supernatant proteins were precipitated overnight with 10%
TCA, and separated by centrifugation at 4000 x g for 30 min
(4°C); the proteins were suspended in 100 pl of 1.5 M Tris
(pH 8.8). The bacterial pellet was initially suspended in 50 pl
Laemmli sample buffer (Sigma) and 50 ul water. Proteins were
separated by SDS-PAGE using standard methods and Western
blotting performed as described previously [45,65]. Primary
antibodies for Western blotting were raised against the proteins
described with the source provided in brackets: a-EspD (Gift
from Prof. T. Chakraborty, University of Giessen), a-Esc] (Gift
from Dr Ando and Prof. Tobe, Osaka University), o-RecA
(Stressgen/Enzo Life Sciences).

Quantification of population fluorescence levels

Strains were electro-transformed with pAJR70-71 (table S2)
and the resultant transformants were cultured overnight in LB
broth and then diluted 1:100 into fresh, MEM-HEPES with
appropriate antibiotics. Typically, 30 ml was cultured
Erlenmeyer flasks shaken at 200 rpm, 37°C. The optical density
of the cultures was monitored by determination of the ODgqo.
Clultures were sampled every hour for optical density and GIFP
measurement. The total fluorescence produced by the popula-
tion was determined by analyzing 100 pl aliquots of culture with
a fluorescent plate reader (Fluostar Optima; BMG). Promoter-
less plasmid pAJR70 acted as a control for background
fluorescence.

in

RT-gPCR

Bacterial RNA was purified with an RNeasy kit (Qiagen) and
reverse transcribed with random primers Affinityscript (Strata-
gene). qPCR was carried out with a PowerSybr mastermix
(Applied Biosystems). The qPCR primers used are listed in table
S3. Transcript abundance was normalized to 16S rRNA and
relative transcription calculated using MxPro software (Strata-
gene).

Constructs for allelic exchange

In order to construct plasmids for chromosomal exchange,
flanking regions of the 23557, 21449 (cll,,s) genes and Stx1 and
Stx2 phages were PCR amplified and cloned into the
temperature-sensitive plasmid pIB307 (table S2). Primer pairs
as described in table S3: z3357 up 5', 23357 up 3’ and 23357
down 5', 23357 down 3'; 21449 up 5', 21449 up3’ and z1449
down 5', z/449 down 3'; stx1 up 5, stxl up3’ and stxl down
5', stx] down 3'; stx2 up 5, stx2 up3’ and stx2 down 5’, stx2
down 3 were used to amplify 25357, 21449 Stx1 phage and Stx2
phage flanking regions sequences from FE. coli O157:H7
EDL933. These products were cleaned with a Invitrogen PCR
purification kit, digested with BamHI and HindIIl or Sacl, or
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Sall, re-cleaned, and then ligated with digested pIB307 (table
S2) to obtain pXLS10, pXLSIl, pXLS12 and pXLSI)
containing flanking regions of 23357, 21449, stxI phage, and
stx2 phage respectively. To produce plasmids for exchange, a
sacBkan cassette was cloned into the BamHI sites of pXLSI1I,
pXLS10 and pXLS12 creating pXLS13, pXLS14 and pXLS16
that would allow the chromosomal replacement of 21449, 23357
and stx/ genes respectively with a selectable marker and a
counter-selection gene.

Allelic exchange

The method of Emmerson et al. was used for allelic exchange
[66]. Plasmid pXLS13 (table S2) was transformed into EDL933
to obtain the intermediate strain with 27449 (cIl,,,) replaced by
sacBkan cassette. Briefly, pXLS13 was electroporated into
EDL933 (table 1) and cultured at 30°C on LB-C plates. Ten
transformants were inoculated into pre-warmed LB-C at 42°C
and passaged repeatedly in LB-C broth at 42°C to obtain co-
integrates. The culture was further passaged at 30°C in LB-K
broth to select for the complete exchange. The kanamycin
resistant and chloramphenicol sensitive strain was confirmed by
PCR with primer pairs 21449 5" and 21449 3’ for inside of 77449,
21449 external 5’ and z1449 external 3’ for outside of z/449,
sacB 5" and sacB 3’ for sacBkan cassette (table S3). The resultant
strain was termed ZAP1321. ZAP1321 was then transformed
with plasmids pXLS15 and pXLS11 and allelic exchange carried
out to generate strains with Stx2 phage and 27449 (¢Il,5) clean
deletions respectively. These allelic exchanges were as above
except that the cultures at 30°C did not contain any antibiotic
selection. The required clones were identified by sensitivity to
both kanamycin and chloramphenicol and confirmed by PCR
using primer pairs: wrbA and intW plus z1503 and z1504 for the
junction sites of Stx2; stx2 5" and stx2 3’ for a region inside the
Stx2 phage; 21449 5’ and 21449 3’ for inside of 21449 (cIl,,»),
21449 external 5’ and z1449 external 3’ for outside of z/449,
sacB 5’ and sacB 3’ for sacBkan cassette. The clean Stx2 prophage
and z/449 deletion strains were termed ZAP1322 and ZAP1323
respectively (table 1). In order to construct a strain deleted for
both Stx1 and Stx2 phages, ZAP1322 was used to generate a
strain with the Stx1 prophage replaced with the sacBkan cassette
using pXLS16 and the exchange protocol as above. The strain
was confirmed by resistance profile and PCR with appropriate
primer pairs (table S3). The resultant strain was termed as
ZAP1326 (EDLStx1&2 7). To construct a strain with both 27449
(eIl o) and 23357 (clly,;) deleted, ZAP1323 was used for allelic
exchange. pXLS14 was transformed into ZAP1323 and the
exchange carried out as described above to produce strain with
23357 replaced by a sacBkan cassette. The strain was confirmed
by antibiotic resistance profile and PCR with appropriate primer
pairs (table S3). This strain was termed ZAP1324. ZAP1324 was
electroporated with pXLS10 and the clean deletion of 23557
(ell,;) was obtained by allelic exchange and confirmed by
resistance profile and PCR. The final 23557 and 27449 clean
deletion was termed ZAP1325 (table 1).

Strain construction by transduction and conjugation

A marked Sp5 bacteriophage from an Stx negative variant of .
coli O157:H7 Sakai containing a stx24::km’ cassette [67] was
transferred to other strains by either transduction or conjugation.
For transduction, the bacteriophage were prepared by culture of
the strain in LB at 37°C followed by addition of 1 pg/ml
mitomycin C (MMC) until lysed. The culture was centrifuged to
pellet debris then chloroform used to extract bacteriophage from
the supernatant and to kill any remaining cells. This bacteriophage
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preparation was used to transduce a spontanecous Nalidixic acid
resistant strain of . coli K12 EDCM367 [68]. Positive transduc-
tants were selected on LB agar plates containing kanamycin and
then screened on nalidixic acid. The presence of the marked Stx
prophage was further confirmed by PCR and MMC-induced lysis.

For conjugation into TUV93-0 or TUV93-0AgadE (table 1), Hfr
JC5029 (E. coli Genetic Stock Center) strain transduced with the
marked Sp5 as above was used. Spontaneous Nal" TUV93-0
strains were selected. These and JC5029(Sp5) were transformed
with pBAD-CI (table S2) to prevent zygotic induction following
conjugation and to allow the donor to grow in the presence of
ampicillin during the mating. Plate mating was carried out on LB
agar+0.2% arabinose and ampicillin. The bacteria were washed
off with LB and then selected on agar plates containing kanamycin
and nalidixic acid. The absence of the Hfr strain was confirmed by
sensitivity to spectinomycin to which JC5029 is resistant. The final
strain was confirmed to contain the marked Sp5 by PCR and lysis
following addition of mitomycin C (1 ug/ml). To remove pBAD-
CI (table S2) from TUV93-0 (Sp5) or TUV93-0AgadE (Sp5), the
strain was transformed with pBR322AScal-Sspl with selection for
tetracycline resistance and screening for sensitivity to ampicillin on
LB agar plates.

Phylogenetic analysis of Cll

Phylogenetic analysis of 16 ¢II nucleotide sequences from
publicly available Stx1- and Stx2/Stx2c-encoding bacteriophages
was carried out by maximum likelihood as implemented in
PHYLIP (http://www.phylip.com/). Bootstrap values were calcu-
lated from 100 replicates. Sequences were obtained from both
complete bacterial genomes and complete phage genomes from
the NCBI RefSeq database (source genome accessions and ¢/
locus tag unique identifiers are listed with square and round
brackets, respectively); 1) ¢/l sequences from complete bacterial
genomes: E. coli O157:H7 str. EDL933 [NC_002655] Stx1 phage
(21449) and Stx2 phage (£23357), E. coli O157:H7 str. EC4115
[NC_011353] Stx2 phage (ECH74115_3554) and Stx2c phage
(ECH74115_2923), E. coli O157:H7 str. Sakai (NC_002695) Stx1
phage (ECs2988) and Stx2 phage (ECs1187), E. coli O157:H7
TWI14359 [NC_013008] Stx2 phage (ECSP_3270) and Stx2c
phage (ECSP_2739), E. coli O26:HI11 str. 11368 [NC_013361]
Stx1 phage (ECO26_1586); 1i) ¢/l sequences from complete phage
genomes: Stx1 phage BP-4795 [NC_004813] from E. coli O84:H4
str. 4795797 (phi4795p23); Stx2 phage Min27 [NC_010237] from
E. coli O157:H7 str. Min27 (pMIN27_28); Stx1 phage Stxlphi
[NC_004913] from £E. coli O157:H7 str. Morioka V526
(Stx1_gp56), Stx2 phage Stx2phill [NC_004914] from E. coli
O157:H7 str. Morioka V526 (Stx2II_gp57), Stx2 phage Stx2phil
[NC_003525] from E. coli O157:H7 str. Okoyama (Stx2Ip123);
Stx1 phage YYZ-2008 [NC_011356] from E. coli O157:H7 str.
EC970520 (YYZ_gp27); and Stx2 phage 1717 [NC_011357] from
an unspecified strain of E. coli O157:H7 (Stx2-1717_gp22). With
the exception of pMIN27_28 (which contains an in-frame 3
nucleotide insertion relative to other ¢/ sequences) all sequences
were 297 nucleotides in length and aligned without gaps.

Statistical analysis

Differences in the level of fluorescence from the PT32 strains
compared to PT21/28 strains and strains containing both Stx2 or
Stx2c¢ prophages compared to strains only containing one were
compared by standard two-sample t-tests on log;y transformed
values. Standard two-sample t-tests were also performed to
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compare relative fluorescence in specific TUV, EDL and K-12
strains. A fisher exact test was carried out to compare in PT32 and
PT21/28 strains the proportion exhibiting expression levels above
a threshold. All analyses were carried out in R (© R Development
Core Team (2009). R version 2.10.1(© Foundation for Statistical
Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://
www.R-project.org.). P<0.05 was taken to indicate statistical
significance. Statistical analysis of qRT-PCR data was carried out
using REST 2009 software [69].

Supporting Information

Figure S1 Analysis of specific transcript levels in the presence
and absence of Stx prophages. (A) ler, espD and gapA (control)
transcript levels in relation to 16s rRNA from total RNA extracted
from TUV93-0 and a derivative containing the Sp5 Stx2
prophage from Sakai, conjugated into TUV93-0 as described in
Material and Methods. (B) ler, espD and gapA (control) transcript
levels were determined from EDIL933 and derivatives with the
Stx1 prophage and both the Stx1 and Stx2 prophages deleted by
allelic exchange (table S2). * p<<0.05, *** p<<0.001.

(PDF)

Figure S2 'The role of gadE in Stx phage-based repression of type
IIT secretion. (A) A gadE::gfp reporter (pPgadE.GFP+) and control
plasmid (pKC26) (table S2 and [14]) were transformed into E. coli
K12 and E. coli K12 (Sp5) and fluorescence measured throughout
the growth curve. Data shown is the mean of three cultures with
readings at ODy49¢ nm = 0.9. The presence of the integrated Stx2-
prophage (Sp5) led to a significant increase (p<<0.001) in gadE
expression. (B) The marked Sp5 prophage was conjugated into
TUVI93-0 and the gadE mutant of this strain (table 1) and the T3S
level assessed by Western blotting for EspD. RecA levels were
monitored from the pellet as a control. The presence of the
integrated Stx2 prophage was able to repress T3S despite the
absence of gadF, indicating that an increase in gadE expression is
not responsible for the measured repression as would be
anticipated [14].

(PDF)

Table S1 EHEC O157:H7 PT21/28 and PT32 strains and
properties.

(PDF)

Table 82 Plasmids used in the study.

(PDF)

Table 83 Oligonucleotide primers used in this study.

(PDF)

Table 84 /] homologs found in O157 strains used in this study.
(PDF)

Acknowledgments

We thank Martina Bielaszewska, University of Miinster, for supplying E.
coli O26 strains and Prof. George Gunn, Scottish Agricultural College for
supplying IPRAVE E. coli O157 cattle isolates.

Author Contributions

Conceived and designed the experiments: XX SPM JJT MECT MEJW
DLG. Performed the experiments: XX SPM JJT. Analyzed the data: XX
SPM JJT DJS LJA SAB AJR AM DLG. Contributed reagents/materials/
analysis tools: XX SPM JJT LJA MECT RT MEJW SM. Wrote the paper:
XX SPM DJS EBKW AJR LJA MECT AM MEJW DLG.

May 2012 | Volume 8 | Issue 5 | €1002672



References

1.

16.

17.
18.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

Kaper JB, Nataro JP, Mobley HL (2004) Pathogenic Escherichia coli. Nat Rev
Microbiol 2: 123-140.

Hacker J, Blum-Oechler G, Muhldorfer I, Tschape H (1997) Pathogenicity
islands of virulent bacteria: structure, function and impact on microbial
evolution. Mol Microbiol 23: 1089-1097.

Lim JY, Yoon J, Hovde CJ (2010) A brief overview of Escherichia coli O157:H7
and its plasmid O157. J Microbiol Biotechnol 20: 5-14.

Friedman DI, Court DL (2001) Bacteriophage lambda: alive and well and still
doing its thing. Curr Opin Microbiol 4: 201-207.

Waldor MK, Friedman DI (2005) Phage regulatory circuits and virulence gene
expression. Curr Opin Microbiol 8: 459-465.

Boyd EF, Brussow H (2002) Common themes among bacteriophage-encoded
virulence factors and diversity among the bacteriophages involved. Trends
Microbiol 10: 521-529.

Brussow H, Canchaya C, Hardt WD (2004) Phages and the evolution of
bacterial pathogens: from genomic rearrangements to lysogenic conversion.
Microbiol Mol Biol Rev 68: 560-602.

Ogura Y, Ooka T, Iguchi A, Toh H, Asadulghani M, et al. (2009) Comparative
genomics reveal the mechanism of the parallel evolution of O157 and non-O157
enterohemorrhagic Escherichia coli. Proc Natl Acad Sci U S A 106: 17939-17944.
Kenny B, DeVinney R, Stein M, Reinscheid DJ, Frey EA, et al. (1997)
Enteropathogenic E. coli (EPEC) transfers its receptor for intimate adherence
into mammalian cells. Cell 91: 511-520.

Kenny B, Jepson M (2000) Targeting of an enteropathogenic Escherichia coli
(EPEC) effector protein to host mitochondria. Cell Microbiol 2: 579-590.
Nataro JP, Kaper JB (1998) Diarrheagenic Escherichia coli. Clin Microbiol Rev
11: 142-201.

. Abe H, Miyahara A, Oshima T, Tashiro K, Ogura Y, et al. (2008) Global

regulation by horizontally transferred regulators establishes the pathogenicity of
Escherichia coli. DNA Res 15: 25-38.

Tree JJ, Wolfson EB, Wang D, Roe AJ, Gally DL (2009) Controlling injection:
regulation of type III secretion in enterohaemorrhagic Escherichia coli. Trends
Microbiol 17: 361-370.

Tree JJ, Roe AJ, Flockhart A, McAteer SP, Xu X, et al. (2011) Transcriptional
regulators of the GAD acid stress island are carried by effector protein-encoding
prophages and indirectly control type III secretion in enterohemorrhagic
Escherichia coli O157:H7. Mol Microbiol 80: 1349-65.

Flockhart AF, Tree JJ, Xu X, Karpiyevich M, McAteer SP, et al. (2012)
Identification of a novel prophage regulator in Escherichia coli controlling the
expression of type III secretion. Mol Microbiol 83: 208-223.

Asadulghani M, Ogura Y, Ooka T, Itoh T, Sawaguchi A, et al. (2009) The
defective prophage pool of Escherichia coli O157: prophage-prophage interactions
potentiate horizontal transfer of virulence determinants. PLoS Pathog 5:
€1000408.

Sandvig K (2001) Shiga toxins. Toxicon 39: 1629-1635.

Lindberg AA, Brown JE, Stromberg N, Westlingryd M, Schultz JE, et al. (1987)
Identification of the Carbohydrate Receptor for Shiga Toxin Produced by
Shigella-Dysenteriae Type-1. J Bio Chem 262: 1779-1785.

Lingwood CA (1999) Glycolipid receptors for verotoxin and Helicobacter pylori:
role in pathology. Biochim Biophys Acta 1455: 375-386.

Law D (2000) Virulence factors of Escherichia coli O157 and other Shiga toxin-
producing E. coli. ] Appl Microbiol 88: 729-745.

Proulx F SE, Karpman D (2001) Pathogenesis of Shiga toxin-associated
hemolytic uremic syndrome. Pediatr Res 50: 163-71.

Tarr PI, Gordon CA, Chandler WL (2005) Shiga-toxin-producing Escherichia coli
and haemolytic uraemic syndrome. Lancet 365: 1073-1086.

Hancock DD, Besser TE, Kinsel ML, Tarr PI, Rice DH, et al. (1994) The
prevalence of Escherichia coli O157.H7 in dairy and beef cattle in Washington
State. Epidemiol Infect 113: 199-207.

Cherifi A, Contrepois M, Picard B, Goullet P, Orskov I, et al. (1994) Clonal
relationships among Escherichia coli serogroup O78 isolates from human and
animal infections. J Clin Microbiol 32: 1197-1202.

Orskov F, Orskov I, Villar JA (1987) Cattle as reservoir of verotoxin-producing
Escherichia coli O157:H7. Lancet 2: 276.

Geue L, Klare S, Schnick C, Mintel B, Meyer K, et al. (2009) Analysis of the
clonal relationship of serotype O26:HI11 enterohemorrhagic Escherichia coli
isolates from cattle. Appl Environ Microbiol 75: 6947-6953.

Chapman PA, Siddons CA, Wright DJ, Norman P, Fox ], et al. (1993) Cattle as
a possible source of verocytotoxin-producing FEscherichia coli O157 infections in
man. Epidemiol Infect 111: 439-447.

Synge BA (2000) Verocytotoxin-producing Escherichia coli: a veterinary view.
Symp Ser Soc Appl Microbiol. pp 31S-37S.

Hoey DE, Currie C, Else RW, Nutikka A, Lingwood CA, et al. (2002)
Expression of receptors for verotoxin 1 from Escherichia coli O157 on bovine
intestinal epithelium. J Med Microbiol 51: 143-149.

Hoey DE, Sharp L, Currie C, Lingwood CA, Gally DL, et al. (2003) Verotoxin
1 binding to intestinal crypt epithelial cells results in localization to lysosomes
and abrogation of toxicity. Cell Microbiol 5: 85-97.

Pruimboom-Brees IM, Morgan TW, Ackermann MR, Nystrom ED, Samuel JE,
et al. (2000) Cattle lack vascular receptors for Escherichia coli O157:H7 Shiga
toxins. Proc Natl Acad Sci U S A 97: 10325-10329.

@ PLoS Pathogens | www.plospathogens.org

36.

38.

39.

40.

41.

42.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Stx Phage Control of T3S

Robinson CM, Sinclair JF, Smith MJ, O’Brien AD (2006) Shiga toxin of
enterohemorrhagic Escherichia coli type O157:H7 promotes intestinal coloniza-
tion. Proc Natl Acad Sci U S A 103: 9667-9672.

Gobert AP, Vareille M, Glasser AL, Hindré¢ T, de Sablet T, et al. (2007) Shiga
toxin produced by enterohemorrhagic Escherichia coli inhibits PI3K/NF-kappaB
signaling pathway in globotriaosylceramide-3-negative human intestinal epithe-
lial cells. J Immunol 178: 8168-74.

Menge C, Wieler LH, Schlapp T, Baljer G (1999) Shiga toxin 1 from Escherichia
coli blocks activation and proliferation of bovine lymphocyte subpopulations in
vitro. Infect Immun 67: 2209-17.

Hemrajani C, Berger CN, Robinson KS, Marches O, Mousnier A, et al. (2010)
NleH effectors interact with Bax inhibitor-1 to block apoptosis during
enteropathogenic Escherichia coli infection. Proc Natl Acad Sci U S A 107:
3129-34.

Newton HJ, Pearson JS, Badea L, Kelly M, Lucas M, et al. (2010) The type III
effectors NleE and NleB from enteropathogenic E. coli and OspZ from Shigella
block nuclear translocation of NF-kappaB p65. PLoS Pathog 6: ¢1000898.
Nadler C, Baruch K, Kobi S, Mills E, Haviv G, et al. (2010) The type III
secretion effector NleE inhibits NF-kappaB activation. PLoS Pathog 29:
¢1000743.

Gao X, Wan F, Mateo K, Callegari E, Wang D, et al. (2009) Bacterial effector
binding to ribosomal protein s3 subverts NF-kappaB function. PLoS Pathog 5:
€1000708.

Miihlen S, Ruchaud-Sparagano MH, Kenny B (2011) Proteasome-independent
degradation of canonical NFkappaB complex components by the NleC protein
of pathogenic Escherichia coli. ] Biol Chem 286: 5100-7.

Manning SD, Motiwala AS, Springman AC, Qi W, Lacher DW, et al. (2008)
Variation in virulence among clades of Escherichia coli O157:H7 associated with
disease outbreaks. Proc Natl Acad Sci USA 105: 4868-4873.

Pearce MC, Chase-Topping ME, McKendrick IJ, Mellor DJ, Locking ME, et al.
(2009) Temporal and spatial patterns of bovine Escherichia coli O157 prevalence
and comparison of temporal changes in the patterns of phage types associated
with bovine shedding and human E. ¢oli O157 cases in Scotland between 1998
2000 and 2002-2004. BMC Microbiol 9: 276.

Chase-Topping ME, McKendrick IJ, Pearce MC, MacDonald P, Matthews L,
et al. (2007) Risk factors for the presence of high-level shedders of Escherichia coli
0157 on Scottish farms. J Clin Microbiol 45: 1594-1603.

. Naylor SW, Low JC, Besser TE, Mahajan A, Gunn GJ, et al. (2003) Lymphoid

follicle-dense mucosa at the terminal rectum is the principal site of colonization
of enterohemorrhagic Escherichia coli O157:H7 in the bovine host. Infect Immun
71: 1505-12.

Chase-Topping M, Gally D, Low C, Matthews L, Woolhouse M (2008) Super-
shedding and the link between human infection and livestock carriage of
Escherichia coli O157. Nat Rev Microbiol 6: 904-912.

Roe AJ, Yull H, Naylor SW, Woodward M]J, Smith DG, et al. (2003)
Heterogeneous surface expression of EspA translocon filaments by Escherichia coli
O157:H7 is controlled at the post transcriptional level. Infect Immun 71:
5900-5909.

Campellone KG, Roe AJ, Lobner-Olesen A, Murphy KC, Magoun L, et al.
(2007) Increased adherence and actin pedestal formation by dam-deficient
enterohaemorrhagic Escherichia coli O157:H7. Mol Microbiol 63: 1468-1481.
Mellmann A, Bielaszewska M, Kock R, Friedrich AW, Fruth A, et al. (2008)
Analysis of collection of hemolytic uremic syndrome-associated enterohemor-
rhagic Escherichia coli. Emerg Infect Dis 14: 1287-1290.

Perna NT, Plunkett G, 3rd, Burland V, Mau B, Glasner JD, et al. (2001)
Genome sequence of enterohaemorrhagic Escherichia coli O157:H7. Nature 409:
529-533.

Zhang Y, Laing C, Zhang Z, Hallewell J, You C, et al. (2009) Lineage and host
source are both correlated with levels of Shiga toxin 2 production by Escherichia
coli O157:H7 strains. Appl Environ Microbiol 76: 474-482.

Muniesa M, Blanco JE, De Simon M, Serra-Moreno R, Blanch AR, et al. (2004)
Diversity of stx2 converting bacteriophages induced from Shiga-toxin-producing
Escherichia coli strains isolated from cattle. Microbiol 150: 2959-2971.

Fogg PC, Saunders JR, McCarthy AJ, Allison HE (2011) Cumulative effect of
prophage burden on Shiga toxin production in Escherichia coli. Microbiol 158:
488-97.

Oppenheim AB, Kobiler O, Stavans J, Court DL, Adhya S (2005) Switches in
bacteriophage lambda development. Annu Rev Genet 39: 409-429.

Roe AJ, Naylor SW, Spears KJ, Yull HM, Dransfield TA, et al. (2004) Co-
ordinate single-cell expression of LEE4- and LEE5-encoded proteins of
Escherichia coli O157:H7. Mol Microbiol 54: 337-352.

Yang Z, Kim J, Zhang C, Zhang M, Nietfeldt J, et al. (2009) Genomic instability
in regions adjacent to a highly conserved pch prophage in Escherichia coli
O157:H7 generates diversity in expression patterns of the LEE pathogenicity
island. J Bacteriol 191: 3553-3568.

Su LK, Lu CP, Wang Y, Cao DM, Sun JH, et al. (2010) Lysogenic infection of a
Shiga toxin 2-converting bacteriophage changes host gene expression, enhances
host acid resistance and motility. Mol Biol (Mosk) 44: 60-73.

Tatsuno I, Nagano K, Taguchi K, Rong L, Mori H, et al. (2003) Increased
adherence to Caco-2 cells caused by disruption of the yhiE and yhiF genes in
enterohemorrhagic Escherichia coli O157:H7. Infect Immun 71: 2598-2606.

May 2012 | Volume 8 | Issue 5 | €1002672



57.

58.

59.

60.

61.

62.

63.

Kailasan Vanaja S, Bergholz TM, Whittam TS (2009) Characterization of the
Escherichia coli O157:H7 Sakai GadE regulon. J Bacteriol 191: 1868-1877.
Mellies JL, Haack KR, Galligan DC (2007) SOS regulation of the type III
secretion system of enteropathogenic Escherichia coli. ] Bacteriol 189: 2863-2872.
Kedzierska B, Glinkowska M, Iwanicki A, Obuchowski M, Sojka P, et al. (2003)
Toxicity of the bacteriophage lambda cII gene product to Escherichia coli arises
from inhibition of host cell DNA replication. Virology 313: 622-628.

Iyoda S, Watanabe H (2005) ClpXP protease controls expression of the type III
protein secretion system through regulation of RpoS and GrlR levels in
enterohemorrhagic Escherichia coli. ] Bacteriol 187: 4086-4094.

Tobe T, Beatson SA, Taniguchi H, Abe H, Bailey CM, et al. (2006) An
extensive repertoire of type III secretion effectors in Escherichia coli O157 and the
role of lambdoid phages in their dissemination. Proc Natl Acad Sci U S A 103:
14941-14946.

Liu B, Yin X, Feng Y, Chambers JR, Guo A, et al. (2010) Verotoxin 2 enhances
adherence of enterohemorrhagic Escherichia coli O157:H7 to intestinal epithelial
cells and expression of {beta}l-integrin by IPEC-J2 cells. Appl Environ
Microbiol 76: 4461-4468.

Sperandio V (2010) SdiA sensing of acyl-homoserine lactones by enterohemor-
rhagic E. coli (EHEC) serotype O157:H7 in the bovine rumen. Gut Microbes 1:
432-5.

@ PLoS Pathogens | www.plospathogens.org

15

64.

66.

67.

68.

69.

70.

Stx Phage Control of T3S

Wang G, Clark CG, Rodgers FG (2002) Detection in Escherichia coli of the genes
encoding the major virulence factors, the genes defining the O157:H7 serotype,
and components of the type 2 Shiga toxin family by multiplex PCR. J Clin
Microbiol 40: 3613-3619.

. Naylor SW, Roe AJ, Nart P, Spears K, Smith DG, et al. (2005) Escherichia coli

0O157:H7 forms attaching and effacing lesions at the terminal rectum of cattle
and colonization requires the LEE4 operon. Microbiol 151: 2773-2781.
Emmerson JR, Gally DL, Roe AJ (2006) Generation of gene deletions and gene
replacements in Escherichia coli O157:H7 using a temperature sensitive allelic
exchange system. Biol Proced Online 8: 153-162.

Dahan S, Knutton S, Shaw RK, Crepin VF, Dougan G, et al. (2004)
Transcriptome of enterohemorrhagic Escherichia coli O157 adhering to
eukaryotic plasma membranes. Infect Immun 72: 5452-5459.

Merlin C, Gardiner G, Durand S, Masters M (2002) The Escherichia coli metD
locus encodes an ABC transporter which includes Abc (MetN), YaeE (Metl), and
YacC (MetQ). J Bacteriol 184: 5513-5517.

Pfafill MW, Horgan GW, Dempfle L (2002) Relative expression software tool
(REST) for group-wise comparison and statistical analysis of relative expression
results in real-time PCR. Nuc Acids Res 9: e36.

Blomfield IC, Vaughn V, Rest RF, Eisenstein BI (1991) Allelic exchange in
Escherichia coli using the Bacillus subtilis sacB gene and a temperature-sensitive
pSC101 replicon. Mol Microbiol 5: 1447-1457.

May 2012 | Volume 8 | Issue 5 | €1002672



