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Abstract

Type Il secretion (T3S) plays a pivotal role in the colonization of ruminant hosts by
Enterohemorrhagic Escherichia coli (EHEC). The T3S system translocates effector proteins
into host cells to promote bacterial attachment and persistence. The repertoire and variation in
prophage regions underpins differences in the pathogenesis and epidemiology of EHEC
strains. In this study, we have used a collection of deletions in cryptic prophages and EHEC
0157 O-islands to screen for novel regulators of T3S. Using this approach we have identified
a family of homologous AraC-like regulators that indirectly repress T3S. These prophage-
encoded secretion regulator genes (psr) are found exclusively on prophages and are
associated with effector loci and the T3S activating Pch family of regulators. Transcriptional
profiling, mutagenesis and DNA binding studies were used to show that these regulators
usurp the conserved GAD acid stress resistance system to regulate T3S by increasing the
expression of GadE (YhIE) and YhiF and that this regulation follows attachment to bovine
epithelial cells. We further demonstrate that PsrA and effectors encoded within cryptic

prophage CP933-N are required for persistence in a ruminant model of colonization.



Introduction

Pathogenesis in bacteria requires controlled expression of virulence factors that are often
acquired by horizontal gene transfer and brings with it the issue of appropriate regulation in
the context of the new host genetic background (Dorman, 2007). Acquired factors may come
from a related organism and so much of the regulation may already be appropriate, for
example integration into conserved environmental sensing networks (Laaberki etal.,
2006; Fass and Groisman, 2009). More issues are likely to arise because of competition
between horizontally acquired virulence factors, especially those that have to share their
localization on the surface of the organism or an export or delivery system. Attrition and
addition to the virulence gene regulatory repertoire is already understood to play a significant
role in niche adaptation (Mandel et al., 2009) and evolution of virulence (Gomez-Duarte and
Kaper, 1995; Zhang et al., 2004; Dorman, 2007; Perez and Groisman, 2009), and appropriate
co-ordination between multiple horizontally acquired virulence factors is also likely to be
important for host colonization and be under selective pressure.

Enterohemorrhagic Escherichia coli (EHEC) are a group of pathogens associated with
serious gastrointestinal disease in humans that can be life threatening as a result of the
systemic effects of released Shiga toxins. The predominant serotype linked with human
infections is O157:H7 and strains persist and evolve in ruminant hosts with humans as an
incidental host. Several EHEC genomes have now been sequenced and it is proposed that the
EHEC pathotype has arisen multiple times by independent acquisition of virulence factors on
mobile genetic elements (Ogura et al., 2009). These horizontally acquired factors add over
1 Mb of extra genetic information to the ‘core’ genome present in non-pathogenic E. coli K-
12 and encode colonization factors including a type Il secretion (T3S) system, associated
secreted effector proteins, fimbriae and Shiga toxins (Hayashi et al., 2001; Pernaet al.,

2001; Ogura et al., 2009). Integrated prophages account for a large proportion of the extra
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genetic information present in EHEC strains and variation in this prophage repertoire also
accounts for much of the genetic diversity between strains (Ohnishi et al., 2002; Zhang et al.,
2007).

In EHEC 0157, the T3S system is encoded by the locus of enterocyte effacement (LEE) and
injects a cocktail of effector proteins into host cells to promote attachment and persistence in
ruminants. Expression of the T3S system is essential for bovine colonization (Naylor et al.,
2005) and T3S proteins are effective in vaccines to limit EHEC O157 shedding from cattle
(Potter etal., 2004; McNeilly et al., 2010). At least seven secreted effector proteins are
encoded on the LEE, including the translocated intimin receptor (Tir) that is critical to the
formation of attaching and effacing lesions on epithelial cells. The T3S effector protein
repertoire is further enhanced by prophage elements distributed throughout the chromosome
that encode T3S effectors as ‘morons’ (more DNA) integrated into sites within the prophage
that will tolerate insertion (Hendrix etal., 2000; Deng et al., 2004; Tobe et al., 2006).
Regulatory mechanisms that link the expression of prophage-encoded effectors with the T3S
system are now becoming apparent. For example, transcription of an effector can be activated
by the LEE-encoded regulator Ler, as is the case for the non-LEE-encoded
effector nleA (Abe et al., 2008). Alternatively, effector encoding prophages may import their
own regulators that promote expression of the T3S system and non-LEE-encoded effector
proteins, as is the case with the PerC-like regulators Pch (Abe et al., 2008). Recent work on
the pleiotropic post-transcriptional regulator Hfg has also shown that the LEE and non-LEE-
encoded effectors are both regulated at the post-transcriptional level suggesting further
potential for co-ordinate regulation (Shakhnovich etal., 2009). Regulation of the LEE
responds to a wide range of environmental and genetic factors and has recently been

reviewed (Mellies et al., 2007; Tree et al., 2009a).
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EHEC 0157 strains vary markedly in their level of T3S and this likely reflects the repertoire
of T3S regulators carried by cryptic prophages and other horizontally acquired elements or
O-islands (regions of E. coli O157 genome absent from the ‘core’E. coli K-12 genome). Here
we have screened for O-islands that affect the expression of T3S to identify loci that have
evolved regulatory inputs to control this essential colonization factor. This approach has
identified an integrated prophage that is important for persistence in the ruminant host and
has led to the identification of novel regulators that help down regulate specific T3S operons.
Why these negative regulators are associated with prophages encoding T3S effector proteins

and Pch regulators is discussed.

Results

Phenotypic screening of O-island deletions

Sequencing and whole genome PCR screening has shown that most of the variation in the
EHEC 0157 pan-genome can be attributed to the presence or absence of horizontally
acquired elements termed O-islands (Ols) in strain EDL933 or S-loops (Sp) in strain Sakai
that include many active and cryptic prophages (Ohnishi et al., 2002; Zhang et al., 2007). The
T3S system is an essential colonization factor in cattle and secretion levels, as a result of
regulatory variation, differ considerably between EHEC O157 strains. In order to determine if
some of the larger Ol regions regulate T3S, a published collection of 17 Ol deletions in
the stx- EDL933 derivative, TUV93-0 were screened for T3S level (Campellone et al., 2004).
As a control to demonstrate the protein bands being visualized are a result of T3S, AO148A
was included in the panel of strains examined as this contains a deletion of the first half of the
LEE pathogenicity island (Campellone et al., 2004). As expected this strain demonstrated no

detectable T3S compared with the TUV93-0 parent. BSA is added to all bacterial
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supernatants to aid precipitation of proteins and provides an indication of equivalent
preparation steps and loading as there is no indigenous supernatant protein that can be used to
standardize the samples. Many of the Ol-deletions had no obvious impact on secretion level
while some appeared to reduce levels (Ol-144 and OI-148C) and others increased levels, Ol-
50 and OI-80 (Fig. 1A). This study has focused on the increased secretion observed on
deletion of OI-50. OI-50 is a cryptic prophage (CP933-N) in the sequenced E. coli O157:H7
strain EDL933 from which TUV93-0 was derived as a Stx phage-negative variant.
Confirmation that deletion of the OI-50/CP933N prophage increased T3S was obtained by
blotting for the translocated intimin receptor (Tir) and by real time PCR for tir and intimin

transcripts (Fig. 1B).

Identification of a transcriptional regulator on OI-50 controlling T3S

We tested whether deletion of the genes predicted to encode effector proteins was responsible
for the increased T3S displayed by the AOI-50 strain and found that this was not the case
(data not shown). We then searched for putative transcription regulators amongst the ORFs
within OI-50 by BLAST analysis and motif scans. A number of established prophage
transcriptional regulators were identified and when these were excluded from the screen a
single ORF, z1789, encoding a putative AraC/XylS family regulator was identified
downstream of the Q antiterminator in CP933-N (Fig. 1D). The region downstream of the Q
antiterminator in lambdoid prophages has previously been shown to tolerate insertion of
virulence genes that have been termed ‘morons’ and include the Shiga toxin genes encoded
by BP933-W and CP933-V. To determine whether z1789 encodes a repressor, acting directly
or indirectly on T3S,z1789was deleted in TUV93-0 and secreted proteins
isolated. Figure 1C shows that deletion of z1789 increased T3S in an analogous manner to

deletion of the entire OI-50 region and could be complemented by introduction of z1789 in


http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2958.2011.07650.x/full#f1
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2958.2011.07650.x/full#f1
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2958.2011.07650.x/full#f1
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2958.2011.07650.x/full#f1

trans. This demonstrates that this regulator on OI-50 is responsible for repression of T3S
under the conditions tested. Based on its activity, we have termed this prophage-

encodedsecretion regulator A, psrA.

A subset of AraC/XylS family regulators repress T3S

AraC/XylS family regulators commonly recognize AT rich binding sequences and have been
associated with de-repression of H-NS silenced genes (Yang et al., 2008). Using psrA as a
query for PSI-BLAST we were able to identify 33 putative regulators in the EDL933 genome
that contain an AraC/XylS family DNA binding domain. Seven of these putative AraC/XylS
family regulators were present on Ols. A phylogenic tree was constructed for these EDL933
sequences using tools available in the ANGIS bioinformatics package
(http://www.angis.org.au). The closest homologue to PsrA was the prophage-encoded
regulator z2104 (90% identity) present on OI-57, which we have termed PsrB. PsrB is
similarly encoded after the predicted Q antiterminator of OI-57, cryptic lambdoid prophage
CP933-0, that encodes a set of T3-secreted effector proteins. Deletion of psrB did not have a
significant effect on T3S secretion (data not shown) but was able to repress secretion when
provided in trans in the psrA deletion mutant (Fig. 1C) indicating that it was functional but
possibly not expressed under our experimental conditions.

We have also cloned 14 of the 33 AraC/XylS family regulators identified by PSI-BLAST,
including the other five regulators identified on O-islands, in an effort to identify related
regulators that control T3S. Of these, only GadX, AdiY and to a lesser extent YdeO,
repressed T3S under our experimental conditions (Fig. S2). All three are encoded in the
‘backbone’ genome of E. coli and induce the acid stress response. GadX and YdeO induce

the glutamate dependant acid stress response and AdiY induces the arginine dependant acid
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stress response. These results support a link between acid stress and repression of T3S that
has previously been reported for GadX and YdeO.

Analysis of sequenced pathogenic E. coli isolates identified a number of homologues of psrA,
predominately in EHEC isolates (Table S1). These homologues have been designated PsrB-F.
All homologues were encoded within prophage and significantly, of 40 prophage islands
carrying a Psr homologue, 32 contained predicted T3-secreted effectors; three of those not
encoding effectors were within contigs that were too small to identify the region encoding
bacteriophage tail fibres, and one prophage was identified in a meningitis-associated isolate.
Furthermore, 25 (62%) of the Psr encoding prophage also encoded the positive T3S
regulators, pchA or pchB (Fig. 2 and Table S1). These results demonstrate that the majority of
Psr regulators are encoded on prophages that also express secreted effectors and positive
regulators of T3S and these genes are potentially acquired together on a single mobile

element.

PsrA and PsrB indirectly regulate T3S through the GAD acid stress response
regulators gadE andyhiF

Transcriptional profiling of TUV93-0 with and without induced psrA or psrB expression was
used to identify genes controlled by PsrA and PsrB (GEO Accession No. GSE17798). As
expected, transcription of LEE operons was reduced by the expression of
either psrA or psrB(Fig. 3A). Microarray results were confirmed using previously described
promoter fusions for LEE1, LEE2 and LEE5 (Fig. 3C). A reasonably small number of
transcripts not located on the LEE were also affected by the increased levels
of psrA or psrB expression, the majority of these being upregulated transcripts and were

involved in the glutamate decarboxylase (GAD) acid stress response (Fig. 3Band Table S2).
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However, deletion of psrA and/or psrB did not significantly affect the glutamate-dependant
acid tolerance of TUV93-0 (Fig. S1).

Previous work by Tatsuno and co-workers (Tatsuno et al., 2003) has shown that the LuxR
family regulators YhIiE (GadE) and YhiF repress the LEE in a LEE1-independent fashion as
no repression of ler transcription was observed by northern dot-blot analysis. These
observations are consistent with our transcriptional analyses in which there was only limited
repression of LEE1 but more marked repression of LEE2 and 5. This indicated that the
repression of T3S demonstrated for psrA/B may be through the induction of gadE andyhiF.
Consequently, psrA and psrB repression was examined in deletion mutants of the two LuxR
family regulators in TUV93-0. Single deletions of either gadE or yhiF inhibited repression
by psrA or psrB, and this requirement was also seen in the double deletion background
(Fig. 4A). It was evident that the majority of the psr-based T3S regulation
required gadE/yhiF. We note that gadX is induced in our array analysis and identified in our
screen of AraC family regulators that repress T3S (Fig. S2). It is possible that a fraction of
PsrA/B repression may occur through induction of GadX. While the multicopy expression
of psrA/B is useful to define the potential regulatory network, it can induce artifacts.
Therefore, LEE1, LEE2 and gadE expression were measured in ApsrA, ApsrBand
ApsrAB backgrounds (Fig. 3D). Consistent with our array results, LEE1 was slightly
derepressed (10-20%), with more pronounced regulation of LEE2 (de-repressed threefold to
fourfold) and gadE (repressed up to sevenfold). The regulation is also consistent with the
increased levels of T3S demonstrated for both the OI50 and psrA deletions (Fig. 1A and C).
We further investigated induction of gadE transcription by plasmid expressed psrA using the
Pgade transcriptional fusion to GFP+ described above. Previous work (Sayed and Foster,
2009) and our own unpublished data have shown that the gadE promoter is auto-regulated

and so we have used the AgadE mutant background to monitor GFP+ induction to avoid
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feed-back loops involving GadE. We have also tested an arabinose inducible PsrA construct
(pBADmycHis) to quantify induction of gadE in this alternative expression vector. Induction
from the arabinose inducible promoter (0.1% arabinose) results in a 2.8-fold increase in
GFP+ fluorescence. A 12.2-fold induction is achieved using pGEM::PsrA (Fig. 4B) and so
further experiments were conducted using this construct. Three transcriptional start sites
designated P1 (—124), P2 (—324/-317) and P3 (—566) have been reported within the promoter
of gadE. Transcriptional fusions of each promoter and combinations thereof were constructed
in the GFP+ vector and transformed into AgadE pPsrA, AgadE pPsrB, or the pGEM control
strain. PsrA and PsrB induced expression of the P3 and P2P3 transcriptional fusions indicated
that PsrA and PsrB act to induce gadE transcription at P3 (Fig. 4B). Consistent with our
phenotypic data showing stronger repression of T3S by PsrB, pPsrB induced P3 to higher
levels (70%) than pPsrA.

In an effort to determine whether Psr binds to P3 directly or acts through induction of another
regulator, electrophoretic mobility shift assays (EMSAs) were carried out on fragments of
the gadE promoter that span each transcriptional start site. Figure 4C and D shows that both
MBP.PsrA and MBP.PsrB bind the gadE promoter between bases —500 to —798 (containing
P3). This complex is further retarded by the addition of polyclonal MBP antibody indicating
that MBP.Psr is present in the shifted complex and that PsrA and PsrB can bind directly to
the gadE promoter at P3. Consistent with our promoter fusion expression data and T3S

profiles, MBP.PsrB does appear to have a higher affinity for P3 in comparison to MBP.PsrA.

GadE direCtly binds the LEE at PLEE1 and PLEE23
Our results show that Psr induces gadE expression and that gadE/yhiF are required for Psr
repression of T3S. While GadE binding sites have previously been predicted within the LEE1

and LEE2/3 promoters (Kailasan Vanaja et al., 2009), no physical interactions have been
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described. We also note a potential additional site matching 14/20 bases of the GadE
consensus binding site located divergent to the proposed LEE2/3 binding site (Fig. 5,
bottom). In order to investigate these predicted interactions, GadE was expressed and purified
as an MBP.GadE fusion for EMSA (Experimental procedures). MBP.GadE bound to both
PLee1 and P ggyss indicating that MBP.GadE could directly affect expression at both of these
promoters (Fig. 5, lanes 2-4 and 12-14). Sequence-specific binding of MBP.GadE to
PLee1 and Peeas was shown by competing MBP.GadE from the digoxin labelled complex
with unlabelled probe or unlabelled P ges (Fig. 5, P egalanes 5, 9 and 10; P geo/3 lanes 15, 19
and 20). Addition of excess P ggs did not compete Pigg; or Prgeys from the MBP.GadE
complex indicating that MBP.GadE does not bind the LEE5 promoter and repression of
LEES is indirect. The presence of MBP.GadE in the digoxin labelled DNA-protein complex
was confirmed by further retardation of the complex in the presence of polyclonal MBP

antibody (Fig. 5, lanes 8 and 18).

gadE is induced on contact with epithelial cells and requires psrA and psrB for full induction
The acquisition of the psr genes on cryptic prophages encoding T3-secreted effectors
suggests that the Psr regulators may be important to induce the gadE/yhiF sensor regulon
during the T3S-dependent colonization of epithelial cells. To examine this, transcription
of gadEwas assessed in wild-type and psrAB mutant bacteria adhering to cultured epithelial
cells using two independent approaches. In the first, a GFP+ transcriptional fusion to
Pgade Was imaged on cells by fluorescence microscopy and single cell fluorescence levels
measured as described in Experimental procedures. In the second, using the wild-type and
mutant strain without the fluorescent fusion plasmid, levels of the gadE transcript were

measured by RT-gPCR.
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For the single cell output, fluorescence was measured at hourly intervals for 4 h and the
average pixel intensity for individual adherent bacteria determined (Fig. 6A and B). Initially,
Pgade fluorescence was induced in both the wild-type and mutant strains and likely reflects
induction of gadE by T3S-MEM-HEPES. The psrAB mutant was less induced at the start of
the assay consistent with psrA inducing transcription of gadE in vitroas demonstrated
previously (Fig.4B). After 3 h incubation with bovine epithelial cells (EBLS), Pgage Was
repressed in both strains (Fig. 6A). Pgaqe Was induced after 4 h incubation on the epithelial
cells in the wild-type strain but this induction was significantly reduced in the
isogenic psrA/B mutant, indicating that psrA/B are required for full gadE induction on
epithelial cells following attaching and effacing lesion formation.

Direct measurement of gadE transcript levels by RT-gPCR demonstrated a very similar
pattern of regulation. Monolayers of EBL cells were inoculated with wild-type, ApsrAB or
ApsrAB pPsrA bacteria and RNA extracted at hourly time points for 6 h. As measured in the
Pgade-GFP  fluorescence assays, gadE was initially induced in the wild-type and
the psrAB mutant but to a lesser extent in the psrAB mutant (Fig. 6C). Additional copies
of psrA in trans significantly increased gadE transcription on EBL cells (Fig. 6D). At 3 h
post-inoculation gadE was maximally repressed also correlating well with the time pedestal
formation is known to occur under these conditions (Fig.6F). From 3 to 6h post
inoculation gadE was increasingly induced, and these results were mirrored by the
complemented ApsrAB pPsrA strain although to a much higher degree (Fig. 6C and D). The
housekeeping gene gapA was also measured during adhesion to confirm the validity of our
normalization (Fig. 6E). These results indicate that psrAB promote gadE induction after

intimate attachment of EHEC O157 to epithelial cells.
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The effector-encoding locus of CP933-N and psrA contribute to E. coli O157:H7 persistence
in ruminants

T3S is an essential virulence factor for colonization of ruminant reservoir hosts by EHEC
O157:H7 and likely plays an important role in human colonization (Frankel etal.,
1998; Naylor et al., 2005). To assess the contribution of CP933-N (OI-50) to ruminant
colonization, wild-type TUV93-0 and the isogenic AOI-50 strain were competed for
colonization in an established ovine model (Best et al., 2009). The AOI-50 strain was able to
colonize animals and was initially shed at similar levels to the parental strain (Fig. 7A),
consistent with our observations that the OI-50 mutant forms pedestals on bovine epithelial
cells at an equivalent level to the wild-type (data not shown). However, by day 9 post
inoculation, shedding of the mutant strain was only detectable from 1 of the 6 animals
compared with 4/6 for the wild-type (Fig. 7A). From day 14 shedding of only the wild-type
strain was detectable, including 3/6 that continued shedding the wild-type up to the end of the
study at 28 days (and see Fig. 7B for the week 3 cumulative shedding pattern). To determine
the relative contribution of the secreted effectors to this reduced persistence, we tested a
defined deletion of the effector-containing locus spanning from espX7 to espK (Fig. 1D,
boxed red) in the ovine colonization model (Fig. 7D). As these were comparative infection
studies we excluded 2 sheep that were not colonized by the wild-type for the three weeks of
the experiment. On this basis, deletion of espX7—espK significantly reduced persistence in
week 3 in the other 4 sheep (P =0.005, Fig. 7E and F) but not weeks 1 and 2 (P > 0.075).
These results indicate that the reduced persistence phenotype observed in the AOI-50 strain is
conferred, at least in part, by the effector proteins on this cryptic prophage. We have also
used the ovine model to determine the significance of psrA for colonization. Of six sheep
colonized with wild-type TUV93-0 and the isogenic ApsrA strain, colonization of two sheep

did not persist for the full 3 weeks of the experiment and were excluded as for the espX7—
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espK analysis. All 4 remaining sheep demonstrated a reduction in ApsSrA persistence relative
to wild-type (ranging from 15% to 99% reduction at week 3). This reduction is statistically
significant (P =0.028) and specific for the later stages of colonization as there is no
statistically significant reduction in shedding from these animals at weeks 1 and 2 post-
inoculation (P > 0.130). These results indicate that OI-50 is required for persistence in a
ruminant model of colonization and that the effector encoding loci and OI-50 encoded

regulator PsrA both contribute to this persistence phenotype.

Discussion

Horizontally acquired genetic elements in bacterial pathogens are often associated with
virulence genes that can contribute to niche (host) colonization and persistence. Regulation,
particularly between surface expressed factors, is important to prevent obstructive
coexpression and limit antigen presentation. Regulation between these loci may also be
important to co-ordinate production of factors that require coexpression. A clear example of
this is the expression of non-LEE-encoded effectors; many are acquired independently on
cryptic prophages in ‘effector-encoding loci’ yet secreted by the T3S system of EHEC
expressed from the LEE (OI-148). In this case the LEE-encoded regulator Ler, is recruited to
activate both LEE and non-LEE-encoded genes and similar inter-Ol control is achieved by
Pch regulators that are encoded on some of the Ols encoding effector proteins. In the present
study, horizontally acquired Ols in EHEC O157:H7 were screened for their capacity to
regulate T3S. The initial screen employed a partial Ol deletion library that was previously
used to identify the effector EspFyin EHEC EDL933 stx- (TUV93-0) (Campellone et al.,
2004). T3S profiles were prepared from the deletion mutants and compared with the parent
strain TUV93-0, a Stx phage-negative derivative of the sequenced EHEC 0157 EDL933

strain. From this analysis (Fig. 1) it was evident that OI1-50 (CP933-N) repressed T3S under
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the conditions tested leading to an increase in T3S following its deletion. OI-50 encodes the
cryptic prophage CP933-N and has previously been shown to carry the non-LEE-encoded
effectors espK, espO1-1, nleB2-2, espN and espX7 (Tobe et al., 2006). We have demonstrated
that this cryptic prophage is important for persistence in a ruminant model and that this
persistence phenotype is primarily attributable to these effector proteins (Fig. 7D-F).

Deletion of the OI-50 effector-encoding genes did not alter the level of T3S (data not shown),
indicating that the regulatory factor(s) controlling T3S must be present elsewhere on OI-50.
Following bioinformatics analyses, a single ORF designated z1789 and encoded downstream
of the Q anti-terminator was identified that did not appear to be a common prophage
sequence and should encode a protein containing an AraC/XylS family DNA binding
domain. Deletion of this gene led to an increase in T3S and this increase was restored to wild-
type levels by complementation in trans. As a result of this we have termed this: prophage-
encoded secretion regulator (psrA). A closely related regulator, z2104 (psrB) was also
identified, encoded on OI-57 (CP933-0), although when deleted this had no affect on T3S
but was able to repress T3S when supplied in trans. Interestingly, between OI-50 and OI-57,
these two cryptic prophages encode eleven putative effector proteins, almost a third of the
predicted non-LEE-encoded effector repertoire (Tobe et al., 2006).

Transcriptional profiling of wild-type TUV93-0 provided with multicopy psrA or psrB was
used to define their respective regulons. These were almost identical showing repression of
the LEE and induction of the GAD acid stress island in a similar way to that described for the
related AraC regulator YdeO (Masuda and Church, 2003). YdeO and indeed the AraC family
regulators, GadX and GadW, are all able to induce gadE and yhiF despite considerable
sequence divergence (Tramonti et al., 2008; Sayed and Foster, 2009). GadE and YhiF are the
central regulators of the GAD response and both have been shown to negatively regulate the

LEE although no direct evidence for their binding has previously been presented
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(Tatsuno et al., 2003; Kailasan Vanaja et al., 2009). Deletion of gadE and yhiF abrogated
repression of the LEE by multicopy psrA and psrB and this provided additional evidence that
the primary mechanism by which psrA andpsrB repress T3S is via induction
of gadE and yhiF.

Recent work by Sayed and Foster (2009) has shown that there are three transcriptional start
sites within the gadE promoter. GadE is thought to autoregulate gadE transcription from P1
(—124) and YdeO, GadX and GadW activate transcription from the P3 (—566) and P2
(—324/-317) promoters. Earlier DNA footprinting by Tramonti et al. (2008) had shown that
the AraC/XylS family regulators GadX and GadW bind —606 to —562 upstream of
the gadE start codon which places the binding sites upstream of the P3 transcriptional start.
Using GFP+ fusions to P1, P2 and P3 we have been able to show that PsrA also activates P3,
further supporting the idea that PsrA regulators usurp the GAD acid stress response in an
analogous fashion to the endogenous AraC/XylS family regulators YdeO, GadX and GadW.
It appears that the P3 promoter of gadE is induced by at least 5 AraC/XylS family regulators
in EHEC O157. We have been able to purify small quantities of MBP.PsrA and MBP.PsrB
and these proteins bind the gadE promoter between —500 and —798 bases consistent with
direct binding upstream of the P3 transcriptional start.

We have also purified MBP.GadE and performed EMSA to validate the predicted P, gg; and
PLeeass binding. MBP.GadE bound both P ggsand P geys in our semi-quantitative assay and
we did not observe significant differences in binding affinity of the MBP.GadE preparationin
vitro suggesting that preferential repression of LEE2/3 is not due to preferential binding. We
note that the transcriptional activity of these promoters is clearly different; P gg; induction is
routinely > 5-fold higher than P gg, using transcriptional fusions (Fig. 3D) and may indicate
that this promoter has stronger activating signals that may impede repression. The

mechanisms of repression also appear to be different. Repression at P gg; is suggested by the
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predicted overlapping GadE binding site and —35 element of P2 g5, and this mechanism
does not seem to be shared by the predicted divergent P g3 Sites.

To better understand the role of PsrA and PsrB we searched for homologues within the
publicly available genome sequences and identified six closely related homologues among
EHEC, EPEC and NMEC isolates. All six homologues are encoded on prophage and inserted
downstream of the predicted Q anti-terminator. One of the most striking features of the pan-
genome analysis was the association of Psr regulators with T3S effectors and Pch alleles. Of
40 prophage elements carrying Psr homologues, all except three encoded T3S effectors and
more than half encoded a Pch allele. This association strongly suggests that Psr genes
somehow benefit prophage elements carrying effectors, as would a Pch allele. Intriguingly,
Pch has an almost inverse activity to Psr in that it represses gadE and yhiFtranscription and
promotes expression of the LEE (Abe et al., 2008). This led us to investigate whether there
would be temporal regulation of these regulators to avoid simultaneous expression, with Psr
potentially reversing the repression of gadE/yhiF by Pch. Transcriptional profiling of EHEC
0157 adhering to red blood cells has shown that gadE and yhiF are induced after 5 h contact
and suggests that gadEinduction occurs on cells (Dahanetal., 2004). This induction
of gadE on cells has been confirmed in our study using both fluorescence microscopy and
RT-qPCR (Fig. 6). Deletion of psrA/B led to a significant reduction in gadE induction on
cells, indicating that they contribute to gadE activation on cells but are not solely responsible
for it.

A hierarchy of effector secretion into cells has been demonstrated in EPEC
and Salmonella (Mills et al., 2008; Winnen et al., 2008), and this is thought to be largely
dependant on affinity of the effector for the T3S apparatus and concentration of effector
within the cytoplasm (with some exceptions such as Tir that directly interacts with SepL to

inhibit secretion of effectors). We suggest that Psr may function to induce gadE and repress
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further transcription of LEE-encoded effectors after biogenesis of the T3SS and secretion of
“first wave’ effectors. This would allow the relative concentration of non-LEE effectors to
increase and compete for secretion. Interestingly, YdeO has already been identified in a
screen for genes controlling inhibition of fibroblast cell spreading, a phenotype that is T3S
dependant in EPEC, but not conferred by LEE-encoded effectors (Nadler et al., 2006). This
may indicate that YdeO (and by extension GadE) plays a role in non-LEE effector secretion
after adhesion of EPEC. In this respect, Psr homologues may have been acquired in EHEC to
bolster induction of gadEafter adhesion. Using an ovine model of colonization we have
shown that OI-50 is required for persistence of EHEC. This phenotype was largely
attributable to the effector-encoding locus in OI-50 (Fig.7), consistent with studies
examining the functions of EspK and EspO1-1 (Vlisidou et al., 2006; Kim et al., 2009). We
have also found that psrA contributes to prolonged colonization and is consistent with the
idea that the Psr-GadE pathway facilitates non-LEE effector secretion. While direct effects of
the Psr-GadE pathway on non-LEE effector secretion remains to be shown, it is possible that
PsrA mediates persistence by inducing gadE after pedestal formation (as in Fig. 6), leading to
repression of LEE-encoded effector transcription, which favours secretion of non-LEE-
encoded effectors such as those encoded within OI-50.

AraC/XylS family regulators are one-component sensor regulators that commonly bind small
molecules or proteins to an N-terminal sensor domain (Gallegos et al., 1997; Plano, 2004).
Substrate binding leads to conformational changes that can alter the activity of the regulator
from inactive or repressive to a positive transcriptional regulator. The closest homologues of
Psr are the acid stress regulators GadW and YdeO, and so it is conceivable that these newly
identified regulators also monitor ion changes, potentially in response to host cell contact or
the opening of a conduit with the host cell, for example changes in Na*, Ca®* or bicarbonate

(Michiels et al., 1990; Richard and Foster, 2007; Yang et al., 2008). Recent work by Yu et al.
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(2010) has indicated that the T3S system of Salmonella senses a pH change on contact with
the host cytoplasm that induces effector secretion and suggests that there are changes sensed
within the bacterial cell on contact with host cells (Yu et al., 2010).

H-NS repression of the LEE and the GAD acid stress island are well documented
(Bustamante et al., 2001; Hommais et al., 2001) and fit with the proposed role of H-NS as a
generalized xenogeneic silencer that functions to repress expression of foreign (AT rich)
DNA (Lucchini et al., 2006; Navarre et al., 2006; Dorman, 2007). The identification of Psr
control means there are at least three competing layers of regulation (H-NS, Pch and
Psr/YdeO) controlling and co-ordinating GAD and LEE expression. Recent work has
suggested that the unusually long gadE promoter may constitute a ‘sensory integration
region’ in E. coli allowing multiple environmental signals to feed into gadE transcription
(Sayed and Foster, 2009). Future work will investigate the signals that
activate gadE transcription via PsrA/B and whether this induction, which occurs after

pedestal formation, aids translocation of non-LEE effectors.

Experimental procedures

Bacterial strains, cell culture and media

Escherichia coli O157:H7 TUV93-0 is a shiga toxin negative derivative of the sequenced
isolate O157:H7 EDL933 and has been previously described with the isogenic O-island
deletion collection (Campellone et al., 2004). For genetic manipulations strains were grown
in LB broth or plates supplemented with ampicillin (100 pg ml™"), kanamycin (50 pg ml™) or
chloramphenicol (25 pg ml™") where appropriate. For T3S secretion profiles cultures were
inoculated 1/100 from overnight LB broth into MEM-HEPES (Sigma) supplemented with

250 nM Fe(NOs3); and 0.1% glucose (here termed ‘T3S-MEM-HEPES’). Bovine epithelial
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lung (EBL) cells were cultured in MEM-HEPES supplemented with 10% bovine fetal calf

serum, glutamate, penicillin and streptomycin (here termed ‘supplemented MEM-HEPES”).

Cloning and construction of deletion strains

Complementation plasmids were constructed using PCR products generated with Phusion
polymerase (Finnzymes) and cloned into pGEM-T Easy cloning vector as per manufacturer's
instructions. Primer pairs are detailed in Table S3. Deletion of psrA, psrB and the effector
encoding region of CP933-N was achieved using lambda Red mutagenesis and three-way
PCR to generate linear PCR products with 500 bp of flanking sequence (Datsenko and
Wanner, 2000; Beloin et al., 2004). gadE and yhiF deletions were constructed using allelic
exchange as previously described (Merlin et al., 2002). Mutants were verified by PCR and
products were sequenced to confirm deletion and insertion. Where required, kanamycin

cassettes were removed using pCP20 (Datsenko and Wanner, 2000).

Ovine colonization studies

Six 6-week-old crossbred lambs were housed in biosecure containment level 2
accommodation and supplied with food and water ad libitum. Prior to commencing the
studies all lambs were confirmed to be free of EHEC O157 by enrichment and O157
immunomagnetic separation. Lambs were dosed orally with 1 x 10*° cfu of wild-type E.
coli 0157:H7 and mutant bacteria (5 x 10° cfu of each). Inocula were delivered in a 10 ml
volume (resuspended in 10 ml of PBS pH 7.4) using a worming gun (Novartis Animal
Health) ensuring that the whole inoculum was delivered directly to the pharynx.

Approximately 24 h after the dosing, and as required thereafter for the duration of the study,
rectal faecal samples from each lamb were collected for direct plating onto sorbitol-

MacConkey (Oxoid) plates supplemented with appropriate antibiotics. Samples that were
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negative on direct plating were enriched in buffered peptone water for 6 h at 37°C and then
plated onto sorbitol-MacConkey plates supplemented with the appropriate antibiotic.
Representative colonies were confirmed to be E. coli 0157 by latex agglutination (Oxoid).
All animal experiments were performed in accordance with the Animals Scientific
Procedures Act (1986) and were approved by the local ethical review committee.

Differences in the weekly cumulative bacterial counts between the wild-type and the
respective 3 mutant strains (OI-50, espX7—espK andpsrA) were compared with paired t-tests
of the log transformed cumulative values. Only those sheep that were still colonized by the
wild-type for the three weeks of the experiment were included. Statistical significance was set
to P < 0.05 and all analyses were carried out in R (v2.10.1 © The R Foundation for Statistical

Computing).

Adhesion and pedestal formation on bovine epithelial lung cells

For cell binding and actin pedestal formation by TUV93-0 and mutants, EBL cells were
seeded at 5 x 10” cells well™" into 8-well chamber slides (Becton, Dickinson and Company)
and cultured overnight. Cells were washed two times with pre-warmed MEM-HEPES to
remove the antibiotics before addition of bacteria. Subconfluent monolayers of EBL cells
were infected with approximately 2 x 10° bacteria in MEM-HEPES for 3 h, washed three
times with PBS and fixed for 20 min with PBS containing 2.5% paraformaldehyde (PFA).
Cells were permeabilized for 5 min with PBS containing 0.1% Triton X-100 and washed and
further three times with PBS and treated with anti-O157 rabbit antibody (MAST ASSURE)
diluted 1:50 for 30 min. Monolayers were then washed three times with PBS, incubated with
Alexa-568 conjugated anti-mouse IgG (Molecular Probes) at a dilution of 1:1000 for 30 min.
For detection of actin-pedestals, chamber slides were then washed three times and stained

with 1 pg mI™" FITC labelled phalloidin (Sigma) for 30 min, washed two times with PBS and



examined by fluorescent and light microscopy. The cell-binding frequencies of EHEC strains
were quantified by measuring the number of bacteria (identified by anti-O157 staining)
associated with randomly chosen fields of view. Twenty fields of view were examined for
cell binding and actin pedestal formation assays. Pedestal formation frequencies were
quantified by measuring the number of localized F-actin pedestals (identified by intense

phalloidin staining) on randomly chosen EBL cells.

Sequence alignments and phylogenetic tree construction

Homologues of PsrA were identified using three iterations of PSI-BLAST and verified using
InterPro Scan to identify AraC/XylS family DNA binding domains (http://www.ebi.ac.uk).
Sequences of homologues were obtained from GenBank and multiple alignments were
performed with ClustalW. Phylogenetic tree construction was performed using Protpars and
bootstrapped using Segboot, Protpars and Consense (http://www.angis.org.au). Regions of
DNA carrying homologues of PsrA were identified by BLASTp. Regions carrying a
homologue of PsrA were aligned with CP933-N, CP933-0, Sp4, Spl1, or lambda phage to
identify potential phage sequences using Artemis Comparison Tool (ACT) (Carver et al.,
2008). Representations of these regions were constructed using DNAplotter and overlaid on

alignments generated with ACT.

Type 11 secretion assays and immunoblot detection of secreted proteins

Type |1l secretion (T3S) assays were performed essentially as previously described
(Roe et al., 2003). In brief, overnight LB broth cultures were diluted 1/100 in T3S-MEM-
HEPES. Cultures were grown to and ODggy of 0.8 and supernatants collected by
centrifugation at 4000 r.p.m. for 30 min. Pellets were resuspended in 1 ml of 1 x Lamelli

loading buffer and appropriate volumes used to quantify whole cell RecA and EspD.
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Supernatants were syringe filtered through 0.45 um filters and secreted proteins precipitated
overnight at 4°C with 10% TCA and 100 pg of BSA. Secreted proteins were resuspended in
150 pl of loading buffer and analysed by SDS-PAGE. Immunoblotting for RecA, EspD and

Tir was performed with antibodies diluted 1/2000 in PBS containing 5% skim milk powder.

Microarray analysis of RNA

Microarray analysis was performed as previously described (Tree et al., 2009b). In brief,
RNA was extracted from cultures grown as for T3S assays. Cells were harvested at ODggo 0.8
and RNA extracted using an RNeasy kit (Qiagen). Test and reference RNAs were reverse
transcribed and labelled with Cy3 and Cy5 using a CyScribe Post-Labelling Kit (GE Life
Sciences). Labelled cDNA was hybridized using a Maui hybridization machine (Maui) and
microarrays scanned using an Axon 4100A autoloader (Axon) and GenePix software. Data
were analysed using Genespring GX 7.3.1. Microarray data are deposited at GEO

(http://www.ncbi.nlm.nih.gov/geo/) under the accession number GSE17798.

Electrophoretic mobility shift assay (EMSA)

PsrA, PsrB and GadE were prepared as an N-terminal MBP5 fusion by cloning into pMAL-
c5X. Fusions were expressed and purified as per manufacturer's instructions excepting PBS
was used in lieu of Tris buffer. Purified proteins were found to contain a significant fraction
of free MBP that obscured accurate quantification of fusion proteins. The relative fraction of
fusion protein in the total protein preparation was estimated from Coomassie-stained gels
using densitometry and final fusion protein concentrations reflect the predicted amount of
fusion in the preparation. Fusion proteins were incubated with the indicated concentrations of
ddUTP-11-DIG (Roche) end labelled DNA in binding buffer for 30 min at 25°C and loaded

onto 5% non-denaturing polyacrylamide gels in 0.5x TBE. Binding buffer contained 10 mM
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Tris (pH 8.0), 50 mM KCI, 0.5% EDTA, 200 pg ml~' BSA, 100 ng ml™" poly d(I-C), 50 mM
glutamate and 5% glycerol. For competition experiments, 50 ng of unlabelled DNA was
added to the binding reaction. Labelled DNA was transferred to nylon membrane by electro-
transfer and developed with AP conjugated anti-DIG antibody (Roche) as per manufacturer's
instructions. Supershift assays were performed as per standard EMSA excepting 1 pl of

polyclonal MBP antisera was added to the binding reaction before incubation.

Fluorescent reporters of LEE expression in vitro

The LEE promoter eGFP fusions, pAJR70, pAJR71, pAJR72 and pAJR75, were used to
measure LEE1, 2 and 5 expression in T3S-MEM-HEPES media and have previously been
described (Roe et al., 2003). Transcriptional fusions to the gadE promoter and fragments
thereof (previously described by Sayed and Foster, 2009) were constructed in pKC26 using
primer sequences described in Table S3. Fluorescence values were corrected for growth
differences by dividing by ODggo. Fluorescence values were obtained by subtracting

background fluorescence (obtained from pAJR70 or pKC26 vector only controls).

gadE transcription during adhesion to EBL cells

Embryonic bovine lung cells (German Collection of Microorganisms and Cell Cultures,
no.21 ACC192) were cultured in supplemented MEM-HEPES media (Sigma) in 8-well
chamber slides as previously described (Roe et al., 2004). Monolayers were washed three
times with PBS and incubated in unsupplemented MEM-HEPES for 1 h before they were
infected with 10 pl of ODgy 0.6 bacteria cultured in T3S-MEM-HEPES. Bacteria were
forced onto the monolayer by centrifugation at 400 r.p.m. for 5 min. Monolayers were
washed three times with PBS every hour and fresh unsupplemented MEM-HEPES media

replaced in an effort to limit unattached bacteria growing in the media. Bacteria and EBL
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cells were fixed by incubating in 4% paraformaldehyde for 30 min and washed 3 times with
PBS. Bacteria were visualized using anti-O157 sera as previously described (Tree et al.,
2009b). GFP images of bacteria were standardized by using a fixed exposure of 500 ms and
avoiding bleaching of the GFP channel. GFP+ levels in bacteria were quantified in individual
bacteria using Openlab 4.0 software. Bacteria were identified in corresponding images using
the anti-O157 channel and average GFP intensity recorded across the area of the bacteria and
a background measurement for each image was subtracted from this average bacteria
intensity. The number of individual bacteria measured for each time point is recorded
in Fig. 6A.

For RT-qgPCR measurements of gadE, gapA and 16S rRNA transcript abundance, monlayers
of EBL cells were cultured in supplemented MEM-HEPES media in 100 mm diameter cell
culture dishes (Corning). Bacteria were cultured in T3S-MEM-HEPES media to ODggy 0.6
and 5 ml of bacteria culture mixed with an equal volume of unsupplemented MEM-HEPES.
Monolayers were prepared by washing three times with PBS and incubating for 1 h with
unsupplemented MEM-HEPES. Ten millilitres of bacterial culture was added to the
monolayer (moi ~ 2000) and incubated for 1-6 h. Monolayers were washed three times at 2
and 4 h with PBS and fresh unsupplemented MEM-HEPES added to prevent excess growth
of unattached bacteria in the culture media. Prior to harvesting RNA at each time point
monolayers were also washed three times with PBS to further limit to amount of unattached
bacteria represented in the RNA sample. RNA was stablized in 1 ml of RNA protect and the
monolayer harvested with a cell scrapper. Total RNA was extracted using an RNeasy kit
(Qiagen) and reverse transcribed using Affinityscript (Stratagene) and random primers. qPCR
was performed using PowerSybr mastermix (Applied Biosystems) and MxPro 3000 gPCR

machine (Stratagene). qPCR primers was are presented in Table S3. Transcript abundance
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was normalized to 16SrRNA and relative transcription calculated using MxPro software

(Stratagene). gapA was used to verify normalized levels of transcript.
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Figure Legends

Fig.1

OI-50 encodes a negative regulator of T3S. A. Coomassie-stained secreted protein profiles
for a collection of O-island deletion strains constructed in the stx- EHEC 0157:H7, TUV93-0
(Campellone et al., 2004). AOI-148A and AOI-148C contain deletions within the LEE and
are included as negative secretion controls. Arrows indicate bands corresponding to BSA
(added as a precipitation carrier and loading control, 66.4 kDa), EspB/D needle tip proteins
(32.6 and 39.1kDa respectively) and the filament EspA (20.6 kDa). B. RT-gPCR
confirmation of an increase in LEE-encoded transcripts eae and tir for AOI-50 relative to the
parental TUV93-0 strain.osmB is included as a negative control. Inset: Western blot analysis
of secreted Tir from (i) TUV93-0 and (ii) AOI-50. C. Secreted protein profiles for TUV93-0
and isogenic deletions in OI-50, 21789 (psrA) and z2104 (psrB) complemented with plasmid
encoded psrA or psrB (z2104). Arrows indicate bands corresponding to BSA, EspB/D and
EspA. D. Graphical representation of OI-50 (CP933-N) (http://www.xbase.ac.uk/colibase/).
Recognizable modules of the lambdoid phage are indicated below CP933-N. IX,
integration/excision; GR, general recombination; rep, repressor/co-repressor; lysis, lysis
encoding genes; tail, tail fibres; effector region, contains T3S effector proteins. Red boxes

indicate deleted regions in relevant mutants.

Fig.2

Homologues of PsrA are encoded on cryptic prophage and associated with T3S regulators
and effectors. Psr homologues were identified within publicly available genome sequences.
All identified Psr homologues were identified within integrated prophage and the extremities
were delineated by alignment with related prophage or annotated extremities. Prophages
presented are representative of combinations of virulence genes found on Psr encoding
prophage (an entire list of homologous sequences and encoding prophage are presented in
Table S1). Prophage are indicated in bold (left) and are: CP933-N from EDL933, Sp4 from
EHEC 0157 Sakai, prophage sequence identified within NMEC O45:K1:H7 strain S88 (see
Table S1), region of CP933-O from EDL933 homologous to Spll, Spll from EHEC O157
Sakai, ECO103 P09 from EHEC O103:H2, ECO111 P12 from EHEC O111:H—. Grey areas

between prophage represent related sequences. Genes are coloured: blue, prophage sequence;
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orange, int(integrase)/xis (excisionase); pink, prophage regulators; green, T3S regulators; red,

putative virulence genes encoded within tail fibres.

Fig.3

PsrA and PsrB induce the GAD acid stress regulators, gadE/yhiFand repress the LEE. The
PsrA regulon was defined by microarray analysis of TUV93-0 with psrA in transon a
multicopy plasmid. A. Relative transcription of the LEE in TUV93-0 pPsrA (pPsrA/pGEM).
B. Relative transcription of the GAD acid stress island. gadB and gadC are not encoded on
the GAD island but have been included as part of the GAD regulon. In EDL933, OI-140 has
been inserted into the GAD island and is indicated. Arrows below figure indicate direction of
transcription. TUV93-0 pPsrB provided a similar transcriptional profile of the LEE and GAD
island and is presented in Table S2. C. eGFP fusions of P gg; (pPAJR71), PLee2 (PAJR72) and
PLees(pPAJR75) were used to confirm repression of the LEE in TUV93-0 pPsrA. Fluorescence
of the pPsrA strains are presented as a fraction of the same fusion in a pGEM only
background. The dashed line represents equal fluorescence between pGEM and pPsrA
containing strains. D. Repression of LEE1 and LEE2 were confirmed in psrA, psrB,
and psrAB deletion strains using eGFP fusions described above. Induction of gadE was
similarly confirmed using a Pgage fusion to GFP+ (pPgadE.GFP+). Error bars represent

standard error.

Fig.4

PsrA and PsrB repress the LEE by stimulating transcription of the negative LEE regulators
GadE and YhiF. A. (top) Coomassie-stained T3S secretion profiles of TUV93-0 and
designated gadE and yhiF mutants withpsrA or psrB in trans. (below) Western blots of
secreted proteins (supernatant) and whole cell fractions (w.c.). Proteins recognized by the
primary antibodies are indicated to the right of the blots. B. Induction of gadEpromoter
fusions by pPsrA and pPsrB. TUV93-0 AgadE pPsrA, AgadE pPsrB or AgadE pGEM were
transformed with full length gadE promoter (PgadE), single promoter (P1, P2 and P3), or
double gadE promoter (P1P2 and P2P3) fusions to GFP+ (Table S1). Fluorescence was
normalized to ODgg. Error bars represent standard error. C and D. EMSA was used to assess

PsrA (C) and PsrB (D) binding to gadE promoter fragments containing transcriptional start



sites. Start and stop positions for each DNA fragment from the gadEstart codon are indicated
below. Reaction constituents are indicated above. Open arrowhead indicates free labelled
DNA, the grey arrowhead indicates MBP.Psr-DNA complexes, and the black arrowhead
indicates supershifted MBP.Psr-DNA-antibody complexes.

Fig.5

GadE binds the LEE at both P, gg; and Pregzs. Top: Electrophoretic mobility shift assays
were used to demonstrate binding of MBP.GadE to the LEE1 and LEE2/3 promoters.
Increasing concentrations of MBP.GadE (indicated top) were incubated with 60 fmoles of
digoxin end labelled P gg; (lanes 1-4) or P geass (lanes 9-12). Labelled DNA was competed
from the complex using a 1000-fold excess of unlabelled P ggi(lane 5) or P geys (lane 13).
Sequence-specific interactions between MBP.GadE and LEE promoter fragments were
confirmed by incubating with 50 ng of unlabelled P ggs5 (lanes 10 and 20). The presence of
MBP.GadE in the shifted DNA-protein complex was confirmed by supershifting the complex
with polyclonal MBP antisera (lanes 8 and 16). Labelled DNA complexes are indicated by
arrowheads: free DNA (open), DNA-MBP.GadE (grey) and DNA-MBP.GadE-antibody
(black).

Fig.6

Transcription of gadE is induced by PsrA and PsrB after attachment to bovine epithelial
(EBL) cells. A. TUV93-0 (open bars) and ApsrAApsrB (shaded) bacteria containing a
transcriptional fusion of the gadE promoter to GFP+ were used to infect EBL cell
monolayers. Cells were fixed at indicated times and stained for immunofluorescence
microscopy with O157 antibody. GFP+ expression in individual bacteria was measured as
average pixel intensity across the area of the bacteria and averages of these intensities for
indicated numbers of bacterial cells (n) are shown. A t-test was used to determine
significance. Error bars represent standard error. B. Representative images from (A) of GFP+
expressing cells (green) stained with anti-O157 (red), obtained at 1 and 4 h post-inoculation.
C-F. RT-gPCR measurement of relative gadE transcription levels during adhesion to EBL
cell monolayers. For clarity, TUV93-0 (open bars) and ApsrAApsrB (light grey bars) are
presented in (C) and the complemented ApsrAApsrB pPsrA strain (dark grey bars) included



in (D). (E) gapA transcript abundance was also measured during adhesion in the TUV93-0,
ApsrAApsrB and ApsrAApsrB pPsrA backgrounds. (F) Bacteria were visualized 3 h after
addition to EBL monolayers. Bacterial cells were stained with anti-O157 antisera (red) and
actin-rich pedestals stained with FITC conjugated phalloidin (green).

Fig.7

The effector encoding loci and psrA are required for persistence in a ruminant model of
colonization. Six sheep were colonized with equal levels of the wild-type (WT) and relevant
mutant (AOI-50, AespK-X7, ApsrA) and shedding monitored from faecal samples over a
three-week period as described in Experimental procedures. Shedding of wild-type TUV93-0
(light grey circles) and (A) the OI-50 mutant (dark grey circles), (D) the espK toespX7 mutant
(dark grey circles) and (G) the psrA mutant (dark grey circles). NegE indicates samples that
were tested by enrichment but remained negative for detection of the bacteria. Preliminary
analysis indicated an effect of the mutations on persistence. To quantify this, cumulative
bacterial counts for the individual weeks were compared and data are shown for the third
week of this analysis (B, E and H) for the indicated strains. As these are competitive index
experiments data are only shown for animals in which the WT strain was still shedding at the
end of the three week period. Graphs C, F and | show the level of reduction of the mutant
strain versus the WT. The minimum reduction (%) between the WT and indicated mutant is

also shown in each graph.
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