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Abstract

In 2011, nearly 4,000 people in Germany were infected by Shiga
toxin (Stx)-producing Escherichia coli 0104:H4 with > 22% of
patients developing haemolytic uraemic syndrome (HUS). Genome
sequencing showed the outbreak strain to be related to enteroag-
gregative E. coli (EAEC), suggesting its high virulence results from
EAEC-typical strong adherence and biofilm formation combined to
Stx production. Here, we report that the outbreak strain contains a
novel diguanylate cyclase (DgcX)—producing the biofilm-promoting
second messenger c-di-GMP—that shows higher expression than
any other known E. coli diguanylate cyclase. Unlike closely related
E. coli, the outbreak strain expresses the c-di-GMP-controlled
biofilm regulator CsgD and amyloid curli fibres at 37°C, but is cellu-
lose-negative. Moreover, it constantly generates derivatives with
further increased and deregulated production of CsgD and curli.
Since curli fibres are strongly proinflammatory, with cellulose
counteracting this effect, high c-di-GMP and curli production by
the outbreak 0104:H4 strain may enhance not only adherence but
may also contribute to inflammation, thereby facilitating entry of
Stx into the bloodstream and to the kidneys where Stx causes HUS.
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Introduction

In 2011, a major outbreak of a highly virulent enterohaemorrhagic
Escherichia coli (EHEC) of the serotype O104:H4 that caused bloody
diarrhoea and an unusual high incidence of haemolytic uraemic
syndrome (HUS) occurred in Germany. Overall, 3,842 persons were
affected, with 2,987 patients suffering from gastroenteritis and 855
patients developing HUS, with 53 patients dying from these compli-
cations (Bielaszewska et al, 2011; Muniesa et al, 2012). Virulence

gene profiling (Bielaszewska et al, 2011) as well as rapid whole-
genome sequencing (Brzuszkiewicz et al, 2011; Mellmann et al,
2011; Rasko et al, 2011; Rohde et al, 2011) revealed that the
outbreak strain, rather than being a classical EHEC, is closely related
to enteroaggregative E. coli (EAEC), in particular to strain 55989, an
isolate from Central Africa causing chronic diarrhoea (Mossoro
et al, 2002). Not only are the chromosomal genomes highly similar,
but among the three plasmids of the outbreak strain, one (pAA) is
associated with EAEC-typical aggregative adherence (Harrington
et al, 2006), although pAA™ %M carries the genes for type I aggre-
gative adherence fimbriae (AAF/I), while pAA55989 contains the
AAF/1II gene cluster. Expression of these fimbrial genes is under the
control of the EAEC-specific global virulence regulator AggR (Morin
et al, 2013). In addition, the 0104:H4 strain produces chromosom-
ally encoded virulence factors typically associated with EAEC, for
example three serine protease autotransporters (SPATE) released
from the cell by autocleavage that include Pic, a mucinase that facil-
itates intestinal colonization (Harrington et al, 2009).

On the other hand, the outbreak strain resembles EHEC in
producing Shiga toxin (Stx), a potent protein synthesis inhibitor
encoded by a stx2 prophage (Johannes & Romer, 2010), which is
inserted at the wrbA gene and is of a type commonly found in
cattle-associated EHEC strains (Beutin et al, 2013). However, the
0104:H4 strain lacks a second stx2 prophage that in many classical
EHEC (e.g. in the O157:H7 strain EDL933) is inserted at the mirA
(yehV) gene (Serra-Moreno et al, 2007). Transfer of Stx into the
bloodstream leads to kidney damage and HUS (Kaper et al, 2004).

With more than 22% of the patients developing HUS, the 2011
0104:H4 outbreak strain seems to have the highest incidence of
HUS ever reported for an enterohaemorrhagic E. coli. This was
tentatively attributed to its strong EAEC-specific aggregative adher-
ence combined with Stx production (Bielaszewska et al, 2011).
Recently, however, it was reported that the entire pAA plasmid—
while being essential for ‘stacked brick’ aggregative adherence typi-
cally observed with EAEC—is dispensable for colonization and
inducing diarrhoea in an infant rabbit model, whereas Stx and the
above-mentioned SPATE autotransporters are of crucial importance
(Munera et al, 2014). The 0104:H4 outbreak strain is also highly
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superior to the classical EHEC 0157:H7 strain EDL933 in producing
thick submerged biofilms in vitro (Al Safadi et al, 2012). During
colonization of germ-free mice, the in vivo expression of aggR
(encoding the EAEC virulence regulator) and pgaA (essential to
produce the biofilm-associated exopolysaccharide poly-p-1,6-N-
acetyl-D-glucosamine or PGA) increased > 1,000-fold, which corre-
lated with a similarly strong activation of stx2 and several other
virulence genes. Maximal induction of Stx developed only after
about 2 weeks, whereas stx2 expression in 0157:H7 peaked already
after 5-7 days. This suggests that during an infection with 0104:H4,
a stable biofilm is first established before virulence gene expression
is massively induced and is consistent with a delay in developing
symptoms of infection in comparison with O157:H7 (Al Safadi et al,
2012). Overall, the factors that contribute to adherence, biofilm
formation and colonization during an 0104:H4 infection clearly
require further characterization.

Bacterial adherence and biofilm formation are almost universally
stimulated by the second messenger c-di-GMP. In non-pathogenic
E. coli K-12, this signalling molecule is synthesized by 12 diguany-
late cyclases (DGC, containing GGDEF domains) and degraded by 13
phosphodiesterases (PDE, containing EAL domains), which differ by
their modes of expression and of activation via their N-terminal
sensor domains (Jenal & Malone, 2006; Hengge, 2009; Schirmer &
Jenal, 2009). In E. coli and related bacteria, c-di-GMP stimulates the
production and secretion of PGA by directly binding to the cell
envelope-spanning Pga machinery encoded in the pgaABCD operon
(Wang et al, 2004; Itoh et al, 2008; Steiner et al, 2013). In a cascade
involving several DGCs, PDEs, the transcription factor MIrA and
RNA polymerase containing the stationary phase sigma factor RpoS
(0%), c-di-GMP also stimulates the expression of the transcription
factor CsgD (Pesavento et al, 2008; Lindenberg et al, 2013). This
biofilm regulator then activates the production of amyloid curli
fibres and cellulose (Romling et al, 1998a,b, 2000; Zogaj et al,
2001), which encase biofilm-inhabiting cells in a massive and tight
matrix network and determine microarchitecture and macroscopic
morphology of biofilms (Serra et al, 2013a,b; Serra & Hengge, 2014).

The observation that the outbreak 0104:H4 strain is an excellent
biofilm former, but that on the other hand c-di-GMP signalling has
not been studied in EAEC, prompted us to analyse GGDEF/EAL
domain-encoding genes in the 0104:H4 genome in comparison with
other EAEC, EHEC and E. coli K-12. In addition, we compared the
ability to produce amyloid curli fibres and cellulose, that is the
biofilm matrix components underlying the complex biofilm morpho-
genesis, as well as the cellular levels of the biofilm regulator CsgD
in these strains. In summary, we report that the outbreak 0104:H4
strain shows a unique combination of features that do not only
relate to its specific biofilm properties but can contribute to explain
its high virulence.

Results
A highly expressed novel diguanylate cyclase (DgcX) and other
variations in c-di-GMP signalling genes and proteins in the

outbreak E. coli 0104:H4 and related EAEC

Complete genome sequence surveys as the ones performed so far
for the outbreak O104:H4 strain usually focus on the presence or
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absence of entire genes or longer genomic regions such as prophages,
pathogenicity islands or other insertion elements, simply because
they have to deal with massive amounts of sequence data. In our
study, however, we focus on a specific subset of genes, that is those
involved in c-di-GMP signalling and biofilm matrix production,
which allowed us to take into account even SNPs and other small
genomic variations and not only to verify these by re-sequencing
of PCR fragments, but also to experimentally analyse them for
functional and regulatory consequences.

Two clonal isolates of the outbreak 0104:H4 strain were used in
our study, LB226692 (for which the genome sequence is available)
and RKI 11-2027 (designated as the official outbreak strain). For
comparison, we included the closely related EAEC 0104:H4 strains
55989 and HUSEC041 as well as the classical EHEC O157:H7 strain
EDL933 and the non-pathogenic E. coli K-12 strain W3110. As a first
step in our analysis, the genome sequences of these strains were
searched for genes encoding GGDEF/EAL domain proteins, which
act as diguanylate cyclases (DGC) and phosphodiesterases (PDE)
that synthesize and degrade the second messenger c-di-GMP.

In the three EAEC strains LB226692, 55989 and HUSEC041, an
extra GGDEF gene not present in EDL933 and W3110 was detected
and termed dgcX (Fig 1A). This gene codes for a DGC of the type
that is subject to I-site-mediated product feedback inhibition, since
DgcX features an intact A-site (the enzymatically active centre with
the GG(D/E)EF motif) as well as an I-site (a secondary c-di-GMP-
binding site characterized by an RxxD motif only 5 amino acids
upstream of the A-site; Supplementary Fig S1). Besides the GGDEF
domain, it contains a hydrophobic N-terminal domain of approxi-
mately 270 amino acids predicted to fold into eight transmembrane
helices. A similar putative sensor domain is also present in two
other GGDEF domain proteins of E. coli, that is the DGC YcdT (see
below) and Yeal, a protein with a degenerate A-site but intact I-site
motif (Supplementary Fig S1).

In order to find out how widespread this novel DGC is among
E. coli strains, we searched for it in 56 additional publicly available
genome sequences which include pathogenic, commensal and
probiotic strains of all phylogroups. As expected, the dgcX gene was
also detected (Fig 1B) in another isolate of the 2011 outbreak strain
(2011C-3493) sequenced independently (Grad et al, 2013) as well as
in closely related O104:H4 strains (isolates 2009EL-2050 and
2009EL-2071) originating in Georgia in 2009 (Miko et al, 2013).
Furthermore, two enterotoxic E. coli strains (ETEC; isolates
E24377A and H10407) carry dgcX inserted at the same chromo-
somal position as the O104:H4 strains, that is at the attB locus (the
primary insertion site for phage lambda), but adjacent to different
prophages (or what has remained of these, as the prophage-related
sequence in strain E24377A is only 29.9 kbp long). Finally, dgcX
was also found in the commensal E. coli strain SE11, where it is
inserted at a different chromosomal location (to the left of the uspF-
ompN region). Also here, dgcX is flanked by a 39.3-kbp prophage
region that substitutes for a region of approximately 11.3 kbp in the
E. coli K-12 genome that includes Rac prophage genes as well as
trkG (encoding a potassium transporter) (Fig 1C). The localization
of dgcX always directly adjacent to lambdoid prophage DNA, which
in most—but not all—cases is inserted at attB, suggests that dgcX
can ‘hitchhike’ on these prophages by specialized transduction.
Consistent with such horizontal transfer and despite its relatively
rare occurence (52 out of 61 E. coli genomes analysed did not
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Figure 1. A novel diguanylate cyclase-encoding GGDEF gene, dgcX, in the 0104:H4 outbreak strain and related EAEC in comparison with Escherichia coli

K-12 W3110 and classical EHEC EDL933.

A Genomic regions with insertion of dgcX and adjacently inserted prophage gene clusters (boxes) are shown for the five strains under experimental study here.
B Genomic regions of additional strains that carry dgcX at the same chromosomal site as the strains shown in (A).
C The commensal E. coli strain SE11, which shows a prophage/dgcX insertion at another chromosomal position, is shown in comparison with E. coli K-12 W3110, which

features a different set of genes at this position.

Data information: Open reading frames and their direction of transcription are indicated by arrows, with red arrows indicating the DGC gene dgcX. Thick or thin
horizontal lines indicate the presence or absence of the corresponding sequences in the genomes of the indicated strains, respectively.

contain the gene), dgcX is not strictly associated with a specific
pathotype or a single phylogroup (ETEC H10407 belongs to phylo-
group A, whereas the other dgcX-carrying E. coli strains belong to
phylogroup B1 (White et al, 2011)). Nevertheless, it seems preva-
lent in EAEC O104:H4 strains (no matter whether positive or nega-
tive for Stx) that belong to phylogroup B1.

Searching for additional variations in GGDEF/EAL genes, we
found that the three EAEC 0104:H4 strains as well as EHEC O157:
H7 also contain an extended version of the DGC gene yneF, which
revealed that in E. coli K-12 this gene is 5'-truncated by a deletion

1624  EMBO Molecular Medicine Vol 6| No 12 | 2014

(Fig 2A). This has led to start codon misannotation and explains
why yneF is not expressed in strain W3110 (Sommerfeldt et al,
2009). Full-size YneF as encoded by the pathogenic strains contains
an N-terminal highly hydrophobic domain of approximately 300
amino acids not found in any other E. coli protein, which is linked
to a GGDEF domain with intact A-site but no I-site, suggesting YneF
is a DGC not subject to product feedback inhibition.

Furthermore, the DGC gene ycdT, which was suggested to play a
role in the production of the exopolysaccharide PGA (Jonas et al,
2008) since it is transcribed divergently from the pgaABCD operon

© 2014 The Authors
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Figure 2. Genomic context of several GGDEF/EAL genes encoding DGCs and PDEs showing alterations in the 0104:H4 outbreak strain and related EAEC in

comparison with Escherichia coli K-12 W3110 and classical EHEC EDL933.

A-C Open reading frames and other features are represented as in Fig 1. Red and blue arrows indicate DGC and PDE genes, respectively.

(Fig 2B), showed an interesting variation among the EAEC strains.
While the pgaA-ycdT region of the 0104:H4 outbreak strain and of
HUSECO041 corresponds to that of the K-12 strain W3110 (Fig 2B;
Supplementary Fig S2), with ycdT being intact, strain 55989 carries
a 7-bp insertion in ycdT that generates a translational frameshift that
results in a truncated N-terminal protein fragment missing part of
the sensor domain and the entire GGDEF domain of YcdT. More-
over, this corrupted ycdT gene is separated from the pgaABCD
operon by an intervening IS1 element (Fig 2B), which also disrupts
the pgaA promoter sequence (as determined in E. coli K-12 by Wang
et al (2005), with a K-12-like sequence confirmed here for W3110,
the outbreak strain and HUSEC041). IS1 actually not only contains a
strong -35-like region very close to its end that can combine to the
original -10 element still present upstream of pgaA to yield a new
promoter, but also carries a full promoter region slightly further
upstream (Supplementary Fig S2). Both promoter elements are
directed outwards, that is towards the pga operon. Thus, insertion
of the end of IS1 upstream of pgaABCD creates a novel double

© 2014 The Authors

promoter region expected to result in stronger expression of the pga
genes in strain 55989 than in strains without this IS1 insertion—a
situation actually observed earlier with IS1 insertions upstream of
other genes (Prentki et al, 1986; Barker et al, 2004). Notably, in
EHEC EDL933, the divergently transcribed pgaABCD-ycdT region is
intact, and in fact, an extra PDE-encoding gene (vmpA/pdeT;
EDL933_71528) (Branchu et al, 2012) not present in the other
strains under study here is inserted immediately downstream of
ycdT (Fig 2B).

A fourth DGC gene altered in the three EAEC strains is yedQ
encoding an active DGC with a large periplasmic sensor domain of
> 300 amino acids, which is disrupted by a stop codon in the part
specifying the periplasmic domain (Supplementary Table S1).
However, already the second codon after this stop codon is an ATG,
which by translational coupling is highly likely to trigger a transla-
tional restart (if readthrough does not occur anyway). This would
generate a N-terminally truncated YedQ protein with nevertheless
intact GGDEF domain, which may or may not function as a DGC.

EMBO Molecular Medicine Vol 6 | No 12| 2014
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Also the gene encoding the PDE YahA is affected by a genetic
rearrangement in the EAEC strains as well as in the EHEC 0157:H7
strain (Fig 2C). Here, the promoter region of yahA as present in
E. coli K-12 is replaced by a new long open reading frame which
encodes an uncharacterized AidA-I adhesin-like autotransporter.
The insertion of this gene (annotated as EC55989-0317 in strain
55989), which is actually followed by a nucleotide sequence able to
fold into a hairpin structure, may silence the expression of yahA.
Alternatively, the two genes may be co-expressed from a new bicis-
tronic operon under unknown conditions.

Any other GGDEF/EAL genes of the EAEC 0104:H4 outbreak
strain or its close EAEC relatives were not significantly different in
comparison with W3110 (Supplementary Table S1; occasional
synonymous codons or codons resulting in conservative amino acid
exchanges were not taken into account). Taken together, our geno-
mic analyses indicate an enhanced c-di-GMP accumulation potential
in all three EAEC strains, which is based on two extra DGCs, that is
DgcX and YneF, and a potentially reduced expression of the PDE
YahA. In strain 55989, DgcX may also functionally compensate for
the absence of the DGC YcdT, since the two proteins are direct para-
logs sharing not only the GGDEF domain but also a N-terminal
sensor domain of unknown function.

Finally, we experimentally analysed the expression of the two
extra DGC genes dgcX and yneF from EAEC by generating single-
copy lacZ reporter fusions inserted into the chromosome of strain
W3110 in the very same way as the lacZ reporter fusions to all other
GGDEF/EAL genes previously described (Sommerfeldt et al, 2009),
thus allowing a direct comparison of their expression. Strikingly, the
dgcX gene showed far higher expression than any other known DGC
gene of E. coli (Fig 3). dgcX seems to be transcribed by the vegetative
as well as by stationary phase RNA polymerase (containing sigma
subunits RpoD and RpoS, respectively), since it was already strongly
expressed in growing cells, but was further induced during entry into
stationary phase in a RpoS-dependent manner (Supplementary Fig
S3). By contrast, yneF is a very weakly active DGC gene with mainly
RpoS-dependent expression (Fig 3; Supplementary Fig S3).

Morphology of macrocolony biofilms and production of amyloid
curli fibres differ between the 0104:H4 outbreak strain and
closely related EAEC strains

Bacterial macrocolonies grown for extended times on agar plates
represent biofilms that can produce complex morphological patterns
that have been termed ‘wrinkled’, ‘rugose’ or ‘rdar’ (for red, dry
and rough on agar plates containing Congo red (CR); Fig 4). In
enteric bacteria, these patterns depend on the formation of amyloid
curli fibres and cellulose, which are stained with CR (Romling,
2005). While concomitant production of curli fibres and cellulose
generates network-like morphological patterns with high ridges
interlinked by smaller wrinkles, strains like E. coli K-12 W3110,
which produce high amounts of curli fibres but no cellulose, grow
in a pattern of concentric wrinkled rings that arise by breakage of
the non-elastic curli-only matrix surrounding the starving cells in
the upper layer of the macrocolony (Serra et al, 2013a,b; Serra &
Hengge, 2014). Biosynthesis of both biofilm matrix components,
which in most E. coli strains occurs below 30°C only and is stimu-
lated by low salt concentrations, depends on a regulatory cascade
consisting of the stationary phase sigma subunit of RNA polymerase,
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Figure 3. Expression of lacZ reporter fusions to dgcX and other
Escherichia coli DGC genes.

Derivatives of strain W3110 carrying single-copy lacZ fusions in dgcX and yneF
(relevant sequences obtained from the 0104:H4 outbreak strain) or in all other
DGC genes previously described in E. coli K-12 (Sommerfeldt et al, 2009) were
grown in LB at 28 and 37°C, and specific B-galactosidase activities were
determined in overnight cultures.

RpoS (0%), several DGCs and the two transcription factors MIrA and
CsgD (Hengge, 2010; Lindenberg et al, 2013).

Like strain W3110, the outbreak 0104:H4 strain produced a ring-
like macrocolony pattern, whereas the EAEC strains 55989 and
HUSECO041 generated delicate network-like structures (Fig 4A; for
colony morphology at different temperatures and also in the pres-
ence of salt, see Supplementary Fig S4). This clear difference indi-
cates that strains 55989 and HUSEC041 produce curli fibres as well
as cellulose, whereas the outbreak strain synthesizes high amounts
of curli fibres, but is negative for cellulose. By contrast, the 0157:H7
strain EDL933 grew into flat and unstructured macrocolonies,
consistent with its second Stx2-producing prophage being inserted
in the mirA gene (Supplementary Fig S5) (Shaikh & Tarr, 2003;
Serra-Moreno et al, 2007; Uhlich et al, 2013), which encodes the
transcription factor that is essential for the expression of CsgD,
which in turn is required to produce curli and cellulose.

Adding CR to the agar plates produced the dark red staining char-
acteristic for high-curli production, while not affecting the network-
like or ring-structured macrocolony morphologies (Fig 4B). In addi-
tion, all EAEC strains, including the outbreak strain, were observed

© 2014 The Authors
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K-12 W3110

RKI 11-2027 LB226692 K-12 W3110

Figure 4. Macrocolony morphology of the outbreak 0104:H4 strain in comparison with 55989, HUSEC041, EDL933 and W3110.

A The strains were spotted onto salt-free LB agar plates and grown at 28°C for 7 days.

B Similar to (A), but the agar plates also contained Congo red and were grown at the indicated temperatures for 7 days.

to produce a thick layer of a whitish, non-CR-staining material on
their macrocolony surfaces that may represent an unknown addi-
tional biofilm matrix component. Also W3110 produced some of this
material, but not enough to cover and affect the overall macrocol-
ony structure. Moreover, an interesting differential behaviour was
observed in macrocolonies grown with CR at 37°C (Fig 4B). While
strain 55989 generated an almost regular pattern of numerous small
dark red sectors, HUSEC041 produced such sectors only rarely and
the outbreak O104:H4 strain usually generated a few large dark red
sectors. In other words, the EAEC strains produce curli fibres also in
macrocolonies grown at 37°C, but do so with different spatial
patterns of distinct subpopulations. By contrast, macrocolonies of
K-12 strain W3110 (curli-negative at 37°C) and EHEC EDL933 (curli-
negative at 28 and 37°C) generate a circular pattern of light brown-
red colour when grown at 37°C that may reflect production of PGA,
which also stains with CR (Izano et al, 2008).

In contrast to related EAEC, the outbreak 0104:H4 strain does
not produce cellulose

Its macrocolony morphology (Fig 4A) indicated that the 0104:H4
strain is unable to generate cellulose. This was confirmed by its
reduced staining with calcofluor, similar to what was observed for
W3110 (Fig 5). By contrast, EAEC 55989 and, in particular,
HUSEC041 showed stronger calcofluor staining typical for high
cellulose production (Serra et al, 2013a). EHEC EDL933 was
completely devoid of staining, consistent with an absence of both
cellulose and curli (also curli stains with calcofluor, although to a
lesser extent than cellulose).

In search for an explanation for the outbreak strain’s inability to
produce cellulose, we analysed the bcs genes involved in cellulose
biosynthesis (Supplementary Fig S6A). The yhjR-bcsQABZC operon,
which contains the genes for cellulose synthase (bcsA and besB) and
several accessory factors, is identical in the outbreak strain and its
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closely related EAEC strains. However, the outbreak strain contains
a unique insertion of a C in codon 448 of bcsE (the presence of four
instead of only three C at this position was confirmed by resequenc-
ing of a PCR fragment). This generates a synonymous codon for
proline (now CCC instead of CCA), but shifts the reading frame of
the downstream coding sequence by +1. This would result in a
C-terminally truncated BcsE protein that misses the last 78 amino
acids, which includes a region highly conserved among BcsE
proteins of different species. A bcsE mutation has been shown to
affect cellulose biosynthesis in Salmonella (Solano et al, 2002). In
addition, we generated mutants with non-polar deletions in bcsE,
besF and besG in the E. coli K-12 strain AR3110 (a cellulose™ deriva-
tive of W3110 (Serra et al, 2013a)). In contrast to the parental
strain, these mutants indeed showed a ring-like macrocolony
morphology typical for curli-only producers (Supplementary Fig
S6B), indicating that not only the bcsE mutation in the outbreak
strain is most likely responsible for its cellulose-negative phenotype,
but that all three genes in the bcsEFG operon are involved in cellu-
lose biosynthesis and/or secretion.

Altered regulation of expression of the biofilm regulator CsgD in
the 0104:H4 outbreak strain

Biosynthesis of curli directly follows the expression of the regulator
CsgD, which is essential to activate transcription of the csgBAC
operon. The observation that EAEC 55989 as well as the outbreak
strain shows partial dark red staining on CR plates also at 37°C
(Fig 4B) suggested that the strict temperature regulation of CsgD—
as found in E. coli K-12 and other strains—may be relaxed in these
EAEC. We therefore quantified CsgD protein in LB-grown macrocol-
onies by immunoblotting (Fig 6). As expected, all strains except
EHEC 0157:H7 had high levels of CsgD when grown at 28°C and in
the absence of salt (up to approximately 6,000 molecules per cell;
see legend to Fig 6 for details of quantification). However, EAEC
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Figure 5. Cellulose formation of the outbreak 0104:H4 strain in comparison with 55989, HUSEC041, EDL933 and W3110.
The strains were spotted onto standard LB or no-salt LB agar plates also containing calcofluor and grown for 3 days. Cellulose formation was visualized by calcofluor

fluorescence.

55989 as well as the outbreak strain displayed high CsgD content
also at 37°C and even in the presence of salt. We conclude that
temperature and salt regulation of CsgD is relaxed in these strains.
A closer inspection of the sequence of the csgD promoter region in
these strains did not reveal any variations in comparison with
W3110 and HUSEC041, suggesting that unknown regulatory muta-
tions acting in trans are responsible for this relaxed control.

It should also be noted that these CsgD levels determined in
entire macrocolonies represent average values and that high-curli
expression at 37°C occurred in sectors as revealed in the presence of
CR (Fig 4B). With the many small sectors observed with EAEC
55989, this led to highly reproducible average CsgD levels. The
0104:H4 outbreak strain, however, generated variable low numbers
of large high-curli sectors and therefore also variable average CsgD
levels in different macrocolonies. We therefore took samples for
immunoblotting from distinct regions of 10 independent macrocol-
onies of the outbreak strain grown in the presence of CR, that is:
(i) from the centre; (ii) from peripheral regions not stained with CR;
and (iii) from red sectors of different colour intensities (Fig 7A).
While central regions of the macrocolonies contained similar
medium CsgD levels, the CR-stained sectors in the peripheral zones
showed clearly higher CsgD content than adjacent non-stained
regions (Fig 7B). We conclude that the outbreak strain has the
potential to produce high levels of CsgD and therefore curli fibres at
37°C, but does so in subpopulations that arise spontaneously at high
frequency.

Frequent spontaneous occurrence of high-curli derivatives and
mutation rates of the 0104:H4 outbreak strain

We then asked whether the frequent dark red sectors with increased
curli production and CsgD content in macrocolonies of the outbreak
strain represent a stable phenotype indicative of spontaneously aris-
ing mutations. Regrowing cells taken directly from a dark red sector

EMBO Molecular Medicine Vol 6 | No 12| 2014

of a primary macrocolony generated secondary macrocolonies
(again at 37°C) with generally darker CR staining that now occasion-
ally produced white sectors (Fig 8A-1). When the inoculum for the
secondary macrocolony was taken from an already white sector of a
primary macrocolony, also this phenotype was reproduced in the
entire secondary macrocolony (Fig 8A-3). Interestingly, a non-sector
region of a primary macrocolony produced secondary macrocolon-
ies with streaks of strongly curli-producing cells (Fig 8A-2), indicat-
ing high variability in the already confluent growth zones of the
primary colonies where visible sectors could no longer form.

For a second series of experiments, cells taken from dark red
sectors of eight independent primary macrocolonies (grown at 37°C)
were purified as single cell colonies. One derivative of each was
grown again into a macrocolony, but now at 28°C in order to see
potentially altered macrocolonial morphology of the derivatives
(Fig 8B). Along with increased CR staining, three new morphotypes
were observed in comparison with the original outbreak strain: (i)
type 1 produced a rather drastic thick ring structure (Fig 8B, isolate 4);
(ii) type 2 showed a finer ring structure that looked similar to that
of sectors already observed with primary macrocolonies of the
outbreak strain (isolates 2 and 3; compare to Fig 4B); and (iii) type
3 displayed rather weak and wrinkly rings (isolates 5, 6 and 8). Two
isolates (1 and 7) were considered not significantly different from
the original outbreak strain, indicating that CR-staining red sectors
still contain unaltered original cells. Sequencing of the csgD
promoter region did not reveal any mutations in these eight inde-
pendent isolates. It should also be noted that—based on their
macrocolony morphology—none of these ‘red sector derivatives’
had regained the ability to generate cellulose.

Overall, we conclude from these data that: (i) the O104:H4
outbreak strain frequently generates mutants with increased CsgD
and curli content also at 37°C; (ii) this phenotype is stably main-
tained and therefore is most likely due to spontaneous mutations;
(iii) based on distinct macrocolony morphology, different types of
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Figure 6. Cellular levels of the biofilm regulator CsgD in macrocolonies of the outbreak 0104:H4 strain in comparison with 55989, HUSEC041, EDL933

and W3110.

A For the determination of cellular CsgD levels by immunoblotting, the strains were spotted onto standard LB or no-salt LB agar plates and grown at 28 and 37°C for
5 days. Purified CsgD protein (of slightly larger size due to the presence of a His6-tag) was used in the indicated amounts as a standard for quantifying the CsgD

content in the cellular samples.

B Quantification of cellular CsgD content. Based on the dimensions of early stationary phase cells of Escherichia coli K-12 and cell number/optical density ratios (Lange
& Hengge-Aronis, 1991) and a standard cellular protein/optical density ratio (Miller, 1972), 10*° molecules/ug cellular protein corresponds to approximately 1,000

molecules/cell.

such mutations can occur; and (iv) these mutations are not located
in cis, that is the csgD promoter region, but affect regulatory compo-
nents that act in trans on CsgD expression.

These findings also raised the question of the general mutation
rate of the 0104:H4 outbreak strain, which was compared for all
strains under study here as the frequency of spontaneously arising
rifampicin-resistant mutants. The outbreak strain generated such
mutants at a frequency that was about threefold, fivefold and
tenfold higher than the frequencies measured for W3110, EAEC
55989 and EHEC O157:H7, respectively (Fig 9). Interestingly,
however, EAEC HUSEC041 showed a similar high general mutation
rate as the outbreak stain, although it did not frequently generate
CR-staining sectors with high CsgD and curli expression. This
suggests that the frequent occurrence of ‘red sector derivatives’ of
the outbreak strain is not just a consequence of its relatively high
general mutation rate, but may be due to processes more specific to
the regulation of CsgD. Consistent with this interpretation, a
sequence comparison of well-characterized ‘mutator’ genes, which
encode DNA error prevention and repair systems (Chopra et al,
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2003), did not reveal any variations among EAEC 55989, HUSEC041
and the outbreak strain (Supplementary Table S2) despite their
different sectoring behaviour.

Discussion

Biofilm-related features such as strong adherence and production of
the biofilm matrix exopolysaccharide PGA in combination with
strong Stx expression were proposed to play a role in the
pronounced virulence of the 2011 0104:H4 outbreak strain
(Bielaszewska et al, 2011; Mellmann et al, 2011; Al Safadi et al,
2012). In general, adherence and biofilm matrix production are
promoted by the second messenger c-di-GMP (Jenal & Malone,
2006; Hengge, 2009). This study indeed revealed clear differences in
genes related to c-di-GMP signalling in the O104:H4 outbreak strain
as well as the closely related EAEC strains 55989 and HUSEC041 in
comparison with other E. coli strains. The most striking difference is
the presence of DgcX, a novel DGC with higher expression than any

EMBO Molecular Medicine Vol 6 | No 12| 2014

1629



1630

EMBO Molecular Medicine

c-di-GMP and biofilm formation of E. coli 0104:H4  Anja M Richter et al

A RKI11-2027

B RKI11-2027 LB226692
L ) Q
SE831 2 5 1 5 Ed
2355898 4
cocccewrlewrlewrlcwrlecwr| [ewr|lewr|ewr|cwr|cwr|3 30 kDa
R i R g il s o s i, o MRy g

23 kDa

Figure 7. Macrocolonies of the outbreak 0104:H4 strain highly frequently generate sectors of cells that stain dark red on Congo red plates and contain high

levels of CsgD.

A The two isolates of the outbreak strain were spotted onto Congo red indicator plates and grown at 37°C for 5 days.
B Cells were directly taken (arrows in A) from large red sectors (r) as well as from the centre (c) and non-sectored ‘white’ areas in the outer zones (w) of the colonies,
and relative CsgD levels were determined by immunoblotting (the order of samples corresponds to that of the photographs in A).

other DGC described so far in E. coli. Vegetative as well as stationary
phase-specific RNA polymerase (with RpoD and RpoS as sigma
factors, respectively) contributes to this strong expression of DgcX,
which means that virtually all cells in an EAEC biofilm, no matter
whether they inhabit zones where nutrients are provided or not
(Serra et al, 2013a,b), express DgcX. The activity of DgcX may be
controlled by an unknown and possibly host-associated signal via
its N-terminal cytoplasmic membrane-inserted sensor domain. A
similar input domain occurs in two other GGDEF proteins of E. coli,
Yeal and YcdT, with the latter probably promoting the synthesis of
the biofilm exopolysaccharide PGA (Jonas et al, 2008). Remarkably,
however, the ‘blockbuster’ expression of dgcX is in sharp contrast to
the very weak expression of ycdT (Fig 3). Thus, the DGC DcgX is
likely to be both highly expressed and highly activated within the
host. All this indicates that the outbreak strain and EAEC in general
produce high levels of c-di-GMP and lead a biofilm existence in
the host, consistent with the pga genes being highly expressed in
germ-free mice 13-15 days after infection with the 0104:H4
outbreak strain (Al Safadi et al, 2012).

Other EAEC-typical features may further contribute to high levels
of c-di-GMP, including the presence of YneF, a weekly expressed
DGC and the insertion of a novel gene right upstream of yahA
(Fig 2C), which may interfere with expression of the PDE YahA.
Also, that this novel intervening gene codes for an AidA-I-like adhe-
sin may be more than a coincidence. This class of autotransporter
adhesin (Klemm et al, 2004) has been implicated in bacterial aggre-
gation, biofilm formation, adhesion to and invasion of epithelial
cells (Wells et al, 2010). Moreover, in 7% of the patients, the 0104:H4
outbreak strain had lost the pAA virulence plasmid—encoding
EAEC-specific aggregative fimbriae—but patients nevertheless
developed diarrhoea (Zhang et al, 2013). pAA was also found to be
dispensable for intestinal colonization and inducing diarrhoea in
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infant rabbits infected with the O104:H4 outbreak strain (Munera
et al, 2014), suggesting that other adhesins also play a crucial role
in adherence in vivo. Future studies should address a potential
involvement of the novel AidA-I-like adhesin observed here.

A major target for positive regulation by c-di-GMP in E. coli is the
expression of the biofilm regulator CsgD, which is essential for the
production of amyloid curli fibres and the exopolysaccharide cellu-
lose in the biofilm matrix (Weber et al, 2006; Pesavento et al, 2008;
Lindenberg et al, 2013). Curli fibres and cellulose are not considered
virulence factors, because the genes involved in their biosynthesis
belong to the core genome of E. coli, and in many E. coli strains,
these matrix components are produced below 30°C only (Bokranz
et al, 2005). However, the 0104:H4 outbreak strain as well as its
close relative EAEC 55989 show high CsgD levels and strong curli
production also when grown at 37°C and in the presence of salt
(Figs 4 and 6), suggesting that CsgD control as operating in many
E. coli strains is relaxed in the outbreak strain and closely related
EAEC.

Specifically in the outbreak strain, strong CsgD and curli expres-
sion at 37°C occurs in highly frequently arising large sectors of
macrocolonies, which represents a stable phenotype (Fig 8). In fact,
the outbreak strain has a relatively high general mutation rate
(Fig 9), as has been observed also with some other pathogenic
E. coli strains, in particular when E. coli grows in biofilms (Denamur
et al, 2002; Wirth et al, 2006; Ponciano et al, 2009). However,
the frequent occurrence of ‘high-curli sector derivatives’ of the
outbreak strain is not just a consequence of its high general muta-
tion rate, since the closely related HUSEC041 has a similar high
mutation rate but does not generate high-curli derivatives and
shows stable temperature and salt regulation of CsgD. Also, none of
the well-known mutator genes are specifically altered in the
outbreak strain. We therefore favour the possibility that the
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Figure 8. Congo red staining and macrocolony morphotypes of cells in
frequently arising sectors in macrocolonies of the outbreak 0104:H4
strain are stable traits.

A Cells were taken from the indicated areas of the primary macrocolony of
the outbreak strain (grown at 37°C on salt-free LB with Congo red for
5 days), resuspended in LB medium, spotted directly onto similar agar
plates and grown at 37°C into secondary macrocolonies (numbers of
the images correspond to the sampling regions in the primary
macrocolony).

B Purified strains derived from dark red sectors of eight independent primary
macrocolonies (grown at 37°C on salt-free LB with Congo red for 5 days)
were spotted onto similar agar plates and grown into macrocolonies at
28°C for 5 days.

high-curli derivatives of the outbreak strain carry mutations that
affect the control of CsgD expression more specifically.

Conversion to high-curli production has also been observed for
certain EHEC O157:H7 strains, where this has been linked to muta-
tions in the csgD promoter (Uhlich et al, 2001, 2002; Carter et al,
2011). However, none of the ‘high-curli sector derivatives’ of the
0104:H4 outbreak strain carried any mutation in > 700 bp upstream
of csgD; that is, the high-curli phenotype is due to regulatory muta-
tions acting in trans. Notably, high-frequency switching between
curli* and curli~ variants, which was not based on csgD promoter
mutations, was also described for another EHEC O157:H7 strain, in
particular under conditions of nutrient starvation (Carter et al,
2011). The complexity of csgD regulation (Gerstel et al, 2003;
Ogasawara et al, 2010; Mika & Hengge, 2013) provides for a pleth-
ora of candidate genes in which such regulatory mutations may
occur. At least three distinct macrocolony morphotypes (at 28°C)
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Figure 9. Spontaneous mutation rates of the outbreak 0104:H4 strain in
comparison with 55989, HUSEC041, EDL933 and W3110.

Mutation frequencies are given as the frequencies of spontaneously arising
rifampicin-resistant colonies normalized for the total colony-forming units
present in overnight cultures of the strains indicated. Each data point represents
the average of three samples taken from a single culture. Circle, diamond and
square symbols represent separate cultures.

observed for purified ‘sector derivatives’ (Fig 8B) also suggest curli-
enhancing mutations of more than one type. Overall, all this hints
to a yet uncharacterized mechanism in distinct E. coli strains that
provides for rapid phenotypic switching of expression levels of CsgD
and therefore high-curli fibre production at 37°C.

The presence of this switching to high-curli production at 37°C
in several types of pathogenic E. coli strongly points to a function
of curli fibres also in the host. Besides their role as a major
aggregative and adhesive matrix component in environmental
biofilms (Romling et al, 1998b; Jonas et al, 2007; Serra et al,
2013a,b), amyloid curli fibres have been shown to bind to fibro-
nectin and laminin and promote adherence to and even can trig-
ger invasion into epithelial cells (Olsén et al, 1989, 1998; Gophna
et al, 2001, 2002; Rosser et al, 2008; Saldana et al, 2009). More-
over, by acting on Toll-like receptors 1 and 2 and thereby stimu-
lating production of cytokines such as IL-8, curli fibres are
strongly pro-inflammatory (Bian et al, 2000; Tiikel et al, 2005,
2009, 2010). If this occurs in combination with Stx production,
the consequences may be severe as proposed already a few years
ago for a sorbitol-fermenting Stx-producing E. coli 0157:NM that
also exhibited high-curli expression at 37°C (Rosser et al, 2008).
Thus, enhanced inflammation and therefore aggravated tissue
damage are expected to promote more efficient transition of Stx
into the blood stream and thereby increase the probability to
develop HUS. Due to its high and deregulated curli production at

EMBO Molecular Medicine Vol 6 | No 12| 2014

1631



1632

EMBO Molecular Medicine

37°C, this mechanism is highly likely also for the Stx-producing
0104:H4 outbreak strain.

In addition, the outbreak strain displays yet another feature that
may contribute to this scenario—its inability to produce cellulose.
While its genes for cellulose synthase are intact, the outbreak strain
carries a frameshift mutation in bcsE, which encodes an accessory
protein required for cellulose production. Remarkably, adhesive and
pro-inflammatory properties of curli fibres are counteracted by the
concomitant production of cellulose (Wang et al, 2006; Kai-Larsen
et al, 2010), which in tight association with curli fibres forms a
composite material surrounding the producing cells in the matrix of
a biofilm (Serra et al, 2013a; Serra & Hengge, 2014). In contrast to
the closely related Stx-producing EAEC strain HUSEC041, which
shows low CsgD and curli synthesis at 37°C and produces cellulose
(Figs 4-6), the outbreak strain thus generates large amounts of
cellulose-free and therefore highly inflammatory ‘naked’ curli fibres
at human body temperature.

Taken together, the 0104:H4 outbreak strain shows a unique
combination of biofilm-related properties not observed in any path-
ogenic E. coli before, including a high c-di-GMP accumulation
potential due to an extremely strongly expressed extra DGC (DgcX)
and high CsgD and curli expression but no cellulose production at
37°C. These properties can contribute to enhance adhesion and
colonization as well as the inflammatory response, which together
with production of Stx and SPATEs such as the mucinase Pic
combine to high virulence. These properties also point to potential
strategies for dealing with future infections with strains related to
the 2011 0104:H4 outbreak strain. Besides avoiding antibiotics that
can induce Stx production by triggering entry into the lytic cycle
and therefore proliferation of stx-carrying lambdoid phages (Zhang
et al, 2000; Bielaszewska et al, 2012), natural or synthetic
compounds that can reduce c-di-GMP accumulation or curli synthe-
sis or amyloid formation—that are currently sought after inten-
sively (Cegelski et al, 2009; Sambanthamoorthy et al, 2012)—may
show some benefit. Also probiotics may be an option, since the
probiotic E. coli strain Nissle 1917 in co-culture with the 0104:H4
outbreak strain was recently shown to reduce adherence to two
human colonic epithelial cell lines and to attenuate Stx production
and cytotoxicity of the O104:H4 outbreak strain (Rund et al, 2012;
Wieler et al, 2014).

Finally, it may also be worth noticing that E. coli and Salmonella
use biofilm matrix components including amyloid curli fibres and
PGA to attach to plant surfaces (Barak et al, 2005; Jeter &
Matthysse, 2005; Matthysse et al, 2008; Fink et al, 2012). High
expression of these components in the 0104:H4 outbreak strain is
thus consistent with contaminated sprouts being the source of
the strain during the 2011 outbreak (Buchholz et al, 2011) and
the absence of the strain in a survey of cattle in the outbreak area
(Wieler et al, 2011).

Materials and Methods

Bacterial strains
In this study, two clonal isolates of the E. coli 0104:H4 outbreak

strain were analysed, that is LB226692 (genome sequenced
by Mellmann et al (2011)) and RKI II-2027 (designated by the
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Robert-Koch-Institut (Berlin) as the official outbreak strain). In
addition, we used EAEC 0104:H4 strain 55989 (Mossoro et al,
2002), HUSEC041 (or 01-09591, an enterohaemorrhagic 0104:H4
strain isolated in 2001) (Mellmann et al, 2008), EDL933 (a classical
EHEC 0157:H7) (Riley et al, 1983; Perna et al, 2001) and the non-
pathogenic E. coli K-12 strains W3110 (Hayashi et al, 2006) and
AR3110, a direct derivative of W3110, in which cellulose synthesis
was restored by replacing a stop codon in bcsQ by a sense codon
(Serra et al, 2013a).

The non-polar deletion mutations in bcsE, besE and besG were
generated by one-step inactivation with kan or cat resistance
cassettes that were subsequently flipped out (Datsenko & Wanner,
2000). The oligonucleotides used in this procedure are listed in
Supplementary Table S3.

The single-copy dgcX::lacZ reporter fusion inserted at the attB
location of the chromosome of strain W3110 was constructed using
chromosomal DNA of the outbreak strain LB226692 as a template
for PCR with the primers listed in Supplementary Table S3. The
procedure used was exactly as described for similar lacZ fusions to
all GGDEF/EAL domain-encoding genes of E. coli (Sommerfeldt
et al, 2009) that were used here for comparison of expression
levels.

Genome comparison

Genome sequences were obtained from the National Center for
Biotechnology Information (NCBI) database. In order to find and
identify novel GGDEF and EAL domain proteins, the Basic Local
Alignment Search Tool (BLAST) (Altschul et al, 1997) was used to
search for proteins encoded within the genomes of E. coli K-12
strain W3110, E. coli 0104:H4 strain 55989, E. coli 0104:H4 strain
01-09591 (HUSEC041), E. coli O157:H7 strain EDL933 and E. coli
0104:H4 strain LB226692 (the ‘outbreak’ strain). When identifying
possible GGDEF domain-containing proteins, the 169 amino acid
long GGDEF domain of the YdaM protein (as identified in the Simple
Modular Architecture Research Tool (SMART) database (Schultz
et al, 1998)) was used as the query sequence. For the EAL domain
search, the 245 amino acid long EAL domain of the YjcC protein
(again defined by SMART) was used as the query sequence. Follow-
up BLAST searches were performed to identify proteins with GGDEF
and EAL domains too divergent from the YdaM and YjcC queries.
Established GGDEF and EAL domain-containing proteins, found in
the E. coli K-12 strain W3110, were used as query sequence in
subsequent BLAST searches. If there were discrepancies in the
amino acid sequence for a given protein between the various strains
of E. coli, a genome comparison was performed, where the corre-
sponding nucleotide sequence was multiply aligned using the CLUS-
TAL X programme (Larkin et al, 2007). The nucleotide sequences
were examined for sequence variations (in particular deletions and
insertions that may disrupt genes and/or lead to frameshifts or
premature termination of translation) and incorrect initiation codon
assignments with putative ribosomal binding sites also being taken
into account.

The Geneious DNA sequence analysis software (version 5.4,
Geneious) was used to generate multiple alignments and genome
figures that were further processed using the GIMP2 programme
(available at www.gimp.org). Relevant nucleotide variations in the
genomes of the outbreak strain (and in relevant cases also of
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EDL933) in comparison with the other strains were verified by
custom sequencing (GATC GmbH, Konstanz) of PCR fragments
generated with chromosomal DNA as a template.

Growth of bacterial macrocolonies and visual detection of curli
and cellulose formation

For the determination of macrocolony morphology, freshly
prepared agar plates containing standard LB medium (Miller,
1972) or salt-free LB medium (LBnoS) were inoculated with 5 pl
overnight culture applied as small spots. Plates were sealed with
parafilm and incubated up to 14 days at the temperature indi-
cated. For the detection of curli formation, LBnoS agar plates
containing 40 ug ml~' of the amyloid-binding dye Congo red
(Merck) and 20 pg ml~' Coomassie Brilliant Blue G (Sigma) were
inoculated with 5 pl overnight culture and incubated for 7 days.
Cellulose production was visualized by Calcofluor fluorescence of
3 days old colonies growing on solid media containing 0.01%
Calcofluor Fluorescent Brightener 28 (Sigma). For photography of
macrocolonies, a Leica S8 APO stereomicroscope and a Leica DC
300F digital camera were used.

Protein purification

For the purification of C-terminally His6-tagged CsgD protein, the
csgD gene was cloned into the expression vector pQE60 (Qiagen)
using the oligonucleotide primers listed in Supplementary Table S3.
The lacl9 strain FI11202 (Fiedler & Weiss, 1995) containing pQE60::
csgD was grown in LB medium (100 pg ml~! ampicillin) at 37°C to
an optical density (578 nm) of 0.5. CsgD protein expression was
induced by adding IPTG (final concentration 1 mM), and cultivation
was continued at 28°C for 4 h. Cells were resuspended in TE buffer
(10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0), supplemented with
300 pug ml™" lysozyme and lysed using a French Press. CsgD accu-
mulated in inclusion bodies was obtained by centrifugation and
resuspended in 8 M urea. Purification by Ni-NTA affinity chroma-
tography under denaturing conditions was carried out according to
standard protocols (Qiagen). Eluted protein was dialysed against
300 mM NaCl and 50 mM NaH,PO, pH 7.8 overnight at 4°C and
used for SDS-PAGE.

Immunoblots

Determination of cellular levels of CsgD in macrocolonies was
performed by immunoblotting. Either entire macrocolonies were
scraped off the agar plates or samples were taken from the
indicated regions of the macrocolonies and resuspended in
minimal medium M9 (Miller, 1972), and the optical density
(578 nm) was determined. Sample preparation for SDS-PAGE
and immunoblot analysis was performed as described previously
(Lange & Hengge-Aronis, 1994). 7.5 pg cellular protein was
applied per lane. A polyclonal serum against CsgD (custom-made
by Pineda-Antikorper-Service, Berlin), goat anti-rabbit IgG alka-
line phosphatase conjugate (Sigma) and a chromogenic substrate
(BCIP/NBT; Boehringer Mannheim) were used for detecting CsgD
protein. Quantification of CsgD levels was performed using
ImageGauge V3.45 and purified CsgD-6His as a standard on the
SDS gels.

© 2014 The Authors
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Problem

The 2011 German outbreak with a Shiga toxin (Stx)-producing Escheri-
chia coli H104:H4 was not only the largest of its kind, but also that
with the highest incidence (> 22%) of progression to haemolytic urae-
mic syndrome (HUS) ever recorded. Rapid genome sequencing showed
the outbreak strain to be an enteroaggregative E. coli (EAEC) that had
acquired a prophage carrying the Stx gene usually found in classical
enterohaemorrhagic E. coli (EHEC). This led to speculations that its
high virulence arises from a combination of the strong adherence to
intestinal epithelial cells typical for EAEC with high Stx production.
However, the virulence plasmid carrying the genes for EAEC-specific
aggregative adherence fimbriae was later on found to be dispensable
for colonization and causing bloody diarrhoea, leaving the question
open again why the outbreak strain is so highly virulent.

Results

Based on detailed genomic comparisons—taking into account even
single nucleotide polymorphisms with consequences for gene expres-
sion and regulation—complemented by experimental analyses, we
report a unique combination of biofilm-associated properties in the
0104:H4 outbreak strain not observed in any pathogenic E. coli before.
These include: (i) the presence of two extra diguanylate cyclases
producing the biofilm-promoting second messenger c-di-GMP, one of
which (DgcX) is by far the most strongly expressed diguanylate cyclase
observed to date in E. coli; (i) high and deregulated production of the
c-di-GMP-controlled biofilm regulator CsgD and amyloid curli fibres, a
biofilm matrix component that promotes adherence to epithelial cells,
at 37°C; (iii) frequent occurrence of derivatives with even further
enhanced CsgD and curli production; and (iv) an inability to produce
the exopolysaccharide cellulose.

Impact

These results may provide a key piece in the puzzle of understanding
the high virulence of the 2011 outbreak E. coli H104:H4. Besides
contributing to adhesion and colonization, these unique properties
may also boost inflammation, since curli fibres are highly pro-inflam-
matory, while cellulose, which tightly associates with curli fibres in a
composite material, counteracts this effect. Enhanced inflammation
induced by ‘naked’, that is cellulose-free, curli fibres as produced by
the outbreak strain could aggravate tissue damage and thereby
promote more efficient transition of Stx into the blood stream result-
ing in an increased probability to develop HUS.

Determination of f-galactosidase activity

-galactosidase activity was assayed by the use of o-nitrophenyl-$-D-
galactopyranoside (ONPG) as a substrate and is reported as umol of
o-nitrophenol per min per mg of cellular protein (Miller, 1972). Exper-
iments showing the expression of lacZ fusions along the entire growth
cycle were started by diluting an overnight culture into fresh medium
to an optical density (ODs;g) of 0.03, with sampling starting 2 h after
inoculation. Such experiments were done at least twice, with a repre-
sentative experiment being shown. Single-value data are the average
of at least three measurements from independent cultures.

Determination of spontaneous mutation frequency
Mutation rates were determined on the basis of spontaneous mutation
to rifampicin resistance. Three 0.1-ml samples of each overnight

culture were spread onto LB plates containing rifampicin
(50 pg ml™Y). In parallel, the same cultures were used to determine
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total viable cells in the absence of the antibiotic. Plates were incubated
overnight at 37°C; colony-forming units were counted and averaged
for the three samples from each culture. All experiments were done in
triplicate with independent cultures.

Supplementary information for this article is available online:
http://embomolmed.embopress.org

Acknowledgements

We are grateful to H. Karch (Universitdt Miinster) and Angelika Fruth (Robert-
Koch-Institut, Wernigerode) for providing bacterial strains. We thank Alexandra
Possling (Hengge group) for generating the mutants and the image shown in
Supplementary Fig S6B and Christa Ewers and Inga Eichhorn (Wieler group) for
practical support. Financial support was provided by the European Research
Council under the European Union’s Seventh Framework Programme (ERC-AdG
249780 to RH) and the Deutsche Forschungsgemeinschaft (GRK 1673).

Author contributions

Concept of the study was made by RH. Design of the experiments was performed
by AMR, TLP and RH. Experiments were performed by AMR and TLP. Bioinfor-
matic analysis was carried out by TLP. Interpretation of data was made by AMR,
TLP, LHW and RH. The paper was written by RH with input from all other authors.

Conflict of interest
The author declares that they have no conflict of interest.

For more information
Web page of the research group of Regine Hengge: http://mikrobiologie.hu-
berlin.de/hengge.

References

Al Safadi R, Abu-Ali GS, Sloup RE, Rudrik |T, Waters CM, Eaton KA, Manning
SD (2012) Correlation between in vivo biofilm formation and virulence
gene expression in Escherichia coli 0104:H4. PLoS One 7: e41628

Altschul SF, Madden TL, Schéffer AA, Zhang |, Zhang Z, Miller W, Lipman D
(1997) Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucl Acids Res 25: 3389 —3402

Barak |D, Gorski L, Naraghi-Arani P, Charkowski AO (2005) Salmonella enterica
virulence genes are required for bacterial attachment to plant tissue. Appl
Environ Microbiol 71: 5685—5691

Barker CS, Priiss BM, Matsumura P (2004) Increased motility of Escherichia
coli by insertion sequence element integration into the regulatory region
of the flhD operon. J Bacteriol 186: 75297537

Beutin L, Hammerl JA, Reetz J, Strauch E (2013) Shiga toxin-producing
Escherichia coli strains from cattle as a source of the Stx2a bacteriophages
present in enteroaggregative Escherichia coli 0104:H4 strains. Int | Med
Microbiol 303: 595—602

Bian Z, Brauner A, Li Y, Normark S (2000) Expression of and cytokine
activation by Escherichia coli curli fibres in human sepsis. J Infect Dis
181: 602-612

Bielaszewska M, Mellmann A, Zhang W, Kdck R, Fruth A, Bauwens A, Peters
G, Karch H (2011) Characterisation of the Escherichia coli strain associated
with an outbreak of haemolytic uraemic syndrome in Germany, 2011: a
microbiological study. Lancet Infect Dis 11: 671—676

Bielaszewska M, Idelevich EA, Zhang W, Bauwens A, Schaumburg F,
Mellmann A, Peters G, Karch H (2012) Effects of antibiotics on Shiga toxin

EMBO Molecular Medicine Vol 6 | No 12| 2014

c-di-GMP and biofilm formation of E. coli 0104:H4

Anja M Richter et al

2 production and bacteriophage induction by epidemic Escherichia coli
0104:H4 strain. Antimicrob Agents Chemother 56: 3277 —3282

Bokranz W, Wang X, Tschape H, Romling U (2005) Expression of cellulose and
curli fimbriae by Escherichia coli isolated from the gastrointestinal tract.
Med Microbiol 54: 11711182

Branchu P, Hindré T, Fang X, Thomas R, Gomelsky M, Claret L, Harel ], Gobert
AP, Martin C (2012) The c-di-GMP phosphodiesterase VmpA absent in
Escherichia coli K12 strains affects motility and biofilm formation in the
enterohemorrhagic 0157:H7 serotype. Vet Immunol Immunopathol 152:
132-140

Brzuszkiewicz E, Thirmer A, Schuldes ], Leimbach A, Liesegang H, Meyer F-D,
Boelter J, Peterson H, Gottschalk G, Daniel R (2011) Genome sequence
analyses of two isolates from the recent Escherichia coli outbreak in
Germany reveal the emergence of a new pathotype:
entero-aggregative-haemorrhagic Escherichia coli (EAHEC). Arch Microbiol
193: 883891

Buchholz U, Bernard H, Werber D, B6hmer MM, Remschmidt C, Wilking H,
Deleré Y, an der Heiden M, Adlhoch C, Dreesman | et al (2011) German
outbreak of Escherichia coli 0104:H4 associated with sprouts. N Engl | Med
365: 1763-1770

Carter MQ, Brandl MT, Louie JW, Kyle JL, Carychao DK, Cooley MB, Parker CT,
Bates AH, Mandrell RE (2011) Distinct acid resistance and survival fitness
displayed by curli variants of enterohemorrhagic Escherichia coli 0157:H7.
Appl Environ Microbiol 77: 36853695

Cegelski L, Pinkner JS, Hammer ND, Cusumano CK, Hung CS, Chorell E, Aberg
V, Walker N, Seed PC, Aimqvist F et al (2009) Small-molecule inhibitors
target Escherichia coli amyloid biogenesis and biofilm formation. Nat Chem
Biol 5: 913-919

Chopra I, O’Neill AJ, Miller K (2003) The role of mutators in the emergence of
antibiotic resistant bacteria. Drug Res Updat 6: 137 —145

Datsenko KA, Wanner BL (2000) One-step inactivation of chromosomal genes
in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci USA 97:
6640—6645

Denamur E, Bonacorsi S, Giraud A, Duriez P, Hilali F, Amorin C, Bingen E,
Andremont A, Picard B, Taddei F et al (2002) High frequency of mutator
strains among human uropathogenic Escherichia coli isolates. J Bacteriol
184: 605—-609

Fiedler U, Weiss V (1995) A common switch in activation of the response
regulators NtrC and PhoB: phosphorylation induces dimerization of the
receiver modules. EMBO | 14: 3696 —3705

Fink RC, Black EP, Hou Z, Sugawara M, Sadowsky M|, Diez-Gonzalez F (2012)
Transcriptional responses of Escherichia coli K-12 and 0157:H7 associated
with lettuce leaves. Appl Environ Microbiol 78: 17521764

Gerstel U, Park C, Romling U (2003) Complex regulation of csgD promoter
activity by global regulatory proteins. Mol Microbiol 49: 639 —654

Gophna U, Barlev M, Seijffers R, Oelschlager TA, Hacker |, Ron EZ (2001) Curli
fibers mediate internalization of Escherichia coli by eukaryotic cells. Infect
Immun 69: 2659 — 2665

Gophna U, Oelschlager TA, Hacker |, Ron EZ (2002) Role of fibronectin in
curli-mediated internalisation. FEMS Microbiol Lett 212: 55—58

Grad YH, Godfrey P, Cerquiera GC, Mariani-Kurkdjian P, Gouali M, Bingen E,
Shea TP, Haas BJ, Griggs A, Young S et al (2013) Comparative genomics of
recent Shiga toxin-producing Escherichia coli 0104:H4: short-term
evolution of an emerging pathogen. mBio 4: e00452—12

Harrington S, Dudley E, Nataro JP (2006) Pathogenesis of enteroaggregative
Escherichia coli infection. FEMS Microbiol Lett 254: 12—-18

Harrington SM, Sheikh ], Henderson IR, Ruiz-Perez F, Cohen PS, Nataro |P
(2009) The Pic protease of enteroaggregative Escherichia coli promotes

© 2014 The Authors


http://mikrobiologie.hu-berlin.de/hengge
http://mikrobiologie.hu-berlin.de/hengge

Anja M Richter et al

intestinal colonization and growth in the presence of mucin. Infect Immun
77: 2465-2473

Hayashi K, Morooka N, Yamamoto Y, Fujita K, Isono K, Choi S, Ohtsubo E, Baba
T, Wanner BL, Mori H et al (2006) Highly accurate genome sequences of
Escherichia coli K-12 strains MG1655 and W3110. Mol Syst Biol 2: 2006.0007

Hengge R (2009) Principles of cyclic-di-GMP signaling. Nat Rev Microbiol 7:
263273

Hengge R (2010) Role of c-di-GMP in the regulatory networks of Escherichia
coli. In The Second Messenger Cyclic-di-GMP, Wolfe A, Visick KL (eds), pp
230-252. Washington, DC: ASM Press

Itoh Y, Rice D, Goller C, Pannuri A, Taylor J, Meisner |, Beveridge TJ, Preston
JFR, Romeo T (2008) Roles of pgaABCD genes in synthesis, modification,
and export of the Escherichia coli biofilm adhesin
poly-beta-1,6-N-acetyl-D-glucosamine. J Bacteriol 190: 36703680

Izano EA, Sadovskaya |, Wang H, Vinogradov E, Ragunath C, Ramasubbu N,
Jabbouri S, Perry MB, Kaplan JB (2008) Poly-N-acetylglucosamine mediates
biofilm formation and detergent resistance in Aggregatibacter
actinomycetemcomitans. Microb Pathog 44: 52 —60

Jenal U, Malone ] (2006) Mechanisms of cyclic-di-GMP signaling in bacteria.
Annu Reuv Genet 40: 385—407

Jeter C, Matthysse AG (2005) Characterization of the binding of diarrheagenic
strains of E. coli to plant surfaces and the role of curli in the interaction of
the bacteria with alfalfa sprouts. Mol Plant Microbe Interact 18: 12351242

Johannes L, Romer W (2010) Shiga toxins - from cell biology to biomedical
applications. Nat Rev Microbiol 8: 105—-116

Jonas K, Tomenius H, Kader A, Normark S, Rémling U, Belova LB, Melefors O
(2007) Roles of curli, cellulose and BapA in Salmonella biofilm morphology
studied by atomic force microscopy. BMC Microbiol 7: 70

Jonas K, Edwards AN, Simm R, Romeo T, Romling U, Melefors O (2008) The
RNA binding protein CsrA controls c-di-GMP metabolism by directly
regulating the expression of GGDEF proteins. Mol Microbiol 70: 236 —257

Kai-Larsen Y, Lithje P, Chromek M, Peters V, Wang X, Holm A, Kédas L,
Hedlund KO, Johansson |, Chapman MR et al (2010) Uropathogenic E. coli
modulates immune responses and its curli fimbriae interact with the
antimicrobial peptide LL-37. PLoS Pathog 6: 1001010

Kaper |B, Nataro |P, Mobley HLT (2004) Pathogenic Escherichia coli. Nat Rev
Microbiol 2: 123-140

Klemm P, Hjerrild L, Gjermansen M, Schembri MA (2004) Structure-function
analysis of the self-recognizing antigen 43 autotransporter protein from
Escherichia coli. Mol Microbiol 51: 283—296

Lange R, Hengge-Aronis R (1991) Growth phase-regulated expression of bolA
and morphology of stationary phase Escherichia coli cells is controlled by
the novel sigma factor o° (rpoS). J Bacteriol 173: 4474 — 4481

Lange R, Hengge-Aronis R (1994) The cellular concentration of the c°
subunit of RNA-polymerase in Escherichia coli is controlled at the levels
of transcription, translation and protein stability. Genes Dev 8:
1600-1612

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam
H, Valentin F, Wallace IM, Wilm A, Lopez R et al (2007) Clustal W and
Clustal X version 2.0. Bioinformatics 23: 2947 —2948

Lindenberg S, Klauck G, Pesavento C, Klauck E, Hengge R (2013) The EAL
domain phosphodiesterase YciR acts as a trigger enzyme in a c-di-GMP
signaling cascade in E. coli biofilm control. EMBO J 32: 20012014

Matthysse AG, Deora R, Mishra M, Torres AG (2008) Polysaccharides cellulose,
poly-beta-1,6-n-acetyl-D-glucosamine, and colanic acid are required for
optimal binding of Escherichia coli 0157:H7 strains to alfalfa sprouts and
K-12 strains to plastic but not for binding to epithelial cells. Appl Environ
Microbiol 74: 2384 —2390

© 2014 The Authors

c-di-GMP and biofilm formation of E. coli 0104:H4

EMBO Molecular Medicine

Mellmann A, Bielaszewska M, Kéck R, Friedrich AW, Fruth A, Middendorf B,
Harmsen D, Schmidt MA, Karch H (2008) Analysis of collection of
hemolytic uremic syndrome-associated enterohemorrhagic Escherichia coli.
Emerg Infect Dis 14: 1287 —1290

Mellmann A, Harmsen D, Cummings CA, Zentz EB, Leopold SR, Rico A, Prior K,
Szczepanowski R, Ji Y, Zhang W et al (2011) Prospective genomic
characterization of the German enterohemorrhagic Escherichia coli 0104:
H4 outbreak by rapid next generation sequencing technology. PLoS One 6:
e22751

Mika F, Hengge R (2013) Small regulatory RNAs in the control of motility
and biofilm formation in E coli and Salmonella. Int | Mol Sci 14:
45604579

Miko A, Delannoy S, Fach P, Strockbine NA, Lindstedt BA, Mariani-Kurkdjian P,
Reetz |, Beutin L (2013) Genotypes and virulence characteristics of Shiga
toxin-producing Escherichia coli 0104 strains from different origins and
sources. Int | Med Microbiol 303: 410421

Miller JH (1972) Experiments in Molecular Genetics. Cold Spring Harbor, NY:
Cold Spring Harbor Laboratory

Morin N, Santiago AE, Ernst RK, Guillot S}, Nataro JP (2013) Characterization
of the AggR regulon in enteroaggregative Escherichia coli. Infect Immun 81:
122-132

Mossoro C, Glaziou P, Yassibanda S, Lan NT, Bekondi C, Minssart P, Bernier C,
Le Bouguénec C, Germani YH (2002) Chronic diarrhea, hemorrhagic colitis,
and hemolytic uremic syndrome associated with HEp-2 adherent
Escherichia coli in adults infected with human immunodeficiency virus in
Bangui, Central African Republic. / Clin Microbiol 40: 3086 —3088

Munera D, Ritchie JM, Hatzios S, Bronson R, Fang FC, Schadt EE, Davis BM,
Waldor MK (2014) Autotransporters but not pAA are critical for rabbit
colonization by Shiga toxin-producing Escherichia coli 0104:H4. Nat
Commun 5: 3080

Muniesa M, Hammerl JA, Hertwig S, Appel B, Briissow H (2012) Shiga
toxin-producing Escherichia coli 0104:H4: a new challenge for
microbiology. Appl Environ Microbiol 78: 4065—4073

Ogasawara H, Yamada K, Kori A, Yamamoto K, Ishihama A (2010) Regulation
of the Escherichia coli csgD promoter: interplay between five transcription
factors. Microbiology 156: 24702483

Olsén A, Jonsson A, Normark S (1989) Fibronectin binding mediated by a
novel class of surface organelles on Escherichia coli. Nature 338: 652 —655

Olsén A, Wick MJ, Mdrgelin M, Bjorck L (1998) Curli, fibrous surface proteins
of Escherichia coli interact with major histocompatibility complex class |
molecules. Infect Immun 66: 944 —949

Perna NT, Plunkett GI, Burland V, Mau B, Glasner |D, Rose DJ, Mayhew GF,
Evans PS, Gregor |, Kirkpatrick HA et al (2001) Genome sequence of
enterohaemorrhagic Escherichia coli 0157:H7. Nature 409: 529 — 533

Pesavento C, Becker G, Sommerfeldt N, Possling A, Tschowri N, Mehlis A,
Hengge R (2008) Inverse regulatory coordination of motility and
curli-mediated adhesion in Escherichia coli. Genes Dev 22: 2434 —

2446

Ponciano JM, La H-J, Joyce P, Forney L] (2009) Evolution of diversity in
spatially structured Escherichia coli populations. Appl Environ Microbiol 75:
6047 - 6054

Prentki P, Teter B, Chandler M, Galas D) (1986) Functional promoters
created by the insertion of transposable element IS1. j Mol Biol 191:
383-393

Rasko DA, Webster DR, Sahl Jw, Bashir A, Boisen N, Scheutz F, Paxinos EE,
Sebra R, Chin C-S, Iliopoulos D et al (2011) Origins of the E. coli strain
causing an outbreak of hemolytic-uremic syndrome in Germany. N Engl |
Med 365: 709717

EMBO Molecular Medicine Vol 6 | No 12| 2014

1635



EMBO Molecular Medicine

Riley LW, Remis RS, Helgerson SD, McGee HB, Wells JG, Davis BR, Hebert R},
Olcott ES, Johnson LM, Hargrett NT et al (1983) Hemorrhagic colitis
associated with a rare Escherichia coli serotype. N Engl | Med 308: 681 — 685

Rohde H, Qin J, Cui Y, Li D, Loman NJ, Hentschke M, Chen W, Pu F, Peng Y, Li
J et al (2011) Open-source genomic analysis of Shiga-toxin-producing E.
coli 0104:H4. N Engl | Med 365: 718 —724

Romling U, Bian Z, Hammar M, Sierralta WD, Normark S (1998a) Curli fibers
are highly conserved between Salmonella typhimurium and Escherichia
coli with respect to operon structure and regulation. / Bacteriol 180:
722-731

Romling U, Sierralta WD, Eriksson K, Normark S (1998b) Multicellular and
aggregative behaviour of Salmonella typhimurium strains is controlled by
mutations in the agfD promoter. Mol Microbiol 28: 249264

Romling U, Rohde M, Olsén A, Normark S, Reinkoster | (2000) AgfD, the
checkpoint of multicellular and aggregative behaviour in Salmonella
typhimurium regulates at least two independent pathways. Mol Microbiol
36: 10-23

Romling U (2005) Characterization of the rdar morphotype, a multicellular
behaviour in Enterobacteriaceae. Cell Mol Life Sci 62: 12341246

Rosser T, Dransfield T, Allison L, Hanson M, Holden N, Evans ], Naylor S, La
Ragione R, Low C, Gally DL (2008) Pathogenic potential of emergent
sorbitol-fermenting Escherichia coli 0O157:NM. Infect Immun 76:
5598 - 5607

Rund SA, Rohde H, Sonnenborn U, Oelschlaeger TA (2012) Antagonistic effects
of the probiotic Escherichia coli Nissle 1917 on EHEC strains of serotype
0104:H4 and 0157:H7. Int | Med Microbiol 303: 1-8

Saldana Z, Xicohtencatl-Cortes |, Avelino F, Phillips AD, Kaper |B, Puente JL,
Girén JA (2009) Synergistic role of curli and cellulose in cell adherence and
biofilm formation of attaching and effacing Escherichia coli and
identification of Fis as a negative regulator of curli. Environ Microbiol 11:
992-1006

Sambanthamoorthy K, Sloup RE, Parashar V, Smith JM, Kim EE, Semmelhack
MF, Neiditch MB, Waters CM (2012) Identification of small molecules that
antagonize diguanylate cyclase enzymes to inhibit biofilm formation.
Antimicrob Agents Chemother 56: 5202 —5211

Schirmer T, Jenal U (2009) Structural and mechanistic determinants of
c-di-GMP signalling. Nat Rev Microbiol 7: 724 -735

Schultz J, Milpetz F, Bork P, Ponting CP (1998) SMART, a simple modular
architecture research tool: identification of signaling domains. Proc Natl
Acad Sci USA 95: 5857 — 5864

Serra DO, Richter AM, Hengge R (2013a) Cellulose as an architectural
element in spatially structured Escherichia coli biofilms. J Bacteriol 195:
55405554

Serra DO, Richter AM, Klauck G, Mika F, Hengge R (2013b) Microanatomy at
cellular resolution and spatial order of physiological differentiation in a
bacterial biofilm. mBio 4: e00103-13

Serra DO, Hengge R (2014) Stress responses go three-dimensional - the
spatial order of physiological differentiation in bacterial macrocolony
biofilms. Environ Microbiol 16: 1455—1471

Serra-Moreno R, Jofre |, Muniesa M (2007) Insertion site occupancy by stx2
bacteriophages depends on the locus availability of the host strain
chromosome. J Bacteriol 189: 6645 — 6654

Shaikh N, Tarr PI (2003) Escherichia coli 0157:H7 Shiga toxin-encoding
bacteriophages: integrations, excisions, truncations, and evolutionary
implications. J Bacteriol 185: 3596 —3605

Solano C, Garcia B, Valle J, Berasain C, Ghigo J-M, Gamazo C, Lasa | (2002)
Genetic analysis of Salmonella enteritidis biofilm formation: critical role of
cellulose. Mol Microbiol 43: 793—808

EMBO Molecular Medicine Vol 6 | No 12| 2014

c-di-GMP and biofilm formation of E. coli 0104:H4

Anja M Richter et al

Sommerfeldt N, Possling A, Becker G, Pesavento C, Tschowri N, Hengge R
(2009) Gene expression patterns and differential input into curli fimbriae
regulation of all GGDEF/EAL domain proteins in Escherichia coli.
Microbiology 155: 1318 —1331

Steiner S, Lori C, Boehm A, Jenal U (2013) Allosteric activation of
exopolysaccharide synthesis through cyclic di-GMP-stimulated
protein-protein interaction. EMBO | 32: 354 —368

Tikel C, Raffatellu M, Humphries AD, Wilson RP, Andrews-Polymenis HL, Gull
T, Figueiredo JF, Wong MH, Michelsen KS, Akcelik M et al (2005) CsgA is a
pathogen-associated molecular pattern of Salmonella enterica serotype
Typhimurium that is recognized by Toll-like receptor 2. Mol Microbiol 58:
289-304

Tukel C, Wilson RP, Nishimori JH, Pezeshki M, Chromy BA, Baumler AJ (2009)
Responses to amyloids of microbial and host origin are mediated through
toll-like receptor 2. Cell Host Microbe 6: 45— 53

Tikel C, Nishimori JH, Wilson RP, Winter MG, Keestra AM, van Putten JP,
Baumler AJ (2010) Toll-like receptors 1 and 2 cooperatively mediate
immune responses to curli, a common amyloid from enterobacterial
biofilms. Cell Microbiol 12: 1495—1505

Uhlich GA, Keen JE, Elder RO (2001) Mutations in the csgD promoter
associated with variations in curli expression in certain strains of
Escherichia coli 0157:H7. Appl Environ Microbiol 67: 2367 —2370

Uhlich GA, Keen JE, Elder RO (2002) Variations in the csgD promoter of
Escherichia coli 0157:H7 associated with increased virulence in mice and
increased invasion in HEp-2 cells. Infect Immun 70: 395—399

Uhlich GA, Chen CY, Cottrell BJ, Hofmann CS, Dudley EG, Strobaugh TP,
Nguyen LH (2013) Phage insertion in mIrA and variations in rpoS limit
curli expression and biofilm formation in Escherichia coli serotype O157:
H7. Microbiology 159: 1586 —1596

Wang X, Preston JFR, Romeo T (2004) The pgaABCD locus of Escherichia coli
promotes the synthesis of a polysaccharide adhesin required for biofilm
formation. J Bacteriol 186: 2724 —2734

Wang X, Dubey AK, Suzuki K, Baker CS, Babitzke P, Romeo T (2005) CsrA
post-transcriptionally represses pgaABCD, responsible for synthesis of a
biofilm polysaccharide adhesin of Escherichia coli. Mol Microbiol 56:
16481663

Wang X, Rochon M, Lamprokostopoulou A, Liinsdorf H, Nimtz M, Romling U
(2006) Impact of biofilm matrix components on interaction of commensal
Escherichia coli with the gastrointestinal cell line HT-29. Cell Mol Life Sci
63: 23522363

Weber H, Pesavento C, Possling A, Tischendorf G, Hengge R (2006)
Cyclic-di-GMP-mediated signaling within the ¢° network of Escherichia
coli. Mol Microbiol 62: 10141034

Wells TJ, Totsika M, Schembri MA (2010) Autotransporters of Escherichia coli:
a sequence-based characterization. Microbiology 156: 2459 — 2469

White AP, Sibley KA, Sibley CD, Wasmuth ]D, Schaefer R, Surette MG, Edge TA,
Neumann NF (2011) Intergenic sequence comparison of Escherichia coli
isolates reveals lifestyle adaptations but not host specificity. Appl Environ
Microbiol 77: 76207632

Wieler LH, Semmler T, Eichhorn I, Antao EM, Kinnemann B, Geue L, Karch H,
Guenther S, Bethe A (2011) No evidence of the Shiga toxin-producing E.
coli 0104:h4 outbreak strain of enteroaggregative E. coli (EAEC) found in
cattle faeces in northern Germany, the hotspot of the 2011 HUS outbreak
area. Gut Pathog 3: 17

Wieler LH, Mohsin M, Tedin K, Guenther S, Schierack P (2014) Probiotic
Escherichia coli Nissle 1917 reduces growth, Shiga Toxin expression,
release and cytotoxicity of enterohemorrhagic Escherichia coli. Int | Med
Microbiol (in press)

© 2014 The Authors



Anja M Richter et al

Wirth T, Falush C, Lan R, Colles F, Mensa P, Wieler LH, Karch H, Reeves PR,
Maiden MCJ, Ochman H et al (2006) Sex and virulence in Escherichia coli:
an evolutionary perspective. Mol Microbiol 60: 11361151

Zhang X, McDaniel AD, Wolf LE, Keusch GT, Waldor MK, Acheson DW (2000)
Quinolone antibiotics induce Shiga toxin-encoding bacteriophages, toxin
production, and death in mice. J Infect Dis 181: 664 —670

Zhang W, Bielaszewska M, Kunsmann L, Mellmann A, Bauwens A, Kock R,
Kossow A, Anders A, Gatermann S, Karch H (2013) Lability of the pAA
virulence plasmid in Escherichia coli 0104:H4: implications for virulence in
humans. PLoS One 8: 66717

© 2014 The Authors

c-di-GMP and biofilm formation of E. coli 0104:H4

EMBO Molecular Medicine

Zogaj X, Nimtz M, Rohde M, Bokranz W, Rémling U (2001) The multicellular
morphotypes of Salmonella typhimurium and Escherichia coli produce
cellulose as the second component of the extracellular matrix. Mol
Microbiol 39: 14521463

® License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

EMBO Molecular Medicine Vol 6 | No 12| 2014

1637



