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1 | INTRODUCTION

Abstract

Agar plate-based biofilm of enterobacteria like Escherichia coli is characterized by ex-
pression of the extracellular matrix components amyloid curli and cellulose exopoly-
saccharide, which can be visually enhanced upon addition of the dye Congo Red,
resulting in a red, dry, and rough (rdar) colony morphology. Expression of the rdar
morphotype depends on the transcriptional regulator CsgD and occurs predominantly
at ambient temperature in model strains. In contrast, commensal and pathogenic iso-
lates frequently express the csgD-dependent rdar morphotype semi-constitutively,
also at human host body temperature. To unravel the molecular basis of temperature-
independent rdar morphotype expression, biofilm components and c-di-GMP turno-
ver proteins of seven commensal and uropathogenic E. coli isolates were analyzed. A
diversity within the c-di-GMP signaling network was uncovered which suggests altera-
tion of activity of the trigger phosphodiesterase YciR to contribute to (up)regulation of

csgD expression and consequently semi-constitutive rdar morphotype development.
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expression of curli fimbriae and cellulose, that can be investigated

on LB without salt agar plates supplemented with either Congo Red

Biofilm formation, per definition “matrix-enclosed bacterial populations
adherent to each other and/or to surfaces or interfaces” (Costerton,
Lewandowski, Caldwell, Korber, & Lappin-Scott, 1995) constitutes the
predominant life form of bacteria. The extracellular matrix consists of
different components such as fimbriae, exopolysaccharides, extracel-
lular DNA, and proteins. In enterobacteria, the well-studied red, dry,
and rough (rdar) morphotype is a biofilm phenotype characterized by

(CR), which binds to both matrix components or Calcofluor (CF), which
binds predominantly to cellulose (Rémling, 2005). Sole expression of
curli results in a brown, dry, and rough colony (bdar), while cellulose
expression leads to a pink-stained phenotype (pdar) on CR agar plates.

Rdar morphotype expression depends on the master transcriptional
regulator CsgD (Gerstel, Kolb, & Rémling, 2006; Gerstel & Rémling, 2003;
Liu, Niu, Wu, & Huang, 2014; Simm, Ahmad, Rhen, Le Guyon, & Rémling,
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2014). CsgD expression itself is regulated at different levels (Bordeau
& Felden, 2014; Gerstel & Romling, 2003; Gerstel et al., 2006; Mika &
Hengge, 2013; Prigent-Combaret et al., 2001; Simm et al., 2014). CsgD
expression is induced in the stationary phase of growth, preferably under
low salt condition at ambient temperature, but single point mutations
in the csgD promoter region can overcome temperature regulation of
¢sgD in both Escherichia coli (Uhlich, Keen, & Elder, 2001) and Salmonella
enterica serovar Typhimurium (Rémling, Sierralta, Eriksson, & Normark,
1998). The temperature-regulated csgD promoter is under control of the
stationary phase sigma factor o° and several global regulators, among
them OmpR (Gerstel & Romling, 2003) and MIrA (Brown et al., 2001;
Ogasawara, Yamamoto, & Ishihama, 2010). The secondary messenger
bis-(3'-5")-cyclic dimeric guanosine monophosphate (c-di-GMP) plays a
crucial role in csgD expression and biofilm formation (Rémling, Galperin,
& Gomelsky, 2013; Simm, Morr, Kader, Nimtz, & Rémling, 2004). Low
levels of c-di-GMP facilitate flagella-based motility and high levels pro-
mote sessility and biofilm formation. Diguanylate cyclases (DGCs), cata-
lytically functional GGDEF domain proteins, synthesize c-di-GMP, while
c-di-GMP is degraded to 5'pGpG by EAL domain phosphodiesterases
(PDEs). The c-di-GMP network shows spatial and temporal specificity,
and csgD expression is controlled by a multitude of c-di-GMP turn-
over enzymes in E. coli and S. Typhimurium (Ahmad, Cimdins, Beske, &
Rémling, 2017; Kader, Simm, Gerstel, Morr, & Rémling, 2006; Simm,
Lusch, Kader, Andersson, & Romling, 2007; Sommerfeldt et al., 2009)
such as the DGCs YdaM (E. coli only), YedQ and YegE and the PDEs
YciR and YhjH. Moreover, a multitude of sSRNAs were shown to regulate
biofilm formation by acting on csgD expression or other biofilm-related
genes (Bak et al., 2015; Mika & Hengge, 2013, 2014; Parker, Cureoglu,
De Lay, Majdalani, & Gottesman, 2017).

Downstream, CsgD directly controls expression of the curli sub-
unit genes csgBAC and indirectly activates cellulose expression via the
diguanylate cyclase AdrA (Hammar, Arngvist, Bian, Olsen, & Normark,
1995; Romling, Rohde, Olsen, Normark, & Reinkdster, 2000; Serra,
Richter, & Hengge, 2013). Of note, c-di-GMP promotes synthesis
of the extracellular matrix component poly-N-acetylglucosamine
(PNAG), which requires the pgaABCD operon (ltoh et al., 2008; Steiner,
Lori, Boehm, & Jenal, 2013).

The genome of E. coli K-12 MG1655 contains 29 c-di-GMP turn-
over proteins, 12 DGCs and 13 PDEs, including seven proteins with
a GGDEF and an EAL domain, and four GGDEF and/or EAL domain
proteins with degenerated motifs. The number of c-di-GMP turnover
proteins can differ among various E. coli strains (Povolotsky & Hengge,
2016). Functionality of these additional proteins in biofilm forma-
tion has been proven for DgcX in enteroaggregative E. coli (Richter,
Povolotsky, Wieler, & Hengge, 2014), for PdeY (SfaY) upon overexpres-
sion in Vibrio cholerae (Sjostrom et al., 2009), and for PdeT (VmpA) in E.
coli O157:H7 strain EDL933 (Branchu et al., 2013).

E. coli strains typically colonize the human gastrointestinal tract, being
one of the first colonizers. Biofilm formation of E. coli in the gut has been
reviewed recently (Rossi et al., 2017). Uropathogenic E. coli UPEC can
also cause intra- and extraintestinal diseases such as urinary tract infec-
tion (UTI) (Croxen & Finlay, 2010; Croxen et al., 2013; Kaper, Nataro, &
Mobley, 2004; Leimbach, Hacker, & Dobrindt, 2013; Nataro & Kaper,

1998). Variations in rdar morphotype formation such as the semi-constitu-
tive rdar morphotype, that is, expression of the rdar morphotype not only
at ambient temperature, but also at 37°C, occur frequently in commensal
and pathogenic isolates (Bian, Brauner, Li, & Normark, 2000; Bokranz,
Wang, Tschape, & Rémling, 2005; Cimdins et al., 2017; Da Re & Ghigo,
2006; Hammar, Arnqyvist, Bian, Olsen, & Normark, 1995; Kai-Larsen et al.,
2010; Zogaj, Bokranz, Nimtz, & Romling, 2003; Zogaj, Nimtz, Rohde,
Bokranz, & Romling, 2001). For example, the Shiga toxin-producing 2011
German EAEC-related outbreak strain 0104:H4 produces CsgD and curli
at 37°C, but is deficient in cellulose expression (Richter et al., 2014). The
probiotic E. coli strain Nissle 1917 shows semi-constitutive cellulose ex-
pression that is independent of CsgD and the DGC AdrA (Monteiro et al.,
2009). UTl isolates display a broad variety in rdar morphotype formation
(Bokranz et al., 2005; Kai-Larsen et al., 2010).

In a previous study, we observed that E. coli strains from fecal
samples of healthy individuals differed in rdar biofilm regulation and
expression of extracellular matrix components (Bokranz et al., 2005).
In this study, we determined the molecular basis of semi-constitutive
rdar biofilm formation of three commensal E. coli and four UPEC iso-
lates. Our results show an unexpected high diversity of the c-di-GMP
signaling network in these strains with respect to functionality, number
of c-di-GMP turnover proteins and single-amino acid polymorphisms.
We report here alterations in the trigger enzyme YciR to differentially
affect rdar biofilm formation.

2 | EXPERIMENTAL PROCEDURES

2.1 | Bacterial strains and growth conditions

Strains used in this study are listed in Table 1. For cloning purposes, con-
struction of deletion mutants and site-directed mutagenesis, strains were
grown in LB medium under agitation (200 rpm) or on LB agar plates at
the indicated temperatures. For phenotypic analysis, strains were grown
on LB medium without salt. If appropriate, media was supplemented with
100 pg/ml ampicillin and different concentrations of L-arabinose, as stated.

2.2 | Construction of chromosomal mutants

Construction of deletion mutants was performed via A red recombi-
nation technique (Datsenko & Wanner, 2000). Primers yciR-FEC10-
KO-For and yciR-FEC10-KO-Rev (to construct Fec10 AyciR), primers
YciRTob1delfw and YciRTob1delrv (Tob1 AyciR), and primers csgD_start
and csgD_stop (No.12 AcsgD) were used to amplify the chloramphenicol
resistance cassette from the pKD3 template flanked by 40 bp homolo-
gous sequences. Mutants were selected on 10 pg/ml and subsequently
25 pg/ml chloramphenicol, verified by PCR with primers flanking the re-
placed open reading frame, and cured of pKD46 by incubation at 42°C.

2.3 | Cloning procedures and site-directed
mutagenesis

Genes of interest were amplified using primers listed in Table S2
and ligated into the pBAD3O0 vector via Xbal/Hindlll restriction sites.



CIMDINS ET AL

TABLE 1 Strains used in the study

Strain Source  Relevant information Reference
E. coli strains
Tob1 Feces commensal strain (Bokranz
et al., 2005)
Tob2 Tob1 AcsgD (Bokranz
et al., 2005)
Tobl AyciR Tob1 yciR::Cm This study
Fec9 Feces commensal strain, clonal (Bokranz
variant of Tob1 et al.,, 2005)
Fec10 Feces commensal strain (Bokranz
et al., 2005)
Fec10 AyciR Fec10 yciR::Cm This study
Fec12 Feces commensal strain, clonal (Bokranz
variant of Tob1 et al., 2005)
Fec67 Feces commensal strain (Bokranz
et al., 2005)
Fec101 Feces commensal strain (Bokranz
et al., 2005)
B-8638 Blood urosepsis strain (Cimdins
etal., 2017)
No.12 Urine pyelonephritis strain (Kai-Larsen
et al., 2010)
No.12 AcsgD No.12 ¢sgD::Cm This study
B-11870 Blood urosepsis strain (Cimdins
et al., 2017)
80//6 Urine UTI strain, clonal variant (Cimdins
of B-11870 etal., 2017)
Nissle 1917 Feces commensal strain Ardeypharm
E. coli K-12 laboratory strains
DH5« F- ®80AlacZ AM15 Cloning host;
AllacZYA-argF)U169 laboratory
recAl endA1 hsdR17(rK- collection
mK+) phoA supE44 thi-1
gyrA96 relAl \-
TOP10 F- mcrA A(mrr-hsdRMS- Cloning host;
mcrBC) ®80lacZAM15 Invitrogen
AlacX74 recAl araD139
Alara-leu)7697 galU galK
rpsL (StrR) end A1 nupG
Salmonella enterica serovar Typhimurium
MAE108 Swimming negative (Rochon &
control Romling,
2006)

Site-directed mutagenesis was performed using the primers listed in
Table S2 and applying the Quik-change Kit Il (Agilent) according to the
manufacturer’s protocol. All constructs were verified by sequencing.

All plasmids used in the study are listed in Table S1.

2.4 | Analysis of colony morphology

Expression of the rdar morphotype was visualized on LB without salt
plates supplemented with 40 ug/ml Congo Red (Sigma) and 20 pg/
ml Coomassie Brilliant Blue G-250 (Sigma). Upon expression of
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cellulose and curli fibers, dye binding is staining the bacterial colony.
Development of the colony morphology was investigated at 28°C
and 37°C and documented by photographing at distinct time points.
Strains of interest were streaked for single colonies and 5 pl of a sus-
pension of OD,, 5 was spotted onto the agar plates.

For visualization of cellulose expression, strains were spotted
onto LB without salt plates supplemented with 50 pug/ml Calcofluor
(Fluorescent Brightener 28, Sigma). Fluorescence was observed under
UV light of wave length 365 nm.

2.5 | Motility assay

Half of a single colony was inoculated into an LB plate solidified with
0.3% agar. Swimming motility was investigated after 6 hr at 37°C. The
phenotype was documented, using the Bio RAD GelDocXR+ analyzer.
Statistical analysis of the results was done by unpaired Student's t-
test, using Graph Pad Prism No. 5 software.

2.6 | Biofilm in glass tubes

Biofilm formation in glass tubes, expressed as adherence to glass and
clumping, was observed by growing the respective strains in LB with-
out salt medium under agitation (200 rpm) for 24 hr at 28°C and docu-
mented by photographing.

2.7 | SDS PAGE and Western Blotting

To monitor expression of CsgD, strains were grown on LB agar plates
without salt for 16-18 hr. Here 5 mg cells were harvested, suspended
in 1x SDS sample buffer and boiled at 95°C for 10 min. Samples were
separated on a denaturing SDS PAGE with 4% stacking and 15% re-
solving gel. Gels were stained for analysis of equal protein content
(0.1% Coomassie Brilliant Blue G-250, 2% (w/v) ortho-phosphoric
acid, 10% (w/v) ammonium sulfate, (Sigma)) or proteins were subse-
quently transferred onto a PVDF membrane (Immobilon P; Millipore)
via semidry western blotting at 120 mA for 1 hr. Detection of CsgD
was performed using a 1:3000 diluted primary rabbit polyclonal anti-
E. coli CsgD antibody (Monteiro et al., 2009) and a 1:3000 diluted
goat anti-rabbit secondary antibody (Jackson ImmunoResearch).
Chemiluminescence was detected via LAS-1000 detector (Fujifilm)
after treatment with Lumi-Light Western Blotting substrate (Roche).

2.8 | Phylogenetic analysis

To verify the phylogenetic type of the analyzed E. coli strains, in
silico typing was performed, using primer sequences as described
(Clermont, Christenson, Denamur, & Gordon, 2013). Presence of arp1,
chuA, yjaA, TspE4.C2, arp1-E, and trpA-C were tested in silico and in
vitro (Bokranz et al., 2005), and strains were sorted into phylogenetic
groups accordingly.

For computation of the phylogenetic tree, all the genomes were
annotated with the Prokka pipeline (Seemann, 2014). The Gff files de-
rived from Prokka were used as input files for the Roary pan-genome
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FIGURE 1 Biofilm formation and swimming motility of semi-constitutive rdar morphotype forming strains. (a) Rdar morphotype formation on
LB without salt agar plates supplemented with 40 pg/ml Congo Red (CR) and 20 ug/ml Coomassie Brilliant Blue G or 50 pg/ml Calcofluor (CF).
The strains show semi-constitutive rdar morphotype formation, apparently expressing curli and cellulose at both 28°C (left) and 37°C (right)
after 48 hr incubation. For strains Tob1 and No.12, the morphotype is dependent on CsgD, as respective AcsgD mutants are smooth and white
at 28°C. E. coli Nissle 1917 serves as positive control, exhibiting csgD-independent biofilm formation at 37°C (Da Re & Ghigo, 2006; Monteiro
etal., 2009). 1 = Tob1, 2 = Tob1 AcsgD, 3 = No.12, 4 = No.12 AcsgD, 5 = Fec9, 6 = Fec12, 7 = Fec67, 8 = Fec101, 9 = B-11870, 10 = 80//6,

11 = B-8638, 12 = Nissle 1917. (b) Rdar morphotype formation on LB without salt CR and CF agar plates of strain Fec10 after 48 hr incubation.
The strain shows regulated rdar morphotype formation and thus expression of curli and cellulose at 28°C only. (c) CsgD is expressed in all strains
grown at 28°C on LB without salt plates, but expression varies at 37°C. Tob1 AcsgD and No.12 AcsgD mutants served as negative control.

For comparison, the Tob1 28°C sample was also loaded onto the 37°C gel. 1 = Tob1, 2 = Tob1 AcsgD, 3 = No.12, 4 = No.12 AcsgD, 5 = Fecé67,

6 = Fec101, 7 = B-11870, 8 = 80//6, 9 = B-8638, 10 = Nissle 1917, 11 = Fec10, C = Tob1 28°C. (d) To analyze formation of biofilm on glass
under shaking conditions, strains were grown in LB without salt medium at 28°C at 200 rpm for 24 hr. Strains Fec101, B-11870, 80//6, and
Nissle 1917 (positive control) strongly adhered to glass (visible as ring formation) and clumping. The phenotype is much less pronounced for

the other strains. Biofilm formation is abolished upon csgD deletion in Tob1 and No.12. 1 = Tob1, 2 = Tob1 AcsgD, 3 = No.12, 4 = No.12 AcsgD,
5=Fec9, 6 = Fecl12,7 = Fec67, 8 = Fec101, 9 = B-11870, 10 = 80//6, 11 = B-8638, 12 = Nissle 1917. (e) Swimming motility at 37°C varies
among the strains. Whereas Tob1 exhibits substantial swimming motility, Fec67, Fec101, No.12, and B-8638 show decreased swimming motility.
B-11870 and 80//6 were nonmotile. MAE108 is a nonmotile S. Typhimurium negative control

pipeline (Page et al., 2015), which was used to identify the core ge- 2016) was applied for the tree layout. MLST typing was done online
nome of the strains. Alignment of the concatenated 2353 core genes using the service provided by the Center for Genomic Epidemiology,
was done with MAFFT (Katoh & Standley, 2013) and the tree was com- Technical University of Denmark, at https:/cge.cbs.dtu.dk/services/
puted with FastTree (Price, Dehal, & Arkin, 2009). Evolview (He et al., MLST/#ref04 (Larsen et al., 2012).
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To place the strains of interest into the phylogenetic context, rep-
resentative E. coli isolates from each phylogenetic group (Clermont
etal., 2013), and/or each pathovar or ecological niche were ana-
lyzed. Strains were: phylogenetic group A: K-12 substr. MG1655,
NC_000913.3; HS, NC_009800.1; phylogenetic group B1: SE11,
NC_011415.1; phylogenetic group B2: Nissle 1917, NZ_CP007799.1;
phylogenetic group F: SMS-3-5, NC_010498.1, uropathogens: UTI89
(group B2), NC_007946.1; CFT073 (group B2), NC_004431.1;
UMNO026 (group D), NC_011751.1; 1AI39 (group F), NC_011750.1,
ETEC: H10407 (group A), NC_017633.1; E24377A (group B1),
NC_009801.1, EAEC: 55989 (group B1), NC_011748.1; 042 (group
D), NC_017626.1, EHEC: 2011c-3493 (group B1), NC_018658.1;
EDL933 (group E), NC_002655.2, EIEC: E. coli M4163 (group A),
DDBJ/EMBL/GenBank JTCNOOOOOOOQO; E. coli 4608-58 (group F),
DDBJ/EMBL/GenBank JTCO00000000; EPEC: E2348/69 (group B2),
NC_011601.1; RM12579 (group E), NC_017656.1, AIEC: LF82 (group
B2), NC_011993.1; NRG 857C (group B2), NC_017634.1, NMEC: S88
(group B2), CU928161.2; CE10 (group F), NC_017646.1, Shigella flex-
neri 2a str. 301, NC_004337.2; Shigella sonnei Ss406, NC_007384.1;
Shigella boydii Sb227, NC_007613.1; Shigella dysenteriae Sd197,
NC_007606.1

2.9 | Insilico identification of c-di-GMP
metabolizing proteins

For detailed analysis of the genomic sequences, annotation was car-
ried out with the Prokka package (version 1.10), resulting in three
gene builds: For gene build 1, only the reference data included within
Prokka was considered. For build 2, gene names called from a curated
set of Uniprot proteins for E. coli K-12 were combined with the Prokka
data for ‘Escherichia’; gene build 3 comprises the same approach, in-
cluding a more stringent e-value of 1e-70.

To identify EAL and GGDEF domains in the genomes of inter-
est, the pfam hidden Markov models (HMM) PF00990 (GGDEF) and
PFO0563 (EAL) were used to perform an HMM search using the
HMMer package version 3.1 against the Prokka annotated protein se-
quences from build 2. Additionally, all known E. coli c-di-GMP turnover
protein sequences (either K-12 or the respective reference strain for
non-K-12 strains (Povolotsky & Hengge, 2016), were used as query
for an HMM search and comparison to the genome sequences. The
genome sequences of the uropathogenic strain UTI89 (DDBJ/EMBL/
GenBank accession no. CP000243) and the probiotic strain Nissle
1917 (DDBJ/EMBL/GenBank accession no. CAPM00000000) were

included for comparison.

2.10 | Bioinformatic tools

RAST (Rapid Annotation using Subsystem Technology) server was used
for initial annotation and proteome comparison of strains B-11870
and 80//6 (Aziz et al., 2008; Brettin et al., 2015; Overbeek et al.,
2014). Alignments were created and analyzed using AliView version
1.17.1 (Larsson, 2014). MUSCLE http://www.ebi.ac.uk/Tools/msa/
muscle/ (Edgar, 2004) was applied for multiple sequence alignment
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and is implemented in AliView. Prediction of domains was done using
SMART (http://smart.embl-heidelberg.de) (Letunic, Doerks, & Bork,
2015; Schultz, Milpetz, Bork, & Ponting, 1998). Integrated genome
viewer (IGV) (http://software.broadinstitute.org/software/igv/) was
chosen to browse the Prokka annotated genomes (Robinson et al.,
2011; Thorvaldsdottir, Robinson, & Mesirov, 2013).

Sequence editor http:/www.fr33.net/seqedit.php and Expasy
translate tool http:/web.expasy.org/translate/ were used to handle

sequences.

3 | RESULTS

3.1 | Phenotypic analysis of semi-constitutive rdar
expressing commensal and uropathogenic E. coli
isolates

To investigate the molecular basis of rdar morphotype variability, we
selected a panel of seven commensal and uropathogenic E. coli strains
showing semi-constitutive rdar morphotype expression (Figure 1a).
Although all isolates expressed the rdar morphotype at both 28°C
and 37°C, the colony morphology of the strains showed variations
in color intensity and roughness (Figure 1a). Strain Fec101 expressed
a rugose pattern with relatively low ridges and dark purple color at
both 28°C and 37°C. Most of the other strains showed strong rdar
morphotype formation at 28°C and less intense coloring, but more
structure at 37°C (Figure 1a). An exception is B-11870, which showed
less structure at 37°C (Figure 1a). The probiotic control strain Nissle
1917 (Nissle, 1918) exhibits a pdar morphotype at 37°C, that is cel-
lulose only production, independently of CsgD (Monteiro et al., 2009),
while the commensal control strain Fec10 expressed rdar at 28°C only
(Figure 1b). As previously shown, the rdar morphotype is dependent
on CsgD, as AcsgD mutants of the fecal commensal strain Tob1 and
the uropathogenic strain No.12 displayed a smooth and white (saw)
morphotype at 28°C (Figure 1a; (Bokranz et al., 2005; Kai-Larsen
et al.,, 2010)). A smooth and pink colony morphology observed at 37°C
indicated basal cellulose expression (Figure 1a). CsgD expression was
verified for all semi-constitutive rdar strains at 28°C. CsgD was de-
tected at 37°C for strains Tob1, Fec67, Fec101, 80//6, and B-8638,
while CsgD levels for the other strains were below the detection limit
(Figure 1c), although, of note, csgD deletion had an effect in strain
No.12 (Figure 1a).

A CsgD-mediated rdar-related biofilm phenotype is clumping and
adherence to glass in LB without salt medium (Rémling, Sierralta,
Eriksson, & Normark, 1998). Strains Fec101, B-11870, 80//6, and
the positive control Nissle 1917, formed a ring of adherent bacteria
on the glass surface and cells clumped and sedimented at the bottom
of the tubes, which resulted in clearance of the medium for the latter
three strains at 28°C. Strain Tob1 exhibited low level ring formation
that was abolished upon deletion of csgD (Figure 1d). At 37°C, strongly
diminished or no biofilm formation was observed (data not shown).

Swimming motility, the alternative lifestyle to sessility (i. e., biofilm
formation), was tested at 28°C (data not shown) and 37°C. Pronounced
motility was observed for Tob1, reduced motility for Fec67, Fec101,
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B E. coliSE11
B E coli 55989
B E. coli 0104-H4 str 2011C-3493

No.12, and B-8638, whereas strains B-11870 and 80//6 were nonmo-
tile (Figure 1e). Swimming motility was csgD-independent, since csgD
deletion mutants of strains Tob1 and No.12 displayed similar swim-
ming behavior as the respective wild types (Figure S1), in contrast to
a previous study (Dudin, Geiselmann, Ogasawara, Ishihama, & Lacour,
2014).

3.2 | Phylogenetic typing of E. coli strains

Genome sequencing is a powerful tool to gain information about the
genetic basis underlying differential biofilm behavior. The genomes
of all semi-constitutive rdar strains in this study have been deposited
at DDBJ/ENA/GenBank (Cimdins et al., 2017). Phylogenetic typing,
which classifies E. coli into 7 phylogroups and Shigella phylogroup
S, was conducted by in vitro and in silico PCR (Bokranz et al., 2005;
Clermont et al., 2013). This analysis placed strain Fec101 into phylo-
group B1, UTI strain B-8638 into group D, and the remaining semi-
constitutive rdar morphotype expressing UTl and commensal strains
into group B2. The commensal strain Fec10 (rdar,g../saw,;..) was

group A as the reference strain K-12 MG1655. Subgrouping by in silico

ST-10
ST-10
B Group A
sT.973 [ Group Bl
Group B2
B Group D
B Group E
S5 B Group F
ST-73
Group S
ST-95
ST12 FIGURE 2 Phylogenetic tree for the
semi-constitutive rdar biofilm strains
in relation to phylogenetic groups and
ST-2650 E. coli pathovars. Core genomes were
compared using MAFFT (http:/mafft.
cbrc.jp/alignment/software/) and the tree
was computed by FastTree (http:/meta.
microbesonline.org/fasttree/). Analysis
of the phylo-groups of the isolates was
done by in silico testing for the presence
of reference genes according to Clermont
(Clermont et al., 2013). Multi-locus
sequence typing (MLST) has been applied
for identification of the ST-class. Exemplary
strains for different E. coli clades and
pathovars as well as Shigella have been
ST-1304 included for comparison. Information

about the strains are listed in experimental
procedures. Strains analyzed in this study
are in bold

multilocus sequence typing (MLST) further subclassified the strains

into their respective ST-class (Figure 2; (Larsen et al., 2012)).

3.3 | Phylogenetic classification of E. coli strains by
core genome comparison

In order to get a more detailed phylogenetic classification, the core
genomes were compared to a set of reference genomes encompass-
ing representatives from the different E. coli phylogenetic groups and
pathovars as well as Shigella spp. Phylogenetic analyses showed that
the commensal isolates Fec12, Fec9, and Tob1 belonged to group B2
and were clonal (Bokranz et al., 2005). In addition, the phylogenetic
analyses indicated a close relationship of the uropathogenic strains
No.12, B-11870 and 80//6 despite No.12 being a Slovakian urine iso-
late, B-11870 originating from a patient with septicemia in Sweden,
and 80//6 originating from a UTI patient in Estonia (Cimdins et al.,
2017; Kai-Larsen et al., 2010). The analysis even implied strains B-
11870 and 80//6 to be clonal variants. A proteome comparison
performed with the Rapid Annotation using Subsystem Technology
(RAST) server (Aziz et al., 2008; Brettin et al., 2015; Overbeek et al.,
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TABLE 2 Identification and comparison of c-di-GMP metabolizing proteins

Fec10 Tob1 Fec67 Fec101 No.12 B-11870 B-8638 Nissle UTI89
DgcT YcdT
DgcM YdaM
DgcO YddV/DosC XXX XXX
DgcZ YdeH -
DgclJ Yeal
DgcP YeaP
DgcQ YedQ
DgcE YegE
DgcN YfiN -
Dgcl YIiF stop
DgcF YneF
DgcX 1)
DgcY 2)
PdeN Rtn
Pdel YahA
PdeG YcgG
PdeR YciR stop
PdeO YddU/DosP stop
PdeA YfeA
PdeF YfgF
PdeH YhjH -
PdeK YhjK
PdeC YjcC XXX
PdeB YlaB
Pdel YIiE
PdeD YoaD -
PdeT 3)
PdeW 4)
PdeX 5)
PdeY 6) XXX
XXX

YcgF/BIuF stop

Yeal/Cdgl -

YdiV/RfIP

YhdA/CsrD -

PdeU1 7)
PdeU28) TnpM
paeuis) E—

In order to identify additional EAL and GGDEF domains in the E. coli strains, an HMM search was performed using the pfam hidden Markov models (HMM)
PF00990 (GGDEF) and PFO0563 (EAL) against the annotated protein sequences. If field is blank, the protein is not encoded by the genome. Black filled cell
indicates aa sequence identical to the respective reference protein from E. coli K-12 or other E. coli as indicated. Gray filling indicates deviation compared
to the reference. Potentially inactive proteins as N-terminal truncation or frameshift are marked with “XXX" while “stop” indicates disruption of the open
reading frame due to a nonsense mutation. The full list of reference proteins was taken from (Povolotsky & Hengge, 2016). For clarity, names of c-di-GMP
turnover proteins are given both in the original and new (Hengge et al., 2015) nomenclature. If not indicated otherwise, sequences are compared to E. coli
K-12 MG1655 (NC_000913.3); (1) B7LBD9_ECO55 E. coli 55989 (EAEC); (2) BILFF9_ECOSM E. coli strain SMS-3-5; (3) Q8XAQ9_ECO57 E. coli O157:H7;
(4) A7ZH68_ECO24 E. coli O139:H28 (strain E24377A/ETEC); (5) Q707K1_ECOLX E. coli UPEC strain 536; (6) Q1RDG4_ECOUT E. coli UTI89; (7) Q4FBC2
ECOLX E. coli; (8) QEMD2_ECOLX E. coli; (9) VOYO95_ECOLX E. coli 908541.
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2014), indicated an overall protein sequence identity of 98-100%
between these two strains. However, insertions of foreign DNA into
B-11870 resulted in a larger genome size of 5.65 Mbp compared to
4.98 Mbp for 80//6 (Cimdins et al., 2017). Nine major insertions of
phage-derived genomes, transposons or plasmid-related genes, were
recognized (Figure S2). Due to their identity in all reference cyclic di-
GMP turnover proteins, further analysis considered only B-11870.
Noteworthy, the commensal strain Fec101 was placed within the
same cluster as enteroaggregative strains 55989, 2011C-3493 (from
the 2011 German 0104:H4 outbreak incident (Buchholz et al., 2011)),
the enterotoxigenic strain E24377A and the environmental strain
SE11. These phylogroup B1 strains commonly carry a genomic inser-
tion, including the DGC encoding gene dgcX compared to the refer-
ence K-12 core genome (Richter et al., 2014). Only the dgcX carrying
strain H10407 belongs to phylogroup A.

3.4 | Strains have a different genomic content of
biofilm components

Rdar biofilm formation in E. coli is characterized by the presence of four
distinct gene modules: (1) two divergently transcribed curli biosynthe-
sis operons ¢sgBAC and csgDEFG (Hammar et al., 1995; Romling, Bian,
Hammar, Sierralta, & Normark, 1998); (2) two divergently transcribed
cellulose biosynthesis operons bcsABZC and becsEFG (Ahmad et al.,
2016; Fang et al., 2014; Rémling & Galperin, 2015; Zogaj et al., 2001);
(3) distinct c-di-GMP turnover proteins required for rdar biofilm for-
mation (Ahmad et al., 2017; Lindenberg, Klauck, Pesavento, Klauck,
& Hengge, 2013; Simm et al., 2004), and (4) the pga operon coding
for poly-B-1,6-N-acetyl-D-glucosamine (PNAG) production, which
becomes pronounced upon deletion of the carbon storage regulator
CsrA (Itoh et al., 2008).

Itis worth noting that the pga operon is absent from the genomes of
commensal Tob1, Fec101, and UPEC B-8638. In E. coli K-12 MG1655,
the pgaABCD operon (complement, 1086106-1092289) is encoded in
vicinity to the csg operons (csgDEFG complement, 1100851-1103196;
csgBAC 1103951-1105293), directly flanked upstream by oppositely
transcribed DGC encoding ycdT (see below) and downstream by oppo-
sitely transcribed phoH, followed by the repeat region REP95 and efeB.
Directly next to ycdT, a mobile element, insertion sequence IS3D, is
present (complement 1094245-1095502) followed by a pseudogene
ymdE (1095505-1095846). The next genes in line are ycdU, serX (com-
plement), ghrA (ycdW), ycdX, ycdY, ycdZ, and the repeat region REP96
(1100821-1100839) followed by csgG.

The pga operon is present in the commensal strain Fec67 and
UPEC strains B-11870, 80//6, and No.12, but in a different context
compared to K-12. Although the downstream region with phoH is
similar, the sequence upstream of ycdT deviates from K-12 MG1655
(Figure S3). In detail, in Fec67, ycdT is encoded next to genes of
(pro-)phage origin, genes involved in sugar metabolism (malY (malt-
ose regulon modulator; in E. coli K-12 1700957-1702129), kbaY (E.
coli K-12 3283143-3284003), agas (E. coli K-12 3281976-3283130),
agaR (E. coli K-12 (complement) 3277856-3278665), garD (E. coli K-12
3275282-3276853)) and part of a P-fimbrial gene (coding for Papl).

Due to the shotgun nature of the genome sequencing, a more detailed
analysis of the genomic context has not been possible, but phage-
derived acquisition of the pga operon is indicated.

In strains Tob1, Fec101, and B-8638, between phoH and csgG,
neither the DGC ycdT, the pga operon and the insertion element are
present, although common with K-12, serX, ghrA (ycdW), ycdX, ycdY,
and ycdZ can be found.

The curli and cellulose biosynthesis operons are present in all
strains. Single point mutations within the csgD promoter have been
demonstrated to mediate a semi-constitutive rdar morphotype both
in S. Typhimurium (Rémling, Sierralta, Eriksson, & Normark, 1998) and
E. coli (Uhlich et al., 2001). In E. coli, these mutations occur within the
csgD -10 promoter region. However, up to -41 bps, the csgD promoter
sequences do not exhibit any point mutations (data not shown). Thus,
we reasoned that alterations in the c-di-GMP signaling network might
contribute to the semi-constitutive rdar biofilm expression in these
commensal and UPEC E. coli strains.

3.5 | Presence and sequence of c-di-GMP
metabolizing proteins differ among the strains

To investigate the molecular mechanisms of semi-constitutive rdar
morphotype formation, the genome sequences (Cimdins et al., 2017)
were first analyzed for the presence or absence of DGCs and PDEs
(Table 2). Subsequently, the amino acid (aa) sequences of these pro-
teins were compared to the E. coli K-12 MG1655 reference protein
set (Table S3). The non-K-12 c-di-GMP turnover proteins from the E.
coli pangenome were also included (Hengge et al., 2015).

Overall, strains showed variability in the number of c-di-GMP
turnover proteins (Table 2). The vast majority of the known DGCs and
PDEs from the E. coli pangenome (Hengge et al., 2015; Povolotsky &
Hengge, 2016) were present among the strains, but loss of functional-
ity was frequently predicted. Briefly, the DGCs YcdT, and YddV/DosC
are not present in three and four strains, respectively. Moreover, stop
codons and frame-shift mutations are present within several open
reading frames (ORFs), resulting in potentially nonfunctional trun-
cated proteins. As non-K-12 c-di-GMP turnover proteins the DGC
DgcX in strain Fec101, the EAL protein PdeX in strain Tob1 (99%
identity to UTI strain 536 (Povolotsky & Hengge, 2016)) and PdeY
in strains No.12, B-11870 and Fec67 were identified. Full-length
PdeY, described previously for UPEC E. coli (Povolotsky & Hengge,
2016; Sjostrom et al., 2009), was found in UPEC strains No.12 and
B-11870. Similarly, two truncated versions of PdeY were found in the
commensal strain Fecé7. In addition, we identified three novel EAL
domain proteins PdeU1, PdeU2, and PdeU3 in UPEC strains (Table 2);
PdeU1 was present in B-11870 and 80//6, PdeU2 was found in B-
11870, and PdeU3 in B-8638. Extended conserved aa signatures are
critical for PDE activity (Liang, 2015; Rémling, Liang, & Dow, 2017,
Romling et al., 2013). Conservation of the signature motifs of cata-
lytic residues indicated that only PdeU1 is potentially active (Figure
S4). The EAL domain of PdeU2 is truncated, matching only the EGVE
and QG motifs, while PdeU3 is lacking the EGVE and QG motifs
(Figure S4B).
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FIGURE 3 Differential activity of YciR wild type variants from different strains. (a) E. coli Tob1 (rdar,g./rdar,-..) harbouring plasmid pBAD30
with cloned 6xHis-YciR (pYciR) from strains Fec10, Fec101, Tob1, B-11870 and the cloned stop codon revertant YciRy ;1.4 g, 8rown for 48 hr
on CR and CF without salt plates supplemented with 0.1% arabinose at 28°C and 37°C. Overexpression of YciR from Fec10 and Fec101 leads
to downregulation of the rdar morphotype at both temperatures, whereas YciR.,,, exhibits decreased activity. YCiRy ;14,4 Upregulated the

rdar morphotype, a regulatory pattern that is reverted upon site directed mutagenesis of the intrinsic TAG stop codon to a TGG sense codon.
1="Tob1VC, 2 = Tob1 AcsgD VC, 3 = pYciRg,,p, 4 = PYCIR,101» 5 = PYCiR 1, 6 = PYCIRy 41470, 7 = PYCIRG 11670 i PYCIR=YCIR cloned in pBAD30,
VC=pBAD30. (b) Western blot detection of CsgD in E. coli Tob1 upon expression of 6xHis-YciR wildtype protei_ns and the YciRg 1570 g, Mutant.
At 28°C, CsgD expression occurs only for the vector control as well as upon overexpression of YCiRg_;14,0. At 37°C, CsgD can be detected

in the vector control and upon overexpression of YCiRy,,, YCIRg ;1470 and YCiRg 11570 gy 1 = Tob1 VC, 2 = Tob1 AcsgD VC, 3 = pYciRp, 4,

4 = pYCiRe, 1015 5 = PYCIR 15 6 = PYCIRG 11570, 7 = PYCIRG 11470 pui PYCIR=YCIR cloned in pBAD30. VC=pBAD30. (c) Schematic indication of
position of noncatalytic aa substitutions referring to the differences between YciR,,, and YciRy,,, and the stop codon in the ORF of YciRg ;1470
(marked by orange star). Red colouring indicates an effect of the mutation only at 37°C, green indicates effects at both 28°C and 37°C. (d) To
identify the aa substitutions rendering YciRy, ; less active than YciR,,,, site-directed mutagenesis was performed on pBAD30::6xHis-YciR ;.
creating single aa substitutions to approximate to the YciR,, sequence. The effect of overexpression of the respective mutant proteins on

rdar morphotype formation was tested in Tob1. Rdar morphotype formation was observed on CR supplemented LB without salt agar plates for
48 hr without inducer at 28°C (left panel) or on plates supplemented with 0.01% arabinose at 37°C (right panel). 1 = Tob1 VC, 2 = Tob1 AcsgD
VC, 3= pYCiRe 10 4 = PYCIR gy, 5 = PYCIR e 101, 6 = PYCIRpec10 1371 7 = PYCIREe 10 1430 8 = PYCIREe 10 a906> 7 = PYCIRpec1ovasems 10 = PYCIR 40
b2saer 11 = PYCIR 4o H261Qy 12 = pYCiRp 10 az615 13 = PYCIRE 1013714 14 = PYCIR 10 Q552R" pYciR=YciR cloned in pBAD30, VC=pBAD30. (e)
Tob1 rdar morphotype formation upon combination of aa substitutions. Colony morphology was observed on CR supplemented LB without salt
agar plates for 48 hr without inducer at 28°C (left panel) or on plates supplemented with 0.01% arabinose at 37°C (right panel). 1 = Tob1 VC,

2 =Tob1 AcsgD VC, 3 = pYCiR 44, 4 = PYCiIR 51, 5 = PYCIREe 107371 6 = PYCIREec10 73714 7 = PYCIREec107371, Ta71ar 8 = PYCIREec101, 9 = PYCIRE 404
3710 10 = PYCIR o 109 13710 11 = PYCIR e 1gv1s6m 12 = PYCIRpec101 1371v156M 13 = PYCIR e 10 az61s: 14 = PYCIR L, 101 7371 a361s: PYCIR=YCIR cloned in
pBAD30, VC = pBAD30

Strain Fec10, consistent with its close relatedness to K-12 and rdar
morphotype expression at 28°C, but not 37°C (Figure 1b), encodes all
K-12 c-di-GMP turnover proteins, with only five proteins displaying
minor aa differences. Among the semi-constitutive rdar strains, Fec101
is closest to K-12 with respect to the c-di-GMP network proteins, with
five proteins to show a 100% identical aa sequence to K-12, while
only one or a few aa are substituted in the other proteins. Fec101,
though, encodes additionally the DGC DgcX, lacks the DGC YcdT and
harbors a frame-shift mutation in the PDE encoding gene yjcC, that is,

the deoxyadenosine monophosphate at nucleotide position 1437 in
yjcC is deleted. Thus, YjcCr, o, displays a different sequence after aa
479 which eventually results in a truncated EAL domain. Interestingly,
in all other semi-constitutive isolates except B-8638 nucleotide 1552
is converted from C to T to introduce a TAA stop codon resulting in a
11 aa shorter protein.

The UTI isolate B-11870 is the strain with the most dissimilar c-
di-GMP signaling network compared to E. coli K-12. Besides encod-

ing three additional EAL domain proteins, stop codons occur in yliF,
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yciR, and the yddV/dosP PDE encoding gene, with its counterpart the
yddU/dosC DGC encoding gene being completely absent.

We reasoned that specific genes and/or mutations contribute to
the semi-constitutive rdar morphotype behavior. As a first subject
of investigation, we focused on the trigger phosphodiesterase YciR,
which has previously been shown to be involved in rdar morphotype
expression (Hengge, 2016; Lindenberg et al., 2013; Simm et al., 2007).

3.6 | The trigger enzyme YciR has differential
levels of activity among the strains

YciR of the commensal strain Fec10 (rdar,g../sawg,.c) is identical to
K-12; in contrast YciR exhibits aa substitutions in all semi-constitutive
rdar strains. Strain Fec101 exhibits a single aa substitution, C192R;
this mutation is present in all semi-constitutive rdar strains. Seven
aa substitutions are present in YCiRg g.55, and eleven in YciRy,, ,,
YCiRpo 47 and YCIR 5
within the consensus catalytic motifs (Table S3). In strain B-11870, a

Of note, none of the aa substitutions occurred

nonsense mutation created the truncated YciRy_, 4,4 Protein with the
N-terminal sensing domain(s) and an intact GGDEF domain with nine
aa substitutions (Figures 3c and S5; Tables 2 and S3). Taken together,
we considered YciR a candidate to contribute to semi-constitutive
rdar morphotype expression.

First we assessed the effect of an yciR deletion in divergent
strain backgrounds. Deletion of yciR led to a moderate upregulation
of the rdar morphotype in strains Fec10 (Figure S6) and Tob1 (data
not shown) as previously reported for other E. coli (Lindenberg et al.,
2013; Spurbeck, Tarrien, & Mobley, 2012). However, a Fec10 AyciR
mutant displayed a rdar morphotype only at 28°C in contrast to S.
Typhimurium where, upon yciR deletion, csgD expression was 10-fold
upregulated at 28°C in combination with temperature-independent
expression at 37°C (Garcia et al., 2004; Simm et al., 2007). Therefore,
a strain-specific rather than a species-specific effect of yciR on rdar
morphotype formation is postulated.

To assess functionality, yciR from Fec10, Fec101, Tob1, and B-
11870 as representatives of the different classes of YciR proteins
(identical to K-12/ one aa substitution/ most possible number of sub-
stitutions/ stop codon) were cloned into pBAD30 with an N-terminal
6xHis-tag and expressed in Tob1 (rdar,g../rdar,.) at 28°C and 37°C
(Figure 3a). The genes were cloned with one primer set, which corre-
sponds to the wild type C-terminus of YciRy,, and YCiRg 1470, chang-
ing the last aa alanine 661 of YciR, ;o and YCiR., o, to threonine.
Overexpression of these constructs in comparison to constructs with
the original terminal aa alanine showed no impact on functionality
(Figure S5B). In the following, YCiRL, 1o age1r @Nd YCIRL 101 acerT Ar€
referred to as wild type.

Plasmid-mediated protein expression can be unphysiologically
high which may blur physiological alterations in activity. After test-
ing L-arabinose concentrations from O to 0.1%, activity alterations
between YciR variants were most discriminatory observed without
arabinose at 28°C whereas addition of an inducer subsequently led
to nondiscriminatory downregulation. At 37°C, induction with 0.01%
L-arabinose lead to the best discriminatory results. Overexpression of

YciRp,.4o and YCiR., o, led to significantly diminished rdar morpho-
type formation at both 28°C and 37°C concomitant with downregula-
tion of CsgD expression (Figure 3a,b). Although YciR; , , reduces rdar
morphotype expression, the effect is much less pronounced at both
28°C and 37°C, obvious at L-arabinose concentrations up to 0.1%
(Figure 3a and data not shown). To emphasize, the PAS-PAC-GGDEF
protein YciRy ;444 is active as a DGC at 28°C, as concomitant with
the rdar morphotype, CsgD expression was highly upregulated upon
overexpression of YciRg ;1470 YCIRy 11570, though, showed almost no
effect on rdar morphotype formation upon overexpression at 37°C.
The potential of YCiRg 4,5, to downregulate the rdar morphotype
and CsgD expression could be restored upon reverting the TAG stop
codon into a TGG sense codon resulting in full length YCiRB-1187o,Fu||
protein (Figure 3a,b). At 37°C, CsgD production was not altered com-
pared to the Tob1 vector control upon overexpression of YCiRg 4,470
and YCiRB-1187O_FuII (Figure 3b) suggesting no activity or no expression
at this temperature.

Importantly, the effect of YciR on rdar morphotype downregula-
tion was dependent on the position of the tag. Surprisingly, both N-
and C-terminally tagged YciR, ,, showed higher effectivity in rdar
downregulation than the wild type protein without tag, while the C-

terminal tagged version of YciR,,, was less effective, but a colony

Fecl
color change was observed. Thus, the tag might stabilize the protein
and prevent degradation and otherwise alter activity with respect to

rdar morphotype regulation (Figure S5C).

3.7 | Single aa substitutions of noncatalytic residues
affect YciR effectivity

YciR;,,, contains eleven aa substitutions compared to YciR,,, and
exhibits substantially altered activity. Of note, all but two of these mu-
tations occur either in the N-terminal sensing domain (5) or the GGDEF
domain (4). To further investigate the molecular basis of differential
activity, YciR,,, was selected as the basis to individually substitute
aas different to YciR , , (Figure 3c). The effect of the mutant proteins
on rdar morphotype formation was subsequently assessed in Tobl
at 28°C and 37°C. Introduction of mutations T37| and T371A most
dramatically diminished the effect of YciR,,, on rdar morphotype
downregulation at 28°C resembling almost YciR,, ,, whereas the other
protein variants could still downregulate rdar morphotype formation
effectively, although to a variable extent (Figure 3d, left panel). At
37°C, more aa substitutions showed a pronounced effect: With the ex-
ception of T43l and V156M variants, YciR variants T371, A90G, A361S
and T371A closely resembled YciR;,,,, while YciR variants D253E,
H261Q and Q552R showed an inconsistent phenotype (Figure 3d,
right panel and data not shown).

To investigate potential additive effects of aa substitutions on ac-
tivity, we introduced V156M, A361S and T371A substitutions into the
T37I mutant background of YciR, ;o and YciRc, o, (i.e. YCiR, 10 c1o0r)-
Again, at 28°C, the phenotypes were clear-cut (Figure 3e, left panel).
Combination of the most prominent variants T371 and T371Ain YCiR 4
137113714 F€SUlted in an rdar morphotype appearance close to the Tob1
vector control. Introduction of T371, T371A, and the combinations T37I
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FIGURE 4 Effects of aa substitutions in the GGDEF and EAL catalytic
motifs. (a) Schematic presentation of YciR with indicated substitutions

of catalytic aas. Red indicates downregulation of rdar morphotype
formation. Domain prediction has been performed with the SMART
server. (b) pYCiR,.,o, and catalytic mutants expressed in E. coli Tob1
(rdar,g./rdar..). Tob1 harbouring pBAD30 with cloned éxHis-

YCiR, 40, @nd respective GGDEF or EAL mutants were grown on CR- or
CF-supplemented LB without salt plates at 28°C and 37°C for 48 hr.
1=Tob1VC, 2 =Tob1 AcsgD VC, 3 = pYCiRr,401: 4 = PYCiR. 101 E31700

5 = PYCRe. 101 D314, 3178 © = PYCIREect01 £as0n 7 = PYCIReec101 £3174, E240m

8 = PYCiRr. 101 pa1en E317a 440 7 = PYCR 101 Es30n 10 = PYCR ke 101 ksg1a
11 = pYciRr, 101 g6174 PYCIR=YCIR cloned in pBAD30, VC=pBAD30. (c) E.

coli Tob1 colony morphology upon expression of pYciRy,,; wildtype and
catalytic mutants at 28°C and 37°C for 48 hr on CR- or CF-supplemented
LB without salt plates. 1 = Tob1 VC, 2 = Tob1 AcsgD VC, 3 = pYciR ;. 4 =

PYCiR 1 £31740 2 = PYCR 11 pat6a 31740 © = PYCR1gp1 pason 7 = PYCRp 317n,
E440A, pYciR=YciR cloned in pBAD30, VC = pBAD30

V156M and T371 A361S into YciRc,.(, led to a colony morphology
comparable to YciR,, overexpression. In conclusion, at 28°C, T37I is
the most determinative aa exchange in combination with T371A. At
37°C, YciRe, 4 YCiRL, 401, @and its T431 and V156M mutants effectively

Open Access.

downregulated rdar morphotype formation, while D253E, H261Q and
Q552R mutants showed an inconsistent phenotype. All other single mu-
tants and the respective double and triple variants resembled YciR, ,
in alteration of the rdar morphotype at 37°C (Figure 3e, right panel and
data not shown).

In summary, consistent with the proposed functionality of YciR
as a trigger enzyme that regulates csgD expression through protein-
protein interactions (Hengge, 2016; Lindenberg et al., 2013), aa out-
side of the catalytic motifs contribute to the activity of YciR and are
critical for regulation of rdar biofilm formation. Whereas all besides
four introduced aa substitutions hampered the ability of YCiR,,, to
downregulate the rdar morphotype at 37°C, only two substitutions
proved to be highly relevant at 28°C. The amino acid substitutions
presumably affect protein stability, the catalytic activity, cyclic di-

GMP sensing, interaction with other proteins or alter signal sensing.

3.8 | The mode of action of YciR, 4, and YciR,,
is independent of catalytically relevant amino
acid residues

YciR is hypothesized to affect csgD expression through the interac-
tion with the DGC YdaM and the transcriptional regulator MIrA in
response to c-di-GMP signaling (Hengge, 2016; Lindenberg et al.,
2013). We tested the effect of mutations in the consensus catalytic
motifs in YCIR, 4, and YciR;, ;, being the two extremes in effective-
ness on rdar morphotype formation at 28°C and 37°C (Figure 3a).
Counterintuitively to its role in catalysis, the E,, AL to A,,,AL mu-
tant of YCiR, 101
rdar morphotype formation more effectively than the respective wild

(Figure 4b) and YciR.,,, (Figure 4c) downregulated

type proteins. Mutations in the GGD, (E,/F motif of YciRc, o, and
YciR,,, resulted in a colony with increased roughness and increased
fluorescence under UV light compared to the wild type protein
(Figure 4b,c), in contrast to a reported DGC activity of STM1703/YciR,
which upregulated CsgD expression in S. Typhimurium (Ahmad et al.,
2017).

Besides the EAL and GGDEF catalytic motifs, we investigated the
impact of aa changes in additional consensus motifs required for the
catalytic activity of the EAL domain ((Figure S4) Figure 4b, lowest row).
A mutation in the E;, LTE motif to ALTE downregulated rdar morpho-
type formation as effectively as the AAL variant. In contrast, expres-
sion of YCiRr, 101 ksa1a OF YCiR 101 es17a (Eg17GVE —AGVE) had no
effect on rdar morphotype formation.

4 | DISCUSSION

4.1 | Rdar morphotype expression is variable among
E. coli strains

Pathogenic and commensal E. coli strains show variability in rdar bio-
film formation and regulation (Bokranz et al., 2005; Hammar et al.,
1995; Kai-Larsen et al., 2010; Wang, Linsdorf, Ehren, Brauner, &
R6mling, 2010). For example, E. coli O157:H7 regularly exhibit a down-
regulated rdar morphotype and csgD expression via either mutation of
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rcsB encoding a response regulator of the Rcs two component system
(Sharma et al., 2017), or due to a prophage insertion in the csgD spe-
cific transcriptional regulator mlrA rendering the gene inactive (Chen,
Nguyen, Cottrell, Irwin, & Uhlich, 2016). E. coli K-12 derivatives do not
produce cellulose due to a stop codon in bcsQ (Serra et al., 2013). In
this study, we investigated the regulatory basis of semi-constitutive
rdar morphotype expression (Bokranz et al., 2005; Kai-Larsen et al.,
2010).

4.2 | Rdar morphotype formation is unrelated to the
liquid biofilm and motility phenotype

Rdar morphotype formation on CR agar, motility, and biofilm forma-
tion in liquid culture cannot be directly correlated. Despite express-
ing similar rdar morphotypes on CR agar, the strains differed in their
ability to clump and adhere to glass when grown in LB without salt
broth in shaken liquid cultures. These observations suggest that
strain-specific alterations in the biofilm network dedicated to biofilm
formation in liquid culture, potentially in combination with extracellu-
lar matrix components alternative to curli and cellulose that cannot be
readily observed on CR agar plates, mainly mediate these phenotypes.
As such F1C fimbriae are important for biofilm formation of E. coli
Nissle 1917 in liquid medium (Lasaro et al., 2009). Swimming motility
was also variable (Figure 1e) and did not correlate with rdar morpho-
type expression as observed previously in Salmonella spp. (Rémling
et al., 2003). C-di-GMP inhibits motility by binding to the molecular
brake protein YcgR (Boehm et al., 2010; Paul, Nieto, Carlquist, Blair,
& Harshey, 2010; Ryjenkov, Simm, Romling, & Gomelsky, 2006) and
through production of cellulose (Le Guyon, Simm, Rehn, & Rémling,
2015; Zorraquino et al., 2013)). Motility is promoted by the key PDE
YhjH, which effectively removes motility-dedicated c-di-GMP (Le
Guyon et al., 2015; Pesavento et al., 2008; Simm et al., 2007) and
consequently the motility/sessility switch is observed upon deletion
of YhjH (Simm et al., 2007) or, more pronounced, upon overexpres-
sion of DGCs and PDEs (Simm et al., 2004). Although csgD represses
swimming motility in E. coli K-12 (Dudin et al., 2014; Ogasawara,
Yamamoto, & Ishihama, 2011), a correlation between csgD expression
and motility was not observed. Whether lack of swimming motility in
specific strains is due to dysfunctionality of the flagella regulon or dif-
ferential functionality of c-di-GMP turnover proteins has to be further
elucidated.

4.3 | Variability in c-di-GMP turnover
proteins indicates adaptation to host or
environmental conditions

In the rdar,g../saw,,.. strain Fec10, a close relative to E. coli K-12
MG1655, all c-di-GMP turnover proteins are present and most are
identical to MG1655. This is surprising as Fec10 was isolated more
than 50 years after E. coli K-12. The other strains contain additional
gene products, gene deletions, gene truncations and aa substitu-
tions in their c-di-GMP turnover protein network. The GGDEF and
EAL domain protein pool analyzed from 61 E. coli genomes derived

from pathogenic, commensal, or probiotic strains had indicated con-
served core reference c-di-GMP turnover proteins AdrA, YIiF, Rtn,
YhjH, YhjK, YlaB, YhdA, Yeal in all strains, suggesting the importance
of these proteins under all growth conditions (Povolotsky & Hengge,
2016). However, with the exception of YhjH and Yeal in strain Fec101
and AdrA in B-8638, all K-12 reference c-di-GMP turnover proteins
show aa variations in the semi-constitutive rdar isolates. Surprisingly,
several DGCs seem to be dysfunctional in the semi-constitutive iso-
lates. For example, the DGC YIiF presented a nonsense mutation in
strain B-11870. As reflected by our data, though, the DGCs YcdT
and YddV (DosC) were frequently absent independently of strain ori-
gin (Povolotsky & Hengge, 2016). Strains lacking DosC and/or DosP
might not fully respond to oxygen to regulate biofilm formation, as
the DosC/P system was shown to regulate curli and PNAG expression
in response to oxygen levels (Jonas et al., 2010; Tagliabue, Maciag,
Antoniani, & Landini, 2010; Tagliabue, Antoniani, Maciag, Bocci, et al.
2010). Of note, absence of the DGC DosC correlates with pga pres-
ence in strains Fec67, B-11870 and No.12; additionally, the dosP ORF
contains a stop codon in B-11870. Strain Tob1 lacks DosC, the pga
operon and the DGC YcdT, whereas DosP is present. Strains Fec101
and B-8638 contain both DosC and DosP, but lack the pga operon
along with ycdT.

Besides YciR, we identified several c-di-GMP turnover proteins
that could potentially contribute to the semi-constitutive rdar mor-
photype of the strains. Experimental evidence for a variability of the
c-di-GMP protein network has been gathered previously. Probiotic
and commensal E. coli strains with production of cellulose indepen-
dent of YedQ and AdrA had been observed leaving the DGC required
for cellulose production to be identified (Da Re & Ghigo, 2006;
Monteiro et al., 2009). On the other hand, PDE activity also affects
csgD expression. Deletion of the yjcC homologue STM4264 in S.
Typhimurium promoted temperature-independent csgD expression
(Simm et al., 2007). YjcCpqcqp is identical to the K-12 reference se-
quence, whereas the YjcC proteins from the semi-constitutive biofilm
strains exhibit not only several aa substitutions, but also a C-terminal
truncation (Table S3). Whether these aa differences decrease YjcC
functionality and thus promote temperature-independent CsgD
and CsgD-independent cellulose expression (Figure 1a) needs to be
shown in follow-up studies.

Of note, YhjH has been identified as the key PDE to regulate mo-
tility (Le Guyon et al., 2015; Pesavento et al., 2008; Simm et al., 2007).
Although YhjH was conserved in all 61 strains (Povolotsky & Hengge,
2016), one or two aa substitutions are present in YhjH of the semi-
constitutive rdar strains except for Fec101. It remains to be tested

whether these aa substitutions lead to altered YhjH activity.

4.4 | Evolution of c-di-GMP turnover proteins
mediates variable modulation of biofilm formation

In the investigated strains, YciR is a major target of mutations that
lead to altered protein activity. The nonsense mutation changing the
TGG codon to a TAG stop codon in the urosepsis strain B-11870 is
reflected by a TGA stop codon at the same position in the EHEC strain
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(b)  Truncated YciR YciR substitution variants
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FIGURE 5 Means of YciR-based regulation of csgD expression. (a) In E. coli K-12 model strain, the trigger enzyme YciR can directly bind

to and interfere with the functionality of DGC YdaM and MIrA, a transcriptional regulator activating csgD expression. Suppression is relieved
upon high cyclic di-GMP levels. (b) YciR-mediated regulation can be adjusted by introduction of a stop codon within the ORF, leading to solely
expression of the PAS-PAC-GGDEF domain (left) or by amino acid substitutions interfering with the expression/functionality of YciR (right)

0111:H- 11128 (Povolotsky & Hengge, 2016) indicating that a trun-
cated YciR lacking the EAL domain is not unique to B-11870.

In E. coli, YciR is proposed to inhibit the DGC YdaM and MIrA
through protein-protein interactions in a c-di-GMP-dependent man-
ner, to downregulate csgD expression. YdaM and MIrA are then re-
leased upon rising c-di-GMP levels (Hengge, 2016; Lindenberg et al.,
2013). A more pronounced effect of EAL domain mutants in down-
regulation of the rdar morphotype (Figure 4) apparently confirms the
previously described unresponsiveness to c-di-GMP levels with tighter
binding of YdaM and MIrA. Thus, rdar morphotype and csgD regula-
tion is not dependent on the PDE activity of YciR, as reported for E.
coli K-12 (Hengge, 2016). Protein variants with mutations K581A and
E617A had no effect suggesting impaired expression as observed for
S. Typhimurium (Ahmad et al., 2017).

In functionally restricted YciR, ;, we observed aa mutations outside
of the catalytic motifs throughout the protein sequence compared to
the fully functional YciR,,, and YCiR, o, Proteins, which affects func-
tionality and/or stability as observed by a reduced ability to downregu-
late the rdar morphotype. Two major determinative aa that contribute to
YciR functionality and/or stability were identified at 28°C. At 37°C, all aa
except four alter YciR functionality suggesting a different mechanism of
action. The various modes of YciR action on the semi-constitutive rdar
morphotype and csgD expression are summarized in Figure 5.

Interestingly, overexpression of YCiRee 100 YCIRE 1010 and YCiR 51
resulted in the absence of a band of approximately 37 kDa from a de-
naturating SDS-PAGE that was identified by mass spectrometry as the
outer membrane protein OmpC (Nimtz, M et al., data not shown). Of
note, OmpC was present upon overexpression of the truncated YciRy_
11870- Thus, the EAL domain of highly active and restricted YciR pro-
teins is involved in downregulating OmpC. This finding suggests a first
additional functional role of YciR beyond csgD expression that can be

ascribed to the EAL domain of the protein.

E. coli isolates show a surprising diversity in c-di-GMP turnover
proteins. Thus, the c-di-GMP signaling network and consequently reg-
ulation of biofilm formation is highly plastic. Indeed, individual isolates
have evolved different modes to alter rdar biofilm formation by mod-
ulation of YciR function. Already single aa substitutions alter the func-
tionality of the trigger enzyme YciR substantially. Previously, single aa
substitutions in DGCs have been shown to dramatically affect rugose
colony morphology biofilms (Beyhan & Yildiz, 2007). In this context,
it should be mentioned that the choice of codons can affect transla-
tion efficiency and protein function (Behera, Kutty, Kumar, & Sharma,
2016). Besides YciR, other c-di-GMP turnover proteins showed a high
degree of aa substitutions which can additively contribute to the semi-
constitutive rdar morphotype at 28°C and 37°C.

Moreover, the original, reverse, functionality of the GGDEF-EAL
domain protein YciR can be recovered by conversion of a nonsense
into a sense codon as shown for YciRy 5/, However, YciR is not the
only c-di-GMP turnover protein with disrupted or shortened open
reading frame. This work shows that single aa substitutions can fine-
tune protein activity of signaling networks more than previously ap-
preciated which occur as adaptation to changing environmental or
host conditions. Our results indicate increasing rearrangement of the
c-di-GMP network from phylotype A (K-12, Fec10) over B1 (Fec101)
to phylotype B2 strains (Tob1, Fec67, No. 12, B-11870). What exactly
drives the evolution of c-di-GMP turnover proteins in the different

phylotypes is a question for future studies.
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constitutive rdar biofilm expression of both commensal and uropatho-
genic E. coli isolates. We employed genome sequencing to directly link

genome alterations to distinct, semi-constitutive, rdar biofilm phenotypes.
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This work significantly contributes to our understanding of the variability
and development of the cyclic di-GMP network in E. coli and highlights

the impact of single amino acid mutations for protein functionality.

ACKNOWLEDGEMENTS

The authors thank the National Bioinformatics Infrastructure Sweden
(NBIS, formerly Bioinformatics Infrastructure for Life Sciences (BILS))
experts Marc Hoeppner, Yvonne Kallberg and Jacques Dainat for sup-
port. The authors thank Steffi Hahn for initial phenotypic analyses.
Further, the authors acknowledge support of the National Genomics
Infrastructure (NGI), Science for Life Laboratory, Uppsala Genome
Center and UPPMAX for providing assistance in massive paral-
lel sequencing and computational infrastructure. We acknowledge
Manfred Nimtz for mass spectrometry analysis of preliminary data.
AC receives funding from the German Research Foundation (DFG),
Cl 239/1-1 and Cl 239/2-1. FL is supported by a scholarship from the
China Scholarship Council (CSC). UR holds a grant from the Swedish
Research Council for Natural Sciences and Engineering (621-2013-
4809). Work performed at NGI/Uppsala Genome Center NGI and
NBIS/BILS is funded by the Swedish Research Council. NGI/Uppsala
Genome Center NGI receives additional funding by Science for Life
Laboratory, Sweden.

CONFLICT OF INTEREST

None declared.

REFERENCES

Ahmad, I., Cimdins, A., Beske, T., & Romling, U. (2017). Detailed analysis of
c-di-GMP mediated regulation of csgD expression in Salmonella typh-
imurium. BMC Microbiology, 17, 27.

Ahmad, 1., Rouf, S. F.,, Sun, L., Cimdins, A., Shafeeq, S., Le Guyon, S., ...
Rémling, U. (2016). BcsZ inhibits biofilm phenotypes and promotes vir-
ulence by blocking cellulose production in Salmonella enterica serovar
Typhimurium. Microbial Cell Factories, 15, 177.

Aziz, R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T., Edwards, R. A,, ...
Zagnitko, O. (2008). The RAST Server: rapid annotations using subsys-
tems technology. BMC Genomics, 9, 75.

Bak, G, Lee, J., Suk, S., Kim, D., Young Lee, J., Kim, K. S., ... Lee, Y. (2015).
Identification of novel sRNAs involved in biofilm formation, motility,
and fimbriae formation in Escherichia coli. Scientific Reports, 5, 15287.

Behera, P, Kutty, V. H., Kumar, A., & Sharma, B. (2016). Changing the codon
usage of hfq gene has profound effect on phenotype and pathogenicity
of Salmonella Typhimurium. Current Microbiology, 72, 288-296.

Beyhan, S., & Yildiz, F. H. (2007). Smooth to rugose phase variation in Vibrio
cholerae can be mediated by a single nucleotide change that targets
c-di-GMP signalling pathway. Molecular Microbiology, 63, 995-1007.

Bian, Z., Brauner, A, Li, Y., & Normark, S. (2000). Expression of and cyto-
kine activation by Escherichia coli curli fibers in human sepsis. Journal of
Infectious Diseases, 181, 602-612.

Boehm, A., Kaiser, M., Li, H., Spangler, C., Kasper, C. A., Ackermann, M., ...
Jenal, U. (2010). Second messenger-mediated adjustment of bacterial
swimming velocity. Cell, 141, 107-116.

Bokranz, W., Wang, X., Tschipe, H., & Rémling, U. (2005). Expression of
cellulose and curli fimbriae by Escherichia coli isolated from the gastro-
intestinal tract. Journal of Medical Microbiology, 54, 1171-1182.

Bordeau, V., & Felden, B. (2014). Curli synthesis and biofilm formation in
enteric bacteria are controlled by a dynamic small RNA module made
up of a pseudoknot assisted by an RNA chaperone. Nucleic Acids
Research, 42, 4682-4696.

Branchu, P.,, Hindre, T., Fang, X., Thomas, R., Gomelsky, M., Claret, L., ...
Martin, C. (2013). The c-di-GMP phosphodiesterase VmpA absent in
Escherichia coli K12 strains affects motility and biofilm formation in
the enterohemorrhagic O157:H7 serotype. Veterinary Inmunology and
Immunopathology, 152, 132-140.

Brettin, T., Davis, J. J., Disz, T., Edwards, R. A., Gerdes, S., Olsen, G. J., ...
Xia, F. (2015). RASTtk: a modular and extensible implementation of the
RAST algorithm for building custom annotation pipelines and annotat-
ing batches of genomes. Scientific Reports, 5, 8365.

Brown, P. K., Dozois, C. M., Nickerson, C. A., Zuppardo, A., Terlonge, J., &
Curtiss, R. 3rd (2001). MIrA, a novel regulator of curli (AgF) and ex-
tracellular matrix synthesis by Escherichia coli and Salmonella enterica
serovar Typhimurium. Molecular Microbiology, 41, 349-363.

Buchholz, U., Bernard, H., Werber, D., Bohmer, M. M., Remschmidt, C.,
Wilking, H., ... Kuhne, M. (2011). German outbreak of Escherichia coli
0104:H4 associated with sprouts. New England Journal of Medicine,
365, 1763-1770.

Chen, C. Y., Nguyen, L. H., Cottrell, B. J., Irwin, P. L., & Uhlich, G. A. (2016).
Multiple mechanisms responsible for strong Congo-red-binding variants
of Escherichia coli O157:H7 strains. Pathogens and Disease, 74, ftv123.

Cimdins, A., Luthje, P,, Li, F.,, Ahmad, I., Brauner, A., & Rémling, U. (2017).
Draft genome sequences of semiconstitutive red, dry, and rough
biofilm-forming commensal and uropathogenic Escherichia coli isolates.
Genome Announcement, 5, e01249-16.

Clermont, O., Christenson, J. K., Denamur, E., & Gordon, D. M. (2013).
The Clermont Escherichia coli phylo-typing method revisited: improve-
ment of specificity and detection of new phylo-groups. Environmental
Microbiology Reports, 5, 58-65.

Costerton, J. W., Lewandowski, Z., Caldwell, D. E., Korber, D. R., & Lappin-
Scott, H. M. (1995). Microbial biofilms. Annual Review of Microbiology,
49,711-745.

Croxen, M. A, & Finlay, B. B. (2010). Molecular mechanisms of Escherichia
coli pathogenicity. Nature Reviews Microbiology, 8, 26-38.

Croxen, M. A,, Law, R. J., Scholz, R., Keeney, K. M., Wlodarska, M., & Finlay,
B. B. (2013). Recent advances in understanding enteric pathogenic
Escherichia coli. Clinical Microbiology Reviews, 26, 822-880.

Da Re, S., & Ghigo, J. M. (2006). A CsgD-independent pathway for cel-
lulose production and biofilm formation in Escherichia coli. Journal of
Bacteriology, 188, 3073-3087.

Datsenko, K. A., & Wanner, B. L. (2000). One-step inactivation of chromo-
somal genes in Escherichia coli K-12 using PCR products. Proceedings
of the National Academy of Sciences of the United States of America, 97,
6640-6645.

Dudin, O., Geiselmann, J., Ogasawara, H., Ishihama, A., & Lacour, S. (2014).
Repression of flagellar genes in exponential phase by CsgD and CpxR,
two crucial modulators of Escherichia coli biofilm formation. Journal of
Bacteriology, 196, 707-715.

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high ac-
curacy and high throughput. Nucleic Acids Research, 32, 1792-1797.

Fang, X., Ahmad, I., Blanka, A., Schottkowski, M., Cimdins, A., Galperin,
M.Y,, ... Gomelsky, M. (2014). GIL, a new c-di-GMP-binding protein
domain involved in regulation of cellulose synthesis in enterobacteria.
Molecular Microbiology, 93, 439-452.

Garcia, B., Latasa, C., Solano, C., Garcia-del Portillo, F., Gamazo, C., &
Lasa, I. (2004). Role of the GGDEF protein family in Salmonella cellu-
lose biosynthesis and biofilm formation. Molecular Microbiology, 54,
264-277.

Gerstel, U., Kolb, A., & Rémling, U. (2006). Regulatory components at the
csgD promoter-additional roles for OmpR and integration host factor
and role of the 5’ untranslated region. FEMS Microbiology Letters, 261,
109-117.



CIMDINS ET AL

Gerstel, U., & Rémling, U. (2003). The csgD promoter, a control unit for
biofilm formation in Salmonella typhimurium. Research in Microbiology,
154, 659-667.

Hammar, M., Arnqvist, A., Bian, Z., Olsen, A., & Normark, S. (1995).
Expression of two csg operons is required for production of fibronec-
tin- and congo red-binding curli polymers in Escherichia coli K-12.
Molecular Microbiology, 18, 661-670.

He, Z., Zhang, H., Gao, S., Lercher, M. J., Chen, W. H., & Hu, S. (2016).
Evolview v2: an online visualization and management tool for cus-
tomized and annotated phylogenetic trees. Nucleic Acids Research, 44,
W236-W241.

Hengge, R. (2016). Trigger phosphodiesterases as a novel class of c-di-
GMP effector proteins. Philosophical Transactions of the Royal Society of
London. Series B, Biological sciences, 371. doi: 10.1098/rstb.2015.0498

Hengge, R., Galperin, M. Y., Ghigo, J. M., Gomelsky, M., Green, J., Hughes,
K. T., ... Landini, P. (2015). Systematic nomenclature for GGDEF and
EAL domain-containing cyclic di-GMP turnover proteins of Escherichia
coli. Journal of Bacteriology, 198, 7-11.

Itoh, Y., Rice, J. D., Goller, C., Pannuri, A., Taylor, J., Meisner, J., ... Romeo,
T. (2008). Roles of pgaABCD genes in synthesis, modification, and ex-
port of the Escherichia coli biofilm adhesin poly-beta-1,6-N-acetyl-D-
glucosamine. Journal of Bacteriology, 190, 3670-3680.

Jonas, K., Edwards, A. N., Ahmad, I., Romeo, T., Romling, U., & Melefors,
0. (2010). Complex regulatory network encompassing the Csr, c-di-
GMP and motility systems of Salmonella Typhimurium. Environmental
Microbiology, 12, 524-540.

Kader, A., Simm, R., Gerstel, U., Morr, M., & Romling, U. (2006). Hierarchical
involvement of various GGDEF domain proteins in rdar morphotype
development of Salmonella enterica serovar Typhimurium. Molecular
Microbiology, 60, 602-616.

Kai-Larsen, Y., Lithje, P., Chromek, M., Peters, V., Wang, X., Holm, A,, ...
Brauner, A. (2010). Uropathogenic Escherichia coli modulates immune
responses and its curli fimbriae interact with the antimicrobial peptide
LL-37. PLoS Pathogens, 6, €1001010.

Kaper, J. B, Nataro, J. P., & Mobley, H. L. (2004). Pathogenic Escherichia coli.
Nature Reviews Microbiology, 2, 123-140.

Katoh, K., & Standley, D. M. (2013). MAFFT multiple sequence align-
ment software version 7: improvements in performance and usability.
Molecular Biology and Evolution, 30, 772-780.

Larsen, M. V., Cosentino, S., Rasmussen, S., Friis, C., Hasman, H., Marvig,
R. L., ... Lund, O. (2012). Multilocus sequence typing of total-genome-
sequenced bacteria. Journal of Clinical Microbiology, 50, 1355-1361.

Larsson, A. (2014). AliView: a fast and lightweight alignment viewer and
editor for large datasets. Bioinformatics, 30, 3276-3278.

Lasaro, M. A,, Salinger, N., Zhang, J., Wang, Y., Zhong, Z., Goulian, M., &
Zhu, J. (2009). F1C fimbriae play an important role in biofilm forma-
tion and intestinal colonization by the Escherichia coli commensal strain
Nissle 1917. Applied and Environment Microbiology, 75, 246-251.

Le Guyon, S., Simm, R., Rehn, M., & Rémling, U. (2015). Dissecting the cyclic
di-guanylate monophosphate signalling network regulating motility in
Salmonella enterica serovar Typhimurium. Environmental Microbiology,
17,1310-1320.

Leimbach, A., Hacker, J., & Dobrindt, U. (2013). E. coli as an all-rounder: the
thin line between commensalism and pathogenicity. Current Topics in
Microbiology and Immunology, 358, 3-32.

Letunic, I., Doerks, T., & Bork, P. (2015). SMART: recent updates, new devel-
opments and status in 2015. Nucleic Acids Research, 43, D257-D260.

Liang, Z. X. (2015). The expanding roles of c-di-GMP in the biosynthesis
of exopolysaccharides and secondary metabolites. Natural Products
Reports, 32, 663-683.

Lindenberg, S., Klauck, G., Pesavento, C., Klauck, E., & Hengge, R. (2013).
The EAL domain protein YciR acts as a trigger enzyme in a c-di-GMP sig-
nalling cascade in E. coli biofilm control. EMBO Journal, 32, 2001-2014.

Liu, Z., Niu, H., Wu, S., & Huang, R. (2014). CsgD regulatory network in a bac-
terial trait-altering biofilm formation. Emerging Microbes & Infections, 3, e1.

MicrobiologyO _ | 150f16
icrobiologyOpen WILEY

Open Access,

Mika, F., & Hengge, R. (2013). Small regulatory RNAs in the control of mo-
tility and biofilm formation in E. coli and Salmonella. International Journal
of Molecular Sciences, 14, 4560-4579.

Mika, F., & Hengge, R. (2014). Small RNAs in the control of RpoS, CsgD,
and biofilm architecture of Escherichia coli. RNA Biology, 11, 494-507.

Monteiro, C., Saxena, |, Wang, X., Kader, A.,, Bokranz, W., Simm, R,

Rémling, U. (2009). Characterization of cellulose production
in Escherichia coli Nissle 1917 and its biological consequences.
Environmental Microbiology, 11, 1105-1116.

Nataro, J. P,, & Kaper, J. B. (1998). Diarrheagenic Escherichia coli. Clinical
Microbiology Reviews, 11, 142-201.

Nissle, A. (1918). Die antagonistische Behandlung chronischer
Darmst6érungen mit Colibakterien. Medizinische Klinik, 2, 29-33.

Ogasawara, H., Yamamoto, K., & Ishihama, A. (2010). Regulatory role
of MIrA in transcription activation of csgD, the master regulator of
biofilm formation in Escherichia coli. FEMS Microbiology Letters, 312,
160-168.

Ogasawara, H., Yamamoto, K., & Ishihama, A. (2011). Role of the biofilm
master regulator CsgD in cross-regulation between biofilm formation
and flagellar synthesis. Journal of Bacteriology, 193, 2587-2597.

Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J,, Disz, T., ...
Stevens, R. (2014). The SEED and the Rapid Annotation of microbial
genomes using Subsystems Technology (RAST). Nucleic Acids Research,
42,D206-D214.

Page, A. J., Cummins, C. A, Hunt, M., Wong, V. K., Reuter, S., Holden, M. T,,
... Parkhill, J. (2015). Roary: rapid large-scale prokaryote pan genome
analysis. Bioinformatics, 31, 3691-3693.

Parker, A., Cureoglu, S., De Lay, N., Majdalani, N., & Gottesman, S. (2017).
Alternative pathways for Escherichia coli biofilm formation revealed by
sRNA overproduction. Molecular Microbiology, 105, 309-325.

Paul, K., Nieto, V., Carlquist, W. C., Blair, D. F., & Harshey, R. M. (2010).
The c-di-GMP binding protein YcgR controls flagellar motor direction
and speed to affect chemotaxis by a “backstop brake” mechanism.
Molecular Cell, 38, 128-139.

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 &
Development, 22, 2434-2446.

Povolotsky, T. L., & Hengge, R. (2016). Genome-based comparison of cyclic
di-GMP signaling in pathogenic and commensal Escherichia coli strains.
Journal of Bacteriology, 198, 111-126.

Price, M. N., Dehal, P. S., & Arkin, A. P. (2009). FastTree: computing large
minimum evolution trees with profiles instead of a distance matrix.
Molecular Biology and Evolution, 26, 1641-1650.

Prigent-Combaret, C., Brombacher, E., Vidal, O., Ambert, A., Lejeune, P,
Landini, P., & Dorel, C. (2001). Complex regulatory network controls
initial adhesion and biofilm formation in Escherichia coli via regulation
of the csgD gene. Journal of Bacteriology, 183, 7213-7223.

Richter, A. M., Povolotsky, T. L., Wieler, L. H., & Hengge, R. (2014). Cyclic-
di-GMP signalling and biofilm-related properties of the Shiga toxin-
producing 2011 German outbreak Escherichia coli O104:H4. EMBO
Molecular Medicine, 6, 1622-1637.

Robinson, J. T., Thorvaldsdottir, H., Winckler, W., Guttman, M., Lander, E.
S., Getz, G., & Mesirov, J. P. (2011). Integrative genomics viewer. Nature
Biotechnology, 29, 24-26.

Rochon, M., & Rémling, U. (2006). Flagellin in combination with curli fim-
briae elicits an immune response in the gastrointestinal epithelial cell
line HT-29. Microbes and Infection, 8, 2027-2033.

Rémling, U. (2005). Characterization of the rdar morphotype, a multicellu-
lar behaviour in Enterobacteriaceae. Cellular and Molecular Life Sciences,
62,1234-1246.

Rémling, U., Bian, Z., Hammar, M., Sierralta, W. D., & Normark, S. (1998).
Curli fibers are highly conserved between Salmonella typhimurium and
Escherichia coli with respect to operon structure and regulation. Journal
of Bacteriology, 180, 722-731.



CIMDINS ET AL

MWI L EY_MicrobiologyOpen

Open Access,

Romling, U., Bokranz, W., Rabsch, W., Zogaj, X., Nimtz, M., & Tschape, H.
(2003). Occurrence and regulation of the multicellular morphotype in
Salmonella serovars important in human disease. International Journal of
Medical Microbiology, 293, 273-285.

Rémling, U., & Galperin, M. Y. (2015). Bacterial cellulose biosynthe-
sis: diversity of operons, subunits, products, and functions. Trends in
Microbiology, 23, 545-557.

Rémling, U., Galperin, M. Y., & Gomelsky, M. (2013). Cyclic di-GMP: the
first 25 years of a universal bacterial second messenger. Microbiology
and Molecular Biology Reviews, 77, 1-52.

Romling, U., Liang, Z. X., & Dow, J. M. (2017). Progress in understanding the
molecular basis underlying functional diversification of cyclic dinucleo-
tide turnover proteins. Journal of Bacteriology, 199, e€00790-16.

Rémling, U., Rohde, M., Olsen, A., Normark, S., & Reinkéster, J. (2000).
AgfD, the checkpoint of multicellular and aggregative behaviour in
Salmonella typhimurium regulates at least two independent pathways.
Molecular Microbiology, 36, 10-23.

Rémling, U., Sierralta, W. D., Eriksson, K., & Normark, S. (1998). Multicellular
and aggregative behaviour of Salmonella typhimurium strains is con-
trolled by mutations in the agfD promoter. Molecular Microbiology, 28,
249-264.

Rossi, E., Cimdins, A., Lithje, P., Brauner, A., Sjoling, A., Landini, P., &
Romling, U. (2017). “It's a gut feeling” - Escherichia coli biofilm for-
mation in the gastrointestinal tract environment. Critical Reviews in
Microbiology, 1-30.

Ryjenkov, D. A., Simm, R., Rémling, U., & Gomelsky, M. (2006). The PilZ do-
main is a receptor for the second messenger c-di-GMP: the PilZ domain
protein YcgR controls motility in enterobacteria. Journal of Biological
Chemistry, 281, 30310-30314.

Schultz, J., Milpetz, F.,, Bork, P., & Ponting, C. P. (1998). SMART, a simple
modular architecture research tool: identification of signaling domains.
Proceedings of the National Academy of Sciences of the United States of
America, 95, 5857-5864.

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation.
Bioinformatics, 30, 2068-2069.

Serra, D. O., Richter, A. M., & Hengge, R. (2013). Cellulose as an architec-
tural element in spatially structured Escherichia coli biofilms. Journal of
Bacteriology, 195, 5540-5554.

Sharma, V. K., Bayles, D. O., Alt, D. P, Looft, T., Brunelle, B. W., & Stasko,
J. A. (2017). Disruption of rcsB by a duplicated sequence in a curli-
producing Escherichia coli O157:H7 results in differential gene expres-
sion in relation to biofilm formation, stress responses and metabolism.
BMC Microbiology, 17, 56.

Simm, R., Ahmad, ., Rhen, M., Le Guyon, S., & Rémling, U. (2014). Regulation
of biofilm formation in Salmonella enterica serovar Typhimurium. Future
Microbiology, 9, 1261-1282.

Simm, R., Lusch, A., Kader, A., Andersson, M., & Rémling, U. (2007). Role of
EAL-containing proteins in multicellular behavior of Salmonella enterica
serovar Typhimurium. Journal of Bacteriology, 189, 3613-3623.

Simm, R., Morr, M., Kader, A., Nimtz, M., & Romling, U. (2004). GGDEF
and EAL domains inversely regulate cyclic di-GMP levels and
transition from sessility to motility. Molecular Microbiology, 53,
1123-1134.

Sjostrém, A. E., Sondén, B., Miller, C., Rydstrom, A., Dobrindt, U., Wai, S. N.,
& Uhlin, B. E. (2009). Analysis of the sfaX(ll) locus in the Escherichia coli
meningitis isolate IHE3034 reveals two novel regulatory genes within
the promoter-distal region of the main S fimbrial operon. Microbial
Pathogenesis, 46, 150-158.

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.

Spurbeck, R. R., Tarrien, R. J., & Mobley, H. L. (2012). Enzymatically active
and inactive phosphodiesterases and diguanylate cyclases are involved
in regulation of motility or sessility in Escherichia coli CFTO73. MBio, 3,
e00307-16.

Steiner, S., Lori, C., Boehm, A., & Jenal, U. (2013). Allosteric activation of ex-
opolysaccharide synthesis through cyclic di-GMP-stimulated protein-
protein interaction. EMBO Journal, 32, 354-368.

Tagliabue, L., Antoniani, D., Maciag, A., Bocci, P., Raffaelli, N., & Landini,
P. (2010). The diguanylate cyclase YddV controls production of the
exopolysaccharide poly-N-acetylglucosamine (PNAG) through regu-
lation of the PNAG biosynthetic pgaABCD operon. Microbiology, 156,
2901-2911.

Tagliabue, L., Maciag, A., Antoniani, D., & Landini, P. (2010). The yddV-dos
operon controls biofilm formation through the regulation of genes
encoding curli fibers’ subunits in aerobically growing Escherichia coli.
FEMS Immunology and Medical Microbiology, 59, 477-484.

Thorvaldsdottir, H., Robinson, J. T., & Mesirov, J. P. (2013). Integrative
Genomics Viewer (IGV): high-performance genomics data visualization
and exploration. Briefings in Bioinformatics, 14, 178-192.

Uhlich, G. A., Keen, J. E., & Elder, R. O. (2001). Mutations in the csgD pro-
moter associated with variations in curli expression in certain strains
of Escherichia coli O157:H7. Applied and Environment Microbiology, 67,
2367-2370.

Wang, X., Liinsdorf, H.,Ehren, |., Brauner, A., & Romling, U. (2010). Characteristics
of biofilms from urinary tract catheters and presence of biofilm-related
components in Escherichia coli. Current Microbiology, 60, 446-453.

Zogaj, X., Bokranz, W., Nimtz, M., & Rémling, U. (2003). Production of cel-
lulose and curli fimbriae by members of the family Enterobacteriaceae
isolated from the human gastrointestinal tract. Infection and Immunity,
71,4151-4158.

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. Molecular Microbiology, 39, 1452-1463.

Zorraquino, V., Garcia, B., Latasa, C., Echeverz, M., Toledo-Arana, A., Valle,
J., ... Solano, C. (2013). Coordinated cyclic-di-GMP repression of
Salmonella motility through YcgR and cellulose. Journal of Bacteriology,
195,417-428.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-
porting information tab for this article.

How to cite this article: Cimdins A, Simm R, Li F, et al.
Alterations of c-di-GMP turnover proteins modulate semi-
constitutive rdar biofilm formation in commensal and
uropathogenic Escherichia coli. MicrobiologyOpen. 2017;6:e508.
https://doi.org/10.1002/mbo3.508



https://doi.org/10.1002/mbo3.508

