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Zusammenfassung

Viele Bakterien existieren in der Natur hauptsächlich als strukturierte multizelluläre Gemein-
schaften, sogenannte Biofilme. Biofilmentwicklung ist ein höchst regulierter Prozess, welcher
den Übergang von beweglicher einzelliger zu sesshafter mehrzelliger Lebensweise einschließt.
Die zelluläre Differenzierung innerhalb eines Biofilms ist ein allgemein anerkanntes Konzept,
dennoch bleibt es weiterhin unklar wann, wo und wie genau eine solche Differenzierung stat-
tfindet.

In dieser Arbeit wurden fluoreszente transkriptionelle Reporterproteine verwendet, um die
räumlich-zeitlichen Expressionsmuster einiger Gengruppen während der Entwicklung von sub-
mersen Escherichia coli Biofilmen auf Einzelzellebene quantitativ zu analysieren. Zuerst bestäti-
gen wir, dass die Bildung solch untergetauchter Biofilme sowie Pellikel an der Flüssigkeit-
Luft-Grenzfläche, den Hauptmatrixkomponenten Curli, und die flagellenvermittelte Motilität
erfordert. Wir belegen weiterhin, dass in unserem offenen statischen System die Diversifizierung
der Genexpression zu einem Auftreten von mindestens drei Subpopulationen von E. coli führt,
die sich in ihren Curli- und Flagellenexpressionsstufen sowie in der Aktivität des stationären
Factors σS unterscheiden. Unsere Daten zeigen eine sich gegenseitig ausschließende Expression
von Curli-Fasern und Flagellen auf der Einzelzellebene, mit hoher Curliexpression in den dichten
Zellaggregaten/Mikrokolonien und Flagellenexpression in den Einzel- und oberflächenassozi-
ierten Zellen. Darüber hinaus deuten unsere Ergebnisse auf eine direkte Interaktion zwischen
Flagellen und Curli hin, die sich während der Entwicklung von Biofilmstrukturen gegenseitig
ergänzen können. Interessanterweise, trotz der bekannten σS-Abhängigkeit der Curliinduktion,
gab es nur eine partielle Korrelation zwischen der σS-Aktivität und der Curliexpression. Es
wurden Subpopulationen von Zellen mit einer hohen σS- jedoch einer niedrigen Curli-Aktivität
und umgekehrt detektiert. Schlussendlich zeigen wir auffallende Unterschiede zwischen den
Wachstumsraten von Zellen innerhalb und außerhalb der Aggregate, was im Einklang mit der
unterschiedlichen Physiologie der beobachteten Subpopulationen steht.

Außerdem liefern wir Beweise dafür, dass die Flagellenexpression in den oberflächenas-
soziierten Biofilmzellen durch die MotAB-vermittelte Hemmung der Flagellenrotation ausgelöst
wird. Weiterhin deuten unsere Ergebnisse darauf hin, dass die Flagellenexpression in diesen
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Zellen der Anhaftung der Biofilmstrukturen an der Oberfläche dienen könnte, da eine Herun-
terregulierung der Flagellenexpression unter anhaltenden Hungerbedingungen zu einer Ablösung
von E. coli Biofilmen führte.

Zudem zeigen wir, dass eine Differenzierung in Curli-exprimierende und nicht-exprimierende
Zellen auch in den isotropisch planktonischen Zellkulturen von E. coli beim Erreichen der sta-
tionären Wachstumsphase auftritt. Unsere Ergebnisse deuten darauf hin, dass diese Ausdifferen-
zierung durch Variationen in der Wachstumsrate einzelner Zellen unter hungernden Bedingungen
ausgelöst werden könnte, wobei eine Subpopulation von langsamer wachsenden Zellen Curli ex-
primiert. Schlussendlich wurden wichtige neue Details zu molekularen Mechanismen sowie die
unterliegende physiologische Relevanz der bimodalen Curliexpression enthüllt.



Summary

Many bacteria primarily exist in nature as structured multicellular communities, so called
biofilms. Biofilm formation is a highly regulated process that includes the transition from
the motile planktonic to sessile biofilm lifestyle. Cellular differentiation within a biofilm is a
commonly accepted concept but it remains largely unclear when, where and how exactly such
differentiation arises.

In this work fluorescent transcriptional reporters were used to quantitatively analyze spatio-
temporal expression patterns of several groups of genes during the formation of submerged
Escherichia coli biofilms in an open static system. We first confirm that formation of such
submerged biofilms as well as pellicles at the liquid-air interface requires the major matrix
component, curli, and flagella-mediated motility. We further demonstrate that in this system,
diversification of gene expression leads to emergence of at least three distinct subpopulations
of E. coli, which differ in their levels of curli and flagella expression, and in the activity of
the stationary phase sigma factor σS. Our data reveal mutually exclusive expression of curli
fibers and flagella at the single cell level, with high curli levels being confined to dense cell
aggregates/microcolonies and flagella expression showing an opposite expression pattern. Fur-
thermore, our results suggest direct interaction between flagella appendages and curli fibers,
which can complement each other in trans during biofilm structure development. Interestingly,
despite the known σS-dependence of curli induction, there was only a partial correlation be-
tween the σS activity and curli expression, with subpopulations of cells having high σS activity
but low curli expression and vice versa. Finally, consistent with different physiology of the
observed subpopulations, we show striking differences between the growth rates of cells within
and outside of aggregates.

We provide strong evidence that flagellar expression in surface-attached biofilm cells is
triggered by inhibition of flagellar rotation via flagellar stator MotAB upon surface sensing.
Importantly, our results suggest that flagellar expression in surface-attached cells might serve
for holding the biofilm structure on the surface, since downregulation of flagellar expression
leads to a detachment of E. coli biofilms under prolonged starvation conditions.

Further, we show that differentiation into curli expressing and non-expressing cells arises
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also in isotropic E. coli planktonic cells upon entry into the stationary phase. Our results
indicate that this switch might be triggered by variations in growth rate of individual cells under
starving conditions, with a subpopulation of slower growing cells expressing curli. Finally, this
work revealed important new details of molecular mechanisms and the physiological relevance
underlying the bimodal curli expression.



Contents

Nomenclature xv

1 Introduction 1
1.1 Biofilms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Phases of biofilm formation . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.2 Extracellular matrix composition of E. coli biofilm . . . . . . . . . . . 2

1.2 Regulation of motility in E. coli . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Structure and function of the flagellum . . . . . . . . . . . . . . . . . 4

1.2.2 Additional roles of flagellum beyond motility . . . . . . . . . . . . . . 6

1.2.3 Regulation of motility gene expression in biofilms . . . . . . . . . . . . 6

1.3 Complex regulation of curli expression in E. coli . . . . . . . . . . . . . . . . 9

1.4 Cyclic di-GMP signaling and its role in biofilm formation . . . . . . . . . . . . 10

1.4.1 Synthesis and degradation of cyclic di-GMP . . . . . . . . . . . . . . . 10

1.4.2 Signaling and sensing of cyclic di-GMP . . . . . . . . . . . . . . . . . 11

1.4.3 Physiological role of cyclic di-GMP . . . . . . . . . . . . . . . . . . . 12

1.4.4 Role of cyclic di-GMP in lifestyle regulation in E. coli . . . . . . . . . 13

1.5 Regulation of gene expression . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.6 Aims of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 Important factors for attachment and biofilm structure formation of E. coli
W3110 18
2.1 Role of flagella, motility, fimbriae and matrix components during attachment in

E. coli biofilm formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1.1 Determinants of initial surface adhesion . . . . . . . . . . . . . . . . . 19

2.1.2 Motility is primarily needed to approach the surface . . . . . . . . . . 21

2.1.3 Initial surface colonization under flow also requires flagella . . . . . . . 23

2.2 Determinants of 3D-structure formation . . . . . . . . . . . . . . . . . . . . . 25

2.2.1 Functional analysis of E. coli putative adhesins . . . . . . . . . . . . . 26

ix



x CONTENTS

3 Diversification of gene expression during formation of static submerged biofilms
by Escherichia coli 34

3.1 Curli and flagella are required for formation of E. coli submerged biofilms . . . 34

3.2 Curli & flagella show mutually exclusive expression . . . . . . . . . . . . . . . 35

3.3 Partlial correlation between σS & curli . . . . . . . . . . . . . . . . . . . . . 38

3.4 Cells within biofilm structures show reduced growth . . . . . . . . . . . . . . 43

3.5 Cellulose-producing E. coli . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4 Structural and sensory roles of flagella in E. coli biofilms 51

4.1 Structural role of flagella . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1.1 Flagella are required for 3D structure development of E. coli biofilms
under flow conditions . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1.2 Flagella and curli complement each other in trans during biofilm struc-
ture development. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.1.3 Flagellated cells specifically interact with curliated microcolonies . . . . 53

4.1.4 Role of flagella in detachment of biofilms under starvation . . . . . . . 55

4.2 Sensory role of flagella . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2.1 Immobilization of cells induces flagellar expression . . . . . . . . . . . 58

4.2.2 Gene expression profile of ∆motA cells . . . . . . . . . . . . . . . . . 62

4.2.3 Class III flagellar genes are induced in immobilized cells . . . . . . . . 69

4.2.4 Possible mechanisms underlying surface sensing . . . . . . . . . . . . . 71

5 Bimodal curli expression 77

5.1 Regulation of bimodal curli expression in planktonic culture . . . . . . . . . . 77

5.1.1 Bimodal expression of curli in planktonic culture . . . . . . . . . . . . 77

5.1.2 Limiting nutrients concentration induce curli expression in a subpopula-
tion of E. coli planktonic cells . . . . . . . . . . . . . . . . . . . . . . 78

5.1.3 Curli expression is a reversible developmental process . . . . . . . . . 79

5.1.4 Decrease in division rate might be a signal for a bimodal curli expression
in E. coli planktonic cells . . . . . . . . . . . . . . . . . . . . . . . . 81

5.1.5 AI-2 mediated quorum sensing is not involved in regulation of curli ex-
pression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.1.6 Cyclic di-GMP levels tune bimodal curli expression in E. coli planktonic
cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.1.7 Curli expression is stochastic and stable in E. coli planktonic cells . . . 89

5.2 Search for possible regulators of bimodal curli expression . . . . . . . . . . . . 89



CONTENTS xi

5.2.1 Strong differences in gene expression and physiology were detected be-
tween curli expressing and non-expressing planktonic cells . . . . . . . 91

5.2.2 CsgD plays an important role in regulation of curli expression switch in
E. coli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.2.3 Differential gene expression in curli ON and OFF cells cannot be regu-
lated only by CsgD . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.2.4 Cyclic di-GMP levels probably play a secondary role in stabilization of
curli expression rather than in its regulation . . . . . . . . . . . . . . . 103

5.2.5 sRNAs may additionally regulate translation of csgD and rpoS mRNA in
curli expressing and non-expressing subpopulations of E. coli planktonic
cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.3 Molecular regulation underlying cell differentiation . . . . . . . . . . . . . . . 119

5.3.1 Curli expression follows a lasting response to a transient stimulus . . . 119

5.3.2 MlrA and CsgD are major regulators of curli expression in E. coli . . . 119

5.3.3 Important players that regulate curli expression in E. coli . . . . . . . . 123

5.3.4 Global cyclic di-GMP levels fine-tune bimodal curli expression in E. coli
planktonic cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.3.5 The interplay between MlrA and CsgD in regulation of bimodal curli
expression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.4 Possible physiological relevance of differentiation . . . . . . . . . . . . . . . . 132

5.4.1 Bimodal curli expression enables two modes of stress survival . . . . . 132

6 Discussion 138
6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.2 Determinants of reversible and irreversible surface adhesion . . . . . . . . . . 139

6.3 Heterogeneity of gene expression in E. coli biofilms . . . . . . . . . . . . . . . 141

6.4 Structural and functional roles of flagella . . . . . . . . . . . . . . . . . . . . 143

6.5 Regulatory details and physiological relevance underlying bimodal curli expression144

6.5.1 Bimodal curli expression arises in planktonic cells at the entry to sta-
tionary phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.5.2 Differences in growth rate may induce curli expression in E. coli upon
entry into stationary phase . . . . . . . . . . . . . . . . . . . . . . . 145

6.5.3 Search for possible regulators of differentiation into curli-expressing and
non-expressing subpopulations in planktonic culture . . . . . . . . . . 146

6.5.4 Physiological importance of bimodal curli expression . . . . . . . . . . 148

7 Conclusion and future perspectives 151



xii CONTENTS

8 Materials and Methods 153
8.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

8.1.1 Chemicals and consumables . . . . . . . . . . . . . . . . . . . . . . . 153

8.1.2 Reaction kits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

8.1.3 Well plates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

8.1.4 Media and plates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

8.1.5 Buffers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

8.1.6 Antibiotic stock solutions . . . . . . . . . . . . . . . . . . . . . . . . 157

8.1.7 Inducers and other stock solutions . . . . . . . . . . . . . . . . . . . . 157

8.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

8.2.1 Bacterial strains and plasmids . . . . . . . . . . . . . . . . . . . . . . 157

8.2.2 Polymerase chain reaction . . . . . . . . . . . . . . . . . . . . . . . . 158

8.2.3 Restriction digest . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

8.2.4 Ligation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

8.2.5 Transformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

8.2.6 Construction of transcriptional genomic reporters . . . . . . . . . . . . 161

8.2.7 Static biofilm growth and analysis . . . . . . . . . . . . . . . . . . . . 161

8.2.8 Biofilm growth and analysis in microfluidic chambers . . . . . . . . . . 162

8.2.9 Confocal microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

8.2.10 Flow cytometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

8.2.11 Fluorescence-activated cell sorting . . . . . . . . . . . . . . . . . . . . 163

8.2.12 RNA isolation and deep sequencing . . . . . . . . . . . . . . . . . . . 164

8.2.13 Hydrogen peroxide treatment . . . . . . . . . . . . . . . . . . . . . . 164

8.3 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

8.3.1 Quantitative image analysis . . . . . . . . . . . . . . . . . . . . . . . 165

8.3.2 Analysis of RNA sequencing data . . . . . . . . . . . . . . . . . . . . 165

A Supplementary Data to Chapter 3 167

B Supplementary Data to Chapter 4 176

C Supplementary Data to Chapter 5 216

D Supplementary Data to Chapter 8 255

List of Figures 273

List of Tables 277



CONTENTS xiii

Bibliography 279



xiv CONTENTS



Nomenclature

Abbreviations

A-site active site

c-di-GMP cyclic di-guanosine monophosphate

CCCP carbonyl cyanide m-chlorophenyl hydrazone

CV crystal violet

DNA deoxyribonucleic acid

DPD (S)-4,5-dihydroxy-2,3-pentadione

egfp enhanced green fluorescent protein

FACS fluorescent activated cell sorting

FCS forward-scattered light

I-site inihbitory site

µ- micro-

min minute

mCherry monomeric Cherry (red fluorescent protein)

mRNA messenger RNA

OD optical density

PCR polymerase chain reaction

pH negative decimal logarithm of the hydrogen
ion activity

(p)ppGpp guanosine penta- or tetraphosphate

xv



xvi NOMENCLATURE

RNA ribonucleic acid

rpm revolutions per minute

sfgfp superfolded green fluorescent protein

sRNA small regulatory RNA

SSC side-scattered light

t time

TB tryptone broth

WT wild type



Chapter 1

Introduction

1.1 Biofilms

Dutch scientist Antonie van Leeuwenhoek discovered first biofilms in the late 1600s, as he
described ’animalcules’, aggregated microorganisms, from his dental plaque ([10], [97]). Since
then, biofilm formation was studied in many different bacterial species. It has become clear that
in nature bacteria primarily exist in multicellular communities, biofilms, rather than as single
swimming cells ([37]).

Biofilms are generally defined as multicellular communities of microorganisms that are em-
bedded in a self-produced matrix and are associated with biotic or abiotic surfaces ([126], [57],
[97], [63]). Several different experimental models have been used to simulate diverse natural
biofilms ([164]). Biofilms grown in microtiter dishes or flow chambers represent structures that
are formed in aquatic environments or on industrial material (such as water pipes or catheters)
([140], [34], [125]). Under static conditions in liquid media, i.e. without flow, bacteria fre-
quently form not only the submerged biofilms that grow at the bottom of the well, but also
pellicles at the liquid-air interface ([195], [75]). Alternatively, submerged biofilms can develop
under flow conditions, where nutrients are constantly resupplied ([173], [180]). Finally, macro-
colony biofilms formed on agar plates represent another biofilm model that mimics natural
communities growing on organic material ([167]).

A large number of genetic analyses in biofilms have been performed using a model or-
ganism Escherichia coli (E. coli), as it is relatively easy to handle in the laboratory and to
perform genetic manipulations. In addition to the commensal E. coli, many pathogenic E. coli
strains, which are associated with human diseases, can form biofilms. Enteropathogenic E. coli
(EPEC) and enterohemorrhagic E. coli (EHEC) cause intestinal infections and uropathogenic
E. coli (UPEC) and meningitis-associated E. coli (MNEC) cause extra-intestinal infections like
urinary tract infections and sepsis or meningitis, respectively ([84]). Besides E. coli, biofilm-
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2 CHAPTER 1. INTRODUCTION

related infections were described for many other bacterial species like Pseudomonas aeruginosa,
Salmonella enterica serovar Typhimurium and Vibrio cholerae ([46]).

Although monospecies biofilms can arise in clonal populations, they are often composed
of phenotypically distinct subpopulations, which emerge from differential gene expression in
individual cells ([174], [46]). Thereby, different subpopulations regarding their stress resistance,
motility, production of extracellular matrix components, and growth status can arise due to
heterogeneity of gene expression within a biofilm ([13], [164], [60], [62], [24], [54], [190]).

Altogether, understanding biofilm formation and corresponding gene expression regulation
might not only help to understand bacterial transition towards multicellular communities but
also to find new strategies to combat many biofilm-related infections.

1.1.1 Phases of biofilm formation

Although biofilm formation differs significantly among bacterial species and even between dif-
ferent strains of the same species ([97]), biofilm formation commonly involves several develop-
mental steps ([176], [10]) (Figure 1.1).

Biofilm formation is typically initiated with surface attachment of planktonic, often swim-
ming bacteria, which occurs in two stages – reversible (or transient) and then irreversible
attachment ([140]). Reversible attachment is typically unstable, characterized by cells attach-
ing to a surface and often returning to the bulk phase. Following initial (reversible) attachment
of planktonic cells to a surface, bacteria start to produce extracellular matrix (ECM) factors
and adhesins, which strengthen surface contact and lead to irreversible adhesion (Figure 1.1,
phase 2) and formation of microcolonies (Figure 1.1, phase 3). These microcolonies mature
into complex three-dimensional structures termed macrocolonies (Figure 1.1, phase 4). The
final stage of biofilm development involves either active and coordinated release of individual
cells (Figure 1.1, phase 5a) or passive detachment of cell groups (Figure 1.1, phase 5b) ([137]).

In general, the transition from a planktonic, often motile lifestyle, to a sessile, often surface-
attached, lifestyle is the main developmental step towards biofilm formation. Note that biofilm
formation can vary greatly depending on the environmental conditions, the composition of the
extracellular matrix (ECM) and the presence of different adhesins.

1.1.2 Extracellular matrix composition of E. coli biofilm

The composition of self-produced extracellular matrix can vary greatly between biofilms of dif-
ferent species and depending on the environmental factors ([47]). Extracellular matrix can fulfill
multiple functions such as mechanical support, protection and/or resistance against environ-
mental cues, nutrients transport, exchange of metabolites and signaling molecules etc. ([73],



1.2. REGULATION OF MOTILITY IN E. COLI 3

Fig. 1.1: Phases of biofilm development. Phase 1, initial reversible attachment
to the surface; phase 2, irreversible attachment to the surface; phase 3,
maturation I and ECM production; phase 4, maturation II and macrocolony
growth; phase 5, dispersion (5a) or detachment (5b) of a biofilm. See text
for detailed description of each phase. Image was adapted from ([113]).

[46] [47]).
E. coli was one of the first established model organisms for studies of biofilm formation. A

number of factors including proteinaceous curli fibers ([192], [154], [143], [156]), type I fimbriae
([163]), antigen 43 (Ag43) ([34], [189]), poly-β-1,6-N -acetyl-D-glucosamine (PGA) ([199]),
and colanic acid ([10]) have been implicated in surface-attachment, cell-cell interactions and
microcolony formation of E. coli ([10]). Note, however, that variations in matrix composition
can be observed depending on the different E. coli strains and/or growth conditions.

Flagella and motility were also shown to influence biofilm formation, either by enhancing
attachment ([140], [49]), mediating surface sensing that triggers matrix production ([8], [9]),
or being involved in the biofilm architecture ([204], [167]). Curli fibers serve as a scaffold onto
which the cells and other matrix components are attached and thus stabilize biofilms of E. coli,
whereas cellulose and colanic acid contribute to spatial organization of a biofilm, and type I pili
are required for pellicle formation and/or biofilm integrity ([5], [167], [75]). Finally, cellulose,
which is commonly produced in wild isolates of E. coli, can also contribute to the overall biofilm
architecture ([207], [167]). As in other bacteria, matrix composition – and therefore structural
organization – of E. coli biofilms are affected by environmental conditions such as temperature,
availability of nutrients, and shear forces due to flow ([133], [154], [164], [178]).

1.2 Regulation of motility in E. coli

Since many biofilm-forming bacteria, including E. coli, swim in their planktonic state, regulation
of motility is one of the main steps during the transition towards sessility.

Bacteria can perform various types of motility such as swimming in liquid and swarming,



4 CHAPTER 1. INTRODUCTION

twitching or gliding on surfaces ([85], [78]). E. coli move by means of flagella that drive the
cell forward in liquid (swimming) or on surfaces (swarming). Other bacteria are able to move
using Type IV pili (twitching motility) ([101]) or focal-adhesion complexes (gliding) ([77]).

Here, we will focus on flagella-mediated motility and its functional and transcriptional
regulation during biofilm formation in E. coli. Since mutations in motility were shown to cause
severe defects in biofilm formation in E. coli ([140]), motility might fulfill various functions
during biofilm development such as reaching the surface during initial attachment, moving along
the surface and possibly overcoming repulsive forces at the surface ([140], [141]). Therefore,
motility has to be tightly regulated at different stages of biofilm formation ([55]). On short
time scales, flagella are functionally regulated via inhibition of rotation or modulation of the
basal flagellar reversal frequency. Chemotaxis pathway (see Subsection 1.2.1) or the second-
messenger c-di-GMP, which controls flagellar motility through motor curbing (see Subsection
1.4.4), functionally regulate flagella-mediated motility in E. coli. In the long term, transcription
of flagellar genes is downregulated (see Subsection 1.2.3) and as a result flagella are diluted to
extinction with bacterial growth.

1.2.1 Structure and function of the flagellum

Flagella are complex macromolecular machines made of about 30 different proteins that enable
bacteria to move towards favorable environments. E. coli and Salmonella have multiple flagella
spread over the cell surface (peritrichous flagellation), whereas other bacteria like Vibrio cholerae
have only one polar flagellum. Structure and function of the flagellum, as well as the genetic
network regulating its expression is present in many Gram-negative bacteria such as E. coli.

Synthesis of the bacterial flagellum in E. coli is a complex process involving many regulatory
genes, which are expressed in a transcriptional hierarchy, divided into class I, class II and class III
flagellar genes ([106]). At the top of the hierarchy is class I genes flhD and flhC encoding a
master regulator FlhD4C2, which induces the transcription of class II genes encoding components
of the flagellar export system and of the basal body. Class II member FliA (σFliA) activates class
III genes, which code for hook-associated proteins, flagellar filament (flagellin, FliC), motor and
chemotaxis proteins. The regulation of bacterial flagellar gene expression and flagellar assembly
is not universal among all bacterial species and for example Pseudomonas aeruginosa and
Helicobacter pylor have four-tiered systems ([35]).

Bacterial flagellum can be divided into three parts: the basal body, the hook and the
extracellular filament (Figure 1.2) ([116]). The basal body is embedded into the cell envelope
and acts as a motor that rotates flagella. The hook and filament extend outside of the cell. The
hook is the region between the basal body and the filament and functions as a universal flexible
joint to smoothly transmit torque produced by the motor to the filament. The filament is made



1.2. REGULATION OF MOTILITY IN E. COLI 5

of polymerized FliC proteins and works as a helical screw to promote cellular locomotion ([12],
[116]).

The basal body (or motor) consists of a proton-conducting stator complex, made of mem-
brane proteins MotA and MotB, that energizes flagellar rotation, and a rotor complex or C
ring, consisting of FliG, FliM and FliN proteins. Interaction between the rotor protein FliG
and the stator protein MotA leads to flagellar motor rotation ([12], [116]). MS ring structure
serves as an inner membrane anchor of the motor. Flagellar proteins are exported in the ATP-
dependent manner by the type III flagellar protein export apparatus to the assembly point at
the tip of the growing filament structure ([100]). The export apparatus for flagellar protein con-
sists of six membrane components, three soluble components (FliH, FliI and FliJ) and several
substrate-specific chaperones.

In E. coli, flagellar rotation is powered by the electrochemical potential of protons (H+)
across the membrane, the proton motive force (PMF) ([15], [172]). The motor can drive
rotation of flagella in counterclockwise (CCW) direction, resulting in formation of a bundle and
smooth swimming of the cell, or clockwise (CW) direction, which forces a filament out of the
bundle and leads to a change in swimming direction, so called tumble ([15]). The chemotaxis
system modulates the frequency of switching between CCW and CW motor rotation, in response
to changes in environmental conditions as the cell moves: swimming gets prolonged when
conditions get better in order to gradually reach ecological niches and avoid dangers ([196],
[171]).

E. coli possesses five different chemotaxis receptors, Tar, Tsr, Trg, Tap and Aer, monitoring
environmental conditions such as concentrations of nutrients or repellents, temperature, pH,
etc. The receptors cluster together with the histidine kinase CheA and the adaptor protein
CheW in chemoreceptor signaling complexes at the cell poles (Sourjik 2004). Ligand binding
to the periplasmic domain of the receptors and receptor methylation modulate the autophos-
phorylation activity of CheA, which in turn regulates the phosphorylation level of the CheY
response regulator by phosphotransfer ([175], [170]). When concentrations of attractants de-
crease, CheA activity and thus CheY phosphorylation level increase. Phospho-CheY interacts
with FliM at the motor and induces clockwise (CW) rotation, i. e. tumbling. By contrast,
increased attractant binding inhibits autophosphorylation of CheA and thereby leads to low
levels of phosphorylated CheY thus promoting CCW rotation and longer run-phases up the
attractant gradient. The phosphatase CheZ ensures that the phosphorylation level of CheY
follows faithfully CheA activity at the subsecond timescale ([16]). Thus, rotational direction
of the flagellum is regulated by the interaction of the response regulator CheY and the switch
protein FliM at the motor ([202], [185]).

The chemotaxis system also possesses an adaptation module, composed of methyltrans-
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ferase CheR and methylesterase CheB, which respectively methylate the inactive receptors and
demethylate the active ones, at specific glutamate residues. CheB activity is additionally mod-
ulated by its phosphorylation by CheA. This adaptation mechanism counterbalances the effect
of ligand binding and thus resets the system to the state before stimulation, allowing to sense
subsequent changes in attractant concentration. Since adaptation is slow compared to the
ligand binding response, it effectively creates a short-term memory allowing the cell to compare
its current situation to the recent past (few seconds) ([193]).

1.2.2 Additional roles of flagellum beyond motility

Flagella might also fulfill additional roles beyond motility such as: 1) functioning as adhesins
([56], [48], [49]) tethering bacteria to the surface when the initial surface contact is established;
2) as surface sensors that induce changes in bacterial lifestyle upregulating biofilm factors ([22],
[26], [8], [9]); 3) and/or as components of the extracellular matrix of the biofilm ([204], [167]).

There are several possible mechanisms described for surface sensing in various species, in-
cluding those mediated by flagella and/or fimbria ([188], [9], [127],[74]), Rcs and Cpx periplas-
mic stress pathways ([115], [129]) that start signaling programs to commit biofilm growth.

An indication of flagellum-dependent mechanosensing in E. coli comes from the study
conducted by Lele et al. ([94]). Contact with a surface increases the torque applied onto
the flagellum, leading to repression of flagellar rotation. In E. coli, this increase in torque
generates a signal that leads to recruitment of additional stator subunits, which in turn change
the rotation rate ([94]). In B. subtilis Cairns et al. demonstrated that mechanical inhibition
of flagellar rotation either by antibody binding or by overexpressing the flagellar clutch protein
EpsE triggered production of EPS matrix proteins for subsequent biofilm formation ([22]).
These results suggest that mechanoresponse upon surface contact leads to biofilm formation in
B. subtilis, although the signal remains unknown.

1.2.3 Regulation of motility gene expression in biofilms

In addition to post-translational regulation there are multiple transcriptional mechanisms that
control motility in response to different environmental cues ([55]). One of the transcriptional
regulators of motility in E. coli is the Rcs (Regulator of capsule synthesis) phosphorelay system
([102]). Upon activation of the Rcs system a sensor kinase RcsC autophosphorylates and the
phosphate is transferred via RcsC to the response regulator RcsB. Phospho-RcsB together with
the protein RcsA regulates the expression of diverse genes. Importantly, Rcs phosphorelay
system represses the expression of the flagellar master regulator genes flhDC and induces
expression of colanic acid genes, thereby downregulating the motility and promoting biofilm
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Fig. 1.2: Structure and function of the bacterial flagellum. (A) Structure and
subunit composition of flagellum in E. coli and Salmonella. The proteins
building the basal body, the hook and the filament described in the text are
indicated. The rod is divided into proximal and distal parts that differ in
subunit composition. Figure is a reproduction from ([116]).
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formation, respectively.

Regulatory protein FliZ, a repressor of σS-regulated genes, also controls the expression of
flhDC ([134]). FliZ is a DNA-binding protein that recognizes the promoter sequence, which
is regulated by σS thus counteracting σS activation. Importantly, FliZ can also repress flagellar
gene expression by binding to the promoter region of flhDC, which resembles a ˘10 element
of σS-dependent promoters ([136]). Taking into account that fliZ expression is under control
of FlhDC, FliZ mediates a negative feedback control of motility probably helping to balance the
switch from motility to sessility.

The response regulator OmpR of the EnvZ-OmpR two-component system further controls
flagellar expression by binding to flhDC promoter and repressing its expression ([144]). Addi-
tionally, OmpR binds and positively regulates the expression of CsgD master activator of curli
synthesis ([58], [121]). Altogether, cells with elevated OmpR levels over-produce curli and are
defective in flagellar motility ([143]).

Previously mentioned curli and cellulose regulator CsgD also negatively regulates flagellar
expression through direct binding to fliA promoter (Dudin et al. 2014) and other flagellar class
II operons (fliE and fliFGHIJK) ([121]). Thus, σS-activated CsgD regulator promotes
adhesion/biofilm formation and inhibits motility.

Another σS-activated player, CpxR, also downregulates motility at the level of fliA ([39]).
CpxR is a response regulator of CpxR-CpxA two-component system, which is activated by an
increase in osmolarity and/or following attachment to surfaces. Upon activation CpxR induces
cell envelope stress response and activates degrading factors such as DegP, PpiA, and DsbA
([142]). Dudin et al. demonstrated that CpxR also represses fliA expression, however, by
contrast to CsgD, acting most probably indirectly ([39]).

Another important regulator of motility is the RNA-binding protein CsrA ([183]). CsrA is a
global post-transcriptional regulator that acts by binding to various mRNAs and affecting their
stability and translation. CsrA activates motility at the post-transcriptional level stabilizing
flhDC transcript ([201]). Also, CsrA decreases expression of the pgaABCD genes, encoding
enzymes for the synthesis of PGA, another component of E. coli biofilm matrix ([198]). Thereby,
CsrA positively regulates motility and negatively regulates biofilm matrix production by inhibiting
PGA synthesis. Another level of complexity is added by the BarA-UvrY two-component system,
which regulates CsrA and thus contributes to the post-transcriptional control of flhDC expres-
sion ([179]). Finally, in addition to the transcriptional control of motility, there is also a number
of regulatory small RNAs (sRNAs) (ArcZ, DsrA, RprA, McaS, OmrA, GcvB and RydC), which
coordinate between motility and biofilm formation on the mRNA level (reviwed by [110]).

To sum up, the transcriptional regulation of motility by the Rcs system, FliZ, OmpR, CsgD
and CsrA inversely coordinate the expression of flagellar genes and the biofilm matrix factors,
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this way counter-regulating the switch between motile and sessile bacterial lifestyles.

1.3 Complex regulation of curli expression in E. coli

Amyloid curli fibers are a major proteinaceous matrix component of E. coli biofilms grown at
low temperature (≤ 30 ◦C) ([124], [58], [154], [21], [120]) and one of the most widespread
amyloids found in Gram-negative bacteria ([92], [40]).

The genes required for curli fibers expression are organized in two oppositely transcribed
operons csgBAC and csgDEFG encoding curli-specific genes. These operons are separated
by one of the largest intergenic regulatory region in E. coli of approximately 750 nucleotides.
The csgBAC operon encodes the major structural subunit CsgA, nucleator CsgB and selective
inhibitor of premature fiber formation in the periplasmic space CsgC ([5], [42]). In the absence
of CsgB, CsgA is secreted from the cell in an unpolymerized state and thus curli are not
assembled. Interestingly, CsgA and CsgB do not have to be expressed from the same cell
and can complement each other and form curli fibers even when secreted from neighboring
cells ([59]). The csgDEFG operon encodes a master transcriptional regulator CsgD and
the accessory proteins CsgE, CsgF and CsgG which are engaged in secretion and assembly of
curli fibers ([27], [5], [23]). CsgD controls transcription of both curli operons csgBAC and
csgDEFG.

In general, curli expression is under σS regulation and thus gets activated when cells enter
the stationary phase of growth ([4], [68], [67]). σS induces expression of the MerR-like regulator
MlrA, which in turn together with σS triggers the expression of curli regulator CsgD ([123],
[58], [21]). The expression of key curli regulator CsgD is highly controlled, as more than ten
transcription factors are involved in coordination of csgD expression ([120], [120]). CsgD

expression is either directly or indirectly regulated by a number of cellular factors, including
different transcription factors, levels of second messenger bis-(3’-5’)-cyclic dimeric guanosine
monophosphate (c-di-GMP) and small regulatory RNAs (sRNAs) that mediate cellular responses
to diverse environmental changes ([51], [82], [96], [120], [76], [135], [111], [108]).

The nucleoid-associated proteins H-NS and IHF have multiple binding sites within csgD
promoter, affecting negatively and positively csgD transcription, respectively. Additionally,
multiple two-component systems control csgD transcription. Responding to the correspond-
ing environmental stimuli, the response regulators CpxR, OmpR and RstA directly bind csgD
promoter and either repress (CpxR) or activate (OmpR and RstA) csgD expression ([120]).
As already mentioned in Subsection 1.2.3, CpxR-CpxA system is activated upon attachment
to surfaces, possibly sensing local changes in osmolarity at the close proximity to the surface
([129]). The EnvZ-OmpR system also responds to the increase in osmolarity ([10]). Although
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both CpxR and OmpR might respond to similar stimuli, they show opposite regulation of csgD
transcription, indicating tight control of curli expression in E. coli. Finally, also the RcsCDB
system was shown to influence csgD and thus curli expression ([102]).

In addition to the transcriptional regulators, a number of regulatory small RNAs (ArcZ,
DsrA, RprA, McaS, OmrA, GcvB and RydC) are involved in regulation of σS and csgD mRNA
transcription, regulating the curli expression at the post-transcriptional level. For example, the
sRNAs ArcZ, RprA and DsrA have been shown to modulate activity of σS in response to oxygen
availability, membrane stress, temperature and pH, respectively ([111], [114]).

Taken together, regulation by so many proteins and sRNAs, with partially overlapping
binding sites, indicates a complex interplay between different factors involved in the tight control
of csgD expression and thus biofilm matrix production ([120]).

Despite the extensive research on curli regulation in E. coli many open questions remain to
be clarifed. Thus, the knowledge of how so many environmental signals are integrated and result
in curli expression is incomplete. Also, the molecular mechanism underlying bistable expression
of csgD detected during biofilm formation ([53]) remains unclear. Elucidating the regulation
behind bimodal expression of csgD at the single cell level was one of the major aims in this
work.

1.4 Cyclic di-GMP signaling and its role in biofilm for-

mation

One of the major players in the transition towards biofilm lifestyle is the second messenger
cyclic di-GMP. Since its discovery in 1987 as an allosteric activator of the bacterial cellulose
synthase ([157]), hundreds of studies about the role and action of bacterial second messenger
c-di-GMP have been published (for references see e. g. ([79], [64], [155]). Today, c-di-GMP
is recognized as a universal bacterial second messenger that coordinates a variety of cellular
functions including cell cycle progression, virulence, cell morphogenesis and most importantly
for this work, motility and biofilm formation ([155], [65], [80]). It is a key factor in the transition
from the motile to the sessile lifestyle inversely regulating motility and the synthesis of biofilm
matrix factors.

1.4.1 Synthesis and degradation of cyclic di-GMP

The GGDEF (Gly-Gly-Asp-Glu-Phe) domain of diguanylate cyclases (DGCs) catalyzes the syn-
thesis of c-di-GMP from two guanosine triphosphates (GTPs) ([157], [132]). Degradation
of c-di-GMP into phosphoguanylyl-guanosine (pGpG) and guanosine monophosphate (GMP)
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is mediated by EAL (Glu-Ala-Leu) or HD-GYP (His-Asp, Gly-Tyr-Pro) domains of different
classes of phosphodiesterases (PDEs) ([30], [184]). The opposing activities of DGCs and PDEs
regulate c-di-GMP levels within a cell in response to internal and environmental cues. DGCs
and PDEs are two of the largest known families of signaling proteins in the bacterial domain, as
they are found in members of all major bacterial phyla, suggesting that c-di-GMP-dependent
regulation is widespread in the bacterial world ([155]). E. coli has 29 GGDEF/EAL domain pro-
teins, including 12 DGCs and 13 PDEs ([65]), indicating the complexity of c-di-GMP signaling
in E. coli.

Proteins containing both GGDEF and EAL/HD-GYP domains were also found, some of
which were bifunctional switching between the two activities. However, the majority of GGDEF–EAL
domain proteins had only one of domains active. ScrC from Vibrio parahaemolyticus is an ex-
ample of bifunctional protein, which contains both GGDEF-EAL domains and depending on
c-di-GMP levels performs either DGC or PDE activity, coordinating adhesion or swarming of
the bacteria, respectively ([44]).

In addition to the active GGDEF and EAL domains that confer DGC or PDE activity,
inactive (degenerate) GGDEF and EAL domains were also found. These I sites or degenerate
domains can have structural or regulatory roles, acting as c-di-GMP receptors that coordinate
downstream processes ([159]). For example, the PopA protein from Caulobacter crescentus or
LapD protein from Pseudomonas fluorescens contain functionally inactive (degenerate) GGDEF
or GGDEF-EAL domains, respectively. The localization of PopA in C. crescentus during the cell
cycle is regulated through the binding of c-di-GMP to the I site (second allosteric, enzymatically
inactive site) of its GGDEF domain ([41]). This way c-di-GMP coordinates cell cycle progression
in C. crescentus. Binding of c-di-GMP to the degenerate EAL domain of LapD controls secretion
and surface retention of the adhesin LapA and thus surface attachment by P. fluorescens ([119]).

Most GGDEF, EAL and HD-GYP domains are associated with various N-terminal sensory
domains, such as PAS (Per-ARNT-Sim), MASE (membrane-associated sensor), REC (two-
component receiver domain) or BLUF (blue light sensing; sensors of blue-light using FAD
domains), that receive numerous environmental and cellular signals and control the enzymatic
activity of DGCs and PDEs ([50]). Moreover, some DGCs and PDEs contain several sensory
domains, pointing at the complexity of signal integration. Together, these findings indicate that
c-di-GMP levels are controlled by different environmental cues ([64], [155]).

1.4.2 Signaling and sensing of cyclic di-GMP

There are very diverse types of c-di-GMP receptors or cellular effectors in the cell, such as
proteins with a PilZ domain, transcription factors, enzymatically inactive GGDEF, EAL or HD-
GYP domain proteins and RNA riboswitches ([159]).
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As expected for allosteric regulation, c-di-GMP binding to the PilZ domain triggers confor-
mational changes, which in turn lead to protein–protein interactions or binding to DNA ([11]).
An example of allosterically controlled PilZ like protein is YcgR in E. coli, which controls swim-
ming speed in response to the level of c-di-GMP. It is thought that at increased c-di-GMP levels
YcgR exercises ‘brake’ effect on swimming speed through direct binding to motor proteins of
fully assembled flagella, although other binding targets have also been proposed ([17], [43]).
Another example is when association with c-di-GMP results in binding of PilZ domain protein
to the DNA. In Klebsiella pneumonia, the PilZ domain protein MrkH binds DNA and activates
transcription of genes encoding the main structural subunit and assembly machinery of type 3
fimbriae in a c-di-GMP-dependent manner ([203]).

In addition to PilZ domain proteins, also activity of transcription factors like FleQ in P.
aeruginosa can be affected by c-di-GMP levels ([71]).

Examples of another type of c-di-GMP effectors that are regulated through the degenerate
I sites are PelD of P. aeruginosa and PopA of C. crescentus, which are activated by c-di-GMP
binding to the enzymatically inactive motif (I site) in GGDEF domain protein ([93], [29]).

Finally, c-di-GMP can also be a ligand for riboswitches ([177], [159]). A conserved RNA
domain GEMM (RNA element occurring in genes for the environment, membranes and motility)
in the 5’-untranslated regions of different mRNAs was shown to be an effector of c-di-GMP and
respond to ligand binding by changing transcription, mRNA stability or translation initiation
([177]).

As these several examples show, the molecular mechanisms of c-di-GMP action are very
diverse. Altogether, through its different types of effectors c-di-GMP can exert regulatory
influence at the level of transcription, post-transcription, post-translation and protein activity
(reviewed by [64]).

1.4.3 Physiological role of cyclic di-GMP

Given the variety of effectors and broad range of regulatory mechanisms by c-di-GMP, it is
not surprising that a wide range of functions in bacteria are coordinated by c-di-GMP levels,
including adhesion, biofilm formation, motility, synthesis of polysaccharides and synthesis of
virulence factors in pathogens ([64], [66]).

Regulation of genes involved in matrix production represents a critical step in the lifestyle
transition from the motile planktonic state to the sessile biofilm state. During this transition,
the regulation of motility genes might also be of paramount importance, as motility is typically
required for the initial surface attachment and biofilm formation but is turned off in mature
biofilms ([140], [38], [194], [75]).
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1.4.4 Role of cyclic di-GMP in lifestyle regulation in E. coli

Second messenger c-di-GMP is considered to play an important role in transition from motile
to sessile bacterial lifestyle, as it inversely regulates motility and synthesis of biofilm matrix
components. In E. coli specific DGCs and PDEs were shown to be involved in coordination of
motility-to-sessility transition (see Figure 1.3 for details) ([200], [134], [169]).

YhjH (PdeH) is the major phosphodiesterase (PDE), which is under control of FlhDC/σFiA

cascade and keeps c-di-GMP levels low in swimming cells. When cells enter the stationary
phase σS-regulated major diguanylate cyclase (DGC) YegE (DgcE) gets activated and as a
result c-di-GMP levels increase. Also, sigma factor competition for the RNA polymerase core
leads to downregulation of yhjH expression along with other flagellar genes. The YegE-YhjH
module controls the global cellular levels of c-di-GMP in E. coli. Responding to these levels
DGC YdaM (DgcM) and PDE YciR (PdeR) regulate MlrA activity, which subsequently controls
csgD transcription and thus curli and cellulose production in E. coli ([95]). At low c-di-GMP
levels, the so called ‘trigger enzyme’ YciR inhibits both YdaM and MlrA through direct binding.
With increasing c-di-GMP levels YciR operates as a PDE, binding and degrading c-di-GMP
with its EAL domain and thus releasing YdaM and MlrA. In addition to its DGC activity, YdaM
also positively regulates MlrA activity through direct interaction. As a result, MlrA binds csgD
promoter region and positively regulates csgD transcription ([120]).

The σS-induced c-di-GMP production not only activates csgD expression but also inhibits
flagellar motility via the effector protein YcgR. Two mechanisms of YcgR action at the flagellar
motor have been proposed: 1) interacting with the switch complex proteins FliG and FliM,
leading to counter-clockwise bias of flagellar rotation ([43], [131]), or 2) interacting with the
flagella motor protein MotA thereby inactivating individual stator units, leading to curbing of
the motor ([17]). Both mechanisms were proposed to exert reduction in swimming speed.
Thereby YcgR is thought to functionally inhibit motility in the presence of c-di-GMP at a time
when cells are preparing to form a biofilm.

All in all, elevated cellular c-di-GMP levels coordinate the transition towards biofilm state
in E. coli inducing matrix production and inhibiting motility.

1.5 Regulation of gene expression during transition from

motile to sessile lifestyle in E. coli biofilms

The transition from motile planktonic cells to sessile biofilm cells triggers changes in cell mor-
phology and transcription patterns. Global transcriptional analysis has shown that around 10%

of the E. coli genome was differentially expressed in E. coli biofilm cells compared to cells in ex-
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ponential growth ([162], [151], [38]). More similarities were observed between gene expression
profiles in biofilm and cells in the stationary growth phase. Thus, it is generally assumed that
genetic regulation underlying biofilm formation resembles the changes from post-exponential
towards stationary growth phase ([176]) (Figure 1.3).

Essentially, the transition from motility to biofilm (curli fimbriae and cellulose production)
lifestyle requires downregulation of flagellar and activation of σS regulatory cascades ([134],
[139]). At the top level of the cascades, competition between sigma subunits (σ70, σFliA and
σS) for the RNA polymerase core regulates bacterial lifestyle. The expression of σS itself is
induced upon slow down in cell growth, which involves signaling through (p)ppGpp ([67]).
Transcriptional cascade σ70/ FlhDC/ σFliA controls flagellar expression and motility, whereas
σS/MlrA/CsgD cascade regulates adhesion and biofilm formation. In addition, FliZ balances
the switch from motile to sessile lifestyle (see Subsection 1.2.3 for details).

At a lower regulatory level, c-di-GMP controls the ‘lifestyle’ transition. σFliA -activated PDE
YhjH and σS -activated DGC YegE antagonistically control global levels of cellular c-di-GMP,
which subsequently leads either to flagellar expression and motility (at low c-di-GMP levels)
or induction of curli expression and adhesion (at high c-di-GMP levels) ([134], [169], [95]).
When cells enter the stationary phase ClpXP degrades the remaining flagellar master regulator
FlhDC, which in turn leads to lower YhjH-mediated PDE activity and higher YegE-mediated
DGC activity. Additionally, at elevated c-di-GMP levels flagellar activity is reduced through the
c-di-GMP-binding effector protein YcgR, which acts as a ‘brake’ of flagellar rotation ([134], [17],
[43]). Higher YegE activity positively controls the transcription of csgD, which induces curli
and cellulose production. In addition, csgD transcription is regulated by σS -dependent DGC
YdaM and its antagonistic PDE YciR, which control MlrA activity ([200]). At low c-di-GMP
levels the trigger enzyme YciR inhibits both YdaM and MlrA through direct binding. However,
increasing c-di-GMP levels prevent YciR from direct inhibition of YdaM and MlrA, as YciR
binds and degrades c-di-GMP through its EAL domain thus releasing YdaM and MlrA. Also, in
addition to its DGC activity YdaM activates MlrA via direct interaction ([95]). In turns, MlrA
binds to csgD promoter region and activates its transcription ([120]). Note that regulation of
csgD transcription is highly complex (see Section 1.3). Finally, the CsgD-regulated DGC YaiC
is required for production of cellulose ([207]).

Importantly, since biofilm formation is a dynamic developmental process in bacteria, the
expression of many genes that are important for biofilm formation and growth have to be
tightly regulated in time and space. Indeed, it has been shown that the activity of many genes
is temporally controlled during biofilm development ([38]). Regarding spatial differences in gene
expression, Serra et al. have shown that within E. coli macrocolony biofilm gene expression is
very heterogeneous ([167]). It has been proposed that heterogeneous gene expression within E.
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coli biofilm might lead to the formation of physiologically different zones responsible for various
functions.

1.6 Aims of this thesis

It is generally assumed that the transition of E. coli from the planktonic state towards the
biofilm lifestyle must include the regulation of flagellar genes as well as genes that are expressed
upon entry into the stationary phase under control of the general stress response sigma factor
σS. Among other genes, σS positively regulates CsgD, the master transcriptional regulator that
promotes production of curli and cellulose. The expression of matrix components and flagella
is inversely regulated in E. coli through several mutual inhibitory connections between σS and
the flagellar regulon. However, global control via σS cannot fully explain the transition towards
biofilm formation, as stationary phase planktonic cells differ significantly from cells associated
in multicellular biofilm communities. Moreover, global changes in gene expression which take
place during the development of E. coli biofilms have so far mainly been studied on whole
communities, which is likely to obscure the heterogeneity in cellular states that is inherent
to most biofilms. Cellular differentiation within a biofilm is a commonly accepted concept,
however, current understanding of the spatio-temporal dynamics of gene expression and cell
differentiation within biofilms remains very limited, even for model organisms such as E. coli.
This work provides one of the first insights into such regulation at the single-cell level.

The main goal of this PhD thesis was to investigate global gene expression changes during
biofilm formation in E. coli at a single-cell level. Using fluorescent genomic reporters for several
genes regulated by major sigma factors and/or involved in c-di-GMP signaling, as well as in
biofilm matrix production and motility, single-cell expression levels and spatio-temporal patterns
were systematically analyzed in growing E. coli biofilms and in planktonic cultures. This way, we
aimed to clarify, at the single cell level, the molecular regulation of the transcriptional switch
between the planktonic motile and the biofilm lifestyle and how it gives rise to phenotypic
heterogeneity within a biofilm forming E. coli population.

Curli expression underlies complex regulation in E. coli. At the beginning of this thesis,
several important details on the regulation of curli fibers expression had remained elusive. In
particular, another major aim of this thesis was to unravel the molecular mechanism coordinating
bistable curli expression during biofilm development in E. coli. The physiological relevance
of bimodal curli expression within E. coli biofilms was also addressed. This thesis provides
systematic single-cell analysis of curli regulation not only during biofilm formation but also in
isotropic planktonic culture.

Finally, the development of mature biofilms from motile planktonic cells requires tight and
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Fig. 1.3: Regulation of motility-to-sessility transition in E. coli. The cascades
controlling motility and adhesion are strongly interconnected allowing the
establishment of a delicate balance between the two lifestyles (see detailed
description of the figure in text). Figure is modified from ([164]).
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precise regulation of motility at different phases of biofilm formation. Prior to this work the
specific roles of flagella-mediated motility and flagella itself during surface attachment, biofilm
structure development and detachment remained unclear. Thus, the next aim was to systemat-
ically analyze functions of motility and flagella at different stages of E. coli biofilm development
and, moreover, to clarify the possible role of flagella in surface sensing, the mechanism of which
was not clearly understood in E. coli despite extensive research.

Altogether, this work provides comprehensive single-cell analysis of spatio-temporal gene
expression during biofilm formation in E. coli. Moreover, further insights into a rise of het-
erogeneity within biofilm population and its structural and physiological roles are presented.
Finally, this thesis explores new directions for further understanding of surface sensing in E.
coli.



Chapter 2

Important factors for attachment and
biofilm structure formation of E. coli
W3110

2.1 Role of flagella, motility, fimbriae and matrix com-

ponents during attachment in E. coli biofilm for-

mation

Biofilms are surface-associated multicellular bacterial communities. Biofilm-forming bacteria,
such as E. coli, are motile in their planktonic stage and downregulate motility at multiple
levels within biofilms. Precise regulation of transition from motile to sessile lifestyle, along with
adhesins production during different phases of biofilm formation, are crucial for attachment to
surface and subsequent biofilm growth. However, the exact role and contributions of motility,
flagella, fimbriae and other matrix components during the different phases of E. coli biofilm
formation have not been fully understood yet.

The initial step of biofilm formation is attachment to the surface, which can be assessed
by different methods (Figure 2.1). In this work we used two different ways of quantification
– staining of the whole biofilm biomass attached to the plate and imaging of washed surface-
attached cells. The most commonly used method to assess attachment of the cells is to stain
the biomass attached to the bottom and walls of the plate with crystal violet (CV) (Figure 2.1
A) ([31], [99], [107], [125]). However, this method is not sensitive enough to monitor early
phases of attachment, since longer incubation time is needed to have enough cells for staining.
To follow the early stages of attachment, we established a protocol for direct quantification
of surface-attached cells via microscopy. In general, non-attached cells are removed either by

18
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vigorous washing under static conditions (i.e., without flow, Figure 2.1 B) or through constant
flushing of fresh medium under flow conditions (Figure 2.1 C), and surface-attached cells are
imaged and quantified. These methods allow monitoring the attachment of cells in a temporal
manner.

2.1.1 Determinants of initial surface adhesion

The role of motility, flagella, fimbriae and curli, the major matrix component, in surface at-
tachment was systematically investigated. For this purpose corresponding knockouts in E. coli
W3110 wild type background were created. Cells were grown to two different growth stages,
exponential (OD600 = 0.5) and stationary (OD600 = 1.2), and attachment to hydrophobic and
hydrophilic surfaces was quantified after 1 h of incubation. In the first set of experiments, the
attachment to different surfaces was compared under static conditions (Figure 2.2). At expo-
nential phase non-motile mutant ∆motA showed the strongest defect in attachment to both
hydrophobic and hydrophilic surfaces (Figure 2.2 A and 2.2 B, OD600 = 0.5). Notably, also
at stationary growth phase ∆motA showed decreased surface colonization compared to that of
the wild type (Figure 2.2 A and 2.2 B, OD600 = 1.2). Thus, motility is absolutely required for
initial attachment of planktonic E. coli cells independent of the surface properties.

Flagella-less ∆fliC cells were also unable to colonize hydrophobic surfaces, showing sig-
nificantly less surface attachment than the wild type (Figure 2.2 A). ∆fliC and ∆motA cells
had similar defects in attachment when compared to the wild type (Figure 2.2 A), which indi-
cates that the motility function of the flagella is required for initial adhesion to the hydrophobic
surface. By contrast, exponential ∆fliC cells showed no significant defects in attachment
to hydrophilic surfaces (Figure 2.2 B, OD600 = 0.5). One possible explanation is that flagella
appendages present on the cell surface may disrupt binding between the cell and the hydrophilic
surface. Note that motility may also play a crucial role in attachment, as rotating flagella might
not have the negative effect on adhesion in contrast to immobilized flagella.

Another possibility is that flagella may have an indirect influence on attachment through
modifications on the cell membrane and/or expression of other adhesins, which in turn influences
interaction and binding of bacterial cells to hydrophilic surfaces. It would be interesting to
compare gene expression profiles of cell surface proteins and adhesins in exponentially and
stationary grown E. coli ∆fliC cells. This could lead to a possible explanation for the difference
in attachment to hydrophilic surfaces between exponentially and stationary grown flagella-less
cells.

Also, the role of flagella as an adhesin cannot be excluded. In a recently published study
flagella were shown to play an important role in adhesion to hydrophobic but not hydrophilic
surfaces ([49]). Flagella, cell appendages mostly studied for their cell motility function, were
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Fig. 2.1: Overview of assays to assess attachment of E. coli cells. (A) Biofilm
pre-cultures are grown in 24-well plates for 48 h at 30 ◦C and diluted into
fresh TB medium in 96-well plates, where biofilm culture is grown for an-
other 24 h at 30 ◦C. Attached cells are subsequently quantified with crystal
violet (CV) staining. Absorbance of CV staining can be measured in a plate
reader. (B) To mimic the transition of swimming cells towards sessile biofilm
state, planktonic cells are diluted into fresh medium and seeded onto Ibidi
microscopy plates. Cells are incubated at 30 ◦C under static conditions in
microtiter plates. After several washing steps, attached cells can be visualized
by microscopy and quantified. (C) As in B, planktonic cells are diluted into
fresh medium and seeded onto BioFlux plates. Cells are grown at 30 ◦C under
flow conditions. Attached cells are visualized by microscopy and subsequently
quantified.
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proposed to also play an adhesion role in E. coli, interacting tighter with hydrophobic surfaces
than hydrophilic ones. The adhesion role of flagella would explain the results shown only for
exponentially grown ∆fliC cells (compare Figure 2.2 A OD600 = 0.5 and 2.2 B OD600 = 0.5).
However, since at the stationary growth phase ∆fliC cells had strong defects in attachment
to hydrophilic surface, similar to the ones observed for ∆motA cells (Figure 2.2 B, OD600 =
1.2), the role of flagella in the adhesion cannot fully explain the results shown here.

As expected, for attachment of exponential cells, curli fibers, E. coli major biofilm matrix
component, do not play major role, since curli are expressed at higher optical densities of OD600

of 0.8 - 1.0 but not earlier (Figure 2.2 A and 2.2 B) ([51], [58], [154], [123]). Indeed, curli fibers
became important in adhesion to surfaces when cells entered the stationary phase. Deletion
of type I fimbriae (∆fimA) had only slight effect on attachment under static conditions.
Exponential grown ∆fimA cells attached slightly better than the wild type to hydrophobic
surfaces. This result is discussed later in Subsection 2.1.3. In general, in contrast to flagella-
driven motility, fimbriae do not seem to be required for initial surface attachment.

All in all, these results contribute to the overall understanding of bacterial attachment.
It indicates that cellular motility is required for initial attachment to both hydrophobic and
hydrophilic surfaces, probably for cells to approach the surface at the first place. The role of
flagella, beyond motility, remains unclear and needs further investigations.

2.1.2 Motility is primarily needed to approach the surface

Next, we wanted to differentiate between the need for motility and the possible role of flagella
as adhesins during initial attachment. This was done by artificially forcing the bacteria to the
surface of microtiter dishes by centrifugation to avoid the necessity of swimming for attachment.
Notably, when cells were pushed towards the surface, ∆motA cells showed strongly increased
surface attachment compared to wild type or ∆fliC cells (Figure 2.3). Figure 2.3 shows
similar numbers of surface-attached wild type and ∆fliC cells after centrifugation, meaning
that stickyness of the strains is similar. Note that planktonic wild type cells were actively
detaching from the surface and swimming into suspension even after 1 h centrifugation at 4000
rpm (microscopic observations). This was not observed for non-motile ∆motA cells that tightly
adhered to the surface. Although flagella-less non-motile ∆fliC cells were also pushed towards
the surface upon centrifugation, ∆fliC cells loosely attached to the surface and formed rather
a stack of non-motile cells on the bottom of the well. These results might indicate that motility
can mediate detachment from the surface and also that flagella can increase surface adhesion.
Moreover, these results show that flagella are not essential for cell attachment, as long as cells
are brought close to the surface by a mechanism other than active swimming. Note that better
stickiness of ∆motA cells upon centrifugation in comparison to ∆fliC cells could be due to



22 CHAPTER 2. IMPORTANT FACTORS FOR ATTACHMENT & STRUCTURE

W
T fliCmotAfim

A
cs

gA W
T fliCmotAfim

A
cs

gA
0.0

0.5

1.0

1.5

2.0 WT
fliC
motA
fimA
csgA

W
T fliCmotAfim

A
cs

gA W
T fliCmotAfim

A
cs

gA
0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
nu

m
be

r o
f a

tta
ch

ed
 c

el
ls

OD   = 0.5
600

OD   = 1.2
600

A B
OD   = 0.5

600
OD   = 1.2

600

*** ***

ns ns

** **
* *

***

ns

*

ns

******

ns

***

R
el

at
iv

e 
nu

m
be

r o
f a

tta
ch

ed
 c

el
ls

Fig. 2.2: Attachment of planktonic W3110 cells to different surfaces under
static conditions. Cells were grown either to OD600 0.5 (exponential phase)
or OD600 1.2 (stationary phase), diluted to OD600 0.05 and inoculated in mi-
crotiter plates. (A) Relative number of attached cells after 1 h incubation on
hydrophobic surface at 30 ◦C. Means of at least four independent replicates
are shown; error bars represent standard deviations. P values for the differ-
ences between attachment of E. coli WT and its knockouts were calculated
by unpaired t test. ???, P < 0.0001; ??, P < 0.005; ?, P < 0.01; ns, not
significant. (B) Relative number of attached cells after 1 h incubation on
hydrophilic surface at 30 ◦C. Means of at least three independent replicates
are shown; error bars represent standard deviations. P values for the differ-
ences between attachment of E. coli WT and its knockouts were calculated
by unpaired t test. ???, P < 0.0001; ??, P < 0.005; ?, P < 0.01; ns, not
significant. Maria Esteban Lopez performed the experiments on hydrophobic
surface.
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Fig. 2.3: Motility-deficient ∆motA cells attach better to the surface when
bacteria are artificially forced to the surface. Shown is relative at-
tachment to the surface after 1 h centrifugation at 4000 rpm at 30 ◦C.
Non-attached cells were removed by washing. Attached cells were identified
and segmented in brightfield images and the number of attached cells was
quantified using ImageJ. The mean and standard deviation of four to five
replicates are shown.

increased flagellar expression in stator-less cells (see Chapter 4 for details) and thus flagella
when pushed to the surface could increase surface adhesion.

Taken together, when the need for motility to reach the surface is compensated by artificially
forcing bacteria to the surface, ∆motA cells show stronger attachment than wild type or ∆fliC

cells. Thus, it seems that motility is not required for surface-attachment but either some adhesin
on the cell surface or possibly flagella when tightly pushed to the surface, as flagellar expression
is highly upregulated in ∆motA cells (see Chapter 4 for details).

2.1.3 Initial surface colonization under flow also requires flagella

Our next aim was to unravel the mechanism of surface colonization under flow conditions. As
shown previously in Figure 2.2 , motility is required for attachment to both tested surfaces
under static conditions. Since motility genes are highly expressed in the exponential growth
phase, we decided to use exponentially grown planktonic cells for all further experiments. In
this experimental set, attachment of wild type, ∆fliC, ∆motA, ∆fimA and ∆csgA cells was
investigated under flow conditions, when cells are constantly supplied with fresh TB medium
and experience fluid shear stress. First, optimal conditions for biofilm growth under constant
flow conditions within the BioFlux chamber had to be identified. For this purpose, we tested
different flow rates (from 0.5 to 3.0 Dy

cm
). As shown in Figure 2.4 A, flow rate 0.5 Dy

cm
was

the optimal one for E. coli attachment and subsequent growth in Bioflux chamber at 30 ◦C.
Therefore, we decided to apply this flow rate to all experiments in BioFlux.
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Attached wild type and mutant cells were quantified after 1 h and 24 h of growth under
flow conditions within the BioFlux chamber (Figure 2.4 B and 2.4 C). Flagella-driven motility
is required for attachment not only to different surfaces (previously shown in Figure 2.2) but
also under both static and flow conditions (compare Figure 2.2 B and 2.4 B). Note that defect
of ∆motA cells in initial surface colonization persisted under flow conditions (Figure 2.4 C).

Initial glass surface colonization of flagella-less ∆fliC cells, under static (Figure 2.2 B) and
constant medium flow (Figure 2.4 B) conditions showed that flagella appendages are required
for holding on the surface. Under constant medium flux non-flagellated cells are unable to
colonize the surface and are simply washed away with the flow (Figure 2.4 B). Also after 24
h of growth within BioFlux chamber, ∆fliC cells showed significant defects in attachment,
indicating that flagella are required for surface-attached biofilm growth under flow conditions
(Figure 2.4 C). Interestingly, after 1 h under flow conditions non-motile flagellated (∆motA)
cells attached slightly better than flagella-less (∆fliC) ones, supporting previous suggestion
that motility might not only be needed to approach the surface but also for flagellar rotation,
which contribute to adhesion in some way.

As previously shown for static conditions, curli fibers and type I fimbriae are not required for
initial surface attachment of planktonic exponential cells also under flow conditions (compare
Figure 2.2 B OD600 = 0.5 and Figure 2.4 B). After 1 h of incubation, fimbriae-less ∆fimA

cells attached even better than the wild type to the glass surface under both static (Figure 2.2
B OD600 = 0.5) and flow (Figure 2.4 B) conditions. This phenotype was completely abolished
when in addition to fimbriae also flagella were deleted, in ∆fimA ∆fliC cells (Figure 2.4 B).
These results point at the requirement of flagella for successful surface colonization at early
stages. After 24 h ∆fimA cells showed completely opposite phenotype (Figure 2.4 C) to the
one observed after 1 h of incubation, being unable to stay attached to the surface under fluid
shear stress. Just recently, these results were confirmed in a study, where type I fimbriae were
shown not to be required for initial reversible adhesion from plankton, but for the irreversible
surface-attachment later during biofilm growth ([197]). Wang et al. also claimed that the
irreversible adhesion provided by type I fimbriae is necessary to initiate subsequent proliferation
of E. coli cells on the surface. As expected, curli fibers were not required for adhesion of cells
to the surface also after 24 h of constant fresh medium supply.

Taking the results shown in Figures 2.2, 2.3 and 2.4 together, motility is needed for cells to
approach the surface, in order to establish first surface contact. The role of flagella remains not
fully understood. It seems that flagella contribute to the initial reversible surface attachment
and subsequent holding on the surface under flow conditions by their motility function but
probably also structural, and possibly, adhesion role. Type I fimbriae are not required for initial
reversible but for following irreversible surface-attachment.
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Fig. 2.4: Flagella and motility are required for surface attachment under
flow conditions. Cells were grown to OD600 = 0.5, diluted to OD600 =
0.05 and seeded onto glass (hydrophilic) surface in BioFlux chamber. Cells
were subsequently incubated under constant flow conditions at 30 ◦C. (A)
Number of attached of W3110 wild type cells grown at different TB medium
flow rates (0.5 – 3.0 Dy

cm
) in BioFLux chamber at 30 ◦C over time. Mean

and standard deviations of three independent replicates are shown. Shown is
relative number of attached cells after (B) 1 h and (C) 24 h of incubation
in BiofluX chamber (hydrophilic surface) under constant medium flow at 30
◦C. Flow rate of 0.5 Dy

cm
was applied. P values for the differences between

attachment of E. coli WT and its knockouts were calculated by unpaired t
test. ???, P < 0.0001; ??, P < 0.005; ?, P < 0.01; ns, not significant.
Means of at least four independent replicates are shown; error bars represent
standard deviations.

2.2 Curli fibers and flagella are major determinants of

3D-structure formation in E. coli biofilms

The next aim was to investigate the contributions of flagella-driven motility, flagella appendages,
matrix components and type I fimbriae production to E. coli biofilm structure formation. 3D-
structure formation was studied in static biofilms grown in microtiter plates for 24 h at 30
◦C.

As shown in Figure 2.5 A, major matrix component of E. coli biofilms curli was crucial for
3D-structure formation, as ∆csgA cells were not able to form any structures or cell aggregates
(Figure 2.5 A, ∆csgA). Further microscopy analysis revealed that flagella are also required for
the 3D-structure formation, as no 3D-structures were detected for flagella-less cells (Figure 2.5
A, ∆fliC). Non-motile ∆motA cells were able to form structures and clumps, although they
were smaller than those observed for the wild type. Cells lacking type I fimbriae (∆fimA)
developed well-structured submerged biofilms. All in all, our results show that both curli and
flagella are required for three-dimensional structure development of E. coli biofilms. More
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detailed analysis of biofilm structures formed by the wild type, ∆csgA and ∆fliC is shown in
Chapter 3.

In addition to 3D-structure analysis we also analyzed surface coverage of tested strains
(Figure 2.5 B). For this purpose, after 24 h of static biofilm growth cells were removed and
remaining surface-attached cells were extensively washed and quantified by microscopy. As
shown in Figure 2.5 B, curli fibers were not required for surface colonization, since ∆csgA

attached almost as the wild type. The ability of flagella and motility deficient strains to colonize
the surface and to stay surface-attached was strongly reduced when compared to that of the
wild type. Taking into account that ∆motA cells were able to grow into 3D biofilm structures,
motility is required to approach the surface for colonization at early biofilm formation stages
but not for biofilm structure development. Flagella are needed not only for surface adherence
(Figure 2.5 B) but also for biofilm structure development (Figure 2.5 A), thus playing a crucial
structural role in E. coli biofilms.

Interestingly, although ∆fimA strain grew into well-structured biofilms (Figure 2.5 A),
fimbriae-less cells were unable to adhere to the surface after 24h of biofilm growth (Figure
2.5 B). These microscopy observations and quantification of surface-attached fimbriae-less cells
further confirm previous results (Figure 2.4 C) that fimbria are required at later biofilm stages
for irreversible surface attachment of E. coli cells. Taken together, E. coli cells require several
important players in order to approach the surface, attach to it and grow to 3D biofilm struc-
tures. E. coli cells need to be motile to get to the surface; possibly need to have flagella or some
other adhesion for first surface contact (reversible attachment); need then type I fimbriae to be
able to stay irreversibly attached on the surface. Finally, flagella and curli fibers are needed to
grow to 3D biofilm structures.

2.2.1 Functional analysis of E. coli putative adhesins

Most bacteria produce a variety of adhesive molecules on their surface in order to promote the
interaction with diverse surfaces, ligands and receptors for subsequent adherence and coloniza-
tion. To date, a large number of potential and often “cryptic” surface-bound adhesive proteins
have been identified in commensal and pathogenic E. coli (schematic representation is shown in
Figure 2.6). Functional roles of these newly identified putative E. coli adhesins in attachment
to a variety of surfaces were recently analyzed by Korea et al. and as shown in Figure 2.6
the results point at an intriguing level of complexity. It has been proposed that these many
chaperone-usher (CU) fimbriae and putative autotransporters form a yet unexplored warehouse
of proteins involved in different aspects of E. coli surface adhesion in its various ecological
niches. Nevertheless, the specific functions of different putative E. coli adhesins, the receptors
to which they bind and the conditions under which these adhesins are produced remain to be
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Fig. 2.5: Flagella and curli fibers are required for structure formation in sub-
merged E. coli biofilms. (A) Confocal laser scanning microscopy images
(maximum projections) of egfp-expressing cells in static biofilms grown in
microtiter plates for 24 h at 30 ◦C. Scale bar, 40 µm. (B) Relative surface
colonization after 24 h of biofilm growth, measured by microscopy of vig-
orously washed surface-attached cells. Mean and standard deviations of at
least five independent replicates are shown.
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Fig. 2.6: Schematic representation of adhesive proteins identified to date in
E. coli K-12 ([89]). Functional information that has thus far been shown
for adhesive proteins is depicted on the Figure. The polysaccharides, which
are known to be implicated in adhesion, e.g. cellulose, colanic acid and β-
1,6-N-acetyl-D-glucosamine polymer (PGA) are not shown.

uncovered.

I wanted to investigate the roles of predicted putative E. coli adhesins in attachment and
biofilm formation. For this purpose, knockouts of most predicted putative E. coli adhesins were
constructed (the list of knockouts is shown in Table 2.1) and their effects on swimming motility,
surface attachment and biofilm structure formation were analyzed. As shown in Table 2.1 ,
members of four out of six identified chaperone-usher fimbrial operons (ycb, yfc, yad, yra,
sfm and yeh) ([88]) coding for putative fimbriae adhesins and three genes (ypjA, yfaL and
ycgV ) coding for putative antigen 43-like autotransporters were functionally characterized.

Since motility has been shown to be required at early stages of biofilm formation, we
investigated whether motility of constructed adhesin knockouts remained intact. Interestingly,
most of generated knockouts showed decreased swimming motility when compared to that
of the wild type strain (Figure 2.7 A). These effects were not investigated further, although
they might indicate an important link between structural changes in the cell membrane and
cellular motility at 30 ◦C. Motility deficient strains ∆fliC and ∆motA were used as negative
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Tab. 2.1: List of genes that were analyzed for their role in motility, surface attachment
and biofilm formation of E. coli.

Gene Annotation
flu Self recognizing autotransporter antigen 43 (Ag43)
sfmA SfmA is a potential major subunit of the putative CU fimbrial operon

sfmACDHF
sfmH SfmH is a potential tip-adhesin of the putative CU fimbrial operon

sfmACDHF
sfmF SfmF is a potential minor fimbrial subunit of the putative CU fimbrial

operon sfmACDHF
yadK YadK is a potential minor fimbrial subunit of the putative CU

fimbrial operon yadMKLC
yadC YadC is a potential tip-adhesin of the putative CU fimbrial operon

yadMKLC
ybgO YbgO is a protein with unknown function of the putative CU fimbrial

operon ybgDQPO, sequence similarity suggests that it may be a
outer membrane porin

ybgD YbgD is a potential major subunit of the putative CU fimbrial operon
ybgDQPO

ybgP YbgP is a protein with unknown function of the putative CU fimbrial
operon ybgDQPO, sequence similarity suggests that it may be an
outer membrane porin or a fimbrial subunit chaperone

yraH YraH is a potential major subunit of the putative CU fimbrial operon
yraHIJK

yehB YehB is a protein with unknown function of the putative CU fimbrial
operon yehABCD, sequence similarity suggests that it may be
fimbrial subunit chaperone

yehD YehD is a protein with unknown function of the putative CU fimbrial
operon yehABCD

ydeR YdeR is a potential minor fimbrial subunit of the putative CU
fimbrial operon ydeQRST

ypjA YpjA is a putative adhesin-like autotransporter, due to sequence
similarity to a self-recognizing autotransporter antigen 43 (Ag43)

yfaL YfaL is a putative adhesin-like autotransporter, due to sequence
similarity to a self-recognizing autotransporter antigen 43 (Ag43)

ycgV YcgV is a putative adhesin-like autotransporter, due to sequence
similarity to a self-recognizing autotransporter antigen 43 (Ag43)

FliC FliC; or flagellin, is a structural protein of flagellar filament
motA MotA; together with MotB, comprises the stator element of the

flagellar motor complex.
fimA FimA is a major subunit of the Escherichia coli type 1 fimbriae (pili)
fimH FimH is located both at the tip of type 1 fimbriae fimbriae

(tip-adhesin) and mediates binding to receptor structures
csgA CsgA is a major subunit of curli fibers; major matrix component of

E. coli
pgaC PgaC is a subunit of poly-N-acetyl-D-glucosamine synthase
wcaF sequence similarity suggests that WcaF is acetyltransferase involved

in colanic acid synthesis
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controls. Notably, ∆yfaL and ∆ycgV mutants had strongly decreased motility at 30 ◦C.
Both yfaL and ycgV show homologies with autotransporter antigen 43 coding gene flu and
are predicted to encode for autotransporters ([158]). These results point at a possible link
between the predicted autotransporters YfaL and YcgV and cellular motility at 30 ◦C. In order
to further investigate at which level is there a link between the predicted autotransporters YfaL
and YcgV and swimming motility, one needs to check the expression of different flagellar gene
classes in ∆yfaL and ∆ycgV knockouts. In case flagellar gene expression would remain as in
the wild type, one could also check levels of cyclic-di-GMP (c-di-GMP) in the wild type and
cells lacking yfaL and ycgV , since at high levels the c-di-GMP-binding protein YcgR inhibits
motility. These experiments would provide further information about the possible mechanism
of flagellar gene expression regulation in ∆yfaL and ∆ycgV knockouts. In contrast, antigen
43 deficient strain ∆flu was swimming slightly better than the wild type. Most probably this
is due to the fact that cells lacking flu, and thus lacking antigen 43 aggregate and clump less
with each other, which might result in a better distribution of cells on the soft agar plates.
In addition, taking into account that different adhesins and cell appendages may be required
under different conditions, biofilms were grown at thee different temperatures (25 ◦C, 30 ◦C
and 37 ◦C). As expected, strongest effect on biofilm formation at all tested temperature had
curli-less ∆csgA strain, since curli is a major matrix component of E. coli W3110 biofilms
(Figure 2.7 B). Also cells lacking major subunit of type I fimbriae ∆fimA, flagella ∆fliC,
putative adhesins ∆ycgV and ∆yadC, and antigen 43 ∆flu showed significantly decreased
biofilm formation at three tested temperatures. Putative adhesin-like autotransporter YfaL
seems to be required for biofilm formation at 25 and 30 ◦C. Note that ∆fliC, ∆ycgV and
∆yfaL effects on biofilm formation were due to strongly decreased motility in these strains.
Notably, ∆flu had weaker effect on biofilm formation at 30 ◦C than at 25 or 37 ◦C. One
possibility for less stronger effect at 30 ◦C could be due to compensation by curli that are highly
expressed at 30 ◦C. One possible explanation for the strong decrease in biofilm formation of
∆flu cells at 25 or 37 ◦C could lie in the presence of type I fimbriae, since a direct link between
fimbriae production and flu expression has been shown ([61], [163]). Therefore, it would be
interesting to monitor type I fimbriae expression in cells lacking flu at different temperatures.
Further, it seems that putative tip-adhesin SfmH and type I fimbriae tip-adhesin FimH are
necessary for attachment and biofilm formation at 25 ◦C, as deletions of corresponding coding
genes showed significant decrease in CV staining specifically at 25 ◦C. In contrast, potential
minor subunits of putative CU fimbrial systems YadK and YdeR are rather required for biofilm
formation at higher temperatures, since their deletion yielded stronger biofilm formation defects
at 37 ◦C. Another interesting observation was that deletions of potential major subunits of the
putative CU fimbrial systems sfmA or yraH, as well as yehD and members of ybg operon,
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resulted in increased biofilm formation at specific temperatures when compared to the wild
type (see Figure 2.7 B for details). It would be interesting to check if matrix and/or type
I fimbriae production is upregulated in strains lacking sfmA, yraH, yehD and members of
ybg operon, as it might contribute to better biofilm formation of these strains. Notably, as
shown for ∆sfmA and ∆sfmH, deletion of a particular part of the putative CU fimbrial
system might affect biofilm formation differently. These observations show the interference and
synergy between different putative E. coli adhesins under different environmental conditions.
This large variety of adhesins along with the coordinated interplay between them indicates
the complexity with which E. coli commit surface attachment under different environmental
conditions. Defects in production of E. coli matrix components poly-N-acetyl-D-glucosamine
(PGA) (∆pgaC) and colanic acid (∆wcaF ), showed no strong effect on biofilm formation. As
quantified by CV staining, deletion of flagellar stator (∆motA) resulted in slightly decreased
biofilm formation (Figure 2.7 B). These results confirm previous results, where ∆motA cells
were able to form small 3D-structures (Figure 2.5 A). Note that differences in quantifications
of surface colonization (Figure 2.5 B) and biofilm formation (Figure 2.7 B) of ∆motA cells
result from the applied method, microscopy of washed surface-attached cells and CV staining,
respectively. Overall, our results indicate that different adhesins and factors are required for
biofilm formation under diverse conditions e.g. at specific temperatures. However, since CV
staining does not provide structural information, we also analyzed biofilm structures formed
after 24 h of static growth at 30 ◦C by confocal microscopy. Similar to previously observed
structure defects for ∆fliC and ∆csgA, ∆yfaL and ∆ycgV were not able to develop biofilm
structures (Figure 2.7 C). But since putative autotransporter adhesins YfaL and YcgV were
shown to be required for swimming motility (Figure 2.7 A), the observed biofilm defects of cells
lacking yfaL or ycgV are most probably due to defects in motility or flagellar expression.
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Fig. 2.7 (facing page): Swimming behavior, attachment and biofilm struc-
ture formation of planktonic W3110 cells with defects
in motility, matrix production, fimbriae and putative
E. coli adhesins. (A) Swimming motility test. Planktonic
W3110 wild type, and its corresponding knockouts were spot-
ted on TBA 0.27% soft agar plates and motility hallows were
measured after 24 h of incubation at 30 ◦C. Means of four
to five independent replicates are shown; error bars repre-
sent standard deviations. Red marks indicate genes, which
show homology with flu, encoding the autotransporter self-
recognizing adhesin antigen 43; black marks indicate genes
coding for putative fimbriae of the chaperone-usher family
with homology to fim. (B) Attachment of W3110 wild type,
non motile cells, cells lacking flagella, fimbriae, major matrix
components and putative adhesins after 24 h in TB medium
at 25 ◦C, 30 ◦C, and 37 ◦C. Biofilms were grown statically
on 96-well Corning Costar plates and stained with crystal vi-
olet (CV) with CV values normalized to the optical densities.
Means of at least four independent replicates are shown; error
bars represent standard deviations. (C) Exemplary confocal
scanning laser microscopy images of static biofilms grown for
24 h at 30 ◦C for wild type (WT) and ∆ycgV mutant that
showed strongest effect on motility. Confocal microscopy was
performed by Dr. Verena Suchanek.
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Chapter 3

Diversification of gene expression
during formation of static submerged
biofilms by Escherichia coli

This chapter has been published as following:
Besharova O., Suchanek VM., Hartmann R., Drescher K. and Sourjik V. (2016) Diversification
of Gene Expression during Formation of Static Submerged Biofilms by Escherichia coli. Front.
Microbiol. 7:1568 1

3.1 Curli and flagella are required for formation of E.

coli submerged biofilms

As a model to investigate changes in gene expression during formation of E. coli biofilms, we
used the biofilm assay in microtiter plates under static conditions (i.e., without flow) at 30 ◦C.
Already after 6 h, and even more evident after 24 h, submerged biofilm structures of 50-60 µm
thickness could be observed in this assay on the bottom of the well, and a pellicle of 10-15
µm thickness was formed at the liquid-air interface (Figure 3.1 A). Taking into account the
heterogeneity of such a static biofilm system, for our subsequent gene expression analysis using
flow cytometry, we separated three physiologically different fractions: cells within the pellicle,
cells attached to the surface of the well, and the individual cells and small aggregates that
remain outside of these structures (termed “supernatant” in this article) (see Subsection 8.2.10
for details).

1DOI: 10.3389/fmicb.2016.01568, reproduced with permission.
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Confirming previous observations ([140], [192]), we observed that formation of biofilms
under these conditions requires curli fibers and flagella, since deletion of major subunits of either
curli (∆csgA) or flagella (∆fliC) filaments led to large decrease of the biomass of submerged
biofilms as quantified by crystal violet (CV) staining (Figure 3.1 B). Similarly, pellicle formation
was completely abolished, as quantified by measuring cell density at the liquid-air interface
using flow cytometry (Figure 3.1 C).

Confocal laser scanning microscopy further revealed that both curli fibers and flagella are
required for the 3D structure formation (Figure 3.1 D). Quantitative analysis of the microscopy
images (see Subsection 8.3.1 for details) confirmed that both ∆csgA and ∆fliC strains do
not form mature 3D structures, but display a uniform surface roughness profile in contrast to
the wild type (Figure 3.1 E and Figure 3.1 F). In order to further distinguish cells associated
with structures and aggregates from single cells, we calculated the local cell density within the
microscopy images (Figure 3.1 G). The local density profile for the wild type strain differed
significantly from both mutant strains (Figure 3.1 H). Whereas the wild type shows regions of
high local density up to 100 µm above the surface, which correspond to cell aggregates and/or
microcolonies that are visible in confocal images (Figure 3.1 D and Supplementary Figure A.1
A), both ∆csgA and ∆fliC strains show a high density only at the bottom of the well, which
is likely to represent sedimented individual cells or cells being attached to the surface.

Notably, both curli and flagella also provide structure to the macrocolony biofilms grown
on the soft agar ([165], [166]), suggesting similarity between these two very different types of
multicellular communities formed by E. coli. Among other tested potential matrix components
or adhesins ([88]), only a lack of fimbriae showed more than 50% reduction in biofilm formation
under our conditions, as quantified by CV staining (Supplementary Figure A.1 B). Interestingly,
this defect was only observed for CV staining of the biomass but not in microscopy images
(Supplementary Figure A.1 C), indicating that fimbriae are required for surface attachment but
not for structure formation (see also Chapter 2 for details).

3.2 Curli and flagella show mutually exclusive expres-

sion

We next analyzed the expression pattern of curli and flagellar genes during transition towards
the biofilm growth. For this purpose we constructed transcriptional reporters by integrating
genes encoding superfolder GFP (sfGFP) or mCherry downstream of chromosomal csgA and
fliC, respectively, and performed quantitative single cell analysis of gene expression in different
biofilm fractions (Figure 3.2 A-C) using flow cytometry. PcsgA-sfGFP expression could be
detected 12 h after planktonic cells were seeded onto microtiter plates and increased with time;
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its mean levels were significantly higher in the pellicle and the surface-attached cells (P <

0.0001 according to unpaired t-test), compared to the supernatant fraction (Figure 3.2 A and
Figure 3.2 B). Notably, PcsgA-sfGFP expression was bimodal in all fractions (Figure 3.2 B)
and the increase in the mean fluorescence during biofilm development primarily occurred through
an increase in the fraction of curli-ON cells (Figure 3.2 C). Note that residual populations of
curli-ON cells in the supernatant and of curli-OFF cells in the pellicle and surface-attached
biofilm structures might be at least partly due to an imperfect separation of different fractions
in our assay.

Confocal microscopy of intact 3D structures further confirmed bimodal expression of curli
fibers in submerged biofilms, with high levels of PcsgA-sfGFP being mostly confined in cell
aggregates/microcolonies and little or no expression in other cells within the biofilm (Figure

Fig. 3.1 (facing page): Curli fibers and flagella are required for structure for-
mation in submerged E. coli biofilms. (A) Schematic
representation of submerged E. coli biofilms grown in mi-
crotiter plates, indicating three fractions corresponding to the
pellicle, supernatant and surface-attached cells. Note that
the structures are not drawn to scale (see text for details).
(B) Biofilm formation by wild type strain W3110 and mu-
tants lacking either curli (∆csgA) or flagella (∆fliC) that
were grown under static conditions at 30 ◦C for 24 h. Biofilm
formation was quantified using crystal violet (CV) staining,
with CV values normalized to the optical density shown in
arbitrary units (AU). ??? indicates P < 0.0001 according to
unpaired t-test. Standard errors from three independent ex-
periments are indicated. (C) Number of cells counted per 60
sec in the pellicle fraction of submerged biofilms, measured
using flow cytometry. (D) Confocal fluorescence microscopy
images (maximum projection) of eGFP-expressing cells (car-
rying pVM42) in static biofilms grown in microtiter plates
at 30 ◦C for 24 h. Scale bar, 40 µm. (E) Top views and
corresponding (F) roughness profiles of submerged biofilms
shown in (D). The color scale shows roughness values from
lowest (blue) to highest (yellow). (G) Visual representation
of calculated local density (see Subsection 8.3.1 and Figure
A.8 for details) for a subset of the intact submerged biofilm
shown in (D). As indicated by the color scale bar, red val-
ues correspond to dense regions, while blue values represent
regions with low local density. (H) Profiles of mean local
density along the biofilm height (z-axis) for W3110 (WT,
blue), ∆fliC (green) and ∆csgA (red).
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3.2 D). Consistently, quantitative image analysis (see Figure 3.1 G and Subsection 8.3.1 for
details) showed high curli expression in regions of higher local density (Figure 3.2 E). As already
observed in flow cytometry data for the supernatant fraction (Figure 3.2 B), the majority of cells
in the regions of low local density showed little or no GFP expression and thus most probably
represent individual curli-OFF cells. Notably, the expression profile of PcsgA-sfGFP along
the height of the submerged biofilm showed that the majority of cells expressing curli are found
in a distinct region up to 40 µm from the bottom of the well (Figure 3.2 F), which contains
the majority of cell structures/aggregates (Supplementary Figure A.1 A).

An opposite expression pattern was observed for PfliC-mCherry. After 12 h of incubation,
the mean expression of flagella was decreasing over time in all three culture fractions, with
highest expression being measured in the supernatant fraction (Figure 3.3 A and Figure 3.3 B).
Overall, this decrease in flagellin expression was monomodal and gradual over time (Figure 3.3 A
and Figure 3.3 C). Confocal microscopy showed that PfliC-mCherry was primarily expressed
in single cells in the supernatant or at the surface, but not associated with structures (Figure
3.3 D). Quantitative analysis of these images further confirmed that flagellin expression was
mostly confined to the regions with low local densities (Figure 3.3 E). The expression profile
along the height of the submerged biofilm also revealed that the majority of cells expressing
flagellin was above 40 µm from the bottom of the well (Figure 3.3 F), i.e. in regions where
mostly single cells are found (Supplementary Figure A.1 A).

To directly investigate the interplay between expression of curli and flagellar genes at a
single-cell level, we created a double reporter strain that expresses both PcsgA-sfGFP and
PfliC-mCherry. Its analysis confirmed mutually exclusive expression of curli and flagella in all
cell fractions and at all measured time points (Figure 3.4 A-C and Supplementary Figure A.2),
with higher curli expression in the pellicle and in the surface-attached biofilm and with higher
flagella expression in the supernatant fraction. Consistently, such mutually exclusive expression
could also be seen (Figure 3.4 D) for individual cells in intact submerged biofilms. This was
confirmed by quantitative image analysis (Figure 3.4 E) that clearly showed strictly exclusive
expression of both reporters (Figure 3.4 F).

3.3 σS activity only partly correlates with curli expres-

sion

To better understand the spatio-temporal pattern of curli expression, we studied the regulation of
the stationary phase sigma factor, σS ([68], [134]) during biofilm formation, using a translational
fusion of mCherry to the σS-regulated gene osmY as a reporter. The expression pattern of the
σS reporter resembled that of curli, with a gradual increase over time and significantly higher
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expression in the pellicle and surface-attached biofilm fractions (P < 0.0001 according to an
unpaired t-test) after 48 h of biofilm growth (Figure 3.5 A). The expression of OsmY-mCherry
was also bimodal in all biofilm fractions at 24 h of biofilm growth or later (Figure 3.5 B and
Figure 3.5 C).

Furthermore, in all culture fractions we observed a strong linear correlation between osmY
and curli expression in a subpopulation of cells (Figure 3.5 D-F and Supplementary Figure
A.3). Nevertheless, we also detected a subpopulation of cells that express OsmY-mCherry
but not PcsgA-sfGFP . Most interestingly, a subpopulation of cells – particularly visible in
the supernatant fraction at 24 h and in all fractions at 12 h – transiently expressed curli
while having low σS activity, which indicates that curli expression switches to the ON state
before full activation of σS. All of these demonstrate that σS activity is only partly correlated
with curli expression. Similarly, in biofilm images we observed curli expression specifically in
biofilm structures and aggregates, whereas OsmY-mCherry was detected both in structures and
in single cells (Figure 3.5 G, Figure 3.5 H, Supplementary Figure A.4). Quantitative image

Fig. 3.2 (facing page): Spatio-temporal expression of curli fibers in static
submerged biofilms. (A) Mean of PcsgA-sfGFP fluores-
cence intensity measured in fractions corresponding to pelli-
cle, supernatant and surface-attached cells (shown in black,
green and blue, respectively, as indicated) at selected time
points by flow cytometry. Shown are mean values calculated
from three independent experiments and corresponding stan-
dard errors. (B) Flow cytometry analysis of single-cell distri-
butions of PcsgA-sfGFP fluorescence in individual biofilm
fractions at 24 h. (C) Changes in the single-cell expression of
curli measured over time in surface-attached cells. Numbers
in (B) and (C) indicate the percentage of curli-OFF and curli-
ON cells (separated by dashed line). Negative values in (B)
and (C) arise due to background subtraction (see Materials
and Methods); for data visualization, biexponential transfor-
mation was applied to scale the data on the x-axis. (D) Con-
focal fluorescence microscopy images (maximum projection)
showing expression of PcsgA-sfGFP (green) in biofilms at
24 h. For a reference, all cells were labeled with constitutively
expressed mCherry (red) (pOB2). Scale bar, 40 µm. (E,F)
Expression profile of PcsgA-sfGFP in confocal images as
shown in (D), as a function of local density (E) and along the
height (z-axis) of the biofilm (F). Values of GFP fluorescence
are normalized to fluorescence of mCherry, which labels all
cells. The color scale shows relative cell count from lowest
(blue) to highest (red).
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Fig. 3.3: Spatio-temporal expression of flagella in static submerged biofilms.
(A) Mean of PfliC-mCherry fluorescence intensity measured in indicated
cell fractions by flow cytometry. Shown are mean values calculated from three
independent experiments and standard errors. (B) Flow cytometry analysis of
PfliC-mCherry fluorescence detected in individual biofilm fractions at 24
h. (C) Changes in the single-cell expression of flagella measured over time in
surface-attached cells. (D) Confocal fluorescence microscopy images (max-
imum projections) showing expression of PfliC-mCherry (red) in biofilms
at 24 h. All cells were labeled with constitutively expressed eGFP (green)
(pVM42). Scale bar, 40 µm. (E-F) Expression profile of PfliC-mCherry
as a function of local density (E) and along the height (z-axis) of the biofilm
(F). Values of mCherry fluorescence are normalized to fluorescence of eGFP,
which labels all cells. The color scale shows relative cell count from lowest
(blue) to highest (red).
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Fig. 3.4: Expression of curli fibers and flagella is mutually exclusive. (A-C)
Scatter plots showing expression of PcsgA-sfGFP and PfliC-mCherry
in (A) pellicle, (B) supernatant and (C) surface-attached cells at 24 h as
measured by flow cytometry. The color scale shows relative cell count from
lowest (blue) to highest (red). (D) Confocal fluorescence microscopy images
(maximum projection) showing the expression of PcsgA-sfGFP (green) and
PfliC-mCherry (red) in biofilms at 24 h. Scale bar, 40 µm. (E,F) Quan-
tification of relative expression of PcsgA-sfGFP and PfliC-mCherry (see
Material and Methods for details) in a region of the submerged biofilm shown
in (D), with a visual representation of the segmentation analysis (E) and rel-
ative expression in individual segments shown as a scatter plot (F). In (E)
green regions are PcsgA-sfGFP -positive, red regions are PfliC-mCherry-
positive and cells in yellow volumes express both fluorescence reporters. Note
that sharp cutoffs in (F) correspond to the segmentation thresholds applied
in image analysis (see Subsection 8.3.1). The color scale shows relative cell
count from lowest (blue) to highest (red).
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analysis (Figure 3.5 H) confirmed partial correlation between curli expression and σS activity,
with a subpopulation of cells showing high σS activity but low curli expression (Figure 3.5 I).
In summary, this analysis indicates that at least three distinct populations arise in submerged
biofilms after 24 h of incubation: cells producing flagella, stationary cells producing curli and
stationary cells not producing curli.

3.4 Cells within biofilm structures show reduced growth

Finally, we investigated the overall activity of the housekeeping sigma factor σD as well as
the growth rate within E. coli biofilms in our open static culture system. A σD-dependent
transcriptional reporter PrplL-mCherry (rplL encodes the 50S ribosomal subunit L12) showed
steady monomodal expression, with no pronounced change over time or difference between
the biofilm fractions (Figure 3.6 A-C). This confirms that housekeeping genes are similarly
expressed in all cells across the population. Consistent with this observation, we found little

Fig. 3.5 (facing page): Expression of curli fibers partly correlates with σS

activity. (A) Mean of OsmY-mCherry fluorescence intensity
measured in the indicated culture fractions by flow cytometry.
Shown are mean values calculated from three independent ex-
periments and standard errors. (B) Flow cytometry analysis
of OsmY-mCherry fluorescence detected in individual culture
fractions at 24 h. (C) Changes in the single-cell expression
of σS reporter measured over time in surface-attached cells.
(D-F) Scatter plots showing expression of PcsgA-sfGFP
and OsmY-mCherry in (D) pellicle, (E) supernatant and (F)
surface-attached cells at 24 h. The color scale shows relative
cell count from lowest (blue) to highest (red). (G) Confocal
fluorescence microscopy images (maximum projection) show-
ing the expression of PcsgA-sfGFP (green) and OsmY-
mCherry (red) in biofilms at 24 h. Scale bar, 40 µm. (H,I)
Quantification of relative expression of PcsgA-sfGFP and
OsmY-mCherry in a region of the submerged biofilm shown in
(G), with a visual representation of the segmentation analysis
(H) and relative expression in individual segments shown as
a scatter plot (I). In (H) green regions are PcsgA-sfGFP -
positive, red regions are OsmY-mCherry-positive and cells in
yellow volumes express both fluorescence markers. Note that
sharp cutoffs in (I) correspond to the segmentation thresh-
olds applied in image analysis (see Subsection 8.3.1). The
color scale shows relative cell count from lowest (blue) to
highest (red).
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correlation between the expression of PrplL-mCherry and PcsgA-sfGFP (Figure 3.6 D-
F, Supplementary Figure A.5). The same general pattern was observed within undisrupted
submerged biofilms, with all cells expressing PrplL-mCherry irrespective of their association
with the biofilm structures (Figure 3.6 G-I). Thus there appears to be no significant correlation
between curli expression and biosynthetic state of the cell.

A different pattern was observed for the single-cell growth rates. To monitor cell growth
status in different biofilm fractions over time, we used a fluorescent growth rate reporter pOB44
([32]), which is based on a DsRed S197T variant called TIMER that spontaneously changes
fluorescence from green to green/orange ([181]). Because green TIMER molecules have shorter
maturation time than orange TIMER molecules, fast-growing cells that dilute both molecules
with each cell division emerge green. In contrast, slowly growing cells accumulate both rapidly
and slowly maturing TIMER molecules and appear green/orange, so that green/orange fluores-
cent ratios provide a readout for the growth rate. During biofilm development, we observed a
stable green fluorescence and a gradual increase in red fluorescence in all fractions, with slightly
higher values in the pellicle and in surface-attached cells (Figure 3.7 A and Figure 3.7 B). A dis-

Fig. 3.6 (facing page): Curli expression is independent of σD activity. (A)
Mean of PrplL-mCherry fluorescence intensity measured
in indicated cell fractions by flow cytometry. (B) Flow cy-
tometry analysis of PrplL-mCherry fluorescence detected
in individual biofilm fractions at 24 h. (C) Changes in the
single-cell expression of σD reporter measured over time in
surface-attached cells. (D-F) Scatter plots showing expres-
sion of PcsgA-sfGFP and PrplL-mCherry in (D) pellicle,
(E) supernatant and (F) surface-attached cells at 24 h. The
color scale shows relative cell count from lowest (blue) to
highest (red). (G) Confocal fluorescence microscopy images
(maximum projection) showing the expression of PcsgA-
sfGFP (green) and PrplL-mCherry (red) in biofilms at
24 h. Scale bar, 40 µm. (H,I) Quantification of relative
expression of PcsgA-sfGFP and PrplL-mCherry in a re-
gion of the submerged biofilm shown in (G), with a visual
representation of the segmentation analysis (H) and relative
expression in individual segments shown as a scatter plot (I).
In (H) green regions are PcsgA-sfGFP -positive, red regions
are PrplL-mCherry-positive and cells in yellow volumes ex-
press both fluorescence markers. Note that sharp cutoffs in
(I) correspond to the segmentation thresholds applied in im-
age analysis (see Subsection 8.3.1). The color scale shows
relative cell count from lowest (blue) to highest (red).
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tinct subpopulation of slowly dividing cells apparently arises in the pellicle and surface-attached
fractions already after 6 h of biofilm growth (Supplementary Figure A.6) and later also in the
supernatant fraction, gradually increasing with time (Figure 3.7 C-E, Supplementary Figure
A.6). In biofilm structures, slowly proliferating cells were present almost exclusively in larger
aggregates already at 24 h of growth and much more prominently at 72 h of growth (Figure 3.7
F, Supplementary Figure A.7). Importantly, rapidly dividing green cells were observed beneath
and between aggregates of slowly dividing cells even at later time points. These observations
were confirmed by quantification of the orange/green TIMER ratio, which showed both an
overall increase throughout the growth of submerged biofilm and a particularly high level in a
defined subpopulation of cells in the regions with highest local density (Figure 3.7 G-I).

3.5 Curli and flagella are also required for biofilm for-

mation by the cellulose-producing E. coli

Although E. coli K-12 normally does not produce cellulose, expression of cellulose genes in
this strain can be reactivated ([166]). We observed that the corresponding cellulose-producing
strain AR3110 formed submerged biofilms and pellicles with the biomass comparable to that
of W3110 (Figure 3.8 A), showing that presence of cellulose as a matrix component does not
generally enhance the biofilm formation. Similarly, deletion of either curli (∆csgA) or flagella

Fig. 3.7 (facing page): Molecular timer analysis shows temporal accumu-
lation of slow-growing cells in submerged static
biofilms. (A-B) Mean fluorescent intensity of fast-
maturating green TIMER molecules (A) and slow-maturating
orange TIMER molecules (B) in indicated cell fractions by
flow cytometry. (C-E) Scatter plots showing expression of
green TIMER molecules and orange TIMER molecules in (D)
pellicle, (E) supernatant and (F) surface-attached cells at
24 h. The color scale shows relative cell count from low-
est (blue) to highest (red). (F) Confocal fluorescence mi-
croscopy images (maximum projection) showing fast-growing
cells (green) and slow-growing cells (red) at 24 h, 48 h and
72 h of biofilm growth (from right to left). Scale bar, 40
µm. (G-I) Expression profile of orange TIMER as a function
of local density in submerged biofilms shown in (F) at 24
h (G), 48 h (H) and 72 h (I) of growth. Values of orange
TIMER fluorescence are normalized to the internal control of
green TIMER. The color scale shows relative cell count from
lowest (blue) to highest (red).
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(∆fliC) led to a decrease of biofilm and pellicle formation (Figure 3.8 A and Figure 3.8 B)
as well as of 3D structure (Figure 3.8 C-F) in the AR3110 background, demonstrating that
the presence of cellulose cannot compensate for the loss of curli matrix. The expression of
PcsgA-sfGFP within biofilm structures of the AR3110 strain was again confined to dense
cell clumps and aggregates (Figure 3.8 G). Nevertheless, biofilms formed by the AR3110 strain
were more compact and had larger thickness than those of the W3110 strain (compare Figure
3.8 and Figure 3.1), demonstrating that cellulose does contribute to the overall structure of the
submerged static biofilms.

Fig. 3.8 (facing page): Curli and flagella are required for biofilm structure
development in de-domesticated strain AR3110. (A)
Biofilm formation by wild type strain AR3110 and mutants
lacking either curli (∆csgA) or flagella (∆fliC) that were
grown under static conditions at 30 ◦C for 24 h. Biofilm
formation was quantified using crystal violet (CV) staining,
with CV values normalized to the optical density shown in
arbitrary units (AU). ??? indicates P < 0.0001 according to
unpaired t-test. Standard errors from three independent ex-
periments are indicated. (B) Number of cells counted per 60
sec in the pellicle fraction of submerged biofilms, measured
using flow cytometry. (C) Confocal fluorescence microscopy
images (maximum projection) of static biofilms grown in mi-
crotiter plates at 30 ◦C for 24 h. All cells were labeled
with eGFP as in Figure 3.1 D. Scale bar, 40 µm. (D) Top
views and corresponding (E) roughness profiles of submerged
biofilms shown in (C). The color scale shows roughness values
from lowest (blue) to highest (yellow). (F) The profiles of
mean local density throughout the biofilm height (z-axis) are
shown in blue for W3110 (WT), in green for the mutant lack-
ing flagella (∆fliC) and in red for the mutant lacking curli
(∆csgA). (G) Confocal images (maximum projection) show-
ing expression of PcsgA-sfGFP (green) in static biofilms,
grown in microtiter plates at 30 ◦C for 24 h. For a reference,
all cells were labeled with constitutively expressed mCherry
(red) (pOB2). Scale bar, 40 µm.
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Chapter 4

Structural and sensory roles of
flagella in E. coli biofilms

As previously shown in Chapters 2 and 2, flagella play structural and functional roles in surface
attachment and 3D structure development of E. coli static biofilms. However, flagella might
also have additional roles in biofilm formation beyond motility. Following this up, we aimed to
further investigate 1) structural role of flagella, which possibly tether bacteria to the surface
and to each other and function as a component of intracellular matrix, and 2) sensory role of
flagella on the surface, in so called surface sensing. Despite having been extensive researched
over the past decades, surface sensing in Escherichia coli remains poorly understood.

4.1 Structural role of flagella

4.1.1 Flagella are required for 3D structure development of E. coli

biofilms under flow conditions

In addition to previous investigations under static conditions (see Chapter 2 for details), we
have also checked the role of motility, flagella, curli fibers and fimbriae under constant flow
conditions in microfluidic chambers. For this purpose, E. coli cells were grown to OD600 of
0.5, diluted to OD600 of 0.01 in fresh TB medium and inoculated into BioFlux microfluidic
chambers. Then, cells were incubated without flow for 1 h, to allow attachment. Subsequently,
a flow rate of 0.5 Dy

cm
was applied and cells were constantly supplied with fresh TB medium.

Generally, 48 h old biofilms grown under flow conditions resembled those grown for 24 h under
static conditions (compare Figure 4.1 to Figure 2.4 in Chapter 2, respectively). Wild type cells
formed well-structured biofilms after 48 h of constant flow of fresh medium at 30 ◦C. Important
determinants identified for the structure development of submerged E. coli biofilms under static

51
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conditions were also essential for the formation of stably attached structured biofilms under
flow conditions. The mutant lacking curli fibers (∆csgA) was able to attach and formed a
monolayer of cells on the surface. In agreement with previous data, ∆csgA mutant showed no
3D structures, since curli fibers are required to “glue” cells together in aggregates and structures.
By contrast, flagella-less mutant (∆fliC) was able to form small structures but attached rather
non-homogeneously to the surface of the BioFlux channel. With longer incubation time, ∆fliC

strain was able to stay attached and form a thin layer on the surface, but remained unable to
grow mature 3D biofilm structures. The mutant lacking fimbriae (∆fimA) attached as good
as the wild type during the first hour under flow further confirming results shown in Chapter 2
Figure 2.3. However, after several hours of growth under constant flow most of the ∆fimA

cells were washed away, being unable to stay attached to the surface (Figure 4.1). These results
indicate the requirement of type I fimbriae for surface attachment later during biofilm maturation
but not initial adhesion. In the absence of shear force (under static conditions) ∆fimA mutant
cells grew into well-structured biofilms (see Figure 2.4 in Chapter 2 for details). Non-motile
mutant (∆motA) was able to form thick 3D structures under flow, although they differed from
those formed by the wild type (Figure 4.1). Thus, motility does not seem to be required for
3D-structure development not only under static (see Figure 2.5 in Chapter 2 for details) but
also under flow conditions.

All in all, flow cell experiments further confirmed our results from the static submerged
biofilms. Importantly, the requirement of biofilm structural determinants, curli and flagella,
was confirmed also under constant flow conditions. In addition, these results further confirm
the need for flagella-driven motility during initial surface attachment. Fimbriae do not have a
major role in initial tethering to surfaces, but instead mediate the transition from reversible to
irreversible surface adhesion.

4.1.2 Flagella and curli complement each other in trans during

biofilm structure development.

Since cells lacking either flagella or curli fibers showed strong defects in biofilm structure de-
velopment (Chapter 2 Figure 2.4), we next wanted to find out if structural defects observed
for ∆fliC and ∆csgA can be complemented in mixed biofilms. For this purpose, ∆fliC and
∆csgA mutants labeled with different fluorescent proteins were mixed at 1 : 1 ratio and biofilms
were grown statically in microtiter plates for 24 h at 30 ◦C. Wild type cells labeled with two
different fluorescent proteins served as a control. As shown in Figure 4.2 , differentially labeled
wild type cells intermixed well during biofilm growth. Surprisingly, 1 : 1 mixture of ∆fliC and
∆csgA cells resulted in biofilm structures, although mixtures of single knockouts were unable
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∆csgA ∆fliCWT

40 µm

∆fimA∆motA

Fig. 4.1: E. coli biofilm structures formed under constant flow conditions
in BioFlux chamber. Confocal laser scanning microscopy images (maxi-
mum projections) of wild type (WT), mutants lacking curli (∆csgA), flagella
(∆fliC), fimbriae (∆fimA) and flagellar stator (∆motA) after 48 h growth
under flow rate 0,5 Dy

cm
at 30 ◦C.

to form structures (Figure 4.2). Detailed microscopic analysis of ∆fliC : ∆csgA biofilm is
shown in Figure 4.3. It seems that in presence of ∆fliC cells, ∆csgA cells (shown in red) are
able to form 3D structures and ∆fliC cells (shown in green) attach to these structures. Closer
view inside the biofilm showed that cell structures were formed as a result of tight interaction
between of ∆csgA and ∆fliC cells (Figure 4.3). Thus ∆csgA and ∆fliC can compensate
each other in trans for biofilm formation.

4.1.3 Flagellated cells specifically interact with curliated micro-

colonies

As both flagella and curli are required for structure formation and show opposite expression
patterns within E. coli biofilms (see Chapter 3 for details), and most importantly, complement
each other in trans for biofilm structure development, we wanted to investigate if there were
direct interactions between flagella and curli. For this purpose, we incubated curli-expressing
aggregates with planktonic wild type cells expressing functional flagella, as well as with ∆fliC,
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Fig. 4.2: Flagella and curli can compensate each other in trans in biofilm
structure development. E. coli W3110 wild type, ∆csgA and ∆fliC cells
were labeled either with mCherry (red) or EGFP (green), mixed in 1 : 1 ratio
and grown for 24 h under static conditions in microtiter plates at 30 ◦C.
Shown are confocal laser scanning microscopy images (maximum projections,
zoom 1) of submerged biofilms. Scale bar, 40 µm.
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10 microns

Fig. 4.3: Detailed view of rescued 3D-structure in E. coli submerged biofilm
formed by a 1 : 1 mixture of ∆csgA and ∆fliC cells. Confocal laser
scanning microscopy image showing one slice in z-direction of the biofilm, 10
micrometers from the surface of the microtiter plate. Scale bar, 10 µm.

∆motA, ∆csgA and ∆fimA knockouts for 1 h. Afterwards, aggregates were vigorously washed
and imaged by microscopy. As shown in Figure 4.4 , planktonic flagella-expressing wild type
cells (WT PfliC-mCherry) attached visibly to curli-expressing aggregates (PcsgA-sfGFP ).
Importantly, among tested mutants only non-flagellated cells (∆fliC) were unable to bind
curliated cells. Deletion of fimbriae (∆fimA) or curli fibers (∆csgA) showed no effect on
the attachment to curliated aggregates. Also, non-motile cells (∆motA) attached to curli-
expressing aggregates as good as the wild type. So, it is not motility but flagella that are
required for binding to aggregates, probably acting as adhesive structural appendages. These
results point at direct interaction between flagella appendages and curli fibers.

4.1.4 Role of flagella in detachment of biofilms under starvation

Previously in Chapter 2 it has been shown that flagella are required for 3D structure formation of
E. coli biofilms. Following this up, we wanted to investigate if flagella remain important at later
stages of biofilm maturation and/or detachment under unfavourable conditions. As observed
in statically grown submerged biofilms (see Chapter 3 for details), also in flow cell experiments
fliC expression was detected in cells at the direct contact to the surface at all times during the
flow experiment (Figure 4.5, shown in red). Expression of csgA was first detected in single cells
(not shown here, further investigated in Chapter 5), which then grew into dense 3D structures
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PcsgA-sfGFP
WT PfliC-mCherry

PcsgA-sfGFP
∆fliC Ptrc-mCherry

PcsgA-sfGFP
∆fimA Ptrc-mCherry

PcsgA-sfGFP
∆csgA Ptrc-mCherry

PcsgA-sfGFP
∆motA Ptrc-mCherry

Fig. 4.4: Flagellated cells specifically bind curli-expressing cells. Exemplary
confocal laser scanning microscopy images showing association of wild type
cells expressing genomic PfliC-mCherry or its mutants expressing Ptrc-
mCherry (shown in red) with PcsgA-sfGFP expressing biofilm aggregates
(shown in green) after 1 h co-incubation and vigorous washing. To get curli-
expressing aggregates, cells were grown statically in microtiter plates for 14
h at 30 ◦C. Green, PcsgA-sfGFP fluorescence; red, PfliC-mCherry or
Ptrc-mCherry fluorescence. Scale bar, 10 µm.

(Figure 4.5, shown in green). Importantly, fliC and csgA showed mutually exclusive expression
pattern independent of the experimental setup, i.e. under both static and flow conditions. As
expected, no expression of σS activity reporter OsmY-mCherry was detected in biofilms grown
under flow conditions, as constant fresh medium supply prevented activation of σS (data not
shown). Note, however, that csgA expression was detected in a subpopulation of cells even
under constant fresh medium supply. These results are consistent with previous observations
in statically grown submerged E. coli biofilms, where a subpopulation of cells with high csgA
expression showed low σS activity and thus was not directly dependent on σS (see Chapter 3
for details).

Our BioFlux setup also enabled to investigate gene expression changes upon induced starva-
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A

B

PfliC-mCherry PcsgA-sfGFP
PfliC-mCherry
PcsgA-sfGFP

36 h

48 h

20 µm

Fig. 4.5: fliC and csgA show mutually exclusive expression in E. coli biofilms
grown under flow conditions. Confocal laser scanning microscopy images
(maximum projections, zoom 1) of E. coli biofilms expressing simultaneously
PfliC-mCherry (shown in red) and PcsgA-sfGFP (shown in green) after
A) 36 h and B) 48 h of growth under flow conditions at 30 ◦C. Scale bar, 20
µm.

tion by stopping the supply of fresh medium. When the flow was stopped after 24 h pre-growth,
fliC expression gradually decreased until it was switched OFF after 48 h of starvation (Figure
4.6 A). By contrast, σS -regulated OsmY-mCherry levels were gradually increasing with time
(Figure 4.6 B). This counter-regulation of σFliA (motility) and σS (stress response) activity is
an expected result of triggered starvation. Notably, biofilm biomasses continued to grow after
stop of fresh medium supply.

In addition, we investigated if these gene expression changes under starvation had an ef-
fect on biofilm detachment. First, pre-formed biofilms were grown for 24 h and 48 h under
starvation conditions (without fresh medium supply) and then the flow was re-introduced to
monitor the detachment of biofilms. After 24 h starvation, when flagella were still expressed
in surface-attached cells (Figure 4.6 A), no detachment of the wild type cells was observed
upon flow restart (Figure 4.7 A). After the longer starvation time, 48 h, when flagella were
no longer expressed, we observed a massive detachment of E. coli wild type biofilms within
several minutes after the flow re-started (Figure 4.7 B). Flagella-less (∆fliC) cells were de-
taching already after 24 h of starvation (Figure 4.7 A), confirming previously observed defects
in surface attachment and biofilm structure development of ∆fliC cells (see Chapter 2 for
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details). Also, observed difference in detachment of wild type and flagella-less cells after 48
h of starvation further confirms the hypothesis that flagella and not some other factor, which
mediated surface-attachment in ∆fliC cells, leads to biofilm detachment in E. coli. There are
four distinct mechanisms by which bacteria may passively detach from a biofilm: abrasion, graz-
ing, erosion, and sloughing ([137]). Taking into account the continuous loss of small portions
of the biofilm observed for cells lacking fliC in a flowing system, ∆fliC cells were probably
not enmeshed within the biofilm matrix and daughter cells were prone to loss by erosion. By
contrast, a removal of intact pieces of biofilm or even the entire biofilm was observed for the
wild type cells, pointing at sloughing mechanism of detachment for E. coli wild type cells.

Altogether, these data suggest that downregulation of flagella expression and subsequent
flagella dilution due to biofilm growth may function as a mechanism for biofilm detachment
under starving conditions. Since under unfavorable conditions σS activity is triggered, down-
regulation of flagella expression might be a consequence of competition and counter-regulation
between of σFliA and σS.

4.2 Sensory role of flagella

Interaction of bacteria with surfaces was shown to affect gene expression, behavior and metabolic
state of many bacterial species ([143], [9]). Despite an intensive research, the bacterial systems
used for sensing and responding to surfaces are still not well understood. Importantly, flagella
appendages can play complex and diverse roles in surface sensing. As swimming bacteria
transition from planktonic to sessile surface-associated states, the surface impedes the motion
of their flagella. Thus, flagella appendages could transmit forces experienced during surface
contact, so called mechanosensing by flagella. Indeed, mechanosensing by flagella was shown
to produce changes in gene expression and trigger bacterial cell differentiation in many species
([85], [52], [149]). Based on gene expression analysis, flagella were highly expressed in surface-
attached cells in E. coli submerged biofilms (see Chapter 3 for details). Importantly, cells at
the direct surface contact continued expressing flagella even within mature biofilms. Therefore,
here we aimed to investigate if upregulation of flagellar gene expression in surface-attached cells
is the result of surface sensing and if so to unravel the underlying mechanism.

4.2.1 Immobilization of cells induces flagellar expression

First, we wanted to test if flagellar expression is induced upon surface contact or mechanical
immobilization of cells. For this purpose, fliC expression was compared in W3110 wild type
cells, either artificially forced to the surface of microtiter plates by centrifugation or statically
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Fig. 4.6: Flagellar expression is downregulated under prolonged starvation
conditions. Confocal microscopy images of surface-attached cells at differ-
ent time points after interrupting the supply of fresh medium by stopping the
flow. Note that only the surface-attached cell layer and not the whole biofilm
structure is shown. A) Double reporter strain expressing PfliC-mCherry
(shown in red) and PcsgA-sfGFP (shown in green). B) Double reporter
strain expressing OsmY-mCherry (shown in red) and PcsgA-sfGFP (shown
in green). Scale bar, 20 µm.

incubated (Figure 4.8 A). Higher fliC expression was detected in centrifuged W3110 wild type
cells compared to non-centrifuged ones. Next, we compared flagellar gene expression in motile
(wild type) and non-motile (∆motA) planktonic cells (Figure 4.8 B). As shown in Figure 4.8 B
fliC expression was upregulated in ∆motA cells when compared to the wild type. Interestingly,
when we quantified flagellar expression induced by surface contact (centrifuged/non-centrifuged,
Figure 4.8 C) and by ∆motA deletion (∆motA/WT, Figure 4.8 D), it gave the same value of
1.33. These results show that immobilization of cells and not contact to surface induces fliC
expression. Consistent with our observation of mutually exclusive expression between flagella
and curli (see Chapter 3 for details), csgA expression showed an opposite expression pattern
in forced to the surface/supernatant and motile/non-motile cells (Figure 4.8 E-H). Curli were
downregulated in cells centrifuged to the surface compared to the non-centrifuged ones (Figure
4.8 E) and in non-motile ∆motA cells compared to the wild type (Figure 4.8 F).
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Fig. 4.7: Wild type biofilms detach after 48 h of starvation. Confocal mi-
croscopy images show detachment of wild type and ∆fliC biofilms after 24
(A) and 48 h (B) of starvation. Biofilms were grown for 24 h under constant
flow at 30 ◦C in microfluidic chambers and subsequently incubated for 24 h
(A) or 48 h (B) without flow, i. e. without fresh TB medium supply. Biofilm
structures were obtained just before (t = 0), 1 min after (t = 1 min) and 1
h after (t = 1 h) the flow was re-introduced.
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Fig. 4.8: Flagella and curli expression are inversely regulated in surface-
attached/immobilized cells. (A) Flow cytometry analysis showing PfliC
expression in surface-attached (shown in red) and supernatant (shown in blue)
cells of the submerged biofilm grown for 1 h at 30 ◦C in microtiter plate under
centrifugation at 4000 rpm or not, respectively; (B) flow cytometry analysis
showing PfliC expression in non-motile ∆motA (shown in red) and wild
type (shown in blue) planktonic cells (OD600 = 0.6); (C) quantitative anal-
ysis showing PfliC mean fluorescence (in arbitrary unitsin supernatant and
surface-attached biofilm cells, (D) as well as in wild type and ∆motA plank-
tonic cells. Means and standard errors from two independent experiments
are indicated. (E-H) same flow cytometry analysis for PcsgA expression. P
values for the differences in expression were calculated by unpaired t-test. ?,
P < 0.01; ns, not significant.
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Fig. 4.9: Scatter plots showing differential gene expression in motile W3110
(wild type) and non-motile ∆motA planktonic cells. Scatter plots were
obtained from replication sets of RNA sequencing triplicates of wild type and
∆motA cells. Scatter plots show fold changes between W3110 and ∆motA.
A) In the first set of experiments total RNA was isolated from planktonic
cells (OD600 = 0.8) without previously fixing them in their transcriptional
state. Threshold was set to 4 fold. B) In the second set of experiments total
RNA was isolated from planktonic cells (OD600 = 0.8) previously fixed with
a STOP solution in their transcriptional and translational state. Threshold
was set to 8 fold.

4.2.2 Gene expression profile of ∆motA cells

To further understand the underlying mechanosensing mechanism via MotA, we performed
RNA isolation, sequencing and subsequent transcriptomic analysis of planktonic wild type and
∆motA cells. Our aim was to study gene expression changes upon immobilization of cells.
We wanted to characterize genes that were specifically up- or downregulated in ∆motA cells,
in order to identify candidates that can potentially be activated by mechanical inhibition of
flagellar rotation and in turns induce flagellar expression.

Since in the first set of transcriptomic experiments cells were not fixed in their transcriptional
state before the RNA was isolated (Figure 4.9 A), in the second set of experiments STOP
Mix [95% (vol

vol
) EtOH and 5% (vol

vol
) phenol] ([130]) was added to cells, in order to terminate

transcription and translation before proceeding further with RNA isolation (Figure 4.9 B). A
description of how the data analysis was performed can be found in Subsection 8.3.2 and scatter
plots of the two experiments showing the replication sets of wild type and ∆motA are shown
in Figure 4.9 A and 4.9 B and in the Tables 4.1 and 4.2 , respectably.
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Tab. 4.1: Differential gene expression showing more than 2-fold changes between
∆motA and W3110 wild type cells under both fixing and non-fixing ex-
perimental conditions.

Fold change Fold change
∆motA ∆motA-

Gene Annotation → WT Exp 2 → WT Exp 1
fixed non-fixed

putA fused PutA transcriptional repressor / proline 34.753 4.225
dehydrogenase / 1-pyrroline-5-carboxylate dehydrogenase

fliC flagellar filament structural filament, flagellin 8.176 4.334
fimB regulator for fimA 4.87 3.248
yjiY pyruvate:H+ symporter BtsT 4.811 23.369
gltF periplasmic protein 3.381 2.35
carB carbamoyl phosphate synthetase subunit beta 3.315 5.937
ykgE putative oxidoreductase YkgE 2.829 2.366
ymgG PF13436 family uncharacterized protein 2.377 2.668
carA carbamoyl phosphate synthetase subunit alpha 2.204 3.999
yjiH conserved inner membrane protein 2.097 7.577
yjiA P-loop guanosine triphosphatase 2.094 2.982
ycgR molecular brake that regulates flagellar motility in 2.079 2.307

response to c-di-GMP
gnd 6-phosphogluconate dehydrogenase, decarboxylating 2.073 2.307
glnA glutamine synthetase 2.072 3.003
csgC inhibitor of CsgA amyloid formation; in the presence of -2.007 -6.023

CsgC, CsgA remains unfolded and non-amyloidogenic;
CsgC prevents CsgA from adopting β sheet
containing structures

yhiD inner membrane protein YhiD -2.029 -2.773
dctA C4 dicarboxylate/orotate:H+ symporter -2.032 -2.619
ssnA putative aminohydrolase -2.087 -8.583
ygfT putative oxidoreductase -2.145 -2.408
aceK isocitrate dehydrogenase kinase/phosphatase -2.178 -6.151
bolA DNA-binding transcriptional dual regulator BolA -2.187 -2.452
cspD DNA replication inhibitor -2.204 -3.018
csiD putative protein -2.222 -3.519
yjfY uncharacterized predicted protein -2.232 -2.917
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bssR regulator of biofilm formation -2.311 -3.61
bssS regulator of biofilm formation -2.314 -3.09
csgD DNA-binding transcriptional dual regulator CsgD -2.373 -17.861
aidB isovaleryl-CoA dehydrogenase and DNA-binding -2.532 -2.09

transcriptional repressor
ybaA uncharacterized predicted protein -2.545 -2.55
prpE propionyl-CoA synthetase -2.606 -48.484
ydcH uncharacterized predicted protein -2.845 -2.864
gadA glutamate decarboxylase A -2.999 -3.516
ydcV putative transport protein ABC family -3.148 -3.397
rhmD L-rhamnonate dehydratase -3.153 -3.171
xdhA putative xanthine dehydrogenase molybdenum-binding -3.2 -2.819

subunit XdhA
adhP ethanol dehydrogenase / alcohol dehydrogenase -3.206 -2.096
hdeB HdeB monomer -3.302 -2.237
hdeD acid-resistance membrane protein -3.318 -2.411
aldB aldehyde dehydrogenase B -3.383 -2.821
mqsR mRNA interferase / toxin of the MqsR-MqsA -3.424 -2.061

toxin-antitoxin system
ygeY putative peptidase -3.445 -9.613
mokC regulatory peptide whose translation enables -3.479 -2.275

hokC (gef) expression
mokB uncharacterized regulatory peptide -3.479 -4.504
yaiC diguanylate cyclase -3.52 -3.672
ygfK putative oxidoreductase, Fe-S subunit -3.8 -3.109
ygeX 2,3-diaminopropionate ammonia-lyase -3.871 -5.312
csgG curli secretion channel -4.098 -13.917
yahO putative protein -4.159 -2.001
yodD stress-induced protein -4.181 -3.202
csgF curli assembly component -4.322 -19.936
csgE curli transport specificity factor -4.348 -20.252
ybcK DLP12 prophage; putative recombinase -4.404 -4.391
gadB glutamate decarboxylase B -4.526 -3.953
patD gamma-aminobutyraldehyde dehydrogenase -4.67 -3.211
yohC putative inner membrane protein -4.775 -3.245
ychH stress-induced protein -5.419 -2.316
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narV nitrate reductase Z subunit gamma -5.507 -2.154
yibT protein of unknown function -5.722 -4.345
gadC glutamic acid:4-aminobutyrate antiporter -5.85 -5.038
yjbT protein of unknown function -6.379 -6.008
ygeW predicted carbamoyltransferase in a predicted -6.847 -11.984

purine catabolic pathway
cspE transcription antiterminator and regulator of RNA stability -7.156 -2.278
uacT urate: H+ symporter -7.836 -4,4
mdtJ multidrug/spermidine efflux pump - membrane -8.74 -3.16

subunit MdtJ
yjbJ putative stress response protein -10.923 -3.92
rmf ribosome modulation factor -12.006 -3.039
ymdF uncharacterized predicted protein -13.017 -7.17
bfd bacterioferritin-associated ferredoxin -17.172 -3.119
yodC uncharacterized predicted protein -25.966 -2.168
fnr DNA-binding transcriptional dual regulator FNR -36.312 -63.795
glgS surface composition regulator -51.494 -2.127
csgA curlin, major subunit -61.83 -67.129
csgB curlin, minor subunit -201.073 -149.607

Positive values: genes upregulated in ∆motA when compared to W3110 wild type.
Negative values: genes upregulated in W3110 wild type (WT) when compared to ∆motA.

Tab. 4.2: Differential gene expression showing more than 2-fold changes between
∆motA and W3110 wild type cells detected either only under fixed or non-
fixed conditions.

Fold change Fold change
∆motA ∆motA

Gene Annotation → WT Exp 2 → WT Exp 1
fixed non-fixed

paaB phenylacetyl-CoA 1,2-epoxidase subunit B 13.396 -2.617
ydeM putative anaerobic sulfatase maturation enzyme 12.722 -2.351
paaJ beta-ketoadipyl-CoA thiolase 8.194 -2.09
paaK phenylacetate-CoA ligase 8.194 -2.352
flu self recognizing antigen 43 (Ag43) autotransporter 7.774 -2.515
yeeR CP4-44 prophage; putative membrane protein 7.479 -2.329
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fimE regulator for fimA 6.714 -2.661
nanT N-acetylneuraminate:H+ symporter 5.795 -2.461
bglJ BglJ DNA-binding transcriptional regulator 4.954 -3.194
yhjV putative transport protein, hydroxy/aromatic 3.929 -2.044

amino acid permease family
tdcB catabolic threonine dehydratase 3.695 -47.712
feaR DNA-binding transcriptional activator FeaR 3.616 -2.504
mcbR DNA-binding transcriptional dual regulator McbR 3.599 -3.078
ymgA protein involved in biofilm formation 3.153 -7.721
fecA ferric citrate outer membrane transporter 2.965 -2.235
argT lysine/arginine/ornithine ABC transporter 2.796 -2.308

periplasmic binding protein
ugpB glycerol-3-phosphate ABC transporter 2.764 -2.942

periplasmic binding protein
fes enterochelin esterase 2.709 -4.578
dppB dipeptide ABC transporter membrane subunit DppB 2.707 -2.447
tdcA DNA-binding transcriptional activator TdcA 2.594 -10.264
nrdI flavodoxin NrdI 2.561 -5.409
hcaR transcriptional dual regulator HcaR 2.513 -2.634
puuA glutamate-putrescine ligase 2.507 -3.786
tdcG L-serine deaminase III 2.428 -6.481
fecR regulator of fec operon 2.354 -2.154
ugpA glycerol-3-phosphate ABC transporter membrane 2.343 -2.816

subunit UgpA
cycA serine/alanine/glycine/cycloserine:H+ symporter 2.268 -2.727
dppC dipeptide ABC transporter membrane subunit DppC 2.267 -2.291
fimC periplasmic chaperone, required for type 1 fimbriae 2.262 -2.065
lsrA autoinduced-2 ABC transporter ATP binding subunit 2.232 -2.173
psuK putative pseudouridine kinase 2.188 -2.719
ymgC protein YmgC 2.183 -10.609
grcA stress-induced alternate pyruvate formate-lyase subunit 2.16 -9.21
ddpX D-Ala-D-Ala dipeptidase 2.147 -4.041
tdcC serine / threonine: H+ symporter TdcC 2.132 -13.246
gadX DNA-binding transcriptional dual regulator GadX 2.111 -3.166
yiaL conserved protein 2.104 -2.103
mglB D-galactose/D-galactoside ABC transporter 2.039 -2.01
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periplasmic binding protein
ybcN DLP12 prophage; DNA base-flipping protein 2.01 -2.01
cysH phosphoadenosine phosphosulfate reductase -2.068 3.493
sodB superoxide dismutase (Fe) -2.169 3.599
asr acid shock protein -2.191 3.527
kdpA K+ transporting P-type ATPase subunit KdpA -2.502 2.752
pyrB aspartate carbamoyltransferase catalytic subunit -2.621 10.723
cysA sulfate/thiosulfate ABC transporter ATP binding subunit -2.654 2.327
metK methionine adenosyltransferase -2.712 2.624
kdpB K+ transporting P-type ATPase subunit KdpB -2.944 3.367
metF 5,10-methylenetetrahydrofolate reductase -3.853 3.346
kdpC K+ transporting P-type ATPase subunit KdpC -3.9 2.634
cysI sulfite reductase, hemoprotein subunit -4.364 3.547
yjiX uncharacterized conserved protein -4.712 5.017
ldhA D-lactate dehydrogenase - fermentative -4.8 2.829
guaB IMP dehydrogenase -5.231 2.95
codB cytosine transporter -5.508 3.817
purD phosphoribosylamine–glycine ligase -6.013 2.107

Positive values: genes upregulated in ∆motA when compared to W3110 wild type.
Negative values: genes upregulated in W3110 wild type (WT) when compared to ∆motA.

Interestingly, when RNA was isolated after cells were fixed in their transcriptional state,
slightly different transcriptomic data appeared when compared to the RNA data from the non-
fixed cells. This points at the possible influence of experimental setup on the RNA stability.
To get more information, we decided to analyze data from both transcriptomic experiments.
Differential gene expression showing more than 2-fold changes between W3110 wild type and
∆motA cells under both fixing and non-fixing experimental conditions is shown in Table 4.1.
Full lists of genes that were regulated only under fixing or non-fixing conditions are shown in
Supplementary Tables B.1 and B.1, respectively.

First, we analyzed genes that were upregulated in ∆motA compared to the wild type
cells. Importantly, fliC was 8.176 and 4.334 fold upregulated in fixed and non-fixed ∆motA

cells, respectably (Table 4.1). These transcriptomic data further confirm previous observation
of higher flagellar expression in non-motile ∆motA cells (Figure 4.8 B). Interestingly, higher
levels of fimB were detected in ∆motA cells when compared to the wild type (Table 4.1).
FimB is a recombinase, which, together with FimE, controls transcription of the type I fimbrial
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structural genes (fimA) in a process known as phase-variation switching. Note that under
fixing conditions also expression of both fimE and fimA was higher in ∆motA than wild
type cells (Supplementary Table B.1). These results point at a link between stop of flagellar
rotation and type I fimbriae expression in E. coli, which needs further investigations.

Further, 4.811 and 23.369 fold upregulation of yjiY levels, coding for pyruvate: H+ sym-
porter BtsT, were measured in fixed and non-fixed ∆motA cells, respectively (Table 4.1).
This is an interesting observation that needs further investigations and indicates a connection
between the BtsSR two-component system and flagellar rotation.

Looking at genes that are highly upregulated in the wild type and thus downregulated in
∆motA, one notices the whole curli operon (csgA − G). These results confirm previous ob-
servation shown in Figure 4.8 F that curli is strongly downregulated in ∆motA cells. Another
gene that pops out from both transcriptomic analyses is fnr, being strongly downregulated in
∆motA. FNR is a global transcriptional regulator of anaerobic metabolism. With its Fe-S clus-
ter, FNR monitors oxygen levels, and at low oxygen concentration it gets activated and represses
genes involved in aerobic metabolism. In addition, FNR regulates the transcription of many
genes with other functions, such as acid resistance, chemotaxis and cell structure ([161], [83],
[33]). Indeed, expression of multiple known FRN-repressed genes (narL, soxR, gnd, nac and
aceE) was upregulated in ∆motA cells. These data provide an interesting link between inhibi-
tion of motility and cellular respiration. Also, a gene coding for surface composition regulator
GlgS was 51.494 fold higher expressed in WT than in ∆motA under fixing conditions (Table
4.1). First, GlgS was proposed to be involved in regulation of glycogen biosynthesis ([69]).
Later, GlgS was shown to negatively regulate flagellar motility and biofilm polysaccharides pro-
duction ([148]). Since motility and biosynthesis of polysaccharide production normally compete
with glycogen biosynthesis for the same metabolite pool, it is now thought that GlgS effect on
glycogen biosynthesis might be indirect. Interestingly, transcriptomic analyses of ∆glgS mutant
revealed increased expression of type I fimbriae and flagella and indeed the mutant was shown
to be hyperflagellated and hyperfimbriated ([148]). This might indicate that downregulation
of glgS in ∆motA cells triggers higher flagella expression in non-motile mutant. Expression of
gadABC operon was also increased in the wild type when compared to ∆motA cells (Table
4.1), indicating that wild type cells have active glutamate-dependent acid resistance system 2,
which confers resistance to acid conditions. Interestingly, also higher levels of CsgD-regulated
diguanylate cyclase YaiC (DgcC) were detected in WT than in ∆motA cells. Again, this might
explain lower levels of CsgD, and as a result of curli expression, in ∆motA cells.

In addition, we analyzed genes that showed differential expression pattern depending on
the experimental condition (Table 4.2). Looking at transcriptomic data acquired from cells
previously fixed in their transcriptional and translational state (Table 4.2 and Supplementary
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Table B.1), one notices a multitude of strongly upregulated uncharacterized and/or membrane
proteins in the wild type. This indicates possible membrane stress and/or re-organization in
∆motA cells. Another interesting differentially expressed gene under fixed conditions was
bdm with 17.756 fold increase in the wild type compared to ∆motA (Supplementary Table
B.1). Bdm was shown to affect biofilm formation and expression of flagellar biosynthesis,
chemotaxis and motility genes (Kim et al. 2014). Note that Bdm was proposed to interact
with some unknown factor that in turn globally regulates flagellar biosynthesis. It is worth
mentioning that bdm along with previously discussed acid resistance are regulated by the Rcs
phosphorelay system. When ∆motA cells were previously fixed in their transcriptional state,
changes in expression of nan, paa and bio operons were detected (Supplementary Table B.1),
which code for enzymes ofN -acetylneuraminate transport, phenylacetate degradation and biotin
biosynthesis. These results point at different metabolic state of ∆motA cells than that of the
wild type.

Interestingly, ymgC, ymgA as well as ariR and ymgZ genes were 10.609, 7.721, 7.205 and
4.402 fold upregulated in the wild type when compared to ∆motA under non-fixing conditions
(Table 4.2 and Supplementary Table B.2). Activation of these genes was not detected in
wild type cells under previous fixation (Table 4.1 and Supplementary Table B.1). It has also
been reported that ymgA, ariR and ymgC are σS regulated genes and activate production of
colanic acid and acid resistance via the Rcs phosphorelay system ([186]). Also, a transcriptional
activator that regulates genes involved in the maintenance of pH homeostasis and glutamate
dependent (GAD) acid resistance system, gadE, along with gadXwere 4.67 and 3.166 fold
higher expressed in the wild type non-fixed cells ([98], [187], [105]). Together, these data
show that non-fixing experimental conditions induced strong acid response in wild type cells.
The whole tdcA − G operon was also strongly induced in wild type cells when compared to
∆motA under non-fixing conditions (Table 4.2 and Supplementary Table B.2). These genes
are involved in transport and metabolism of threonine and serine. Since activated acid response
and tdcA−G expression were detected only in non-fixed wild type cells (and not in fixed ones),
it is probably a condition-driven induction.

Together, this transcriptomic analysis indicates global metabolic changes, along with higher
flagellar and lower curli expression in cells with inhibited flagellar rotation, possibly as a prepa-
ration step towards sessile surface-attached lifestyle.

4.2.3 Class III flagellar genes are induced in immobilized cells

Synthesis of the bacterial flagellum is a complex process involving many regulatory genes, which
are expressed in a transcriptional hierarchy. In this analysis, fluorescent reporters of genes coding
for class I (flhD), class II (fliA) and class III (fliC) were used. Since fliC expression is higher
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in immobilized surface-attached or ∆motA cells, we wanted to investigate at which level of
flagellar regulatory network this activation is controlled. In addition, we analyzed flagellar gene
expression in ∆fnr, ∆motA∆fnr, ∆cpxR and ∆fliC mutants. Since FNR was strongly
downregulated in ∆motA, we aimed to test if FNR is involved in flagellar gene regulation. Due
to the fact that many membrane proteins were upregulated and curli fibers operon strongly
downregulated in ∆motA cells, we wanted to analyze if periplasmic stress pathway Cpx could
be involved in specific regulations in immobilized cells, perhaps altering the cell-to-substratum
contact. ∆fliC served as a control.

As shown in Figure 4.10 A, class I gene flhD was similarly expressed in the wild type
and tested mutants, being moderately downregulated in all mutants. Class II gene fliA had
similar expression levels in the wild type and ∆motA cells but was strongly downregulated in
∆fnr and ∆cpxR (Figure 4.10 B and 4.10 D). Importantly, class III gene fliC was significantly
upregulated in ∆motA when compared to wild type cells (Figure 4.10 C and 4.10 E), confirming
previous data. In ∆fnr and ∆cpxR cells fliC expression was strongly repressed. However,
when fnr was deleted in ∆motA background (∆motA∆fnr), repression of fliA or fliC
expression was reduced. These results indicate that upregulation of flagellar expression in non-
motile cells does not work via FNR.

As all classes of flagellar genes were downregulated in ∆fnr and ∆cpxR cells, we addi-
tionally checked motility of these mutants. ∆fnr and ∆cpxR were swimming comparable to
the wild type (microscopic observations, data not shown). Altogether, FNR and CpxR play a
role in activation of flagellar expression, possibly through some global regulation, as deletion
of either of them had an effect already on class I flhD expression. However, since levels of
fliA and fliC were lowest in ∆fnr, highest in ∆motA and intermediate in ∆motA∆fnr,
FNR most probably does not act through MotA. In addition, the transcriptomic data showed
that fnr expression is strongly downregulated and fliC expression upregulated in cells lack-
ing motA when compared to the wild type (Table 4.1). Thus, stopped flagellar rotation not
only activates flagellar class III gene expression but possibly also affects cellular respiration of
immobilized cells. Together, ∆motA effect on flagellar expression cannot be mediated by FNR.

Next, we wanted to find a possible surface sensor that triggers flagellar expression upon
surface contact. For this purpose, we monitored fliA and fliC expression changes upon surface
contact in cells lacking fnr, motA, cpxR and fliC, as it has previously been shown for the
wild type (Figure 4.8). For this purpose cells were either forced to the surface by centrifugation
or just incubated statically in microtiter plates and subsequently analyzed with flow cytometry.
Quantification of flow cytometry data is show in Figure 4.11. As shown in Figure 4.11 A, after 2
h fliA expression was slightly increased in surface-attached (surface) WT cells when compared
to non-attached (supernatant) WT cells. In ∆motA cells fliA levels were not affected by the
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surface contact. Note, however, that under these experimental conditions fliA levels (in both
surface-attached and supernatant cells) were upregulated in ∆motA cells when compared to
the wild type (Figure 4.11 A), which was not detected in planktonic cultures (Figure 4.10 B).
These results need further investigations. Consistent with results shown in Figure 4.10 B, fliA
expression was strongly decreased in ∆fnr and ∆cpxR mutants when compared to that in the
wild type. Flagella-less ∆fliC strain had similar fliA levels as the wild type. To sum up, there
was no significant fliA activation upon surface contact in neither of the tested strains.

By contrast, fliC expression was strongly upregulated in WT cells at the surface compared
to WT cells in suspension after 2 h (Figure 4.11 B). ∆fnr and ∆cpxR cells had downregulated
flagellin expression when compared to the wild type. Interestingly, in ∆fnr fliC levels were
higher in supernatant than in surface-attached cells (Figure 4.11 B). This is an interesting
observation that needs further investigations. Confirming previous results, fliC expression was
higher in ∆motA than in wild type cells. Importantly, no difference in fliC expression was
detected between surface-attached and supernatant ∆motA cells. ∆motA cells had elevated
fliC expression independent of being close to the surface or not. Similar to ∆motA, also
in ∆motA∆fnr no difference in fliC expression was observed between surface-attached and
supernatant cells. Flagella-less cells ∆fliC had similar fliC expression as the wild type with
higher flagellar expression in surface-attached than in supernatant cells. Therefore, flagellin itself
is probably not the sensor of the surface. Importantly, it seems that stop of flagellar rotation,
either through surface contact or deletion of stator (∆motA), induces flagellar expression in E.
coli cells.

4.2.4 Possible mechanisms underlying surface sensing

It is known that environmental cues like temperature, pH, osmolarity, oxygen levels and nutrients
can globally affect gene expression and as a result cell adherence in bacteria (reviewed by [188]).
We wanted to analyze if changes in pH, proton motive force (PMF) and/or oxygen levels in
cells on the surface are properties that are sensed by bacteria and could trigger subsequent stop
of flagellar rotation and attachment in E. coli.

It has been shown that when E. coli adheres to surfaces, the pH of the fluid close to the
surface decreases below the pH of the bulk E. coli liquid phase ([138]). Moreover, the Cpx
two-component system was shown to sense extracellular pH change ([118]). Importantly, we
observed strong effect on flagellar expression in ∆cpxR mutant (Figure 4.10). The proton
motive force (PMF), which drives motor rotation, is responsible for production of ATP in
cellular respiration depends on the concentration gradient of H+ across the plasma membrane.
Therefore, it was of a particular interest to test if local pH changes are sensed upon initial
attachment and then trigger immobilization of cells on the surface. Thus, we first wanted to
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Fig. 4.10: Expression analysis of flagellar genes in E. coli wild type and
its mutants. Shown is expression analysis of A) class I (flhD promoter)
B) class II (PfliA promoter) and C) class III (PfliC promoter) flagellar
genes in W3110 wild type (WT, shown in black), ∆fnr (shown in purple),
∆motA (shown in blue), ∆motA∆fnr (shown in red), ∆cpxR (shown
in dark grey), ∆fliC (shown in light grey) planktonic cells. Cells were
grown under constant shaking at 250 rpm in TB at 30 ◦C and analysis
was performed at OD600 = 0.6 using flow cytometry. Mean fluorescence of
at least three independent replicates is shown; error bars indicate standard
deviation. P values for the differences between gene expression in E. coli
wild type and its knockouts were calculated by unpaired t test. ???, P <
0.0001; ??, P < 0.005; ?, P < 0.01; ns, not significant.

investigate if changes in pH affect flagellar expression, possibly through changes in PMF of
surface-attached cells. As shown in Figure 4.12, fliC expression was measured at different pH
in WT, ∆motA, ∆fnr, ∆motA∆fnr and ∆cpxR mutants. Confirming results from Figure
4.10 C, same differences in fliC expression levels were measured between WT and its mutants.
Note that cells grew faster at low pH 5 and slower at high pH 8, according to normalized
fluorescent values to the growth rate measured at OD600. In general, higher fliC expression
was measured when cells were grown at pH 7. Note that cells lacking fnr had higher flagellin
expression at low pH. All in all, different pH had similar effect on fliC expression in wild type
and ∆motA cells. Therefore, local pH does not seem to be the mechanism underlying surface
sensing.

Next, we wanted to investigate if changed proton motive force (PMF) in immobilized
(∆motA) cells could trigger flagellar expression. The flagellar type III export apparatus is
required for construction of the bacterial flagellum outside of the cell membrane. It is known that
the export apparatus utilizes ATP and PMF as the energy source for efficient and rapid protein
export during flagellar assembly, although it remains unknown how. To decouple PMF from
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Fig. 4.11: Changes of flagellar gene expression in E. coli wild type and its
mutants upon surface contact. Cells were grown under constant shaking
at 250 rpm in TB at 30 ◦C. At OD600 0.6 cells were either forced to the
surface by centrifugation at 4000 rpm (surface) or not (supernatant). After
2 h fluorescence was measured using flow cytometry. Mean fluorescence of
at least three independent replicates is shown; error bars indicate standard
deviation. P values for the differences between gene expression in surface-
attached and supernatant cells, as well as between surface-attached wild
type and ∆motA cells were calculated by unpaired t test. ???, P < 0.0001;
??, P < 0.005; ?, P < 0.01; ns, not significant. A) fliA promoter levels
after 2 h; B) fliC promoter levels after 2 h.

other possible effects on fliC expression, we used Carbonyl cyanide m-chlorophenyl hydrazone
(CCCP), a chemical inhibitor of oxidative phosphorylation and measured its effect on flagellar
expression in wild type and ∆motA cells (Figure 4.13).

First, we tested different concentrations of CCCP to find an optimal one, which would inhibit
motility but would not affect cell growth. For this purpose we performed microscopy before
and directly after addition of different concentrations of CCCP (microscopic observations, data
not shown). As expected, cell motility was stopped directly after addition of CCCP. Motility
was inhibited for 8-10 min when 1 µM CCCP concentration was used, for approximately 30
min when 3 µM was applied, and for 45 min when 5 µM CCCP was used. Higher CCCP
concentrations (10 and 20 µM) strongly affected cell growth, so that these concentrations were
considered to be toxic for cells (see Supplementary Figure B.1). As expected for flagellar class
III gene, highest levels of fliC expression were measured after 5-6 h (300-350 min) of growth
(Figure 4.13 and Supplementary Figure B.1 B and C). Consistent with previous data ∆motA
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cells showed higher fliC expression than the wild type. Notably, upregulation of flagellar gene
expression in ∆motA was detected at 300-350 min of growth (Supplementary Figure B.1 B
and C).

As shown in Figure 4.13 A, addition of higher CCCP concentrations decreased fliC expres-
sion in wild type cells. Higher CCCP concentrations added to non-motile ∆motA cells resulted
in similar decrease of fliC expression (Figure 4.13 B). These results indicate that induced
flagellar expression in ∆motA cells is probably not regulated by proton motive force (PMF).
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Fig. 4.12: Global effect of pH on fliC expression in E. coli wild type and
its mutants. Cells were growth under constant shaking at 250 rpm in TB
of different pH at 30 ◦C. Mean fluorescence of at least three independent
replicates normalized to OD600 is shown. Error bars indicate standard devi-
ation. Measurements were performed using plate reader at different optical
densities (OD600).
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shown. Error bars indicate standard deviation. Measurements were per-
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Chapter 5

Bimodal curli expression

5.1 Regulation of bimodal curli expression in plank-

tonic culture

5.1.1 Bimodal expression of curli in planktonic culture

The overall aim of this thesis was to investigate when and how heterogeneity of gene expression
arises in E. coli biofilms. As shown in Chapter 3, E. coli cells differentiate into curli expressing
and non-expressing cells during biofilm formation. In our biofilm model high levels of PcsgA-
sfgfp are associated with cellular aggregation and structure formation. Heterogeneous gene
expression being observed within the complex biofilm structures is not very surprising, as it can
be driven by multiple (micro)-environmental factors. However, bimodal PcsgA-sfgfp expres-
sion was also detected in isotropic planktonic E. coli culture grown under shaking when no
aggregate formation occurs (Figure 5.1). Importantly, as shown in Figure 5.1, transcriptional
regulators of curli expression MlrA and CsgD showed monomodal gene expression starting from
OD600 of 0.6. Note that slightly bimodal csgD expression detected at OD600 0.2 probably re-
sults from the dilution of the overnight culture. Bimodal csgA expression, which subsequently
leads to a corresponding task distribution within E. coli biofilms arises from the isotropic plank-
tonic cell culture and, thus, is most likely the result of phenotypic variation that emerges from
the stochastic variation of gene expression over time between different cells. In this Chapter,
we aimed to systematically investigate the molecular mechanism and physiological relevance of
differentiation into curli positive and curli negative cells in E. coli planktonic culture.

77
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Fig. 5.1: Bimodal curli expression in planktonic E. coli cells upon entry into
the stationary phase. E. coli cells carrying PmlrA-egfp, PcsgD-egfp
and genomic PcsgA-sfgfp reporter were grown in tryptone broth (TB)
medium at 30 ◦C under constant shaking at 250 rpm. Shown are reporter fluo-
rescence measured using flow cytometry at different optical densities (OD600)
of planktonic cultures.

5.1.2 Limiting nutrients concentration induce curli expression in a

subpopulation of E. coli planktonic cells

Since a subpopulation of curli expressing cells started to arise when E. coli cells entered the
stationary phase at OD600 of 0.8 (Figure 5.1), we first wanted to investigate if nutrient limitation
could trigger curli expression. For this purpose, 4 ml cells carrying genomic PcsgA-sfgfp
reporter were grown until OD600 = 0.8 when differentiation into curli expressing and non-
expressing cells starts and then supplemented with 1 ml of fresh growth medium, containing
different concentrations of nutrients. Subsequently, PcsgA-sfgfp fluorescence was measured at
the single-cell level using flow cytometry. Note that under all tested conditions curli expression
was bimodal (Figure 5.2 D). Mean of GFP fluorescence, calculated cell density and growth
rate of W3110 cells grown in TB, 5xTB (TB medium containing five times more nutrient
concentration) and in 10xTB (TB medium containing ten times more nutrient concentration)
are shown in Figures 5.2 A, 5.2 B and 5.2 C, respectively. The more nutrients the growth
medium contained, the lower the mean of curli reporter levels was (Figure 5.2 A) and the
higher was cell growth (Figure 5.2 B). Also, higher growth rate was observed for cells grown
in medium with more nutrients (Figure 5.2 C). Importantly, the more nutrients were provided,
the smaller was the population of curli expressing cells (Figure 5.2 E, t = 24 h). Together,
these results indicate that nutrients limitation, and possibly as a result a slow down in growth,
induces curli expression in a subpopulation of planktonic cells upon entry into stationary phase.
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5.1.3 Curli expression is a reversible developmental process

Next, we wanted to analyze if already differentiated curli positive and negative cells were stable
in their expression state and possibly no longer dependent on the concentration of nutrients.
For this purpose, planktonic E. coli cells with PcsgA-sfgfp reporter were grown under shaking
conditions at 30 ◦C until OD600 0.8. Then, cells were sorted according to their gfp signal into
csgA OFF (no PcsgA-sfgfp expression) and csgA ON (PcsgA-sfgfp expression) populations
(1x106 cells each) using fluorescently activated cell sorting (FACS). Sorted csgA ON and OFF
cell were then incubated in either fresh (Figure 5.3 A) or conditioned (Figure 5.3 B) TB growth
medium.

As shown in Figure 5.3 B, sorted csgA ON and OFF cells stayed in their expression state
when put into filtered conditioned medium with limited nutrients concentration. Notably, since
conditioned medium was obtained from bacterial culture grown until OD600 = 0.8, sorted cells
were able to grow in this medium (data not shown here). Thus, differentiated curli expressing
and non-expressing populations remained stable in their expression state under unfavorable
nutritional conditions. However, csgA reporter levels gradually decreased over time when sorted
curli expressing cells were put into the fresh medium (Figure 5.3 A). Since no 100 % accuracy

Fig. 5.2 (facing page): Nutrients limitation induces curli expression. E. coli
cells carrying genomic PcsgA-sfgfp reporter were grown in
tryptone broth (TB) medium at 30 ◦C under constant shak-
ing at 250 rpm until OD600 = 0.8. Subsequently 1 ml of
1xTB, 5xTB (five times concentrated TB) and 10xTB (ten
times concentrated TB) was added to the 4 ml planktonic
culture and reporter fluorescence was measured using flow
cytometry. Mean of fluorescence is shown in arbitrary units
(AU) of fluorescence at indicated time points (A). Cell num-
bers and growth rate at indicated time points were obtained
from flow cytometry measurements of E. coli cultures grown
in TB, 5xTB and 10xTB (B and C, respectively). Flow cy-
tometry measurements were set to 30000 events. Cell num-
bers were calculated as 1/t needed to reach 30000 events,
where t is time. The growth rate was calculated as change
of cell number over time ∆/∆t, where N is cell number and
t is time. Shown are mean values calculated from three in-
dependent experiments and standard errors. Flow cytometry
diagrams show fluorescence measured at different time points
(D), and at starting time point t = 0 (OD600 = 0.8), before
addition of growth medium, and at time point t = 24 h after
addition of TB, 5xTB or 10xTB growth medium and 24 h
incubation at 30 ◦C (E).
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of FACS sorting could be reached, some csgA ON cells were detected in sorted csgA OFF
subpopulation and vice versa (Figure 5.3 A and B t = 0). Sorted curli negative cells remained
negative in fresh growth medium.

Together, these results indicate that differentiation into curli expressing and non-expressing
cells is reversible under favorable nutritional conditions. Importantly, when curli expression
was followed in fresh growth medium for longer period of time, bimodal csgA expression was
detected for both differentiated curli positive and negative cells (Figure 5.4, t = 24 h). All
together these results show that bimodal curli expression is a reversible, probably stochastic,
developmental process that is triggered when cells enter unfavorable nutrient-limiting conditions.

5.1.4 Decrease in division rate might be a signal for a bimodal

curli expression in E. coli planktonic cells

To further investigate if the reduction in growth rate and not necessarily nutrients depletion
might be a signal that triggers curli expression in a subpopulation of planktonic cells when they
enter the stationary phase, E. coli cells were grown to OD600 = 0.8, pelleted and resuspended
in filtered conditioned TB growth medium (filtered from a cell culture also grown to OD600 =
0.8). Cells were resuspended in different dilutions in the same conditioned growth media with
limiting amount of nutrients.

As shown in Figures 5.5 A and 5.5 B, with higher dilution of cells in conditioned TB medium
(with lower starting cell number), higher cell re-growth was observed. Note that at 1:10 dilution
only minimal cell growth was measured, probably due to limited nutrient concentrations. With
higher dilutions of cells correspondingly faster cell growth was measured. As shown in Figures
5.5 C-F, with higher dilutions of cells also faster turn OFF in curli reporter levels were measured
over time. These results indicate that re-started cell growth inhibits curli expression in a
subpopulation of E. coli planktonic cells. Furthermore, it confirms the link between inhibition
of cell growth and induction of curli expression in a subpopulation of E. coli planktonic cells.

As shown above, a subpopulation of planktonic cells starts to express curli fibers when
cells enter the stationary phase (see Figure 5.1). Since in fresh medium (sufficient nutrients)
bacterial growth rate is higher than in conditioned medium (limited nutrients), we next wanted
to calculate division rate of differentiated curli negative and positive cells when they are put
into growth media with different nutrient concentrations. For this purpose, 1x106 of csgA ON
and OFF cells were sorted using FACS according to the PcsgA-sfgfp signal from planktonic E.
coli culture grown under shaking conditions at 30 ◦C to OD600 0.8. Then, the growth of sorted
curli expressing and non-expressing cells was measured in A) fresh TB medium; B) conditioned
TB medium filtered from bacterial culture of OD600 = 0.8; C) conditioned TB medium filtered
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Fig. 5.3: Differentiated curli positive and negative cells are stable in their
expression state under unfavorable but not under favorable nutri-
tional conditions. E. coli cells carrying genomic PcsgA-sfgfp reporter
were grown in tryptone broth (TB) medium at 30 ◦C under constant shaking
at 250 rpm until OD600 = 0.8 and subsequently sorted by FACS to curli
positive (csgA ON) and curli negative (csgA OFF) cells according to the
PcsgA-sfgfp fluorescence. Sorted cells were then taken in fresh (A) or con-
ditioned (B) TB growth medium and changes in the single-cell expression of
curli (PcsgA-sfgfp) were measured over time using flow cytometer. Condi-
tioned TB was obtained by filtering the growth medium from the cell culture
grown to OD600 = 0.8.
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until OD600 = 0.8 and subsequently sorted by FACS to curli positive (csgA
ON) and curli negative (csgA OFF) cells according to the PcsgA-sfgfp
fluorescence. Sorted cells were then taken in fresh TB growth medium and
changes in the single-cell expression of curli (PcsgA-sfgfp) were measured
over time using flow cytometry.

from bacterial culture of OD600 = 1.2 by flow cytometry.

As shown in Figure 5.6, csgA OFF cells grew faster than csgA ON cells in all tested growth
media. These results indicate that curli expressing cells grow slower than curli non-expressing
cells. Thus, it is possible that curli expression is triggered in a subpopulation of planktonic cells
with slower division rate. When looking at the changes in growth rate of csgA positive and
negative cells in fresh medium over time, a drop in growth was detected after 8 h, possibly
indicating dying of cells after a fast re-growth (Figures 5.7 A). Interestingly, exactly after the
time point of strong decrease in cell growth a subpopulation of curli expressing planktonic cells
appeared (Figure 5.7 B-E). Thus, these results strongly suggest that diminished growth rate
might be a signal for a subpopulation of planktonic cells to start expressing curli fibers. All in
all, a decrease in fitness in exchange for increased matrix production could be a possible bet
hedging strategy of E. coli cells when they enter the stationary phase as a preparation step for
unfavorable conditions.

5.1.5 AI-2 mediated quorum sensing is not involved in regulation

of curli expression

Many species of bacteria use quorum sensing (QS) to coordinate gene expression according
to the density of their local population. Since curli expression seems to correlate with cell
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Fig. 5.5: Re-started cell division inhibits curli expression. E. coli cells carrying
genomic PcsgA-sfgfp reporter were grown in tryptone broth (TB) medium
at 30 ◦C under constant shaking at 250 rpm until OD600 = 0.8, pelleted
and resuspended in filtered conditioned TB growth medium (filtered from
a cell culture also grown to OD600 = 0.8) in different dilutions of cells to
medium: 1:10; 1:100; 1:1000; 1:10000. Subsequently, reporter fluorescence
was measured over time using flow cytometry. Cell numbers were normalized
by the cell number at t0 = 0 (A). Growth rate was calculated as a change
of cell number over time ∆N/∆t, where N is cell number and t is time (B).
Flow cytometry diagrams show fluorescence measured over time after cells
were diluted 1:10 (C), 1:100 (D), 1:1000 (E) and 1:10000 (F).
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Fig. 5.6: Curli non-expressing E. coli cells grow faster than curli expressing
ones. The growth of sorted csgA ON and csgA OFF cells in A) fresh
TB medium; B) conditioned TB from bacterial culture of OD600 = 0.8; C)
conditioned TB from bacterial culture of OD600 = 1.2 was measured by flow
cytometry. For each condition initial amount of 1x106 of sorted csgA ON or
OFF cells was used. Cell numbers were normalized by the cell number at t0
= 0.

population density, we next aimed to investigate a possible role of QS in regulation of curli
expression. Therefore, we analyzed if curli expression is influenced upon addition of synthetic
AI-2 molecule. As expected, the lsr operon expression (Plsr-egfp) was induced upon addition
of synthetic DPD/AI-2 (that is, DPD that spontaneously converted to AI-2) (Figure 5.8 A).
Importantly, since addition of 25 µM DPD/AI-2 did not affect curli expression (Figure 5.8 B),
it seems that AI-2 mediated quorum sensing is not involved in regulation of curli expression.

5.1.6 Cyclic di-GMP levels tune bimodal curli expression in E. coli

planktonic cells

Next aim was to analyze if c-di-GMP levels might coordinate curli expression through some
factor or signaling molecule that is stimulated by c-di-GMP and subsequently secreted into the
growth medium. For this purpose, E. coli wild type, ∆yegE and ∆yhjH cells carrying genomic
PcsgA-sfgfp reporter were grown to OD600 0.8, pelleted and resuspended in filtered growth
medium from the cultures with either low (growth medium filtered from ∆yegE cells grown to
OD600 0.8) or high (growth medium filtered from ∆yhjH cells grown to OD600 0.8) c-di-GMP
levels. Note that media with low or high c-di-GMP levels had the same nutrients concentration
(OD600 0.8). Changes in curli gene expression were followed at the single-cell level using
flow cytometry (Figure 5.9). Although, as expected, deletion of yhjH (∆yhjH) resulted in
significant increase and deletion of yegE (∆yegE) in decrease of curli fibers expression, it is
important to mention that curli expression remained bimodal (Figure 5.9 B (∆yhjH control)
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Fig. 5.7: Decrease in growth rate triggers curli expression. Growth rates
were calculated as a change of cell number over time ∆N/∆t, where N is cell
number (shown in 5.6 A) and t is time. Changes in growth rates of sorted
csgA ON and csgA OFF cells in fresh TB medium were measured over time
using flow cytometry (A). The initial amount of 1x106 of sorted csgA ON or
OFF cells was used. Flow cytometry diagrams show PcsgA-sfgfp reporter
levels over time for sorted csgA ON cells (B-C) and csgA OFF (D-E). C is
an enlarged view of PcsgA-sfgfp reporter levels shown in B, and E is an
enlarged view of PcsgA-sfgfp reporter levels shown in D.
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Fig. 5.8: AI-2 mediated quorum sensing does not regulate curli expression.
Shown is mean of Plsr-egfp (A) and PcsgA-sfgfp (B) fluorescence upon
addition of 0 and 25 µM of synthetic DPD/AI-2 (see Material and Methods
for details) measured by flow cytometry. E. coli cells carrying Plsr-egfp or
genomic PcsgA-sfgfp reporter were grown in tryptone broth (TB) medium
at 30 ◦C under constant shaking at 250 rpm until OD600 0.8. At time point
t = 0 either 0 or 25 µM DPD/AI-2 was added to the planktonic cells and
grown further under constant shaking at 30 ◦C. Every 30 min samples were
taken and analyzed by flow cytometry.

and 5.9 C (∆yegE control)). As shown in Figure 5.9, no significant differences in curli expression
were observed when wild type cells were resuspended in media with high (growth medium from
∆yhjH) or low (growth medium from ∆yegE) c-di-GMP levels (Figure 5.9 A). Also, when
∆yhjH or ∆yegE cells were resuspended in the growth medium from each other, only slight
changes in curli expression were measured (Figure 5.9 B and 5.9 C). Further analysis of the role
of global c-di-GMP levels on the regulation of curli expression (see Subsection 5.3.4 for details)
has shown that c-di-GMP levels do not regulate but rather fine-tune bimodal curli expression
in E. coli planktonic cells. Apparently, no intercellular signaling molecules that control curli
expression are secreted into growth medium dependent on c-di-GMP levels.
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Fig. 5.9: Cyclic di-GMP levels fine-tune differentiation into curli positive
and negative cells in planktonic E. coli culture. E. coli wild type
(WT), ∆yegE and ∆yhjH cells carrying genomic PcsgA-sfgfp reporter
were grown to OD600 0.8, pelleted and resuspended in filtered growth medium
from either own culture (control), in medium with low c-di-GMP concentra-
tion from ∆yegE cells (growth medium from ∆yegE) or in medium with high
c-di-GMP concentration from ∆yhjH cells (growth medium from ∆yhjH).
Medium was used from the planktonic cultures grown to OD600 = 0.8 (con-
ditioned TB). Changes in PcsgA-sfgfp expression were measured at single
cell level over time using flow cytometry.
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5.1.7 Curli expression is stochastic and stable in E. coli planktonic

cells

Additionally, miscrocopic analysis of curli expression in E. coli planktonic cells was performed.
For this purpose, E. coli cells carrying PcsgA-sfgfp genomic reporter and Ptrc-mCherry
were grown to mid-exponential phase (OD600 0.5), strongly diluted to OD600 0.01, plated on
agarose pads with fresh TB medium and analyzed under the microscope. Due to strong dilution
and fresh medium supply it took around 14 h for cells to start expressing csgA (Figure 5.10).
As shown in Figure 5.10, csgA started to be expressed stochastically and randomly in single
cells (t = 14 h). The switch towards curli expression seems to be stable, as a lineage of curli
positive cells could be followed and no switching back to curli non-expressing cells was observed
(see Figures 5.10 A and 5.10 B for details).

Next aim was to investigate what happens first: 1) stochastic switch of curli expression
in a subpopulation of planktonic cells, which then aggregate and form biofilm structures via
curli fibers, or 2) random aggregation of cells in a suspension, which subsequently triggers curli
expression. To answer this question, expression of PcsgA-sfgfp was analyzed in E. coli wild
type (WT) and antigen 43-less ∆flu cells. In the absence of antigen 43, E. coli cells do not
aggregate at all. Additionally, curli expression was analyzed in flagella-less ∆fliC and stator-
less ∆motA cells. Flagella-less E. coli cells do not form structures in a biofilm (see Sections
2.2 and 3.1 for details). As shown in Figure 5.11, no difference in PcsgA-sfgfp expression was
observed in ∆flu and ∆fliC mutants when compared to the wild type. These results strongly
suggest that there is first a stochastic switch towards curli production in a subpopulation of
planktonic cells, which subsequently leads to cell aggregation, and not vice versa. Thus, it is
not cell aggregation that triggers curli expression in planktonic culture. Importantly, decreased
curli expression was measured in ∆motA cells when compared to the wild type, consistent with
previous data where increased flagellar and decreased curli expression was measured in ∆motA

cells (see Subsections 4.2.1 and 4.2.2 for details). These results further confirm a link between
cell motility and expression of curli fibers.

5.2 Search for possible regulators of bimodal curli ex-

pression

Since bimodal curli expression seems to arise stochastically in planktonic cells that enter the
stationary phase, we wanted to unravel how csgA bistability is regulated on the molecular level
and to identify a molecular regulator that drives it.
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Fig. 5.10: Curli expression is stochastic and stable in E. coli planktonic cells.
E. coli cells carrying PcsgA-sfgfp genomic reporter (curli-expressing cells,
green color) and Ptrc-mCherry (mCherry was induced with 10 µM IPTG
to label all cells, red color) were grown to mid-exponential phase OD600

0.5, strongly diluted to OD600 0.01, plated on agarose pads with fresh TB
medium and analyzed under the microscope. Images were obtained every
hour. Shown are microscopy images starting from 14 h, as it was the first
time point when PcsgA-sfgfp expression was detected. Full observation
area is shown in Supplementary Figure C.1; cropped and zoomed areas
are shown in A and B. Experiments were repeated three times, shown are
representative images.
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Fig. 5.11: Curli expression is not triggered by previous aggregation of plank-
tonic cells. Fluorescence of genomic PcsgA-sfgfp reporter in wild type,
non-motile ∆motA, flagella-less ∆fliC and antigen 43-less ∆flu cells was
analyzed at the single-cell level using flow cytometer. Shown are mean flu-
orescence of the whole population (A) and the mean fluorescence of only
csgA positive cells (B). Means of at least three independent replicates are
shown; error bars represent standard deviations. P values for the differ-
ences between attachment of E. coli WT and its knockouts were calculated
by unpaired t test. ??, P < 0.005; ns, not significant.

5.2.1 Strong differences in gene expression and physiology were

detected between curli expressing and non-expressing plank-

tonic cells

For this purpose, E. coli cells carrying PcsgA-sfgfp genomic reporter for curli expression were
grown in TB medium at 30 ◦C under constant shaking at 250 rpm to OD600 0.8, since at this
optical density a subpopulation of curli-producing cells arises. Then, cells were sorted according
to their gfp signal into csgA OFF (no PcsgA-sfgfp expression) and csgA ON (PcsgA-
sfgfp expression) populations using FACS. Finally, total RNA was isolated from sorted csgA
ON and OFF cells and sent for RNA sequencing. From the obtained transcriptomic data we
aimed to identify possible global regulators that trigger the differentiation program towards curli
expression or stabilizes stochastically switched single cells in their expression state.

To have sufficient material for RNA isolation at least 30 x 106 of csgA ON and OFF cells
were sorted. Sorting of this amount of cells took 6 – 8 h. In the first set of experiments,
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cells were sorted in ice-cold PBS, re-incubated for 1 h at 30 ◦C in filtered conditioned TB
medium of OD600 0.8 culture and then subjected to total RNA isolation on ice (non-fixed
conditions, see Subsection 8.2.11). In the second set of experiments, cells were first fixed in
their transcripional and translational state by a STOP solution at OD600 0.8 (see Material and
Methods) and then sorted into csgA ON and OFF cells (fixed conditions). Interestingly, slightly
different transcriptomic data were acquired from non-fixed and fixed cells (Figure 5.12). As
shown in Figures 5.12 C and 5.12 D, some genes were activated in csgA ON and OFF, depending
on fixing or non-fixing experimental condition. Induction of such genes was considered to be
condition-driven and therefore they were discarded from the results shown in Table 5.1. A
list of such condition-driven genes is shown in Supplementary Table C.2. Transcriptomic data
from sorted curli expressing and non-expressing cells that were not previously fixed is shown
in Supplementary Table C.1. For simplicity, similar and different gene regulation under the
two experimental conditions were marked green and red in the left column of the Table 5.1,
respectively. There was a degree of overlap, when gene expression was compared between
previously fixed and non-fixed sorted csgA ON cells. However, when gene expression was
compared between previously fixed and non-fixed sorted csgA OFF cells, large differences in
transcriptomic data were observed. Only 11.979 % of genes were similarly regulated in csgA
OFF cells under the two experimental conditions. Taking into account that under non-fixed
conditions the re-incubation could have affected the expression, we decided to use data acquired
from cells fixed in their transcriptional and translational state before sorting (Figure 5.12 B and
Table 5.1). This way we were confident that gene expression was not affected by any factor
during the FACS sorting procedure and/or the incubation in spent medium afterwards.

As expected, genes of csgBAC and csgDEFG curli operons were the most differentially
expressed genes between sorted csgA ON and OFF cells (Table 5.1). Many genes of σS regulon,
like the whole yciGFE operon, poxB, yjbJ , elaB, katE and glgS were significantly upregulated
in sorted csgA ON cells. In addition, several stress-response genes (uspD, yhcN , appY , ytjA
and hicA, yjbJ) were detected in csgA ON cells. Together it points at the general σS activition
in curli-expressing cells. Interestingly, many genes involved in acidic pH stress response were
also detected in csgA ON cells. Note 6.885-fold induction of dctR in curli ON cells. DctR
is a putative transcriptional regulator with a possible role in protection against metabolic end
products that are toxic at low pH. Thus, there is a possible link between curli expression and
cytoplasmic acidification, which needs further investigations. Also, several genes coding for
uncharacterized proteins (ymdF , ygdI, ypjJ , yjd, yjbE and yhdV ) were strongly induced in
curli expressing cells. Strong expression induction of these uncharacterized proteins could point
at a specific signaling cascade in cells producing curli and needs further investigations. Some
of the uncharacterized proteins probably participate in membrane remodeling and transport of
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metabolites, however, it needs to be confirmed. To sum up, in sorted csgA ON cells, along
with csg genes, different stress-induced genes were detected.

The strong upregulation of yhbU and yhbV coding for putative peptidases was detected in
sorted curli OFF cells (Table 5.1). As shown in Supplementary Figure 5.4, yhbU and yhbV were
also 10.437-fold and 26.33-fold upregulated in curli OFF cells when compared to ∆csgD. Thus,
yhbU and yhbV genes are specifically induced in curli non-expressing cells. Consistently, when
the expression of yhbU and yhbV was compared in the wild type and ∆csgD no significant
differences were detected. Although Ogasawara et al. have experimentally shown that CsgD
represses the neighboring gene yhbT ([121]), yhbU and yhbV genes are not known to be
regulated by CsgD. Therefore, it is of a great interest to check if CsgD represses the expression
of yhbU and yhbV in curli ON cells, where csgD levels are significantly higher than in curli
OFF cells. Active proteases in cells lacking curli expression could indicate a possible regulatory
mechanism in which curli proteins are actively degraded in a subpopulation of cells with lower
csgD levels or activity. Also, significantly elevated levels of yifB coding for a putative ATP-
dependent protease were measured in curli OFF cells.

Importantly, strongly elevated levels of the phosphodiesterase YlaB (PdeB) were detected
in curli OFF cells (Table 5.1). Possibly, as global c-di-GMP levels increase when E. coli cells
enter the stationary phase, a subpopulation of cells actively degraded the second messenger
with a specific phosphodiesterase. Note that no diguanylate cyclases were induced in fixed curli
ON cells (CsgD-regulated diguanylate cyclase YaiC (DgcC) was detected in non-fixed curli ON
cells, Supplementary Table C.1).

Interestingly, highly upregulated levels of putative fimbrial protein YdeS were measured in
csgA OFF cells (Table 5.1), indicating that cells lacking curli amyloid fibers might express
other putative adhesins. Finally, very strong induction of MdtJI multidrug efflux transporter
was observed in csgA OFF cells. A number of DNA-binding transcriptional regulators that
coordinate a variety of stress-resistance and metabolic genes were induced in csgA OFF cells.
Importantly, the majority of upregulated genes in curli OFF cells have σS-binding sites ([168]),
indicating strong σS activity in curli non-expressing cells. Note that curli ON and OFF cells
have differential activitation of σS-dependent genes, indicating that E. coli cells follow different
strategies when entering the stationary phase.

In general, our transcriptomic data suggest substantial physiological differences between
curli-expressing and non-expressing cells. Together, it might indicate that cells follow different
adaptation programs when they enter unfavorable conditions and as a result different sub-
populations might arise in a planktonic culture. All in all, these transcriptomic data provide
valuable information about gene expression differences in subpopulations of planktonic cells
with differentiated curli expression and how it might be linked to their metabolism.



94 CHAPTER 5. BIMODAL CURLI EXPRESSION

5.2.2 CsgD plays an important role in regulation of curli expression

switch in E. coli

Since we wanted to identify a specific transcriptional regulator that possibly stabilizes cells in
their curli ON state, we searched for a common regulator of induced genes in csgA ON cells.
Since csgD expression was strongly induced in csgA ON cells (Table 5.1 and Supplementary
Table C.1), we first checked how many of the activated genes in sorted curli expressing cells
were potentially regulated by CsgD. For this purpose, genes were analyzed for the presence
of a predicted CsgD binding site AAAAGNGNNAAAWW ([121]). Note that the analysis was
performed for transcriptomic data acquired under non-fixing conditions. In csgA ON cells 25
% of upregulated genes were predicted to be regulated by CsgD (Supplementary Table C.1,
labeled with red in the right pannel). From genes detected in sorted csgA OFF fraction only 16
% of genes were predicted to be regulated by CsgD, most of which are known to be repressed by
CsgD. In general, among genes with predicted CsgD binding sites, the ones activated by CsgD
were detected in sorted csgA ON cells and the ones repressed by CsgD were detected in sorted
csgA OFF cells. These results confirm that CsgD plays an important role in the regulation of
curli switch in planktonic culture.

5.2.3 Differential gene expression in curli ON and OFF cells cannot

be regulated only by CsgD

Although CsgD is a major coordinator of curli expression, it is possibly not the only transcrip-
tional regulator involved in bimodal curli expression in E. coli planktonic cells. In order to
investigate if different CsgD levels and/or activity in curli-expressing and non-expressing cells
would be enough to contribute to the bimodal csgA expression in planktonic culture and to
identify genes that are regulated by CsgD, transcriptomic analysis of wild type and ∆csgD cells
was performed (Figure 5.13 A, Table 5.2, Supplementary Table C.3). As shown in Table 5.2,
there were not so many genes differentially expressed between wild type and ∆csgD cells fixed
in their transcriptional state. As expected, deletion of csgD strongly influenced the expression
of known CsgD-dependent genes csgA, csgB and diguanylate cyclase yaiC (dgcC). Further-
more, gene expression was compared in sorted csgA OFF and in ∆csgD cells. As shown in
Supplementary Table C.4, curli non-expressing cells differed strongly from cells lacking csgD.
Importantly, with the help of this analysis specific regulations in curli OFF cells, independent
of CsgD, could be identified. For simplicity, genes that were upregulated specifically in sorted
CsgA OFF cells when compared to CsgA ON cells, and not detected when ∆csgD cells were
compared to wild type cells, were not color labeled in the right column of the Table 5.1 (com-
pare genes with negative values in Table 5.1 (csgA OFF) and genes with negative values in
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Supplementary Table C.3 (∆csgD)). These unlabeled genes are specifically upregulated genes
in curli OFF subpopulation independent on CsgD levels. By contrast, genes were marked pink
in the right column of the Table 5.1, if their expression was upregulated in CsgA OFF and
∆csgD cells when compared to CsgA ON and wild type, respectively. Only few genes were up-
regulated in sorted curli OFF population due to decreased CsgD levels. Clearly, decreased levels
of csgD have only minor effects on gene expression in CsgA OFF cells and curli non-expressing
cells differ significantly from ∆csgD cells. These results further confirm that differential gene
expression in curli-expressing and non-expressing planktonic subpopulations (shown in Table 5.1
and Supplementary Table C.1) cannot be fully explained by the levels and/or activity of CsgD
regulator.

Finally, we looked at common genes that are upregulated in sorted csgA ON cells when
compared to csgA OFF cells and upregulated in the wild type when compared to ∆csgD cells.
These genes are marked with orange in Table 5.1. As shown in Table 5.1, only few genes
were upregulated in curli-expressing subpopulation as the result of csgD activity. As expected,
among these genes were csgA, csgB, csgD and csgE. Interestingly, csgF and csgG were not
upregulated in wild type when compared to ∆csgD cells. These results might indicate that
csgF and csgG are specifically induced or stabilized in curli-expressing subpopulation of E. coli
planktonic cells. In addition, yncL and ilvL were upregulated in csgA ON subpopulation as
the result of csgD activity. Altogether, these data suggest that the majority of genes in csgA
ON or OFF cells might not be directly regulated by CsgD.

Tab. 5.1: Differential gene expression showing more than 4-fold changes between csgA
ON and OFF cells previously fixed in their transcriptional and translational
state.

Fold change
csgA

Gene Annotation ON→
csgA OFF

csgB curlin, minor subunit 253.534
csgA curlin, major subunit 124.95
yciG expression of the yciGFE locus is induced under 33.606

osmotic stress under both aerobic and anaerobic
conditions; part of σS regulon

csgE curli transport specificity factor 16.829
yciF expression of the yciGFE locus is induced under 14.155

osmotic stress under both aerobic and anaerobic
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conditions; part of σS regulon
ymdF putative protein 14.034
csgF curli assembly component 13.419
csgD DNA-binding transcriptional dual regulator CsgD 12.395
yciE DUF892 domain-containing protein YciE 11.485
narW NarW, putative private chaperone for NarZ nitrate 10.692

reductase subunit
ygdI putative lipoprotein 10.4
ypjJ putative protein 10.15
yiiS uncharacterized protein YiiS; yiiS gene has an 10.041

RpoE-dependent promoter
uspD stress protein involved in resistance to UV irradiation 9.429
yjdI putative protein 9.412
csgG curli secretion channel 8.192
yodC putative protein 7.608
yjbE putative protein 7.602
otsA trehalose-6-phosphate synthase 7.494
ytjA putative protein 7.45
yncL small membrane protein 7.356
yhdV putative lipoprotein YhdV 7.146
cysH phosphoadenosine phosphosulfate reductase 7.134
ybgS uncharacterized lipoprotein YbgS 6.993
osmB osmotically-inducible lipoprotein OsmB 6.9
csiD putative protein 6.753
aldB aldehyde dehydrogenase B 6.651
yhcN stress-induced protein 6.636
acrZ small membrane protein that interacts with the 6.609

AcrAB-TolC multidrug efflux pump
hdeD acid-resistance membrane protein 6.58
sodA seroxide dismutase (Mn) 6.507
psiF putative protein 6.423
fbaB fructose-bisphosphate aldolase class I 6.248
poxB pyruvate oxidase 6.227
yegS lipid kinase 6.223
hdeB HdeB monomer 6.006
narY nitrate reductase Z subunit β 5.911
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yebV putative protein 5.861
narZ nitrate reductase Z subunit alpha 5.816
yjcH conserved inner membrane protein 5.779
osmY periplasmic chaperone, osmotically induced 5.74
yhiD inner membrane protein YhiD 5.732
prpC 2-methylcitrate synthase 5.723
nuoF NADH:quinone oxidoreductase subunit F 5.611
otsB trehalose-6-phosphate phosphatase 5.486
katE catalase II 5.481
talA transaldolase A 5.457
rpoC RNA polymerase subunit β 5.427
astE succinylglutamate desuccinylase 5.37
glcD glycolate dehydrogenase, putative FAD-linked 5.353

subunit
nuoJ NADH:quinone oxidoreductase subunit J 5.292
dctR putative DNA-binding transcriptional regulator 5.27
ydcV putative transport protein ABC family 5.219
fbaA fructose-bisphosphate aldolase class II 5.14
lhgO L-2-hydroxyglutarate oxidase 5.13
ybaY putative outer membrane lipoprotein 5.098
hicA toxin of the HicA-HicB toxin-antitoxin system 5.093
glgS surface composition regulator 5.068
spy ATP-independent periplasmic chaperone 5.063
gadE DNA-binding transcriptional activator GadE 5.056
patA putrescine aminotransferase 5.051
ugpE glycerol-3-phosphate ABC transporter membrane 5.018

subunit UgpB
gcvH glycine cleavage system H protein 5.005
gadA glutamate decarboxylase A 4.988
btuE thioredoxin/glutathione peroxidase 4.931
yncG putative protein 4.926
appY DNA-binding transcriptional activator AppY 4.872
gatB galactitol-specific PTS enzyme IIB component 4.869
tktB transketolase II 4.847
yohJ conserved inner membrane protein 4.821
ecnB bacteriolytic entericidin B lipoprotein 4.81
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cmtB mannitol-specific PTS enzyme IIA component CmtB 4.779
ycgZ putative two-component system connector protein 4.765
nuoG NADH:quinone oxidoreductase subunit G 4.752
yahK aldehyde reductase, NADPH-dependent 4.75
gcvP glycine decarboxylase 4.739
gabT 4-aminobutyrate aminotransferase GabT 4.737
tauA taurine ABC transporter periplasmic binding protein 4.721
yhjR conserved protein 4.685
bdm biofilm-dependent modulation protein 4.673
ytfJ putative protein 4.669
gcvT aminomethyltransferase 4.654
yjbJ putative stress response protein 4.654
sucC succinyl-CoA synthetase subunit β 4.595
wrbA NAD(P)H:quinone oxidoreductase 4.569
yjdN putative protein 4.532
cyoE heme O synthase 4.532
yceQ putative protein 4.522
actP acetate/glycolate:cation symporter 4.505
patD gamma-aminobutyraldehyde dehydrogenase 4.494
treA periplasmic trehalase 4.491
yahL putative protein 4.49
hdeA HdeA monomer, chaperone active form 4.479
gatD galactitol-1-phosphate 5-dehydrogenase 4.473
lsrB Autoinducer-2 ABC transporter periplasmic binding 4.46

protein
yfdY putative protein 4.443
sucB dihydrolipoyltranssuccinylase 4.413
uspF nucleotide binding filament protein 4.402
yciZ putative protein 4.387
rpoB RNA polymerase subunit β 4.37
astD aldehyde dehydrogenase 4.345
glf UDP-galactopyranose mutase 4.343
paoC aldehyde dehydrogenase: molybdenum cofactor- 4.339

binding subunit
eutG putative alcohol dehydrogenase in ethanolamine 4.324

utilization
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lsrF 3-hydroxy-2,4-pentadione 5-phosphate thiolase 4.309
ymgA protein involved in biofilm formation 4.306
ybdR putative oxidoreductase, Zn-dependent and NAD(P)- 4.302

binding
nuoM NADH:quinone oxidoreductase subunit M 4.283
sra 30S ribosomal subunit protein S22 4.274
ydcS putative periplasmic binding protein ABC family / 4.267

polyhydroxybutyrate synthase
dkgA methylglyoxal reductase DkgA 4.262
rrpB 2-methylisocitrate lyase 4.256
essD DLP12 prophage; putative phage lysis protein 4.209
elaB conserved protein 4.201
ilvL ilvXGMEDA operon leader peptide 4.183
ysaB putative lipoprotein 4.18
stfR putative membrane protein 4.176
sodC seroxide dismutase (Cu-Zn) 4.144
acs acetyl-CoA synthetase (AMP-forming) 4.143
astB N-succinylarginine dihydrolase 4.137
ycaC putative hydrolase 4.093
nuoI NADH:quinone oxidoreductase subunit I 4.086
nuoB NADH:quinone oxidoreductase subunit B 4.075
ggt gamma-glutamyltranspeptidase 4.071
pfo putative pyruvate-flavodoxin oxidoreductase 4.06
osmE osmotically-inducible putative lipoprotein OsmE 4.046
osmC osmotically inducible peroxiredoxin 4.042
tnaB tryptophan:H+ symporter TnaB 4.006
ydiB shikimate dehydrogenase / quinate dehydrogenase 4.005
cyoC cytochrome bo3 terminal oxidase subunit III 4.004
clsB cardiolipin synthase B 4

phoQ sensory histidine kinase PhoQ -4.004
ynfM putative transport protein, major facilitator -4.069

superfamily
fecR regulator of fec operon -4.079
aroH 3-deoxy-7-phosphoheptulonate synthase, -4.086

Trpsensitive
frlA fructoselysine/psicoselysine transporter -4.086
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yhfU putative protein -4.091
trmN putative protein -4.11
ydgD putative protein -4.123
fruB fructose-specific PTS multiphosphoryl transfer -4.148

protein FruB
thiD bifunctional hydroxymethylpyrimidine -4.15

kinase/phosphomethylpyrimidine kinase
deoR DNA-binding transcriptional repressor DeoR -4.151
yieL putative hydrolase -4.173
yifB putative ATP-dependent protease -4.198
mlaB intermembrane phospholipid transport system - -4.202

MlaB protein
nac DNA-binding transcriptional dual regulator Nac -4.22
cbl DNA-binding transcriptional activator -4.222
slyB outer membrane lipoprotein -4.233
purK 5-(carboxyamino)imidazole ribonucleotide synthase -4.304
ygbL putative class II aldolase -4.342
holE DNA polymerase III subunit theta -4.345
fepB ferric enterobactin ABC transporter periplasmic -4.358

binding protein
yccM putative 4Fe-4S membrane protein -4.399
nadB L-aspartate oxidase -4.402
yffL putative protein -4.465
abrB putative regulator -4.51
yejE putative oligopeptide ABC transporter membrane -4.513

subunit YejE
yeeY putative DNA-binding transcriptional regulator -4.569
hypA accessory protein for nickel incorporation into -4.586

hydrogenase 3
yjjB conserved inner membrane protein -4.586
yhjE putative transport protein, major facilitator -4.648

superfamily
acrE AcrEF-TolC multidrug efflux pump - -4.664

membrane fusion protein
ydfK Qin prophage; cold shock protein YdfK -4.719
glrR GlrR DNA-binding transcriptional activator -4.762
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lgoD L-galactonate oxidoreductase -4.837
ygcN putative oxidoreductase with FAD/NAD(P)- -4.846

binding domain
glrK sensory histidine kinase GlrK -4.85
ybjG undecaprenyl pyrophosphate phosphatase -4.893
znuB Zn2+ ABC transporter membrane subunit -4.896
maa maltose O-acetyltransferase -4.913
pspC phage shock protein C -4.942
ycjM putative glucosyltransferase -4.958
arsR ArsR DNA-binding transcriptional repressor -4.989
idnR putative protein -5.035
yhhX putative oxidoreductase with NAD(P)- -5.077

binding Rossmann-fold domain
tqsA quorum signal AI-2 exporter -5.153
xanP xanthine:H+ symporter XanP -5.153
arsB arsenite/antimonite:H+ antiporter -5.164
ybjD conserved protein with a nucleotide triphosphate -5.23

hydrolase domain
ymiA small putative membrane protein -5.282
yebO putative protein -5.292
nadA quinolinate synthase -5.303
basS sensory histidine kinase BasS - phosphorylated -5.327
lgoR putative DNA-binding transcriptional regulator -5.371
yhbW putative luciferase-like monooxygenase -5.391
proW glycine betaine ABC transporter membrane -5.453

subunit ProW
trpE anthranilate synthase subunit TrpE -5.474
yfhG putative lipoprotein -5.505
azuC small membrane protein -5.555
yhbU putative peptidase YhbU -5.618
ydhP putative transport protein - major facilitator -5.688

superfamily
ykfG putative protein -5.749
rrrQ Qin prophage; putative lysozyme -5.774
ycjO putative transport protein ABC family -5.802
yafW putative protein -5.822
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yobA conserved protein -5.856
arfA alternative ribosome-rescue factor A -5.948
matP macrodomain Ter protein -5.98
ppdC putative protein -6.207
entS enterobactin exporter EntS -6.229
aer aerotaxis sensor receptor, flavoprotein -6.232
gspM Type II secretion system protein GspM -6.312
ylaB putative c-di-GMP-specific phosphodiesterase PdeB -6.325
rlmA 23S rRNA m1G745 methyltransferase -6.36
ycjN putative ABC transporter periplasmic binding protein -6.523
ydfZ conserved protein -6.624
mdtJ multidrug/spermidine efflux pump - -6.782

membrane subunit MdtJ
ykfF putative protein -6.89
hha haemolysin expression modulating protein -7.043
yebZ putative inner membrane protein -7.451
mtr tryptohan/indole:H+ symporter Mtr -7.972
alx putative membrane-bound redox modulator -8.007
proV glycine betaine ABC transporter ATP binding -8.262

subunit ProV
bglJ BglJ DNA-binding transcriptional regulator -8.639
gspK Type II secretion system protein GspK -8.708
rzpQ putative protein -8.867
ydfR Qin prophage; putative protein -8.947
ybcF putative carbamate kinase -9.106
cspH stress protein; membrane of the CspA family -9.564
ydcN DNA-binding transcriptional dual regulator SutR -11.344
mntP manganese export protein -11.429
yebY DUF2511 domain-containing protein YebY -12.126
yhbV putative peptidase YhbV -12.967
ydeS putative fimbrial protein YdeS -14.521
mdtI multidrug/spermidine efflux pump - -15.49

membrane subunit MdtI

Positive values: genes upregulated in sorted curli expressing csgA ON
cells when compared to sorted curli non-expressing csgA OFF cells;
Negative values: genes upregulated in sorted curli non-expressing csgA OFF
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cells when compared to sorted curli expressing csgA ON cells.
The color code in the left column indicates genes that are similarly
regulated under both fixing (here) and non-fixing (Supplementary Table C.1)
conditions (marked green), and genes that are differentially regulated under
fixing and non-fixing consitions (marked red). The color code in the right
column indicates genes that are: 1) upregulated in csgA ON cells when
compared to csgA OFF cells (here) and downregulated in ∆csgD cells
when compared to the wild type (Supplementary Table C.3) (marked orange),
thus dependent on csgD levels; 2) genes that are upregulated in csgA OFF
and ∆csgD cells (marked pink), thus dependent on csgD levels.
Genes without mark in the right column are specifically upregulated in
csgA ON and OFF cells and independent on csgD levels. For all
analyses a minimum threshold of 2-fold was applied.

5.2.4 Cyclic di-GMP levels probably play a secondary role in sta-

bilization of curli expression rather than in its regulation

Next, we wanted to investigate if differentiation into curli-expressing and non-expressing sub-
populations in planktonic culture is a result of oppositely regulated cyclic di-GMP (c-di-GMP)
levels in these cells. To test this hypothesis, transcriptomic data of E. coli cells lacking major
diguanylate cyclase yegE and major phosphodiesterase yhjH (Figure 5.14) were compared to
the transcriptomes of sorted CsgA ON and OFF cells (Figure 5.15).

First, genes upregulated in non-fixed CsgA ON cells were compared to the ones induced in
∆yhjH mutant, and genes upregulated in CsgA OFF cells to the ones in ∆yegE mutant (Table
5.5). This way, c-di-GMP-dependent genes were identified. As shown in Table 5.5, there were
only few c-di-GMP-regulated genes in csgA expressing and non-expressing cells, suggesting that
c-di-GMP levels probably play a secondary role in stabilization of curli expression rather than
in its regulation.

In general, deletion of yegE generates decreased levels of c-di-GMP and deletion of yhjH
increased levels of c-di-GMP. Genes regulated through c-di-GMP levels are listed in Supple-
mentary Table C.5. As expected, expression of the whole curli operon was activated in cells
with elevated c-di-GMP levels (in ∆yhjH cells lacking major phosphodiesterase YhjH (PdeH))
(Supplementary Table C.5). Y aiC expression coding for diguanylate cyclase DgcC was also
induced in ∆yhjH cells (Supplementary Table C.5). Interestingly, this transcriptomic analysis



104 CHAPTER 5. BIMODAL CURLI EXPRESSION

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16
cs

gA
 O

FF
A

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

csgA ON

csgA

yaiG

csgB

bssR

ybaA

mcbA

yjfY
yaiC

yjbT
yohP

ynbByehC

bdm

yjjX

insH1

pyrB
gatB

pyrI
gatA fliA

sodB
fimA

cydAB

fliC

csgD

ariR

ymgA

gadA

mdtE

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

cs
gA

 O
FF

B

- 4

- 3

- 2

- 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

csgA ON
- 4 - 3 - 2 - 1

csgA

csgB

ymdF

yciG

mtr

csgD

csgF
yiiS

mcrB

ydeS

yhbV

mdtI
yebY

yebO

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

cs
gA

 O
N

 fi
xe

d

C

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

csgA ON non-fixed

tisB

yrbN

cpxPpspA

lacI

lacZ

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16
cs

gA
 O

FF
 fi

xe
d

D

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

csgA OFF non-fixed

0

0

cpxP
pspA

pspC

lacI

mtr

ycjM

cydX

yrbN

tisB

0

0

Fig. 5.12: Scatter plots showing differential gene expression in sorted plank-
tonic E. coli W3110 cells expressing PcsgA-gfp (csgA ON) and not
expressing (csgA OFF). Scatter plots were obtained from replication sets
of RNA sequencing duplicates of sorted planktonic W3310 cells according
to the gfp signal into csgA ON and OFF cells. Scatter plots show fold
changes between curli expressing and non-expressing cells. A) In the first
set of experiments total RNA was isolated from planktonic cells (OD600

= 0.8) without previously fixing them in their transcriptional state. Linear
correlation coefficient R = 0.8045. B) In the second set of experiments to-
tal RNA was isolated from planktonic cells (OD600 = 0.8) previously fixed
with a STOP solution in their transcriptional and translational state. Lin-
ear correlation coefficient R = 0.80. C) Scatter plot shows fold changes
between csgA ON cells previously fixed in their transcriptional and trans-
lational state and not fixed. Linear correlation coefficient R = 0.712. D)
Scatter plot shows fold changes between csgA OFF cells previously fixed in
their transcriptional and translational state and not fixed. Linear correlation
coefficient R = 0.637.
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Fig. 5.13: Scatter plots showing differential gene expression in E. coli W3110
wild type and ∆csgD cells. Scatter plot was obtained from replication
sets of RNA sequencing triplicates of wild type and ∆csgD cells. Scatter
plot shows fold changes between W3110 and ∆csgD. Total RNA was
isolated from planktonic cells (OD600 = 0.8) previously fixed with a STOP
solution in their transcriptional and translational state. Linear correlation
coefficient R = 0.958.
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Tab. 5.2: Differential gene expression showing more than 3-fold changes between
W3110 wild type and ∆csgD cells fixed in their transcriptional and transla-
tional state.

Fold change
WT

Gene Annotation →
∆csgDF

csgB curlin; minor subunit 616.66
csgA curlin; major subunit 396.525
yjbT uncharacterized protein YjbT 9.323
csgC inhibitor of CsgA amyloid formation 7.057
ibsE toxic peptide IbsE 4.989
yaiC diguanylate cyclase DgcC 4.644
ybcK putative recombinase 4.19
thrL thr operon leader peptide 3.836
ybhI putative transport protein 3.348
fhuC iron (III) hydroxamate ABC transporter 3.04

ATP binding site
putA fused PutA transcriptional repressor/ proline 3.036

dehydrogenase
csiD putative protein -3.029
aaeX putative protein -3.03
insA IS1 protein InsA -3.083
yfdX putative protein -3.168
fecA ferric citrate outer membrane transporter -3.349
gadA glutamate decarboxylase A -3.533
pspG phage shock protein G -4.454
Positive values: genes upregulated in W3110 wild type when compared to
∆csgD cells lacking transcriptional regulator CsgD,
Negative values: genes upregulated in ∆csgD cells lacking
transcriptional regulator CsgD when compared to the wild type.
A list showing more than 2-fold changes between W3110 wild type and
∆csgD cells is shown in Supplementary Table C.3.
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revealed 9.288-fold upregulation of an uncharacterized putative transcriptional regulator yeeY
in ∆yhjH cells (Supplementary Table C.5). Thus, yeeY seems to be activated at low c-di-
GMP levels. Also, in curli OFF subpopulation a 4.569-fold upregulation of yeeY was observed
when compared to curli ON cells (see Table 5.1 for details).

In cells with decreased c-di-GMP levels (in ∆yegE cells lacking major diguanylate cyclase
YegE (DgcE)) we detected induced expression of flagellar class II and III genes, including YcgR
c-di-GMP-dependent molecular brake. In general, these data indicate that counter-regulation
of curli and flagellar expression might be a result of differential c-di-GMP levels in planktonic
cells.

To gain more information about the effect of c-di-GMP levels on curli expression, we
compared gene expression between curli OFF and ∆yegE cells and between curli ON and
∆yhjH cells (Figure 5.15 A and B, Tables 5.3 and 5.4, respectively). Note that this analysis was
performed under non-fixing conditions and therefore was compared to transcriptomics obtained
from sorted curli ON and OFF cells also under non-fixing conditions. As shown in Table
5.3, pyrI and pyrB genes coding for aspartate carbamoyltransferase and genes from glpA-D
operon coding for anaerobic glycerol-3 phosphate dehydrogenase were specifically activated in
curli OFF cells independent on c-di-GMP levels, as no induction of these genes was observed
when comparing ∆yhjH to ∆yegE cells. Together with upregulated grxA expression in curli
OFF cells, it points at specific metabolic regulations in curli non-expressing cells. Also, strong
induction of yjiY and yhjX genes coding for putative transporters and of several genes coding
for putative proteins was observed in curli OFF cells. Interestingly, ftnA, cnu and evgA

expression levels were significantly increased in curli-less cells and were independent on c-di-
GMP levels, since their expression levels were unchanged upon ∆yegE or ∆yhjH deletions.
Cnu (YdgT) modifies the set of genes regulated by histone-like nucleoid structuring protein
(H-NS). Thus, its upregulated gene expression specific to curli OFF cells might point at Cnu /
H-NS regulation that leads to bimodal curli expression in planktonic culture.

Looking at c-di-GMP-independent genes that were activated in curli expressing cells (Table
5.4), strong induction of bhsA and bssR genes was observed. Interestingly, since transcription
of bhsA and bssR was shown to be induced under biofilm formation ([162]), it is plausible
to assume that these genes are activated in curli-expressing subpopulation of planktonic cells
as a preparation step towards biofilm formation. Expression levels of yjfY , yjjZ and yciG
genes coding for uncharacterized putative proteins were more than 10-fold higher in curli ON
compared to curli OFF cells. Note that expression of these genes remained unchanged upon
∆yegE or ∆yhjH deletion. Finally, both yeeD and yeeE were highly upregulated in curli-
expressing cells when compared to cells lacking yhjH (Table 5.4). Notably, expression of these
genes was strongly elevated also in curli OFF cells when compared either to ∆yegE (Table 5.3)
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or to ∆csgD cells (Supplementary Table C.4). Therefore, it seems that yeeD and yeeE are
induced in both curli-expressing and non-expressing subpopulations independent of c-di-GMP
levels.

All in all, this transcriptomic analysis provides important information on differential gene
expression between curli-expressing and non-expressing subpopulations of E. coli planktonic cul-
ture. Importantly, it further confirms a complex molecular regulation of bimodal curli expression
within bacterial planktonic culture, which can only partially be explained by CsgD regulator and
levels of c-di-GMP second messenger.

Tab. 5.3: Genes induced more than 4-fold in CsgA OFF cells when compared to ∆yegE
cells.

Fold change Fold change
csgA OFF ∆yhjH

non-fixed
Gene Annotation → →

∆yegE ∆yegE

yeeX conserved protein 38.878 18.838
yeeZ putative epimerase YeeZ 23.03 14.817
gnd 6-phosphogluconate dehydrogenase; decarboxylating 22.454 15.812
wzzB regulator of length of O-antigen component of 21.163 15.112

lipopolysaccharide chains
yeeD putative sulfurtransferase YeeD 19.452 3.054
pyrI aspartate carbamoyltransferase; PyrI subunit 14.143 -2.324
yeeE inner membrane protein YeeE 11.212 ns
yjiY inner membrane protein - putative transporter 11.174 ns
ykgM putative ribosomal protein 10.519 4.622
pyrB aspartate carbamoyltransferase catalytic subunit 10.079 -2.518
plaP putrescine:H+ symporter PlaP 9.196 6.499
yhjX putative transporter; major facilitator serfamily 7.589 ns
glpB anaerobic glycerol-3-phosphate dehydrogenase 6.559 ns

subunit B
glpC anaerobic glycerol-3-phosphate dehydrogenase 6.014 ns

subunit C
fruB fructose-specific PTS multiphosphoryl transfer 5.859 ns

protein FruB
glpA anaerobic glycerol-3-phosphate dehydrogenase 5.789 ns
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subunit A
bssS regulator of biofilm formation 5.741 2.035
yjbE putative protein 5.626 ns
lpp murein lipoprotein 5.555 ns
gfcA putative protein 5.553 ns
grxA reduced glutaredoxin 1 5.54 ns
secG Sec translocon subunit SecG 5.492 ns
azuC small membrane protein 5.322 ns
cspH stress protein 5.311 ns
zinT cadmium-induced cadmium binding protein 5.254 ns
ydgU small putative membrane protein 5.222 -2.425
ftnA ferritin iron storage protein 4.955 ns
yjcB putative protein 4.775 ns
yeeA inner membrane protein YeeA 4.768 7.181
yfhL putative 4Fe-4S cluster-containing protein 4.75 ns
yoaK small membrane protein 4.748 2.875
ycfJ putative protein 4.613 ns
yeeY putative DNA-binding transcriptional regulator 4.569 9.288
ibpB small heat shock protein IbpB 4.539 ns
dinQ UV inducible membrane toxin DinQ 4.53 2.574
hokA small toxic membrane polypeptide 4.491 -3.831
ibpA small heat shock protein IbpA 4.472 ns
yahM putative protein 4.414 ns
cysH phosphoadenosine phosphosulfate reductase 4.374 ns
uraA uracil:H+ symporter UraA 4.359 ns
appY DNA-binding transcriptional activator AppY 4.314 2.09
cspG cold shock protein CspG 4.293 ns
cydX cytochrome bd-I terminal oxidase - CydX subunit 4.243 2.352
glpD aerobic glycerol-3-phosphate dehydrogenase 4.164 ns
cnu H-NS- and StpA-binding protein 4.15 ns
carB carbamoyl phosphate synthetase subunit beta 4.135 -2.983
evgA EvgA transcriptional activator 4.006 ns

Positive values: genes upregulated in curli OFF cells when compared to
∆yegE cells lacking major diguanylate cyclase DgcE,
ns: not significant gene expression change of less than 2-fold.



110 CHAPTER 5. BIMODAL CURLI EXPRESSION

yegE

yh
jH

csgA

csgB

csgDE
csgFyeeX

flu

yegE

ompF
fliC

fliF
fliJ

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

B

1

0

10

yhjH

Fig. 5.14: Scatter plot showing differential gene expression in E. coli cells
lacking major diguanylate cyclase YegE and major phosphodi-
esterase YhjH. Scatter plot was obtained from replication sets of RNA
sequencing triplicates of ∆yegE and ∆yhjH cells and shows fold changes
between E. coli cells lacking major diguanylate cyclase yegE and lacking
major phosphodiesterase yhjH. Total RNA was isolated from planktonic
cells (OD600 = 0.8). Linear correlation coefficient R = 0.95.
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Fig. 5.15: Scatter plots showing differential gene expression in sorted CsgA
OFF and ∆yegE cells (A) and in sorted CsgA ON and ∆yhjH
cells (B). A) Scatter plot was obtained from replication sets of RNA se-
quencing duplicates of sorted planktonic CsgA OFF cells according to the
PcsgA-sfgfp signal and of RNA sequencing triplicates of ∆yegE cells.
Scatter plot shows fold changes between curli non-expressing cells and cells
lacking E. coli major diguanylate cyclase yegE. Linear correlation coeffi-
cient R = 0.8866. B) Scatter plot was obtained from replication sets of
RNA sequencing duplicates of sorted planktonic CsgA ON cells according
to the PcsgA-sfgfp signal and of RNA sequencing triplicates of ∆yhjH
cells. Scatter plot shows fold changes between curli expressing cells and cells
lacking E. coli major phosphodiesterase yhjH. Linear correlation coefficient
R = 0.8173
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Tab. 5.4: Genes induced more than 4-fold in CsgA ON cells when compared to ∆yhjH
cells.

Fold change Fold change
csgA ON ∆yegE

non-fixed
Gene Annotation → →

∆yhjH ∆yhjH

mcbA protein involved in colanic acid production 26.469 ns
ymfR putative protein 25.615 17.074
yjfY putative protein 25.499 ns
yfbN putative protein 25.379 7.11
bhsA outer membrane protein involved in copper 21.82 ns

permeability; stress resistance and biofilm formation
yjjZ putative protein 20.864 ns
yhaB putative protein 20.27 7.26
yjiS conserved protein 17.996 10.481
ynfO Qin prophage, putative protein 17.844 7.845
yehC putative fimbrial chaperone 15.994 8.087
bssR regulator of biofilm formation 15.945 ns
sfmC putative pilin chaperone; periplasmic 14.771 8.174
ydhY putative 4Fe-4S ferredoxin-type protein 14.519 7.008
ymgJ uncharacterized putative protein 14.433 10.587
tpr protamine-like protein 13.1 ns
yqcG cell envelope stress response protein YqcG 12.906 6.682
ecpR MatA DNA-binding transcriptional dual regulator 12.085 8.485
yfdN Qin prophage, putative side tail fibre 11.904 8.241

assembly protein
ymfM putative protein 11.676 6.659
yjjQ DNA-binding transcriptional repressor YjjQ 11.642 6.803
iraM anti-adaptor protein IraM; inhibitor of 11.583 4.974

σS proteolysis
yfaT putative protein 11.48 9.659
cspG cold shock protein CspG 11.376 ns
yciG putative protein 11.334 ns
ycgX putative protein 10.81 3.835
ygiL putative fimbrial protein YgiL 10.405 7.405
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ydiL putative protein 10.216 4.951
ymgI putative protein 10.18 6.579
yjbF putative lipoprotein 9.866 5.852
ybeR putative protein 9.176 4.743
yaiS conserved protein 9.164 6.716
yghG putative lipoprotein 9.077 6.245
ybcV putative protein 8.801 4.896
dicB Qin prophage, cell division inhibition protein DicB 8.581 5.5
yehK putative protein 7.755 11.118
yeaR putative protein 7.174 5.608
insA IS1 protein InsA 6.451 ns
yjcB putative protein 6.426 ns
yjfI putative protein 6.331 4.556
yceO DUF2770 domain-containing protein YceO 6.102 10.389
yeeE inner membrane protein YeeE 6.021 ns
yiaW conserved inner membrane protein 5.972 10.734
ytcA putative lipoprotein 5.836 7.514
yciF putative protein 5.615 ns
ninE prophage protein 5.586 7.217
ybfK putative protein 5.57 10.848
ghoT toxin of the GhoTS toxin-antitoxin system 5.555 10.019
mntH Mn2+ /Fe2+: H+ symporter MntH 5.305 ns
yohP small membrane protein 5.3 ns
gnsA putative phosphatidylethanolamine synthesis 5.283 ns

regulator GnsA
yfjS CP4-57 prophage, inner membrane lipoprotein YfjS 5.28 ns
rclC conserved inner membrane protein; hypochlorite 5.274 ns

stress response
citD citrate lyase acyl carrier protein subunit 5.04 7.363
ndh NADH:quinone oxidoreductase II 5.033 ns
fecI Sigma 19 factor 4.965 ns
rhlE ATP-dependent RNA helicase RhlE 4.841 ns
tfaQ Qin prophage, putative tail fibre assembly protein 4.826 ns
yqeL putative protein 4.783 -27.459
yhdJ DNA adenine methyltransferase 4.754 ns
soxS DNA-binding transcriptional dual regulator SoxS 4.645 ns
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tsgA putative transport protein TsgA in major 4.625 ns
facilitator serfamily

sbp sulfate/thiosulfate ABC transporter periplasmic 4.574 ns
binding protein Sbp

cysD sulfate adenylyltransferase subunit 2 4.272 2.051
yjbS putative protein 4.25 6.8
yeeD putative sulfurtransferase YeeD 4.206 -3.054
ylcG putative protein 4.082 ns

Positive values: genes upregulated in curli ON cells when compared to
∆yhjH cells lacking major phosphodiesterase PdeH.
ns: not significant gene expression change of less than 2-fold.

5.2.5 sRNAs may additionally regulate translation of csgD and

rpoS mRNA in curli expressing and non-expressing subpop-

ulations of E. coli planktonic cells

In the previous Subsections we have searched for possible transcriptional regulators that co-
ordinate bimodal curli expression. Further, we aimed to identify possible post-transcriptional
regulators of curli expression. Hfq-dependent small regulatory RNA molecules (sRNAs) have
been recognized as important regulatory elements in E. coli biofilm formation ([25], [114],
[182], [70]). Moreover, sRNAs were shown to control amyloid curli production and multicellular
adhesive lifestyle of E. coli ([111], [81]).

In this analysis regulatory sRNAs that act directly on the csgD or rpoS mRNA and thus
influence translation of CsgD or σS, respectively, were of particular interest. 5’-UTR of csgD
provides a hotspot for post-transcriptional control of curli synthesis for such sRNAs as OmrA,
OmrB ([72]), McaS, RprA, GcvB ([81]) and RydC ([20]). All of the above mentioned sRNAs
negatively regulate translation of CsgD. Note that in parallel RprA positively regulates trans-
lation of σS. In addition, DsrA and ArcZ are small RNAs that also positively regulate rpoS
mRNA translation ([6]). Note that sRNAs that regulate translation of σS have very different
induction pathways. DsrA is synthesized at low temperatures ([152], [153]), RprA is synthesized
in response to activation of the Rcs phosphorelay under conditions of cell-surface stress ([103])
and ArcZ, is negatively regulated by the ArcB/ArcA two-component system under anaerobic
conditions, thus being abundant under aerobic conditions ([104]). Finally, also levels of σS-
dependent sRNA GadY that positively regulates the synthesis of two other regulators of the
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Tab. 5.5: Cyclic di-GMP-regulated genes induced in CsgA ON cells and ∆yhjH cells
as well as induced in CsgA OFF and ∆yegE.

Fold change Fold change
csgA ON ∆yhjH

Gene Annotation → →
csgA OFF ∆yegE

csgB curlin; minor subunit 42.93 16.033
csgA curlin; major subunit 28.88 20.032
yaiC diguanylate cyclase DgcC 23.699 3.156
yjbT uncharacterized protein YjbT 17.6 5.028
csgE curli transport specificity factor 14.83 6.085
csgD DNA-binding transcriptional dual regulator CsgD 13.578 5.639
csgF curli assembly component on the outer membrane 12.037 6.086
csgG curli secretion channel 7.929 6.189

Fold change Fold change
csgA OFF ∆yegE

Gene Annotation → →
csgA ON ∆yhjH

pyrI aspartate carbamoyltransferase; PyrI subunit 140.961 2.324
pyrB aspartate carbamoyltransferase catalytic subunit 60.52 2.518
carB carbamoyl phosphate synthetase subunit beta 11.023 2.985
flgH flagellar L-ring protein FlgH, basal-body outer- 5.46 5.041

membrane L (lipopolysaccharide layer) ring protein
flgF flagellar basal-body rod protein FlgF 4.564 5.218
flgM anti-sigma factor for FliA (σFliA) 4.023 3.666
A minimum threshold of 2-fold was applied.
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gad acid response genes GadX and GadW was analyzed. Levels of MdtE served as a control.
Using transcriptomic data from the isolated total RNA from non-fixed cells, levels of sRNAs
were compared in sorted csgA ON and OFF cells (Figure 5.16, see Subsection 8.3.2 for details
of performed analysis).

As shown in Figure 5.16, gcvB and dsrA were the most abundant small RNAs. Curli
OFF cells had doubled expression levels of gcvB coding for a sRNA that negatively regulate
translation of CsgD when compared to curli ON cells, thus, indicating a specific accumulation
of this sRNA in curli non-expressing planktonic cells. Elevated levels of GcvB point at specific
inhibition of csgD mRNA translation in curli OFF cells. By contrast, dsrA expression levels
were similar in curli ON and curli OFF cells. Thus, DsrA is probably not involved in post-
translational regulation of curli expression acting on RpoS translation. Since other sRNAs of
interest had low abundance, we took a closer look at their expression levels in curli ON and
OFF cells (Figures 5.17 and 5.18).

First, OmrA, OmrB, McaS, RprA and RydC, known repressors of csgD mRNA translation
were quantified. As shown in Figure 5.17, csgA OFF cells had lower expression levels of omrB,
mcsA and rprA than csgA ON cells. Note that RprA acts as a repressor of csgD mRNA
translation and in parallel positively regulates translation of σS. Importantly, since RprA is
synthesized in response to cell-surface stress via the Rcs phosphorelay system, higher rprA
levels in curli ON cells might point at induced cell-surface stress in curli-expressing cells. Also,
rydC expression was slightly decreased in curli OFF cells. By contrast, levels of omrA were
slightly higher in curli OFF cells. In general, these results indicate that translation of CsgD is
actively repressed by several sRNAs in curli ON cells. Together with up- and downregulated
csgD transcription in csgA ON and OFF cells, respectively (Table 5.1), these regulatory small
RNAs probably fine-tune CsgD levels in curli-expressing and non-expressing cells. In particular,
the increased levels of known repressors of csgD mRNA translation in csgA ON cells point at
a negative feedback in curli expressing subpopulation of planktonic cells to additionally control
CsgD levels. These results further confirm a precise regulation of CsgD levels in subpopulations
of E. coli cells.

Next, we looked in more detail at levels of AcrZ, known activator of rpoS mRNA translation,
and σS-dependent sRNA GadY (Figure 5.18). Levels of MdtE served as a control. As shown
in Figure 5.17, acrZ was slightly more expressed in curli OFF than curli ON cells. By contrast,
the levels of σS-dependent sRNA gadY were lower in curli OFF cells. Together with elevated
RprA levels in curli OFF cells, it seems that the translation of σS might be positively regulated
in curli non-expressing subpopulation of cells.
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each gene the number of reads obtained from the RNA sequencing data of
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5.3 Molecular regulation underlying cell differentiation

into curli expressing and non-expressing cells in E.

coli planktonic culture.

5.3.1 Curli expression follows a lasting response to a transient

stimulus

The next aim was to investigate if curli expression follows a lasting response (memory) to a
transient stimulus. For this purpose, we used a mechanism that allowed an independent control
of the concentration of the key curli regulators (MlrA and CsgD) by putting them under an
inducible Ptrc promoter (see Figures 5.19 and 5.20). In one sample, E. coli cells carrying
genomic PcsgA-sfgfp reporter were transiently induced (for several hours until OD600 =
0.4) with a stimulus (mlrA or csgD) (a, t = 0). In another sample, E. coli cells carrying
genomic PcsgA-sfgfp reporter were grown until OD600 = 0.4 without a stimulus (b, t = 0).
Then, stimulated and non-stimulated cells from a and b were pelleted, their growth medium was
filtered and exchanged between each other. This way, in a, E. coli cells were transiently induced
with stimulus (mlrA or csgD) and subsequently PcsgA-sfgfp expression was measured after
the stimulus was removed. By contrast, in b, curli expression was measured after addition of
stimulus. Curli expression with constant induction of mlrA or csgD is shown in c (positive
control), and curli expression with no induction of mlrA or csgD is shown in d (negative
control).

As shown in Figure 5.19, bimodal curli expression remained even after strong induction of
mlrA or csgD from Ptrc promoter. Thus, high concentrations of MlrA or CsgD stimuli cannot
trigger curli expression in all E. coli planktonic cells under these experimental conditions. As
shown in Figure 5.20, curli expression in uninduced and subsequently stimulated cells (b) was
similar to that in constantly induced cells (c). Importantly, higher curli expression was measured
after transient induction of cells (a) with mlrA or csgD when compared to uninduced cells
(d). These results indicate that E. coli cells can produce a lasting memory of a stimulus, which
results in stronger curli expression.

5.3.2 MlrA and CsgD are major regulators of curli expression in E.

coli

To investigate how bimodality of curli expression is regulated, we first looked at the promoter
activities of mlrA and csgD, major transcriptional regulators of curli, and csgA, not only
in the wild type (as shown in Figure 5.1) but also in ∆mlrA, ∆csgD, ∆mlrA∆csgD and
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Fig. 5.19: Flow cytometry diagrams showing PcsgA-sfgfp expression upon
transient and continuous MlrA or CsgD induction. See legend to
Figure 5.20 for more details.

∆csgA cells (Figure 5.21). As previously shown in Figure 5.1, wild type cells had monomodal
expression of mlrA and csgD (Figure 5.21 A and 5.21 B, respectively) and at higher optical
densities bimodal expression of csgA (Figure 5.21 C). Cells lackingmlrA had nomlrA promoter
activity and probably as a result no csgD and csgA expression, since they are under control
of MlrA. Interestingly, deletion of csgD affected neither mlrA nor csgD promoter activities.
Note that csgA reporter levels were significantly decreased in ∆csgD cells. Thus, CsgD levels
do not control expression of mlrA or csgD but csgA. Nevertheless, presence of a small curli
expressing population in ∆csgD cells points at the possibility of curli activation bypassing
CsgD. In ∆mlrA∆csgD cells no expression of mlrA or csgD was detected and probably as a
consequence also no csgA expression. These results further confirm that MlrA and CsgD are
major regulators of curli expression. Importantly, deletion of csgA totally abolished expression
of mlrA. This is an interesting result, pointing at the direct link and a possible feedback loop
between curli production and mlrA expression. Surprisingly, although deletion of csgA resulted
in suppressed mlrA expression, no effect on csgD expression was detected. Furthermore,
no activity of csgA promoter was detected in curli-less ∆csgA cells. These are interesting
observations that cannot be easily explained and need further investigations.
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Fig. 5.20: Curli expression exhibits hysteresis. Shown are changes in PcsgA-
sfgfp after induction of mlrA (A) or csgD (B) from the inducible Ptrc
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OD600 = 0.4 (t = 0); b) No induction of mlrA (left panel, A) or csgD
(right panel, B) until cells reach OD600 = 0.4 (t = 0); c) Positive control,
continuous full induction of mlrA (left panel, A) or csgD (right panel, B)
with 10 or 100 µM IPTG, respectively; d) Negative control, continuous no
induction of mlrA (left panel, A) or csgD (right panel, B). At OD600 =
0.4 media between (a) sample (with stimulus) and (b) (without stimulus)
was exchanged. t = 0 corresponds to OD600 = 0.4, a time point when
media was exchanged between (a) and (b) samples, start of measurement
by flow cytometry. Shown is mean of PcsgA-sfgfp expression from three
independent experiments measured using flow cytometry. Error bars indicate
standard deviation.
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Fig. 5.21: Promoter activities of mlrA, csgD and csgA in wild type and its
corresponding knockouts. Shown are flow cytometry diagrams displaying
PmlrA-egfp (A), PcsgD-egfp (B) and PcsgA-egfp (C) expression in E.
coli W3110 wild type cells (WT), cells lacking mlrA (∆mlrA), lacking
csgD (∆csgD), lacking bothmlrA and csgD (∆mlrA∆csgD) and lacking
csgA (∆csgA). Cells were grown in TB medium at 30◦C under shaking at
250 rpm. Fluorescence was measured at indicated optical densities OD600.
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5.3.3 Important players that regulate curli expression in E. coli

In E. coli at least five transcriptional factors bind to and regulate csgD promoter region ([120]).
In addition, small regulatory RNAs and c-di-GMP levels also contribute to the regulation of curli
expression acting through control of csgD transcription ([18]). To investigate which factors
are important in curli expression in planktonic culture, knockouts of several genes were created
and PcsgA-egfp expression was measured (Figure 5.22). As shown in Figure 5.22 A, deletion
of mlrA, csgD, ompR and IHF totally abolished curli expression. It was as expected, since
MlrA and CsgD are major regulators of curli expression and OmpR and IHF are transcriptional
factors that bind to csgD promoter region and positively regulate csgD transcription. Deletion
of RNA-binding chaperone hfq also abolished curli expression, pointing at the requirement
of Hfq and Hfq-dependent small RNAs in regulation of curli expression at some level of the
regulatory cascade. Note that at the level of CsgD known regulatory sRNAs showed rather
negative regulation of mRNA stability (see Subsection 5.2.5). Thus, Hfq is probably required
at some other level of curli regulation. Also cells lacking DNA-binding transcriptional dual
regulator crp were not expressing curli. This points at the link between nutrient limitation
signaled by cAMP-Crp and curli expression in planktonic stationary cells. Finally, deletion of
gadE resulted in abolished curli expression (Figure 5.22 A). It is worth mentioning that ∆gadE

might have an indirect effect on curli expression, as GadE can positively regulate σS. This is
an interesting observation that needs further investigations.

5.3.4 Global cyclic di-GMP levels fine-tune bimodal curli expres-

sion in E. coli planktonic cells

Taking into account the major role of cyclic di-GMP in regulation of curli expression, we
also investigated the expression of csgA in cells lacking major diguanylate cyclase YegE (or
DgcE) ∆yegE, major phosphodiesterase YhjH (or PdeH) ∆yhjH, diguanylate cyclase YdaM
(or DgcM) ∆ydaM , and phosphodiesterase YciR (or PdeR) ∆yciR. YegE and YhjH regulate
global c-di-GMP levels in the cell. YdaM was shown to directly control curli biosynthesis by
inducing transcription of the regulator CsgD (see scheme shown in Figure 5.23). At low global
c-di-GMP levels, phosphodiesterase YciR directly binds and inhibits both YdaM and MlrA by
specific protein-protein interactions ([95]). However, this inhibition is relieved when global c-
di-GMP levels increase and YciR hydrolyzes c-di-GMP, releasing YdaM and this way allowing
YdaM to activate the transcription factor MlrA ([95]). Thus, YciR was proposed to be a
connector between module I (YegE and YhjH) and module II (YdaM and YciR) and thus a
central component of c-di-GMP switch that controls MlrA activity. Importantly, YdaM was
shown to directly interact with YciR and MlrA ([95]). Interestingly, ydaM expression is under
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Fig. 5.22: Important regulators of curli expression. Shown are flow cytome-
try diagrams displaying PcsgA-egfp expression in E. coli W3110 wild type
(WT) and ∆mlrA, ∆csgD, ∆ompR, ∆IHF , ∆gadE, ∆yahA, ∆yegE,
∆ydaM , ∆yhjH, ∆yciR, ∆hfq and ∆crp mutants. Cells were grown in
TB medium at 30 ◦C under shaking at 250 rpm. Fluorescence was measured
at optical density OD600 = 1.4.

post-transcriptional control by the sRNA RprA ([109]), levels of which were found to be higher
in curli positive subpopulation than in curli negative one (see Figure 5.16). As shown in Figure
5.22 B, a strong decrease in the curli ON population was observed in cells lacking diguanylate
cyclases YegE (DgcE) and YdaM (DgcM). By contrast, increased curli ON population was
detected in cells lacking phosphodiesterases YhjH (PdeH) and YciR (PdeR). These results
indicate that c-di-GMP levels controlled by diguanylate cyclases and phosphodiesterases do not
regulate but rather fine-tune bimodal curli expression in E. coli planktonic cells.

Additionally we looked at the effect of the PDE YahA (PdeL). YahA was found to positively
regulate its own expression by binding to its promoter region especially at low c-di-GMP levels
([150], [65]), thus possibly acting as a fast OFF switch under conditions of decreasing c-di-
GMP levels. In E. coli YahA is enzymatically active, so-called trigger phosphodiesterase, which
functions primarily as c-di-GMP sensing effector. In fact, the primary function of the trigger
enzyme is the control of activity of another macromolecule by direct interaction, while its
phosphodiesterase activity is a secondary function that modulates the primary activity ([65]).
YahA carries DNA-binding N-terminal LuxR-like domain linked to its EAL domain. Surprisingly,
despite our expectations, curli expression was strongly reduced and not bimodal upon deletion of
yahA, suggesting that differentiation of planktonic stationary cells into curli expressing and non-
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expressing cells might require a functional YahA, possibly for the tight regulation of c-di-GMP
levels. Note that our transcriptomic analysis showed no significant difference in yahA expression
between curli ON and OFF cells (Table 5.1 and Supplementary Table C.1). Taken together,
the absence of a bimodal curli expression and a strongly positive curli-ON subpopulation upon
yahA deletion cannot be easily explained and needs further investigations.

5.3.5 The interplay between MlrA and CsgD in regulation of bi-

modal curli expression

To further understand the roles of MlrA and CsgD in regulation of curli expression, we looked at
how csgA reporter levels change under induction of MlrA or CsgD regulators from inducible Ptrc
promoter in wild type, ∆mlrA, ∆yegE, ∆yhjH, ∆yciR and ∆ydaM cells (Figure 5.24). Note
that for this analysis genomic reporter for csgA expression was used. However, since deletion of
csgD abolished csgA expression from the genome, most probably through interrupted intergenic
region between csgBAC and csgDEFG operons, analysis was not performed for ∆csgD cells.

As shown in Figure 5.24 A (OD600 = 0.8) and 5.24 B (OD600 = 2.0), in uninduced wild
type cells curli expression was bimodal. Elevated MlrA levels induced curli expression in almost
all planktonic wild type cells. With higher induction levels of CsgD, curli positive population
increased from 31.9 to 83.3 % of cells at OD600 = 0.8 and from 84.6 to 94.8% of cells at
OD600 = 2.0. Note that higher numbers of curli positive cells were measured at 0 µM IPTG
induction than in uninduced wild type control, probably due to the leaky expression of mlrA
and csgD from the Ptrc promoter. These results indicate that in wild type cells increased MlrA
levels that subsequently activate csgD might have stronger positive effect on curli expression
than CsgD levels. Note, however, that actual levels of CsgD or MlrA were not known.

Consistent with previous results, no curli expression was detected in ∆mlrA cells (Figure
5.24C and 5.24 D). With higher induction levels of MlrA, curli expression was restored first in
a subpopulation of cells and then in almost all planktonic cells. Interestingly, in the absence
of MlrA, elevated CsgD levels resulted in monomodal curli expression and no curli negative
subpopulation was detected. These results suggest that bimodal curli expression observed in
the wild type is probably mediated through MlrA.

As shown in Figure 5.23, there are two c-di-GMP modules: module we (YegE and YhjH)
regulates global c-di-GMP levels; module II (YdaM and YciR) responds to global c-di-GMP
levels and regulates MlrA activity. Here, we looked at genomic curli expression changes under
induced mlrA and csgD levels in ∆yegE (Figures 5.24 E and 5.24 F) and ∆yciR (Figures
5.24 G and 5.24 H). Confirming previous results, deletion of yegE significantly decreased curli
expression, showing only 2 to 3 % curli positive cells at OD600 2.0. After induction of csgD,
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Fig. 5.23: Current model showing the important players involved in regu-
lation of curli expression in E. coli. Shown are master regulators and
second messenger signaling involved in the control of curli fibers expression,
major matrix component of E. coli biofilms. In E. coli two transcriptional
cascades coordinate differentiation into curli expressing (shown in red color)
and non-expressing cells (shown in blue color). At the molecular level this
differentiation involves sigma factor competition (σ70/σFliA and σS) for RNA
polymerase core enzyme and the inverse coordination of two transcriptional
cascades that control flagella (FlhDC/fliA; indicated in blue) and curli syn-
thesis (σS/MlrA/csgD; indicated in red) that operate in post-exponential
phase cells and stationary phase cells, respectively. C-di-GMP-degrading
phosphodiesterases (PDEs) and c-di-GMP-producing diguanylate cyclases
(DGCs) and are also involved in the transcriptional cascades (see Subsection
5.3.4 for the details) and are indicated blue and red colors, correspondingly.
Figure is modified from ([164]).
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at OD600 0.8 a tail of curli expressing cells appeared (Figure 5.24 E) and at OD600 2.0 a
subpopulation of curli positive cells increased from 2.97 to 44% (Figure 5.24 F). Note that
higher CsgD levels had stronger positive effect on curli expression in ∆mlrA (Figures 5.24 C
and 5.24 D) than in ∆yegE (Figures 5.24 E and 5.24 F) cells. This was rather unexpected
observation, which points at some additional c-di-GMP-regulated player that is required for
curli induction, possibly YaiC (DgcC). Importantly, high MlrA levels induced curli expression in
most of the cells, thus compensating the effect of yegE deletion. Notably, at 50 µM IPTG
induction levels of MlrA, curli expression was detected in 99% of planktonic cells, whereas at
higher induction levels (100 µM IPTG) a subpopulation of curli negative cells appeared. This
might indicate the importance of tight regulation of MlrA levels for the bimodal or monomodal
curli expression.

CsgA reporter levels were also investigated in cells lacking YciR phosphodiesterase (Figures
5.24 G and 5.24 H). Confirming previous results, curli-expressing cell population was larger in
cells lacking yciR than in the wild type. These results are in agreement with previously proposed
model ([95]), where YciR functions as a trigger enzyme, inhibiting YdaM at low c-di-GMP levels
and releasing it at high c-di-GMP levels. Thus, in the absence of YciR, YdaM can activate MlrA
to stimulate csgD transcription. As shown in Figures 5.24 G and 5.24 H, with higher CsgD
levels more cells were expressing curli in ∆yciR background. At low MlrA levels curli expressing
and non-expressing subpopulations were detected. With increasing MlrA levels curli negative
cells switched to curli expressing ones. When comparing curli expression under induction of
MlrA in wild type (Figures 5.24 A and 5.24 B) and ∆yciR (Figures 5.24 G and 5.24 H) cells,
a higher population of curli negative cells was detected in cells lacking yciR. These results
indicate that deletion of yciR not only releases MlrA but possibly also has an additional effect
on curli expression.

To sum up the data shown in Figure 5.24, stronger induction of curli expression was observed
when MlrA levels were induced rather than only CsgD levels. Note that with higher MlrA levels
there were also higher CsgD levels in the cell, as MlrA stimulates csgD transcription. Thus,
these results further confirm that curli expression is probably regulated on the level of MlrA,
which in turns activate csgD. Importantly, in the absence of mlrA (∆mlrA) high CsgD levels
induced curli expression in all planktonic E. coli cells (Figures 5.24 C and 5.24 D). It indicates
that MlrA and not CsgD is the regulator that coordinates bimodal curli expression.

The results above confirm highly coordinated complex regulation of curli expression, in which
MlrA and CsgD play major roles. Next, we aimed to further unravel the underlying mechanism
of curli expression control by MlrA and CsgD and their possible interplay in this regulation. For
this purpose, MlrA and CsgD levels were again controlled from the Ptrc inducible promoter
and their effects on the expression of csgA (from the plasmid) but also mlrA and csgD were
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analyzed in the wild type cells as well as in cells lacking mlrA, csgD and both mlrA and csgD
(Figures 5.24 and 5.25). Note that analysis was performed at OD600 0.8, as at this optical
density cells population expressing curli only starts to arise in the wild type cells (see Figure
5.1) and, thus, possible effects of MlrA or CsgD induction are more obvious.

As shown in Figure 5.25 A, increased MlrA levels triggered mlrA and csgA expression in
the wild type. Note that at 0 µM and at 100 µM IPTG induction of MlrA csgD expression
was comparable, indicating that cellular concentrations of MlrA are probably sufficient to fully
stimulate csgD transcription. MlrA and csgA promoter activities were induced gradually with
higher MlrA levels. Consistent with previous data shown for genomic csgA reporter in Figure
5.24 A, at low MlrA levels (0 and 10 µM IPTG) a fraction of cells was curli negative and at
high MlrA levels (100 µM IPTG) all cells expressed csgA.

Notably, in the absence of Ptrc-mlrA plasmid, mlrA expression was fully expressed in
wild type cells at OD600 0.8, which was not observed in the presence of Ptrc-mlrA plasmid
(compare Figure 5.21 A and 5.25 A). These results might indicate negative regulation of mlrA
expression above certain MlrA level in E. coli wild type cells. Next, as expected, higher CsgD
levels activated csgA expression in the wild type (Figure 5.26 A). Also here, csgD expression
was comparable at 0 µM and at 100 µM IPTG induction of CsgD, suggesting that either cellular
MlrA concentrations or low CsgD levels leaking from the Ptrc promoter are sufficient to trigger
full csgD expression in the wild type. Interestingly, no mlrA expression was detected in the
wild type cells upon induction of CsgD. Note that without Ptrc-csgD plasmid wild type cells
show strong mlrA expression at OD600 0.8 (compare Figures 5.21 A and 5.26 A). Thus, it
suggests that even slightly elevated concentrations of CsgD might inhibit mlrA expression in
wild type cells with intact MlrA and CsgD.

Next, expression changes were analyzed in cells lacking mlrA. In agreement with previous
data, there was no mlrA, csgD or csgA expression detected in ∆mlrA cells (Figures 5.25 B

Fig. 5.24 (facing page): Changes in genomic csgA reporter levels in the
wild type and mutant cells under controlled levels of
key regulators MlrA and CsgD. E. coliwild type (WT)
(A-B), ∆mlrA (C-D), ∆yegE (E-F) and ∆yciR (G-H)
cells carrying genomic PcsgA-sfgfp and either Ptrc-csgD
or Ptrc-mlrA plasmid were grown in TB medium supple-
mented with 0, 10, (20 and 50) or 100 µM IPTG for the
induction of csgD or mlrA at 30 ◦C at 250 rpm. Gene
expression was measured at the single-cell level using flow
cytometry when cells reached OD600 0.8 and 2.0. Experi-
ments were repeated three times, shown are representative
images.
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and 5.26 B, 0 µM IPTG). With higher MlrA levels gradual increase in mlrA, csgD and csgA
expression was observed, indicating that MlrA is the major transcriptional activator of curli
expression. Note that higher CsgD levels could not stimulate csgD transcription in ∆mlrA

cells (Figure 5.26 B). However, in the absence of bothmlrA and csgD (in ∆mlrA∆csgD cells)
higher CsgD levels could stimulate csgD transcription (Figure 5.26 D). These results suggest
some inhibition of csgD expression in the presence of endogenous csgD gene, possibly through
one of several negative regulators that bind to csgD promoter and regulate its transcription
and/or translation. Interestingly, high CsgD levels activated mlrA expression in ∆mlrA cells,
suggesting a positive feedback loop regulation from CsgD to mlrA. Higher csgA reporter levels
were observed with increasing CsgD concentrations also in ∆mlrA cells, indicating that high
levels of CsgD can induce curli expression even in the absence of MlrA.

Next, expression changes were analyzed in cells lacking csgD. Neither mlrA nor csgA
but csgD expression was detected in ∆csgD cells (Figures 5.25 C and 5.26 C, 0 µM IPTG).
Note that in the absence of Ptrc-mlrA or Ptrc-csgD plasmids both mlrA and csgD were
expressed in ∆csgD cells (see Figure 5.21). With increasing MlrA or CsgD concentrations both
mlrA and csgA expressions were induced in ∆csgD cells (Figures 5.25 C and 5.26 C). Slight
induction of csgD expression was observed at very high MlrA or CsgD levels in ∆csgD cells.

Importantly, in ∆mlrA∆csgD cells, lacking bothmlrA and csgD, a bimodal csgD expres-
sion was detected at high MlrA concentrations (Figure 5.25 D). By contrast, at high CsgD levels
monomodal csgD expression was detected in ∆mlrA∆csgD cells (Figure 5.26 D). These data
strongly suggest that elevated MlrA levels trigger bimodal csgD expression. Note, however,
that no bimodal csgA expression was detected at high MlrA concentrations in ∆mlrA∆csgD

cells (Figure 5.26 D), thus, further confirming that curli expression is regulated not only at the
level of MlrA but additionally at the level of csgD. Furthermore, MlrA triggered mlrA and
csgA expression in ∆mlrA∆csgD cells, which also confirms that MlrA can activate csgA by-
passing CsgD. Interestingly, high CsgD levels could also activate mlrA and csgA expression in
∆mlrA∆csgD cells (Figure 5.26 D). This confirms a positive feedback regulation from CsgD
to mlrA.

To sum up, results shown here identified and/or confirmed following regulations of curli
expression and interplay between MlrA and CsgD:

a) MlrA and CsgD are major regulators of curli expression in E. coli ;

b) MlrA can activate csgA expression bypassing CsgD;

c) CsgA activates mlrA expression, as no PmlrA-egfp expression was detected in ∆csgA

cells. CsgA might activate mlrA expression indirectly, inhibiting some repressor of mlrA
expression;
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d) In the absence of endogenous mlrA (in ∆mlrA or ∆mlrA∆csgD cells), elevated CsgD
concentrations trigger mlrA expression, pointing at a positive feedback regulation from
CsgD, possibly via CsgA (see point c), to mlrA; in this case high CsgD levels induced
curli expression in all planktonic E. coli cells and no curli bimodality was detected;

e) in the presence of endogenous mlrA and csgD (in wild type cells), even slightly elevated
concentrations of CsgD inhibited mlrA expression, suggesting negative feedback from
CsgD to mlrA in the wild type, possibly an indirect one;

f) In the absence of endogenous csgD (in ∆csgD cells) no mlrA expression was detected,
further confirming positive feedback regulation from CsgD to mlrA;

g) In the absence of endogenousmlrA (in ∆mlrA cells) higher CsgD levels cannot stimulate
csgD transcription. However, in the absence of both mlrA and csgD (in ∆mlrA∆csgD

cells) higher CsgD levels can stimulate csgD transcription, suggesting inhibition of csgD
expression in the presence of endogenous csgD gene, possibly through one of several
negative regulators of csgD transcription and/or translation.

Overall, data shown here point at a complex interplay between MlrA and CsgD transcrip-
tional regulators as well as at the importance of tight control of MlrA and CsgD levels for the
outcome of curli expression in E. coli cells. The full mechanism and consequences remain to
be understood.

5.4 Possible physiological relevance of differentiation

into curli expressing and non-expressing cells in E.

coli planktonic culture.

5.4.1 Bimodal curli expression enables two modes of stress survival

Next, we aimed to identify the possible physiological role of cell differentiation of stationary
planktonic cells into curli-expressing (curli ON) and non-expressing (curli OFF) subpopulations.
Since aggregation is known to mediate stress resistance of bacteria ([87]), including E. coli
([162]), we wanted to analyze if curli-mediated aggregation enhances stress resistance.

For this purpose, major transcriptional regulators of curli expression mlrA or csgD were
either deleted or overexpressed from the inducible Ptrc promoter in order to get curli-less
(curli OFF) or highly curliated cells (curli ON), respectively. Subsequently, these cells were



5.4. POSSIBLE PHYSIOLOGICAL RELEVANCE OF DIFFERENTIATION 133

Ptrc-mlrA

10 µM IPTG

0 µM IPTG

100 µM IPTG

A WT PmlrA-egfp PcsgD-egfp PcsgA-egfp

0 10
2

10
3

GFP
0 10

2
10

3

GFP
0 10

2
10

3

GFP

B ∆mlrA PmlrA-egfp PcsgD-egfp PcsgA-egfp

10 µM IPTG

0 µM IPTG

100 µM IPTG

0 µM IPTG
10 µM IPTG
20 µM IPTG
50 µM IPTG

100 µM IPTG

GFP GFP GFP
C ∆csgD PmlrA-egfp PcsgD-egfp PcsgA-egfp

0 10
2

10
3

0 10
2

10
3

0 10
2

10
3

GFP GFP GFP
0 10

2
10

3
0 10

2
10

3
0 10

2
10

3

10 µM IPTG

0 µM IPTG

100 µM IPTG

D ∆mlrA∆csgD PmlrA-egfp PcsgD-egfp PcsgA-egfp

GFP
0 10

2
10

3

GFP
0 10

2
10

3

GFP
0 10

2
10

3

10 µM IPTG

0 µM IPTG

100 µM IPTG

0 µM IPTG
10 µM IPTG
20 µM IPTG
50 µM IPTG

100 µM IPTG

Fig. 5.25: Expression changes of mlrA, csgD and csgA in wild type and
mutant cells under controlled levels of key regulator MlrA. E. coli
wild type (WT), ∆mlrA, ∆csgD or ∆mlrA∆csgD cells carrying PmlrA-
egfp, PcsgD-egfp or PcsgA-egfp and Ptrc-mlrA plasmids were grown
in TB medium supplemented with 0, 10, (20 and 50) or 100 µM IPTG for
the induction of mlrA at 30 ◦C at 250 rpm. Gene expression was measured
at the single-cell level using flow cytometry when cells reached OD600 0.8.
Experiments were repeated three times, shown are representative images.
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Fig. 5.26: Expression changes of mlrA, csgD and csgA in wild type and
mutant cells under controlled levels of key regulator CsgD. E. coli
wild type (WT), ∆mlrA, ∆csgD or ∆mlrA∆csgD cells carrying PmlrA-
egfp, PcsgD-egfp or PcsgA-egfp and Ptrc-csgD plasmids were grown in
TB medium supplemented with 0, 10, (20 and 50) or 100 µM IPTG for
the induction of csgD at 30 ◦C at 250 rpm. Gene expression was measured
at the single-cell level using flow cytometry when cells reached OD600 0.8.
Experiments were repeated three times, shown are representative images.
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treated with hydrogen peroxide H2O2 (reactive oxygen species, ROS) under aggregating (non-
shaking) and non-aggregating (shaking) conditions and survival rate was measured (schematic
representation of experimental setup is shown in Figure 5.27). Shaking conditions were applied
in order to physically disrupt cell aggregates.

First, biofilm formation by curli ON and OFF cells was quantified using crystal violet staining
(Figure 5.28). As expected, cells lacking curli fibers (∆mlrA and ∆csgD) showed significant
defects in biofilm formation and cells with overexpressed curli fibers (Ptrc-mlrA and Ptrc-
csgD) formed notably more biofilms (Figure 5.28). Note that no aggregation was observed for
∆mlrA and ∆csgD cells under static conditions (macroscopic observations, data not shown).
By contrast, massive cell aggregation was detected under overexpression of mlrA or csgD from
the inducible Ptrc promoter.

Next, we analyzed viability of curli-less and curliated stationary cells upon treatment with
H2O2 (Figure 5.29). Stationary curli OFF cells showed an increased oxidative stress resistance
under non-aggregating (with shaking, shown in grey) and a decreased one under aggregating
(without shaking, shown in green) conditions when compared to wild type and curli ON cells.

The opposite survival pattern was observed for aggregating curli ON cells. Curli overexpres-
sion improved cell survival to H2O2 treatment under aggregating conditions. However, under
shaking conditions, when curli-mediated aggregations were physically disrupted, curli ON cells
showed lower survival when compared to wild type and even more to curli OFF cells. Together,
bimodal curli expression in planktonic cells upon entry into the stationary phase determines two
modes of stress survival: individual (curli OFF cells) and collective (aggregating curli ON cells).
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Fig. 5.27: Schematic representation of experimental setup to investigate
stress resistance of curli-expressing (curli ON) and non-expressing
(curli OFF) stationary planktonic cells. E. coli wild type, ∆mlrA or
∆csgD (curli OFF) and Ptrc-mlrA or Ptrc-csgD (curli ON) cells were
grown to stationary phase (OD600 = 1.0) and subsequently exposed to 0.5
% H2O2 under aggregation (without shaking, 0 rpm) or non-aggregation
(shaking, 270 rpm) conditions. For the control, survival of H2O2 treatment
was also analyzed for exponentially grown cells (OD600 = 0.6).
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Fig. 5.28: Overexpression of curli fibers leads to better biofilm formation.
Shown is biofilm formation by wild type strain W3110, mutants lacking ei-
ther MlrA (∆mlrA) or CsgD (∆csgD) curli master regulators and W3110
cells with overexpressed MlrA (Ptrc-mlrA, 10 µM IPTG induction) or CsgD
(Ptrc-csgD, 100 µM IPTG induction) that were grown under static con-
ditions at 30 ◦C for 24 h. Biofilm formation was quantified using crystal
violet (CV) staining, with CV values normalized to the optical density shown
in arbitrary units (AU). ??? indicates P < 0.0001 according to unpaired t-
test. Mean and standard deviations from three independent experiments are
indicated.
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ing (without shaking) conditions. Mean and standard deviations from three
independent experiments are indicated.



Chapter 6

Discussion

6.1 Overview

In nature, most bacteria primarily exist in multicellular communities, so called biofilms, which
are formed on different surfaces and at interfaces ([57]). Biofilm formation is a highly regulated,
complex and dynamic process that involves tight coordination of gene expression. Phenotypi-
cally distinct subpopulations are often observed even in monospecies biofilms, emerging from
fluctuating gene expression in individual cells over time and differential gene expression between
different cells ([174], [46]). The overall aim of this work was to study the heterogeneity of gene
expression during biofilm formation in Escherichia coli. All stages of biofilm formation such
as surface-attachment, structure development and detachment were systematically analyzed
in this work, in order to identify important determinants of each step and to provide insights
into spatio-temporal dynamics of gene expression and cell differentiation within biofilms at the
single-cell level.

The results shown in this study provide not only the overall understanding but also important
details in temporal regulation of E. coli surface attachment. Thus, our data suggest that E.
coli cells need to be motile to approach the surface, possibly need to have functional flagella
for the first surface contact (reversible attachment), and then employ type I fimbriae to be
able to stay irreversibly attached on the surface. Also, results shown in this work suggest that
immobilization of cells upon initial attachment to surface induces flagellar expression, which are
required as a structural component of the biofilm matrix and possibly for holding the biofilm
structure on the surface. Our data show that both flagella and curli fibers are major determinants
of biofilm structure development. Importantly, our results suggest direct interaction between
flagella appendages and curli fibers, which can complement each other in trans during biofilm
structure development.

The results shown here suggest that in biofilms diversification of gene expression leads to

138



6.2. DETERMINANTS OF REVERSIBLE AND IRREVERSIBLE SURFACE ADHESION 139

the emergence of at least three distinct subpopulations of E. coli, which differ in their levels of
curli and flagella expression and in the activity of the stationary phase sigma factor σS. This
study reveals mutually exclusive expression of curli fibers and flagella at the single cell level, with
high curli levels being confined to dense cell aggregates/microcolonies and flagella expression
to surface-attached cells. We provide strong evidence that flagellar expression is induced in
surface-attached cells because of the inhibition of flagellar rotation upon immobilization on the
surface.

Interestingly, despite the known σS-dependence of curli induction, there was only a partial
correlation between the σS activity and curli expression, with subpopulations of cells having high
σS activity but low curli expression and vice versa. Importantly, here we show that differentiation
into curli expressing and non-expressing cells arises also in isotropic planktonic cultures. Our
data suggest the existence of a stochastic switch of curli expression in a subpopulation of E.
coli planktonic cells upon entry into the stationary phase. Moreover, our results indicate that
this switch might be triggered by variations in growth rate of individual cells under starving
conditions, with a subpopulation of slower growing cells expressing curli. Finally, the regulation
underlying heterogeneous curli expression in planktonic E. coli cultures has been investigated and
provides important new insights into the molecular mechanisms and the physiological relevance
underlying the bimodal curli expression.

6.2 Determinants of reversible and irreversible surface

adhesion as well as structure development and de-

tachment in E. coli biofilms

The transition from the motile planktonic bacterial lifestyle to the sessile surface-attached one
requires a tight temporal regulation of motility and extracellular adhesins. Consistent with
this, motility was confirmed to be required for initial attachment of planktonic E. coli cells
independent of the surface. The data provided here indicate that motility is needed for cells
to approach the surface in order to establish first surface contact. However, when cells were
artificially forced to the surface of microtiter dishes by centrifugation, and thus the need for
swimming was overcome, non-motile ∆motA cells attached better to the surface than wild
type or non-flagellated ∆fliC cells. Together, these results indicate that motility is needed to
get close to the surface but not for the actual surface attachment. Also, these results suggest
a secondary role of flagella in adhesion, possibly holding the cells on the surface.

In contrast to flagella-driven motility, neither curli nor type I fimbriae were required for
initial surface attachment. In the first hour of incubation fimbriae-less ∆fimA cells attached
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even better than the wild type to the glass surface under both static and flow conditions.
Since deletion of flagella in addition to fimbriae (∆fimA∆fliC cells) completely abolished the
attachment, it further confirms the requirement of flagella appendages for successful surface
colonization at early stages. Interestingly, however, after 24 h of growth ∆fimA cells grew into
structured biofilms that were unable to stay attached to the surface under flow conditions or to
colonize the surface under static conditions. Consistent with a recently published study ([197]),
these results point at the requirement for type I fimbriae for irreversible surface attachment
later during biofilm growth. Thus, type I fimbriae are not required for initial reversible surface
attachment but for a subsequent irreversible one.

Although curli fibers were not required for initial attachment and surface colonization, they
were a major determinant of pellicle and biofilm structure development. Importantly, flagella
were needed not only for surface adherence through its motility function but also for biofilm
structure formation, thus playing an important structural role in E. coli biofilms. Notably,
curli and flagella were also required for pellicle formation at the liquid-air interface. Since the
same components were shown to play a key structural role in macrocolony biofilms ([167]), our
results demonstrate similarity between all types of E. coli biofilms. Similarly, deletion of either
curli (∆csgA) or flagella (∆fliC) led to a decrease of biofilm and pellicle formation as well as
of 3D-structure formation also in cellulose-producing AR3110 background, demonstrating that
the presence of cellulose cannot compensate for the loss of curli matrix or flagella. Taking into
account that ∆motA and ∆fimA cells were able to grow into 3D biofilm structures, neither
motility nor type I fimbriae are required for the biofilm structure development. Importantly,
when flagella-less and curli-less cells were mixed together, structural defects observed for single
knockout strains were restored and three-dimensional biofilm structures were formed. Moreover,
our data suggest direct binding of flagella to curli fibers. Altogether, these results indicate that
both flagella and curli are needed for the structure development and, more importantly, that
they can complement each other in trans during biofilm structure development, most probably
through direct interaction between flagella and curli fibers.

In order to promote the interaction with diverse surfaces, ligands and receptors for sub-
sequent adherence and colonization, bacteria produce a variety of adhesive molecules on their
surface. A large number of potential surface-bound adhesive proteins have been recently iden-
tified both in commensal and pathogenic E. coli. In this work putative E. coli adhesins were
analyzed for their role in swimming motility, attachment to the surface and biofilm structure
formation. Since motility has been shown to be required at early stages of biofilm formation, we
investigated whether motility of constructed adhesin knockouts remained intact. Interestingly,
decreased swimming motility was detected for most of the knockouts of putative adhesins,
possibly indicating a connection between structural changes in the cell membrane and cellular
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motility at 30 ◦C. The strongest defects in swimming motility and probably as a result in biofilm
structure formation were observed for cells lacking yfaL and ycgV , coding for predicted auto-
transporters. Since ∆flu cells showed better swimming motility than the wild type, it points
at a specific regulation of motility by YfaL and YcgV autotransporters, which needs further
investigations. Further information about the possible mechanism of flagellar gene expression
regulation by YfaL and YcgV could be acquired by measuring flagellar gene expression and cyclic
di-GMP levels in wild type, ∆yfaL and ∆ycgV cells.

In general, the large variety of adhesins along with the coordinated interplay between them
indicates the complexity with which E. coli cells carry out surface attachment under different
environmental conditions.

Even in mature biofilms a subpopulation of apparently post-exponential single cells that
produce flagella and reside on the surface of the well and outside of the aggregates was de-
tected. However, with increasing starvation, upon terminated fresh medium supply, a gradual
downregulation of flagella expression was observed. In fact, a counter-regulation of σFliA

(motility) and σS (stress response) activities, as an expected result of triggered starvation, was
detected. After 48 h of starvation flagellar expression was switched OFF in most of surface-
attached cells. Importantly, biofilm detachment was observed also after 48 h of starvation and
not before, when cells at the direct surface contact still expressed flagella. Thus, these results
indicate that downregulation of flagellar expression is a prerequisite for detachment of E. coli
biofilms under prolonged starvation conditions. Moreover, it implies that flagellar expression in
surface-attached cells might serve for anchoring the biofilm structure to the surface, confirming
a structural role of flagella in E. coli biofilms. A previously proposed adhesion role of flagella
([48]) further supports our findings and might contribute to surface attachment.

6.3 Heterogeneity of gene expression in E. coli biofilms

Although flagella and curli are both necessary for biofilm formation, we observed that the
expression levels of genes encoding these cellular structures were anti-correlated in time, with
increasing curli and decreasing flagella expression over the course of biofilm development. While
this is consistent with previously proposed regulation during the transition from motile towards
sessile lifestyle ([134]), results shown here demonstrate that this mutually exclusive regulation
of flagella and curli can be observed even at the single cell level, meaning that individual curli-
producing cells completely shut down the production of flagella and vice versa. Consistent
with this observation, curli- and flagella-producing cells were detected in different cell fractions
and regions within the submerged biofilms. Within submerged biofilms, curli fibers were highly
expressed in regions of high local density, corresponding to pellicles, cell aggregates and mi-
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crocolonies, but not in individual cells. In contrast, flagella showed the opposite expression
pattern, expressed only in single cells between aggregates and in direct contact to the surface.
Although in E. coli macrocolony biofilms curli- and flagella-producing cells were also observed
in distinct zones of the biofilm, this segregation was proposed to be due to the global changes in
gene expression in response to nutrient availability ([167]). However, in our biofilm system, the
observed cellular differentiation is unlikely to be driven by nutrient gradients, given the porous
structure of E. coli submerged biofilms.

Importantly, we detected two distinct subpopulations of curli-ON and curli-OFF cells through-
out the time course of biofilm development, comparable to observations made for CsgD in a
previous study ([53]). Since curli expression is under control of σS activity, also the expression
of σS-reporter OsmY-mCherry was investigated. Although the observed expression of the σS

reporter was also bimodal, the bimodality in the activity of σS was observed only from 24 h
of biofilm growth onwards, i.e. after appearance of the curli-ON fraction. Most interestingly,
a subpopulation of cells – particularly visible in the supernatant fraction at 24 h and in all
fractions at 12 h – transiently expressed curli while having low σS activity, which indicates that
curli expression switches to the ON state before full activation of σS. All of these demonstrate
that 1) σS activity is only partly correlated with curli expression, 2) the curli-ON switch can be
achieved already prior to the full activation of σS, and 3) bimodality in curli expression arises
due to the regulation downstream from σS, most probably at the level of CsgD ([53], [205]).

Taking into account highly diverse gene expression in E. coli biofilms, the cell growth within
submerged biofilms was analyzed at the single-cell level using molecular TIMER. A distinct
subpopulation of slowly dividing cells was detected in the pellicle and surface-attached fractions
already after 6 h of biofilm growth and later also in the supernatant fraction, gradually increasing
with time. In biofilm structures, slowly proliferating cells were present almost exclusively in
larger aggregates already at 24 h of growth and much more prominently at 72 h of growth. In
contrast, no apparent differences could be observed in the expression of housekeeping genes,
and thus presumably in the cell metabolic activity, across the biofilm. Interestingly, in mature
biofilms, slowly dividing cells in aggregates coexist with faster dividing single cells, despite
identical nutritional environment and likely similar levels of σS activity. This suggests that
cells associated in structures might actively slow down their proliferation, following a specific
developmental program. Since we could not observe any apparent gradient of the growth rate
within cellular aggregates, it seems unlikely that this reduction of growth is caused by the
nutritional or other gradients.

Altogether, our results demonstrate the existence of at least three specialized cell sub-
populations in static submerged biofilms of E. coli, which are distinctly different in their gene
expression profiles and presumably in their physiological state. Central for the 3D structure
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formation are stationary cells with high levels of σS activity and curli production, which are
almost exclusively associated in aggregates within the biofilm or the pellicle and show reduced
growth in mature biofilms. This biofilm-forming population coexists with a subpopulation of
stationary cells that also have high levels of σS activity but do not produce curli and are not
associated in aggregates, but apparently continue growing. Finally, even in mature biofilms we
observe a subpopulation of apparently post-exponential single cells that produce flagella and
reside outside of the aggregates, even though this subpopulation decreases with time.

6.4 Structural and functional roles of flagella in E. coli

biofilms

The physiological relevance for the presence of flagellated cells within E. coli biofilms has been
discussed previously, showing that flagella are important structural component of E. coli biofilm
matrix and are possibly needed for holding the biofilm structure on the surface. Moreover,
under prolonged starvation conditions downregulated flagellar expression in surface-attached
cells resulted in detachment of the whole biofilm, indicating the possible role of flagella in
biofilm detachment under unfavorable conditions. The question remained of the regulation
of flagella-producing cells in mature E. coli biofilms. The previous paradigm was that during
the transition from swimming single-cell state towards the biofilm state σS competes with
σFliA for the RNA polymerase core and as a result σS-regulated genes become expressed and
σFliA-regulated – repressed. However, as our data show here, fliC expression remains in
surface-attached cells even in mature biofilms.

Importantly, in this work we have identified that induced flagellar expression in surface-
attached biofilm cells is the result of inhibited flagellar rotation in these cells. Immobilization of
cells, either through deletion of MotA stator or through forcing the cells to the surface, which
resulted in inhibition of flagellar rotation, triggered strong upregulation of flagellar expression.
Since cells lacking motA (∆motA) strongly induced flagellar expression even in a suspension,
without any surface present, it strongly suggests that the blocking of flagellar rotation, and not
surface contact, induces fliC expression.

All in all, our data suggest that induced flagellar expression in surface-attached cells is
due to inhibited flagellar rotation in cells on the surface upon attachment. Following this up,
we started to search for a possible mechanism underlying surface sensing that could trigger
the subsequent stop of flagellar rotation and attachment of E. coli cells. For this purpose,
transcriptomic analysis of non-motile ∆motA cells was performed. It further confirmed strong
upregulation of fliC in ∆motA cells. Note that flagellar class I and most likely class II genes
were not induced in ∆motA cells. Interestingly, all curli genes were strongly downregulated
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in ∆motA cells, consistent with our previous observations of flagella-curli counter-regulation.
Also, a strong downregulation of fnr expression was detected in non-motile ∆motA cells. Since
FNR is a global transcriptional regulator of anaerobic metabolism, its suppressed expression in
∆motA cells provides an interesting link between inhibition of motility and cellular respiration.
Thus, it is possible that stopped flagellar rotation not only activates flagellar class III gene
expression but possibly also affects cellular respiration of immobilized cells. Finally, strongly
decreased levels of glgS in ∆motA cells when compared to the wild type might contribute to
higher flagella expression and/or number in non-motile cells. Note that surface composition
regulator GlgS was shown to negatively regulate flagellar motility and biofilm polysaccharides
production ([148]). Also, transcriptomic analyses of glgS mutant revealed increased expression
of type I fimbriae and flagella and the mutant was shown to be hyperflagellated and hyperfim-
briated ([148]). Thus, it would be interesting to check if ∆motA cells are also hyperflagellated
and/or hyperfimbriated, as expression of both fliC and fimA was upregulated in ∆motA cells.
Together, this transcriptomic analysis indicates high flagellar and low curli expression in cells
with inhibited flagellar rotation, possibly as a preparation step towards sessile surface-attached
lifestyle.

In the frame of this work, changes in pH, proton motive force (PMF) and oxygen levels
were investigated as possible mechanisms underlying surface sensing. In theory, pH, PMF and
O2 levels on the surface may differ from those in the suspension, and these changes might be
sensed by cells, triggering the subsequent arrest of flagellar rotation and attachment to the
surface. Although it needs further investigations, our preliminary data suggest that neither of
the tested properties is the underlying surface sensing mechanism in E. coli.

6.5 Regulatory details and physiological relevance un-

derlying bimodal curli expression

Gene expression analysis revealed at least three distinct populations regarding their gene expres-
sion profiles and physiological states in submerged biofilms: cells producing flagella, stationary
cells producing curli and stationary cells not producing curli. The physiological importance of
cellular diversification into curli-producing and non-producing stationary cells and its regulation
by major regulators, the environmental and growth conditions were systematically investigated
here. The observed diversification into curli expressing and non-expressing cells appears to be
spontaneous rather than being driven by nutrient or other gradients as proposed in previous
studies ([19], [86], [3], [53]), and might thus represent a form of bet hedging behavior ([191]).
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6.5.1 Bimodal curli expression arises in planktonic cells at the entry

to stationary phase

Our biofilm analysis revealed two distinct subpopulations of curli-ON and curli-OFF cells through-
out the time course of biofilm development. Therefore, the next step was to investigate when,
where and how heterogeneous curli expression arises.

Interestingly, differentiation into curli expressing and non-expressing cells was detected also
in isotropic planktonic culture growth under constant shaking at 30 ◦C upon entry into the
stationary phase at OD600 0.8. Even more intriguing was the fact that expression of major curli
regulators, mlrA and csgD, was monomodal. These results confirmed our hypothesis that
bimodality in curli expression arises due to the regulation downstream from σS, most probably
at the level of CsgD activity ([14]). Further, a detailed analysis of curli expression regulation was
performed and important new insights into the molecular mechanisms underlying bimodal curli
expression were obtained. In addition, the roles of cyclic di-GMP (c-di-GMP) second messenger
and small regulatory RNAs (sRNAs) in regulation of observed bimodal curli expression were
investigated.

6.5.2 Differences in growth rate may induce curli expression in E.

coli upon entry into stationary phase

The results shown in this work suggest that nutrients limitation, and possibly as a result a slow
down in growth, induces curli expression in a subpopulation of planktonic cells when entering
stationary phase. When fluorescently sorted curli-ON and curli-OFF cells were re-grown in
fresh growth medium, the subpopulation of curli-expressing cells gradually decreased over time
until no curli ON cells were detected. Higher cell dilutions in fresh medium also induced a
faster decrease of the subpopulation of curli expressing cells and curli reporter levels. These
results indicate that re-started cell growth inhibits curli expression in a subpopulation of E. coli
planktonic cells. Eventually, after longer incubation (12-14 h) of both sorted subpopulations
under shaking conditions in a fresh medium, a subpopulation of curli-expressing cells appeared
again. It points at a link between the slowing down of cell growth and the induction of curli
expression in a subpopulation of E. coli planktonic cells. These results were further confirmed by
the observation, after 12 h of planktonic cultivation, of a drop in cell growth concomitant with
the appearance of a subpopulation of curli expressing cells. Moreover, the data shown in this
work indicate that curli expressing cells grow slower than curli non-expressing cells. Thus, the
results strongly suggest that a decrease in growth rate might be a trigger for a subpopulation
of planktonic cells to start expressing curli fibers.

Microscopic analysis revealed that curli expression is induced spontaneously in single plank-
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tonic cells and that this induction is stable, as curli expressing cells gave daughter cells which
also expressed curli and no switching between ON and OFF expression states was observed. Fur-
thermore, since no difference in curli expression levels was observed between non-aggregating
∆flu or structure-less ∆fliC mutants and wild type cells, it confirms that there is first a
stochastic switch towards curli production in a subpopulation of planktonic cells, which subse-
quently leads to cell aggregation, and not vice versa. Also, AI-2 mediated quorum sensing does
not seem to be involved in regulation of curli expression in E. coli cells at 30 ◦C.

Thus, it remains to be investigated whether variations in signal amount and/or in response
sensitivity to the signal result in slower growth and thus curli expression in a subpopulation of
E. coli cells upon entry into stationary phase. The next logical step would be to investigate
possible roles of (p)ppGpp synthase RelA, which is essential to initiate the stringent response
or, (p)ppGpp itself in induction of curli expression. Also, it would be interesting to investigate
the growth of E. coli cells at the single cell level, using for example a mother machine, and its
relation to curli expression. This would provide a final proof of whether slow down in growth is
the cause or the origin for curli expression.

Altogether, these results show that bimodal curli expression is a reversible, most probably
stochastic, developmental process that is triggered when cells enter unfavorable nutrient-limiting
conditions and is independent of AI-2 mediated quorum sensing.

6.5.3 Search for possible regulators of differentiation into curli-

expressing and non-expressing subpopulations in planktonic

culture

To unravel how csgA bistability might be regulated on the molecular level and to identify
molecular regulators that coordinate it, transcriptomic analysis of sorted curli-ON and OFF
subpopulations along with wild type, ∆csgD, ∆yegE and ∆yhjH cells was performed. Tran-
scriptomic analysis revealed that in sorted curli-ON cells along with genes of csg operon also
some stress-induced genes were upregulated. Interestingly, genes involved in acidic pH stress
response and protection against metabolic end products that are toxic at low pH were also
detected in csgA ON cells. Thus, there might be a possible link between curli expression and
cytoplasmic acidification, which needs further investigations. Additionally, increased levels of
poxB and acs coding for pyruvate oxidase and acetyl-CoA synthetase, respectively, point at
increased acetate and acetyl-CoA synthesis in curli-ON cells. Interestingly, it has recently been
shown that decreased levels of acetyl-CoA lead to strong induction of σS ([7]). Notably our
gene expression data showed only a partial correlation between the σS activity and curli ex-
pression, with subpopulations of cells having high curli expression but low σS activity and vice
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versa. Thus, it is possible that single E. coli cells start to express curli, due to perturbations in
central metabolism, before global increase in σS levels upon entry into the stationary phase.

Importantly, strong induction of yhbU and yhbV coding for putative peptidases was de-
tected in sorted curli-OFF cells. Active proteases in cells lacking curli expression could indicate a
possible regulatory mechanism in which some regulator of curli is actively degraded in a subpop-
ulation of E. coli planktonic cells. Interestingly, elevated levels of the phosphodiesterase PdeB
were detected in curli-OFF cells. Although no diguanylate cyclases were induced in curli-ON
cells previously fixed in their transcriptional and translational state, it is possible that global c-
di-GMP levels increase when E. coli cells enter the stationary phase and a subpopulation of cells
(curli-OFF) actively degrade the second messenger with a specific phosphodiesterase. More-
over, highly elevated levels of putative fimbrial protein YdeS were measured in csgA OFF cells,
indicating that cells lacking curli amyloid fibers might express other putative adhesins. Finally, a
number of DNA-binding transcriptional regulators that coordinate a variety of metabolic genes
were detected in curli non-expressing cells, suggesting substantial differences in metabolism of
curli-ON and curli-OFF cells.

Together, this transcriptomic analysis provides valuable information about gene expression
differences in curli-ON and OFF subpopulations. Moreover, it reveals that cells might follow
different adaptation programs when they enter the stationary phase and, as a result subpop-
ulations of planktonic cells with different curli expression and physiological state arise. Thus,
different subpopulations could be a survival strategy for E. coli cells entering unfavorable con-
ditions. When gene expression was compared between cells lacking major curli regulator csgD
(∆csgD) and curli non-expressing cells, strong differences were observed. Moreover, only few
genes were upregulated in sorted curli-OFF population due to decreased CsgD levels. Thus,
differential gene expression in curli-expressing and non-expressing planktonic subpopulations
cannot be fully explained by the levels and/or activity of CsgD regulator.

In search for other possible regulators of bimodal curli expression, the roles of c-di-GMP
second messenger and sRNAs were investigated. Transcriptomic analysis of cells lacking major
diguanylate cyclase YegE (or DgcE) ∆yegE and major phosphodiesterase YhjH (or PdeH)
∆yhjH, enzymes that synthesize and degrade c-di-GMP, respectively, and thus regulate global
c-di-GMP levels in the cell, revealed c-di-GMP-regulated genes. However, since only few c-
di-GMP-regulated genes were detected in both csgA expressing and non-expressing cells, it
suggests that c-di-GMP levels probably play a secondary role in stabilization of curli expression
rather than in its regulation. Consistent with this, curli expression in ∆yegE or ∆yhjH cells
remained bimodal with strongly decreased or increased curli-expressing population, respectively.
Similar results were observed in cells lacking diguanylate cyclase YdaM (or DgcM) ∆ydaM

or phosphodiesterase YciR (or PdeR) ∆yciR. Together, these results indicate that c-di-GMP
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levels controlled by diguanylate cyclases and phosphodiesterases do not induce bimodal curli
expression in E. coli planktonic cells but rather tune it. Importantly, however, bimodal curli
expression was not observed upon deletion of the so-called ‘trigger phosphodiesterase’ YahA
(or PdeL) ∆yahA, as no csgA positive cell population was detected. YahA was found to
positively regulate its own expression by binding to its promoter region especially at low c-
di-GMP levels, and thus, possibly act as a fast OFF switch under conditions of decreasing
c-di-GMP levels ([150], [65]). Our data indicate that differentiation of E. coli stationary cells
into curli expressing and non-expressing cells requires a functional YahA, possibly for the tight
regulation of c-di-GMP levels. However, since our transcriptomic analysis revealed no significant
difference in yahA expression between curli-ON and OFF cells, it seems that YahA is necessary
but not sufficient for curli production. Although being a PDE and thus as a negative regulator
of c-di-GMP levels, our data suggest that YahA exerts a positive effect on curli expression.
Altogether, the absence of curli-expressing subpopulation upon yahA deletion cannot be easily
explained and needs further investigations.

Interestingly, increased levels of several known repressors of csgD mRNA translation were
detected in curli-expressing cells, which indicates a negative feedback in the curli-ON subpopu-
lation of planktonic cells, possibly to fine-tune elevated CsgD levels. By contrast, the translation
of σS seems to be positively regulated in curli non-expressing subpopulation by RprA.

To sum up, our transcriptomic analysis further confirms a complex molecular regulation of
bimodal curli expression within E. coli planktonic culture, which can only partially be explained
by levels of CsgD regulator or c-di-GMP second messenger. The detailed molecular analysis of
curli expression regulation presented in this work identified and/or confirmed multiple regulations
of curli expression (summarized in Figure 6.1, see Subsection 5.3.5 for details). Together, our
data indicate that endogenous mlrA gene might be the source for bimodal curli expression. It
is possible that some factor that binds to and regulates mlrA expression prevents CsgD from
binding to mlrA and thus, instead of a positive feedback, a negative feedback is observed from
CsgD to mlrA. Overall, the data shown here suggest a strong interplay between MlrA and
CsgD transcriptional regulators as well as at the importance of tight control of MlrA and CsgD
levels for the outcome of curli expression in E. coli cells.

6.5.4 Physiological importance of bimodal curli expression

A decrease in growth-rate in exchange for increased matrix production (curli expression) could
be a possible bet hedging strategy of E. coli cells when they enter the stationary phase as a
preparation step for upcoming unfavorable conditions. Data provided in this work indicate that,
indeed, this might be the case, since bimodal curli expression in planktonic cells determines
two modes of stress survival: individual (curli-OFF cells) and collective (aggregating curli-ON
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Fig. 6.1: Schematic representation of identified and/or confirmed regulations
of curli expression in E. coli. Details are discussed in the text and in
Subsection 5.3.5
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cells). Individual mode of survival is most probably mediated through the activation of a variety
of mostly σS-regulated stress-response genes, which were found to be upregulated in curli-OFF
cells. Under shaking conditions curli non-expressing cells (∆mlrA and ∆csgD) were better
adapted to resist against an exposure to peroxide stress and showed better survival than wild
type (bimodal curli expression) and even more prominent curli-ON cells.

Curli expressing cells showed best survival rate under non-shaking conditions, when cells
were allowed to aggregate, whereas curli-OFF cells showed the worst survival rate. This way, a
subpopulation of curli non-expressing cells are adapted for a large variety of stresses, expressing
a pallet of stress-response genes, whereas a subpopulation of curli-expressing cells are adapted
for the best survival under biofilm conditions, forming a physical barrier to protect each other.
Together, these results confirm a previously suggested bet hedging strategy of E. coli planktonic
cells, which follow two different adaptation programs, as a preparation step for unfavorable
conditions.
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Conclusion and future perspectives

This work focused on elucidating heterogeneity of gene expression during all stages of biofilm
formation in E. coli starting from single motile cells. By investigating important determinants
for surface-attachment and biofilm structure formation, we concluded that motility is needed for
cells to approach the surface, and flagella are probably needed for the reversible (or transient)
surface-attachment. Importantly, our data strongly suggest surface sensing via flagellar stator
MotAB that induces flagellar expression upon inhibition of flagellar rotation. However, the
mechanism underlying surface sensing and which signal is triggered by MotA remains to be
uncovered. Type I fimbriae are required for the irreversible attachment to the surface later
during biofilm growth.

Once attached, E. coli cells require both flagella and curli fibers for the development of
the biofilm structure. Importantly, our data suggest direct interaction between flagella and
curli fibers, further confirming the role of flagella as a structural component of the biofilm
matrix. Interestingly, defects in biofilm structures could be restored when flagella-less cells
were intermixed with curli-less ones, indicating that flagella and curli can complement each
other in trans and that indeed they are the two major determinants of E. coli biofilm structure
development. Surface-attached and single cells within submerged biofilm keep expressing flagella
to anchor the biofilm structure on the surface and to contribute to the biofilm architecture,
respectively. Importantly, our data suggest that under prolonged starvation downregulation of
flagellar expression in surface-attached cells is a prerequisite for the subsequent detachment of
the biofilm. The summary of different roles of flagella and curli in different stages of E. coli
biofilms is shown in Figure 7.1.

Interestingly, our single-cell gene expression analysis revealed mutually exclusive expression
of flagella and curli in time and space in submerged E. coli biofilms. Along with stationary
curli-expressing cells also stationary curli non-expressing cells were identified within submerged
biofilms. These results pointed at specific differentiation of cells into at least three subpop-
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Fig. 7.1: Schematic representation summarizing the roles of flagella and
curli in different stages of E. coli biofilms. Our current working model
shows the roles of flagella and curli in different stages of biofilm growth in E.
coli. During the attachment phase (1), motility function of flagella is needed
for cells to get to the surface and attach. Flagella seem to be needed for
initial attachment of cells. During maturation (2), flagella are required for
the biofilm structure development, holding the curliated microcolonies to the
surface and to each other. With prolonged starvation (3) flagellar expression
is downregulated and eventually the biofilm detaches (4). Note that global
c-di-GMP levels in single swimming cells are low and in biofilms are high.

ulations according to their gene expression and physiological state during biofilm formation:
post-exponential cells expressing flagella; stationary cells expressing curli; stationary cells not
expressing curli. Physiological relevance and insights into molecular regulations underlying such
differentiation were investigated in this work. Our data show that bimodal curli expression
might be a bet hedging strategy of E. coli cells when they enter unfavorable conditions. Cells
expressing curli apply collective mode of survival, aggregating via curli fibers and in this way
protecting themselves from possible unfavorable conditions. Curli non-expressing cells follow
individual mode of survival, inducing the expression of various stress-response genes, thus prepar-
ing themselves for different environmental stresses. Finally, this work provides important new
insights into the regulation of bimodal curli expression, which are crucial for the reconstruction
of the full mechanism behind the bimodal curli regulation.



Chapter 8

Materials and Methods

8.1 Materials

8.1.1 Chemicals and consumables

Chemicals used in this work are listed in the Supplementary Table D.1.

8.1.2 Reaction kits

Tab. 8.1

Kit Company

GeneJET Plasmid Miniprep Kit ThermoFisher Scientific
GeneJET DNA Purification Kit ThermoFisher Scientific
GeneJET Gel Extraction Kit ThermoFisher Scientific
EURx GeneMATRIX Universal RNA Purification Kit Roboklon GmbH
TURBO DNA-free Kit Ambion ThermoFischer Scientific

The kits were used according to the guidelines given by the manufacturers.
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8.1.3 Well plates

Tab. 8.2

Plate Order number Company

24-Well Clear TC-Treated Product 3527 Corning Costar (Corning Inc.)
Multiple Well Plates; sterile
96-Well Clear Flat Bottom Product 3585 Corning Costar (Corning Inc.)
TC-Treated Microplate; sterile
µ-Slide 8 Well; Uncoated; Product 80821 ibidi (ibidi GmbH)
1.5 polymer coverslip;
hydrophobic; sterilized
µ-Plate 96 Well Uncoated; Product 89621 ibidi (ibidi GmbH)
1.5 polymer coverslip; hydrophobic; sterilized
96-Well Tissue Culture Product 353219 BD Falcon
Black/Clear Flat-bottom Plates (Becton; Dickinson and Co.)
BIOFLUX 200 48 well low shear plate Product 910-0004 Fluxion Biosciences Inc.
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8.1.4 Media and plates

Tab. 8.3

LB (Luria broth) plates: 10 g bacto tryptone
5 g bacto yeast extract
5 g NaCl
H2O ad 1 l - pH 7 with NaOH
autoclaved

LB agar plates: 1.5 % agar in LB medium
autoclaved

TB (tryptone broth) 10 g bacto tryptone
5 g NaCl
H2O ad 1 l - pH 7 with NaOH
autoclaved

M9 minimal medium: 47.7 mM Na2HPO4 x 7H2O
22 mM KH2PO4

8.55 mM NaCl
18.7 mM NH4Cl
2 mM MgSO4

0.1 mM CaCl2
0.4 % ribose

Congo red plates: 10 g bacto tryptone
5 g yeast extract
2 % agar
900 ml H2O
autoclave, then add:
80 ml congo red/ coomassie solution
20 ml H2O
(c [congo red]= 40 µg

ml
) - c [coomassie]= 20 µg

ml
)
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8.1.5 Buffers

Tab. 8.4

Tethering buffer: 10 mM KPO4

0.1 mM EDTA
1 µM methionine
10 mM lactic Acid
pH 7.0
sterile filtered

Motility buffer: 10 mM KPO4

0.1 mM EDTA
67 mM NaCl
0.5 % glucose
pH 7.0
sterile filtered

P1 buffer: 10 mM MgSO4

5 mM CaCl2
sterile filtered

Phosphate buffer: 1.742 g K2HPO4

1.361 g KH2PO4

0.901 g lactic acid

Tss solution: 5 g polyethyleneglycol (PEG) 8000
0.3 g MgCl2 x 6H2O
2.5 ml DMSO
LB ad 50 ml
sterile filtered

TAE buffer: 242 g Tris base
100 ml 0.5 M EDTA (pH 8)
57.1 ml glacial acetic acid
H2O ad 1 l

6x DNA loading dye 30 % glycerol
0.25 % bromphenol blue
0.25 % xylene cyanol
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8.1.6 Antibiotic stock solutions

Tab. 8.5

ampicillin (Amp): 100 mg
ml

in H2O
chloramphenicol (Cm): 34 mg

ml
in ethanol

kanamycin (Km): 50 mg
ml

in H2O

8.1.7 Inducers and other stock solutions

Tab. 8.6

IPTG: 0.1 M IPTG in H2O
arabinose: 10 % arabinose in H2O
DNase: 100 µg/ml

8.2 Methods

8.2.1 Bacterial strains and plasmids

The strains and plasmids used in this work are listed in Supplementary Tables D.2 and D.3,
respectively. All strains were derived from E. coli W3110 ([167]). Cells were grown in tryptone
broth (TB) medium (10 g tryptone, 5 g NaCl per litre) supplemented with antibiotics, where
necessary. Gene deletions were obtained via PCR-based inactivation of chromosomal genes
([36]) or using P1 phage transduction ([112]). Kmr cassettes were eliminated via FLP re-
combination (Cherepanov and Wackernagel 1995). For the construction of pOB2 and pVM42,
mCherry and egfp genes were amplified by PCR using a forward primer containing the artifi-
cial strong ribosome binding site (RBS) ACAACTTAAGGAGGTATTC ([160]) and cloned into
the pTrc99a vector with KpnI/HindIII.
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8.2.2 Polymerase chain reaction

Tab. 8.7

PCR with
Taq polymerase

25 µl DreamTaq Green
PCR Master Mix (2x)

1 µl forward primer (10 pmol/µl)
1 µl reverse primer (10 pmol/µl)
10 pg - 1 µg template DNA
up to 50 µl ddH2O

Thermocycler
settingsa

95 ◦C 5 min Initial denaturation
95 ◦C 30 sec Denaturation
Tmb - 5 ◦C 30 sec Annealing
72 ◦C 1 min Extension
72 ◦C 10 min Final extension

a denaturation, annealing and extension steps were repeated in 25-30 cycles
b Tm indicates primer melting temperature of used primers.

Genes for cloning were amplified by Polymerase chain reaction (PCR) using either Taq or
Phusion polymerase (Thermo Scientific) according to the reaction setup and PCR program
shown in Tables 8.7 and 8.8, respectively. The list of primers used in this work is shown in
Supplementary Table D.4. The PCR reactions were performed in the thermocycler peqSTAR
(PEQLAB). The resulting fragments were analyzed in a 1% TAE-agarose gel and purified with
the GeneJET DNA Purification Kit or the GeneJET Gel Extraction Kit. DNA concentration
was measured using NanoDrop.
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Tab. 8.8: PCR reaction setup and program for Phusion polymerase

PCR with
Phusion polymerase

0.5 µl Phusion polymerase
10 µl Phusion HF buffer (5x)
1 µl forward primer (10 pmol/µl)
1 µl reverse primer (10 pmol/µl)
8 µl dNTPs (1.25 mM)
10 pg - 1 µg template DNA
up to 50 µl ddH2O

Thermocycler
settingsa

98 ◦C 5 min Initial denaturation
98 ◦C 20 sec Denaturation
Tmb - 5 ◦C 30 sec Annealing
72 ◦C 30 sec Extension
72 ◦C 10 min Final extension
4 ◦C forever Cooling

a denaturation, annealing and extension steps were repeated in 25-30 cycles
b Tm indicates primer melting temperature of used primers.

8.2.3 Restriction digest

PCR products and vectors for cloning were digested with restriction enzymes from New England
Biolabs Inc. or Thermo Scientific. Preparative digests were performed in 20-40 µl reaction
volumes for 1-4 h at 37 ◦C. Analytic digests were performed in 10-20 µl reaction volumes for 1
h at 37 ◦C. The reaction setups are shown in Table 8.9. The resulting fragments were analyzed
in a 1% TAE-agarose gel and purified with the GeneJET DNA Purification Kit or the GeneJET
Gel Extraction Kit.
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Tab. 8.9: Restriction digest reaction setup

Preparative digest Analytical digest

DNA 10-15 µl 5 µl
restriction enzyme 1 1 µl 0.5 µl
restriction enzyme 2 1 µl 0.5 µl
10x reaction buffer 3 µl 2 µl
ddH2O up to 30 µl up to 20 µl

8.2.4 Ligation

Ligation of digested DNA fragments and linearized plasmid DNA was performed using a T4
DNA ligase from Thermo Scientific for 1 h at room temperature or overnight at 16 ◦C.

Tab. 8.10: Ligation reaction

Ligation reaction 20 ng digested vector DNA
5x molar ratio of vector DNA digested insert DNA
2 µl 10x T4 DNA ligase buffer
0.2 µl T4 DNA ligase
up to 20 µl ddH2O

8.2.5 Transformation

Transformation indicates the uptake of free DNA by bacterial cells. Electroporation and CaCl2
transformation are two forms of transformation used to transfer the DNA into bacterial cells.
Electroporation was used for transformation of linear DNA into cells for genomic integration.
In order to prepare electrocompetent cells, 10 ml of W3310 cells containing pKD46 plasmid
were grown in LB supplemented with ampicillin at 30 ◦C to an OD600 = 0.1 and subsequently
induced with 10 µl arabinose. When the culture reached an OD600 = 0.6 - 0.7 they were put
on ice for 30 min. Then, cells were harvested and washed first in the equal volume of ice cold
10 % glycerol solution, then in 1

2
and 1

5
volume glycerol. Finally, cells were resuspended in 1/20

volume of the initial volume, shock-frozen in liquid nitrogen and stored at -80 ◦C.
CaCl2 transformations show less efficiency of DNA uptake but is a method. For CaCl2

transformation 5 ml of E. coli cells were grown to OD600 = 0.5 - 0.6, pelleted, washed several
times in ice cold 0.1M CaCl2 solution and resuspended in 100 µl 0.1M CaCl2 solution. Then,
cells were either shock-frozen in liquid nitrogen and stored at -80 ◦C or used directly for the
DNA uptake.
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8.2.6 Construction of transcriptional genomic reporters

For the construction of transcriptional genomic reporters derivatives of plasmid pKD13 ([36])
were generated. For this purpose either Gibson assembly or circular polymerase extension
cloning ([145]) were applied. All fragments including linearized vector with kanamycin cassette
flanked by FLP recombination target sites, ribosome binding site (RBS), fluorescent protein and
gene sites for insertion were first amplified using Phusion Polymerase and then assembled into
one circular DNA fragment in a single reaction. In this way, constructs with an additional RBS
(for transcriptional reporters), mCherry or superfolder GFP (sfGFP ) genes and Kmr cassette
flanked by the homologous regions for genomic insertion were created. The lambda Red recom-
bination system ([36]) was used to introduce fluorescent reporters into native chromosomal loci
via homologous recombination. Positive clones were checked by PCR for the correct insertion
using specific primers and subsequently sequenced. After Kmr cassettes were eliminated via
FLP recombination ([28]), a second reporter was introduced in its native chromosomal locus.

8.2.7 Static biofilm growth and analysis

For the analysis of E. coli biofilm formation, overnight cultures grown in TB in a rotary shaker
at 30 ◦C were diluted 1:100 into fresh TB medium and grown at 200 rpm to the mid-exponential
phase (OD600 = 0.6) at 30 ◦C. The samples were further diluted to an OD600 of 0.05 in TB
medium and 400 µl of this suspension was seeded per well into the 8-well microscope slides
with untreated surfaces (µ-Slide, 8-well untreated bottom, ibidi GmbH, Germany). TB was
supplemented with 100 µg/ml ampicillin (Amp) and 10 µM isopropyl-β-D-thiogalactopyranosid
(IPTG) when cells carried either plasmid pVM42 encoding egfp or pOB2 encoding mCherry
for visualization of all cells in the biofilm. Biofilms were grown at 30 ◦C without shaking for
the indicated time. Gene expression and/or structure of undisrupted biofilms were visualized
using confocal microscopy. In parallel, biofilms were separated into pellicle, supernatant and
surface-attached cell fractions and subjected to flow cytometric single cell analysis.

In addition, biofilm formation on microtiter plates was quantified using crystal violet assays
([125]). For this purpose, overnight cultures were diluted 1:100 in fresh TB medium, regrown
until OD600 of 0.6, and adjusted to OD600 0.05. 300 µl of this suspension was then loaded
into a 96-well plate (Corning Costar, flat bottom, Sigma Aldrich, Germany). After 24 h of
incubation at 30◦C, the OD600 of samples was measured, non-attached cells were removed
from wells and wells were intensively washed with water. Cells bound to the polysterene plastic
walls were subsequently stained with 1% crystal violet solution, 300 µl per well for 20 min at
room temperature. Then, crystal violet was removed, wells were washed three times with water
and then the plate was left to dry for 1 hour. Remaining crystal violet stain in attached cells
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was solubilized by adding 300 µl of 96% ethanol and measured at OD595. Finally, all crystal
violet values were normalized by the respective OD600.

8.2.8 Biofilm growth and analysis in microfluidic chambers

For the analysis of E. coli biofilm formation under flow conditions, overnight cultures grown in
TB in a rotary shaker at 30 ◦C were diluted 1:100 into fresh TB medium and grown at 200
rpm to the mid-exponential phase (OD600 = 0.6) at 30 ◦C. The samples were further diluted
to an OD600 of 0.05 in TB medium and 100 µl of this suspension was seeded per well into
the 48-well BioFlux chambers. The flow of 0.5 Dy

cm
was applied for 10 min for the cells to

reach the observation area of the chamber. Then, the flow was stopped for 1 h to allow the
attachment of cells. Subsequently, 1 ml of fresh TB was added to the wells and the flow was
re-introduced. Note that TB was supplemented with 100 µg/ml ampicillin (Amp) and 10 µM
isopropyl-β-D-thiogalactopyranosid (IPTG) when cells carried either plasmid pVM42 encoding
egfp or pOB2 encoding mCherry for visualization of all cells in the biofilm. Biofilms were
grown at 30 ◦C under constant fresh medium supply for the indicated time. Gene expression
and/or structure of the biofilms were visualized using confocal microscopy.

8.2.9 Confocal microscopy

E. coli biofilms were visualized using an inverted Zeiss Axio Observer Laser Scanning Microscope
(LSM) 880 equipped with a C-APOCHROMAT 40x/1.2 Water Corr-UV-VIS-IR objective. The
following lasers were used: 458 nm, 488 nm, 514 nm Argon laser and 561 nm DPSS laser. Each
experiment was performed at least three times on independent biological replicates. Obtained
images and z-stack projections were visualized using Zeiss ZEN System imaging software (Zeiss).
Thickness of pellicles was measured using an upright Leica TCS SP5 confocal laser scanning
microscope equipped with HC PL FLUOTAR 10x/0.3 dry objective.

8.2.10 Flow cytometry

Flow cytometry of biofilm fractions

Cells were collected from different biofilm fractions at the indicated time points of biofilm
growth, washed two times and resuspended in phosphate-buffered saline (PBS) (8 g NaCl,
0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4) prior to flow cytometric analysis using BD
LSRFortessa SORP cell analyzer (BD Biosciences, Germany). The pellicle fraction was collected
by taking the thin film layer from the liquid/air interface using a pipette and resuspended in
1 ml PBS. After pellicle removal, 100 µl of culture medium was collected as the supernatant
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fraction. The rest of the supernatant was discarded and the remaining surface-attached cells
were washed two times with PBS. Subsequently, surface-attached cells were scraped from the
well surface using a 1 ml pipette tip and vigorously vortexed before the measurements to disrupt
cell aggregates. The completeness of aggregate disruption was confirmed by flow cytometry,
using forward scatter (FSC) and side scatter (SSC) parameters. Each experimental run consisted
on an analysis of 30000 individual events corresponding to cells. Data were analyzed using
FlowJo software version 10.1r5 (FlowJo LLC, Ashland, OR, US), applying a software-defined
background fluorescence subtraction.

Flow cytometry of planktonic cultures

Cells were grown under shaking conditions (250 rpm) in TB at 30 ◦C. At specific optical densities
cells were diluted 1:200 in PBS, vigorously vortexed and subjected to flow cytometric analysis.
The absence of aggregates was confirmed by flow cytometry, using forward scatter (FSC)
and side scatter (SSC) parameters. Each experimental run consisted on an analysis of 30000
individual events corresponding to cells. Data were analyzed using FlowJo software version
10.1r5 (FlowJo LLC, Ashland, OR, US), applying a software-defined background fluorescence
subtraction.

To investigate the possible effect of AI-2 on csgA promoter activity, 25 µM of synthetic
DPD ((S)-4,5-dihydroxy-2,3-pentadione) were added to the planktonic cells carrying PcsgA-
egfp reporter (at OD600 0.8). Since DPD is spontaneously converted to AI-2 in solution, it
was referred to as DPD/AI-2. DPD/AI-2 activity was confirmed by induction of Plsr-egfp
reporter.

8.2.11 Fluorescence-activated cell sorting

W3310 cells carrying genomic PcsgA-sfgfp reporter were grown under shaking conditions
(250 rpm) in TB at 30 ◦C. At OD600 = 0.8 cells were either 1) fixed in their transcriptional
and translational state with the STOP mix (95%vol

vol
ethanol and 5%vol

vol
phenol) ([130]) (fixed

conditions) and then diluted 1:200 in ice-cold PBS or 2) directly diluted 1:200 in ice-cold PBS
(non-fixed conditions) and directly subjected to sorting. GFP positive (csgA ON) and negative
(csgA OFF) cells were sorted according to the fluorescentce signal using FACS Aria Fusion (BD
Biosciences, Germany). Previously non-fixed sorted cells were subsequently re-incubated for 1
h at 30 ◦C in conditioned TB medium (0.2 µm-filtered medium from OD600 = 0.8 culture).
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8.2.12 RNA isolation and deep sequencing

Overnight cultures were grown in 5 mL TB medium at 30 ◦C at 250 rpm. Then, day cultures
(1:1000 diluted from overnight cultures) were grown at 30 ◦C at 250 rpm to OD600 0.8. Cells
were either fixed in their transcriptional and translational state with STOP mix (95%vol

vol
ethanol

and 5%vol
vol

phenol) ([130]) or non-fixed, harvested and proceeded according to the manufac-
turer’s instructions for EURX GeneMATRIX Universal RNA Purification Kit. After a treatment
with the TURBO DNA-free kit, isolated RNA was tested for degradation on a formaldehyde
gel. The samples were sent to the Max Planck-Genome center (Cologne, Germany) for RNA-
sequencing. Obtained FASTA files were mapped to the genome of E. coli MG1655 (excluding
rRNA and tRNA) using DNAStar ArrayStar.

8.2.13 Hydrogen peroxide treatment

Cell survival on treatment with H2O2 was tested as described previously ([162]). Briefly, cells
were grown in TB under shaking (at 270 rpm) or non-shaking conditions at 30 ◦C to OD600

of 0.6 or 1.0, washed once and resuspended in fresh TB at final OD600 of 1.0. 100 µl cell
aliquots containing approximately 109 colony-forming units per ml ( cfu

ml
) were incubated for 1

h at room temperature in a microtiter plate. Subsequently, 100 µl of 0.5% H2O2 was added
to each sample, incubated for 15 min at room temperature, and cells were washed in TB and
plated at appropriate dilutions to determine the number of surviving cells.

8.3 Data Analysis

Tab. 8.11: Software used in this work

Software Supplier

BD FACSDiv Software Becton Dickinson GmbH, Germany
DNAStar DNAStar, USA
FlowJo FlowJo, LLC, USA
ImageJ National Institutes of Health, USA
Matlab The Mathworks Inc., USA
Mendeley (version 1.18) Mendeley, Ltd., UK
Prism (version 7.0) GraphPad Software Inc., USA
SerialCloner (version 2.6.1) Serial Basics, France
ZEN lite Carl Zeiss Microscopy GmbH, Germany
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8.3.1 Quantitative image analysis

Quantitative image analysis was performed using Matlab (The Mathworks Inc.) in several steps.
First, image stacks showing constitutive fluorescence signal were up-sampled along the z-axis
to obtain equal voxel side lengths. Second, noise was reduced by convolution with a small
averaging filter kernel. Third, segmentation was performed by 3-level thresholding according to
Otsu’s Method ([128]) where class one was assigned to background, while class two and three
where treated as foreground. Finally, the obtained binary image stack was dissected into cubes
(side length: 5 px, approximately 1 µm). In cases where no constitutive fluorescence marker
was available, the image stacks of each fluorescence channel were segmented individually and
the volumetric data was merged before dissection (see Supplementary Figure A.8). For each
dissected volume the underlying unprocessed fluorescence intensities of GFP and mCherry

were measured. In addition, the local cell density was determined by measuring the occupied
volume inside a shell of 3 µm radius around the center of mass of each cube. ParaView was
used for 3D-visualization ([1], [45]).

8.3.2 Analysis of RNA sequencing data

Analysis of the transcriptomic data was performed using DNAStar ArrayStar program. All
datasets were capped to the auto-calculated minimum value, scaled by quantile ranking and
normalized by assigning Reads per Kilobase of template per Million mapped reads (RPKM).
Replicates of the experiments were averaged to mean values. Genes with the expression level
< 1 were excluded from the analysis. If not indicated otherwise, genes were considered as
differentially regulated > 2 fold change and > 90% confidence (Student’s t-test). Information
about functional annotation, role in the metabolic pathway, regulation, localization and known
and predicted interaction partners was obtained from Ecocyc (https://ecocyc.org), Uniprot
(http://www.uniprot.org), NCBI Gene (http://www.ncbi.nlm.nih.gov/gene).

Analysis of small RNAs

First the quality of the obtained reads from the RNASeq-analysis was checked. For this FastQC -
a quality control tool for high throughput sequence data - was used (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc). Next, the reads were mapped to the reference genome of
strain (E. coli str. K-12 substr. MG1655). For each gene the number of mapped reads in
the affiliated area were calculated. For the genes of interest, the Reads Per Kilobase Million –
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RPKMg was calculated for the particular gene region g as following:

RPKMg =
rg × 109

flg ×R

where rg is the amount of reads mapped to the region g, flg is the number of nucleotides of g
and R is the total number of reads from the sequencing run, R =

∑
gεG rg ([117]).

Finally, reads were aligned to the chromosome (Ref-Seq NC_000913.3) using Bowtie 2
([91]) and BEDTools ([146], [147]). The reference genome and annotation were provided by
RefSeq ([122]). The further analyses was done using Matlab (The Mathworks Inc.).
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Fig. A.1: Role of putative adhesins and matrix components in E. coli biofilm
formation. (A) Confocal fluorescence microscopy image of the submerged
biofilm formed by wild type E. coli cells grown in microtiter dishes at 30 ◦C for
24 h. Shown is an ortho-view at 20 µm from the bottom of the well. All cells
were labeled with constitutively expressed eGFP (green) (pVM42). Scale bar,
20 µm. (B) Biofilm formation by the wild type strain W3110 and mutants
lacking fimbriae (∆fimA), putative chaperone-usher adhesins (∆sfmH,
∆ybgP , ∆yraH, ∆yehD), Antigen 43 (∆flu), a protein with similarity to
Antigen 43 (∆ypjA), curli fibers (∆csgA), flagella (∆fliC), PGA (∆pgaC)
or colanic acid (∆wcaF ) that were grown under static conditions at 30 ◦C
for 24 h. Biofilm formation was quantified using crystal violet (CV) staining,
with CV values normalized to the optical density shown in arbitrary units
(AU). Standard errors from two independent experiments are indicated. (C)
Confocal laser scanning microscopy images of static biofilms of indicated
mutants grown in microtiter plates 30 ◦C for 48 h. Dimensions of bounding
box (x:y:z): 142:142:80 µm.
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Fig. A.2: Expression of curli fibers and flagella are anticorrelated throughout
the biofilm growth. Scatter plots showing expression of PcsgA-sfGFP
and PfliC-mCherry in the pellicle, supernatant, and surface-attached cells
at selected time points, measured by flow cytometry. Expression levels of
PcsgA-sfGFP and PfliC-mCherry are plotted on the x-axis and y-axis,
respectively. The color scale is as in Figure 3.4.
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Fig. A.3: Expression of curli fibers only partially correlates with σS activity
throughout the biofilm growth. Scatter plots showing expression of
PcsgA-sfGFP and OsmY-mCherry in pellicle, supernatant and surface-
attached cells at selected time points by flow cytometry. Expression levels of
PcsgA-sfGFP and σS-regulated OsmY-mCherry are plotted on the x-axis
and y-axis, respectively. The color scale is as in Figure 3.5.
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Fig. A.4: Restriction of curli expression to biofilm microcolonies cannot be
explained by σS activity. A strong increase in σS activity can be seen
between 24 h (A-B) and 72 h (C-D) of incubation in all biofilm cells, inde-
pendent on the localization within the biofilm. Scale bars: 40 µm.
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Fig. A.5: All cells in biofilm show similar σD activity irrespective of curli ex-
pression. Scatter plots showing expression of PcsgA-sfGFP and PrplL-
mCherry in pellicle, supernatant and surface-attached cells at selected time
points by flow cytometry. Expression levels of PcsgA-sfGFP and σD-
regulated PrplL-mCherry are plotted on the x-axis and y-axis, respectively.
The color scale is as in Figure 3.6.
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Fig. A.6: Slowly dividing cells accumulate during biofilm growth. Scat-
ter plots showing expression of green TIMER molecules and orange TIMER
molecules in pellicle, supernatant and surface-attached cells at selected time
points, measured by flow cytometry. Expression of green TIMER molecules
(fast-dividing cells) and orange TIMER molecules (slow-diving cells) are plot-
ted on the x-axis (green TIMER) and y-axis (orange TIMER), respectively.
The color scale is as in Figure 3.7.
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Fig. A.7: Confocal fluorescence microscopy reveals accumulation of slowly
dividing cells with time in dense cellular structures. Orange TIMER
molecules (red signal), which indicate slowly proliferating cells, accumulate
between 24 and 72 h of biofilm growth. Scale bars, 40 µm.
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Fig. A.8: Segmentation of microscopy images without constitutive fluores-
cence marker. For a hypothetical cube bearing a GFP- and a mCherry-
positive cell, image segmentation of the GFP channel yields the volumetric
information of the green cell, whereas segmentation of the mCherry channel
yields the volumetric information of the red cell. Prior to intensity measure-
ments, the volumetric information from both channels are merged and the
binary mask indicated in yellow is obtained. Now both, the average green
and red fluorescence intensity are lower compared to the case where either
only the red or green cell was present because the binary mask is including
voxels with intensity below the segmentation threshold used for the particular
fluorescence channel. Following this procedure, individual intensity values in
scatter plots (Fig. 3.4F, Fig. 3.5I and Fig. 3.6I) can show intensities below
the segmentation threshold.
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Supplementary Data to Chapter 4

Tab. B.1: Differential gene expression showing more than 2-fold changes between
∆motA and W3110 wild type cells detected only under fixing experimental
condition.

Fold change
∆motA

Gene Annotation →
WT Exp 2
fixed

nanC N-acetylneuraminic acid outer membrane channel 45.119
yecT uncharacterized protein YecT 44.312
ecnA entericidin A lipoprotein, antidote to entericidin B 42.914
bioF 8-amino-7-oxononanoate synthase 42.309
putA fused PutA transcriptional repressor / proline 34.753

dehydrogenase / 1-pyrroline-5-carboxylate
dehydrogenase

bioB biotin synthase 28.336
bioD dethiobiotin synthetase 21.856
bioA adenosylmethionine-8-amino-7-oxononanoate 21.341

aminotransferase
bioC malonyl-acyl carrier protein methyltransferase 20.742
paaE phenylacetyl-CoA 1,2-epoxidase, reductase subunit 19.695
paaZ oxepin-CoA hydrolase/3-oxo-5,6-dehydrosuberyl- 16.855

CoA semialdehyde dehydrogenase
paaI phenylacetyl-CoA thioesterase 16.298

176
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paaC phenylacetyl-CoA 1,2-epoxidase, structural subunit 16.184
aaeX uncharacterized protein AaeX 15.375
paaD phenylacetate degradation protein 14.109
paaF putative 2.3-dehydroadipyl-CoA hydratase 13.935
paaA phenylacetyl-CoA 1,2-epoxidase, monooxygenase 13.803

subunit
paaB phenylacetyl-CoA 1,2-epoxidase subunit B 13.396
frwD putative PTS enzyme IIB component FrwD 13.076
napD signal peptide-binding chaperone for NapA 13.072
ydeM putative anaerobic sulfatase maturation enzyme 12.722
paaH 3-hydroxyadipyl-CoA dehydrogenase 11.373
garP galactarate/glucarate/glycerate transporter GarP 10.991
tfaE e14 prophage; putative tail fiber assembly protein 10.495
yigE uncharacterized protein YigE 10.458
yehR uncharacterized lipoprotein 10.161
ybfP uncharacterized lipoprotein 9.997
insA IS1 protein InsA 9.564
yfhL putative 4Fe-4S cluster-containing protein 9.367
cspG cold shock protein CspG 9.042
cspF cold shock protein CspF 8.889
putP proline:Na+ symporter 8.662
paaJ beta-ketoadipyl-CoA thiolase 8.428
garL alpha-dehydro-beta-deoxy-D-glucarate aldolase 8.36
paaK phenylacetate-CoA ligase 8.194
fliC flagellar filament structural filament, flagellin 8.176
paaG putative ring 1,2-epoxyphenylacetyl-CoA isomerase 7.806

(oxepin-CoA forming)
flu CP4-44 prophage; self recognizing antigen 43 7.774

(Ag43) autotransporter
yafW antitoxin of the YkfI-YafW toxin-antitoxin pair 7.685
yeeR CP4-44 prophage; putative membrane protein 7.479
nanA N-acetylneuraminate lyase 7.335
nanM N-acetylneuraminate mutarotase 7.331
insB1 IS1 protein InsB 7.289
iraD anti-adaptor protein IraD, inhibitor of 7.152

σS proteolysis
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nanE putative N-acetylmannosamine-6-phosphate 7.034
epimerase

appY DNA-binding transcriptional activator AppY 6.926
fimE regulator for fimA 6.714
fliQ flagellar biosynthesis protein FliQ 6.706
yciX uncharacterized protein 6.546
ykfH uncharacterized protein 6.428
yhaI putative inner membrane protein 6.211
fliF flagellar basal-body 6.189

MS-ring and collar protein
ydjE putative transport protein, major facilitator 6.166

superfamily
ghoT toxin of the GhoTS toxin-antitoxin system 6.111
stpA H-NS-like DNA-binding transcriptional repressor 6.109

with RNA chaperone activity
fliP flagellar biosynthesis protein FliP 6.092
chiP chitobiose outer membrane channel 6.085
garR tartronate semialdehyde reductase 5.932
nanT N-acetylneuraminate:H+ symporter 5.795
fliR flagellar biosynthesis protein FliR 5.73
nanS putative 9-O-acetyl-N-acetylneuraminate esterase 5.688
higB translation-dependent mRNA interferase, toxin of the 5.609

HigB-HigA toxin-antitoxin system
paaY 2-hydroxycyclohepta-1,4,6-triene-1-carboxyl-CoA 5.583

thioesterase
garK glycerate 2-kinase 1 5.558
ymgF inner membrane protein that interacts with cell division proteins 5.358
yegJ uncharacterized protein 5.318
flhB flagellar biosynthesis protein FlhB 5.154
ibpB small heat shock protein IbpB 4.97
bglJ BglJ DNA-binding transcriptional regulator 4.954
fliM flagellar motor switch protein FliM 4.947
nanK N-acetylmannosamine kinase 4.875
fimB regulator for fimA 4.87
yjiY inner membrane protein - putative transporter 4.811
cspA DNA-binding transcriptional activator CspA 4.595
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garD galactarate dehydratase 4.565
fliH flagellar biosynthesis protein FliH 4.546
mepS murein DD-endopeptidase/LD-carboxypeptidase 4.544
fliI flagellum-specific ATP synthase FliI 4.529
fliG flagellar motor switch protein FliG 4.526
ypjJ uncharacterized protein 4.517
paaX PaaX DNA-binding transcriptional repressor 4.477
intE e14 prophage; putative integrase 4.397
yeiR zinc-binding GTPase 4.38
flhE flagellar protein 4.361
zraP zinc responsive, periplasmic protein with chaperone 4.316

activity
ilvB acetohydroxy acid synthase I subunit IlvB 4.242
fliN flagellar motor switch protein FliN 4.231
flgB flagellar basal-body rod protein FlgB 4.193
rclR DNA-binding transcriptional activator RclR 4.135
insK IS1 protein InsK 4.025
yigF DUF2628 domain-containing protein YigF 4.018
insH1 IS1 protein InsH 4.004
yfjM uncharacterized protein 3.966
lldP (R)-lactate/(S)-lactate/glycolate:H+ symporter LldP 3.934
yhjV putative transport protein, hydroxy/aromatic amino 3.929

acid permease family
fliL flagellar protein FliL 3.927
lpxT Kdo2-lipid A phosphotransferase 3.878
ydhC putative transport protein, major facilitator 3.859

superfamily (MFS)
yhjC putative DNA-binding transcriptional regulator 3.859
ibpA small heat shock protein IbpA 3.851
ymfQ uncharacterized protein 3.819
ydfK Qin prophage; cold shock protein YdfK 3.809
yhcH yhcH may be part of the sialic acid catabolic 3.751

operon, although it is not required for growth on
N -acetylmannosamine; yhcH is in a same operon
with nan

yhcG uncharacterized protein 3.743
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kbaY tagatose-1,6-bisphosphate aldolase 1 subunit KbaY 3.733
lldD L-lactate dehydrogenase 3.733
fimA type 1 fimbrin major subunit 3.732
flgC flagellar basal-body rod protein FlgC 3.723
yihN putative transport protein, major facilitator 3.721

superfamily
flhA flagellar biosynthesis protein FlhA 3.711
flgJ putative peptidoglycan hydrolase FlgJ 3.708
tdcB catabolic threonine dehydratase 3.695
ompF outer membrane porin F 3.633
fliJ FliJ is one of three soluble components of the 3.625

flagellar export system, along with FliH and FliI. FliJ
has several feature similarities with the type III
cytoplasmic chaperone family

feaR DNA-binding transcriptional activator FeaR 3.616
fliK flagellar hook-length control protein 3.602
mcbR DNA-binding transcriptional dual regulator McbR 3.599
borD lipoprotein bor homolog from lambdoid prophage 3.579

DLP12
groL GroEL chaperonin 3.577
pspG phage shock protein G 3.556
rcsA positive DNA-binding transcriptional regulator of 3.553

capsular polysaccharide synthesis, activates its own
expression

mcrA 5-methylcytosine-specific restriction enzyme McrA 3.519
pgaD poly-beta-1.6-N-acetyl-D-glucosamine synthase - 3.503

PgaD subunit
intS CPS-53 (KpLE1) prophage; prophage CPS-53 3.482

integrase
nupX putative transport protein, concentrative nucleoside 3.424

transporter (CNT) family
flgD flagellar biosynthesis, initiation of hook assembly 3.405
sdaB L-serine deaminase II 3.4
yecR lipoprotein 3.393
gltF periplasmic protein 3.381
yrfF inner membrane protein - inhibits the Rcs signaling 3.349
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pathway
fliE glagellar basal body protein FliE 3.326
carB carbamoyl phosphate synthetase subunit beta 3.315
eutS putative structural protein. ethanolamine utilization 3.313

microcompartment
prpR PrpR DNA-binding transcriptional dual regulator 3.312
yiiQ uncharacterized protein 3.273
ygjJ uncharacterized protein 3.256
lldR transcriptional dual regulator LldR 3.254
ydeN putative sulfatase 3.234
groS GroES cochaperonin 3.231
fliZ DNA-binding transcriptional regulator FliZ 3.203
flgF flagellar basal-body rod protein FlgF 3.203
arnF undecaprenyl-phosphate-alpha-L-Ara4N flippase - 3.202

ArnF subunit
ilvN acetohydroxy acid synthase I subunit IlvN 3.197
hisP lysine/arginine/ornithine ABC transporter / histidine 3.197

ABC transporter, ATP binding subunit
yigM biotin transporter 3.157
ymgA protein involved in biofilm formation 3.153
yfhR putative peptidase 3.119
yjhF putative transport protein, gluconate permease family 3.116
kbaZ tagatose-1,6-bisphosphate aldolase 1 subunit KbaZ 3.116
agaI putative galactosamine-6-phosphate isomerase 3.113
rhaB rhamnulokinase 3.106
yeeS RadC-like JAB domain containing protein YeeS 3.067
entD phosphopantetheinyl transferase EntD 3.05
yliE putative c-di-GMP-specific phosphodiesterase 3.047
yqiI protein involved in detoxification of methylglyoxal 3.042
flgI flagellar P-ring protein 3.004
rclB putative protein, hypochlorite stress response 2.993
nirC nitrite transporter NirC 2.972
secG Sec translocon subunit SecG 2.966
fecA ferric citrate outer membrane transporter 2.965
endA DNA-specific endonuclease I 2.953
ybgO putative fimbrial protein YbgO 2.95
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yjeJ uncharacterized protein 2.947
yjhB putative transport protein, major facilitator 2.935

superfamily
fliA RNA polymerase, sigma 28 (σF ) factor 2.932
caiC carnitine-CoA ligase 2.89
ampH DD-carboxypeptidase/endopeptidase AmpH 2.874
tynA copper-containing amine oxidase 2.858
cbrA colicin M resistance protein 2.856
yqjH ferric reductase, NADPH-dependent 2.85
nemR DNA-binding transcriptional repressor NemR 2.849
hslU ATPase component of the HslVU protease 2.848
torI CPS-53 (KpLE1) prophage; prophage CPS-53 2.84

recombination directionality factor and response
regulator inhibitor

flgA flagellar biosynthesis; assembly of basal-body 2.839
periplasmic P ring

ykgE putative oxidoreductase YkgE 2.829
yeiL DNA-binding transcriptional activator YeiL 2.817
pncC NMN aminohydrolase 2.804
ygeV putative transcriptional regulator 2.798
argT lysine/arginine/ornithine ABC transporter 2.796

periplasmic binding protein
ycaL periplasmic protease 2.792
betI DNA-binding transcriptional repressor BetI 2.789
tsaA tRNA m6t6A37 methyltransferase 2.779
murR MurR DNA-binding transcriptional dual regulator 2.777
htpG molecular chaperone, HSP90 family 2.77
ygiV DNA-binding transcriptional repressor YgiV 2.77
ugpB glycerol-3-phosphate ABC transporter periplasmic 2.764

binding protein
fecC ferric citrate ABC transporter membrane 2.762

subunit FecC
cdh CDP-diacylglycerol diphosphatase 2.744
bcp thiol peroxidase 2.742
yedV sensory histidine kinase HprS 2.735
nudE ADP-sugar pyrophosphorylase 2.732
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sdaC serine:H+ symporter SdaC 2.729
fliT flagellar biosynthesis protein FliT 2.724
frwB putative PTS enzyme IIB component FrwB 2.711
fes enterochelin esterase 2.709
dppB dipeptide ABC transporter membrane subunit DppB 2.707
ecpB putative fimbrial chaperone 2.7
msrC free methionine-(R)-sulfoxide reductase 2.697
idnR DNA-binding transcriptional dual regulator IdnR 2.694
nudI pyrimidine deoxynucleoside triphosphate 2.684

pyrophosphohydrolase
galS DNA-binding transcriptional dual regulator GalS 2.684
can carbonic anhydrase 2 2.679
nth endonuclease III 2.678
greA transcription elongation factor GreA 2.676
gfcA putative protein 2.666
oxc oxalyl-CoA decarboxylase 2.666
nagA N -acetylglucosamine-6-phosphate deacetylase 2.662
fecB ferric citrate ABC transporter periplasmic binding 2.646

protein
rsxG member of SoxR-reducing complex 2.633
speA arginine decarboxylase, biosynthetic 2.618
ybdO putative DNA-binding transcriptional regulator 2.614

LYSR-type
grxD glutaredoxin 4 2.612
tdcA DNA-binding transcriptional activator TdcA 2.594
yigI putative thioesterase YigI 2.59
rutR DNA-binding transcriptional dual regulator RutR 2.587
ycjM putative glucosyltransferase 2.584
gltP glutamate/aspartate: H+ symporter GltP 2.579
yeaI putative c-di-GMP binding protein CdgI 2.576
rhaR DNA-binding transcriptional activator RhaR 2.575
apt adenine phosphoribosyltransferase 2.566
waaH UDP-glucuronate:LPS(HepIII) glycosyltransferase 2.564
nrdI flavodoxin NrdI 2.561
flgH flagellar L-ring protein FlgH; basal-body outer- 2.556

membrane L (lipopolysaccharide layer) ring protein
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fadK short chain acyl-CoA synthetase 2.55
mdtO multidrug efflux pump - uncharacterised component 2.547
agaC galactosamine-specific PTS enzyme IIC component 2.543
rpoH RNA polymerase, sigma 32 (sigma H) factor 2.542
gltL glutamate/aspartate ABC transporter ATP binding 2.542

subunit
rpmG 50S ribosomal subunit protein L33 2.538
yqcE putative transport protein, major facilitator superfamily 2.537
yciT DNA-binding transcriptional regulator 2.531
yqeF putative acyltransferase 2.528
rof modulator of Rho-dependent transcription 2.518

termination
hcaR transcriptional dual regulator HcaR 2.513
tig chaperone protein Tig; trigger factor 2.508
puuA glutamate-putrescine ligase 2.507
flgE flagellar hook protein FlgE 2.503
agaV N -acetyl-D-galactosamine specific PTS enzyme 2.498

IIB component
rmuC putative recombination limiting protein 2.492
rssA conserved protein 2.486
ftsN cell division protein FtsN 2.484
yhfY uncharacterized protein 2.482
nagE N-acetylglucosamine specific PTS enzyme 2.47

IIABC component
rnpA RNase P protein component 2.464
rstA RstA transcriptional regulator 2.463
gspE Type II secretion system protein GspE 2.445
fecE ferric citrate ABC transporter ATP binding subunit 2.439
arcA Phosphorylated DNA-binding transcriptional dual 2.436

regulator ArcA. ArcA transcriptional dual regulator
yfeS uncharacterized protein 2.431
hemA glutamyl-tRNA reductase 2.428
tdcG L-serine deaminase III 2.428
ttdR Dan transcriptional activator 2.425
ompT outer membrane protease VII 2.425

(outer membrane protein 3b)
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yidF YidF is distantly related to the anaerobic sulfatase 2.409
maturation enzyme family

hslV peptidase component of the HslVU protease 2.405
dnaK chaperone protein DnaK 2.403
hisM lysine/arginine/ornithine ABC transporter / histidine 2.395

ABC transporter, membrane subunit HisM
rnk nucleoside diphosphate kinase regulator 2.383
ymfE uncharacterized protein 2.38
yqgB acid stress response protein YqgB 2.379
ymgG uncharacterized protein 2.377
ybgP putative fimbrial chaperone 2.376
lysC aspartate kinase III 2.373
rpmA 50S ribosomal subunit protein L27 2.371
yegK uncharacterized protein 2.363
ydeJ uncharacterized protein 2.359
atoE short chain fatty acid transporter 2.357
rarD inner membrane protein RarD 2.356
yafO ribosome-dependent mRNA interferase, toxin of the 2.356

YafO-YafN toxin-antitoxin system
fecR regulator of fec operon, periplasmic 2.354
ugpA glycerol-3-phosphate ABC transporter membrane 2.343

subunit UgpA
ybhM conserved inner membrane protein 2.341
ubiC chorismate lyase 2.339
yjhC putative oxidoreductase 2.338
abgR putative DNA-binding transcriptional regulator, 2.328

LysR-type
yjcZ uncharacterized protein 2.325
grpE nucleotide exchange factor 2.325
yahB putative DNA-binding transcriptional regulator, 2.322

LysR-type
rhsB RhsB protein in rhs element 2.321
yihM putative TIM barrel domain-containing protein 2.316
yafQ toxin of the YafQ-DinJ toxin-antitoxin system 2.313
rsxB member of SoxR-reducing complex 2.302
dppF dipeptide ABC transporter ATP binding subunit DppF 2.302
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yidR DUF3748 family galacturonate catabolism protein 2.298
intZ putative phage integrase 2.297
rplJ 50S ribosomal subunit protein L10 2.296
dppD dipeptide ABC transporter ATP binding subunit DppD 2.296
nagB glucosamine-6-phosphate deaminase 2.293
alx putative membrane-bound redox modulator 2.289
nepI purine ribonucleoside exporter 2.286
avtA valine–pyruvate aminotransferase 2.285
agaS putative tagatose-6-phosphate aldose/ketose 2.277

isomerase
yihL YihL putative transcriptional regulator 2.275
maa maltose O-acetyltransferase 2.274
rpiB allose-6-phosphate isomerase / ribose-5-phosphate 2.27

isomerase B
mocA molybdenum cofactor cytidylyltransferase 2.269
cycA serine/alanine/glycine/cycloserine:H+symporter 2.268
dppC dipeptide ABC transporter membrane subunit DppC 2.267
fimC periplasmic chaperone, required for type 1 fimbriae 2.262
ispD 4-diphosphocytidyl-2C-methyl-D-erythritol synthase 2.258
flgG flagellar basal-body rod protein FlgG 2.258
spoT bifunctional (p)ppGpp synthase/hydrolase SpoT 2.256
dam DNA adenine methyltransferase 2.254
ylbE uncharacterized protein 2.253
yidD inner membrane protein insertion factor 2.247
nrfG putative formate-dependent nitrite reductase complex 2.24

subunit NrfG
emtA lytic murein transglycosylase E 2.24
lsrA autoinducer-2 ABC transporter, ATP binding subunit 2.232
ybcI conserved inner membrane protein 2.231
betB betaine aldehyde dehydrogenase 2.23
serB phosphoserine phosphatase 2.227
rplL 50S ribosomal subunit protein L12 2.218
thrB homoserine kinase 2.217
recF ssDNA and dsDNA binding. ATP binding 2.216
higA HigA antitoxin of the HigB-HigA toxin-antitoxin 2.215

system
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yggM uncharacterized protein 2.205
carA carbamoyl phosphate synthetase subunit alpha 2.204
yjeN uncharacterized protein 2.202
yfcJ putative transport protein YfcJ in major facilitator 2.193

superfamily
yfiM uncharacterized protein 2.19
psuK putative pseudouridine kinase 2.188
slmA nucleoid occlusion factor SlmA 2.187
ymgC protein YmgC 2.183
yidZ putative transcriptional regulator LysR-type 2.182
rstB sensory histidine kinase RstB 2.18
amiA N-acetylmuramoyl-L-alanine amidase A 2.172
nudG 5-hydroxy-CTP diphosphatase 2.171
yggX protein that protects iron-sulfur proteins against 2.171

oxidative damage
cspB Qin prophage; cold shock protein; putative DNA- 2.17

binding transcriptional regulator
gfcD putative lipoprotein 2.17
fecD ferric citrate ABC transporter membrane subunit 2.169

FecD
gspO Type II secretion system prepilin peptidase 2.167
secB SecB chaperone 2.166
gltK glutamate/aspartate ABC transporter membrane 2.164

subunit GltK
soxR DNA-binding transcriptional dual regulator SoxR 2.161
grcA stress-induced alternate pyruvate formate-lyase 2.16

subunit
ycjF conserved inner membrane protein 2.156
yfbP lipoprotein 2.156
mltC membrane-bound lytic murein transglycosylase C 2.153
dnaA chromosomal replication initiator protein DnaA; 2.152

DNA-binding transcriptional dual regulator
mepH murein DD-endopeptidase MepH 2.152
ddpX D-Ala-D-Ala dipeptidase 2.147
chbB chitobiose-specific PTS enzyme IIB component 2.145
fldA flavodoxin 1 2.141
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mglA D-galactose/D-galactoside ABC transporter ATP 2.137
binding subunit

yciK putative oxidoreductase 2.134
mdtP multidrug efflux pump - putative outer membrane 2.133

factor
yfhH putative DNA-binding transcriptional regulator 2.133
yadC cryptic fimbrial tip-adhesin 2.133
yibQ uncharacterized protein 2.132
tdcC serine / threonine:H+ symporter TdcC 2.132
yihF uncharacterized protein 2.132
dmlR DmlR DNA-binding transcriptional regulator 2.129
sstT serine / threonine:Na+ symporter 2.128
alsE D-allulose-6-phosphate 3-epimerase 2.127
aroM AroM protein 2.124
yfjP CP4-57 prophage; putative GTP-binding protein 2.124
cbrB putative inner membrane protein 2.123
lpxP palmitoleoyl acyltransferase 2.121
ydjF putative DNA-binding transcriptional regulator YdjF 2.119
npr phosphorelay protein Npr 2.113
fucR DNA-bindign transcriptional activator FucR 2.112
btuR cobinamide/cobalamin adenosyltransferase 2.112
gadX DNA-binding transcriptional dual regulator GadX 2.111
secD Sec translocon accessory complex subunit SecD 2.11
uhpC inner membrane protein sensing glucose-6-phosphate 2.109
hyfH hydrogenase 4 component H 2.108
yiaL conserved protein 2.104
gltJ glutamate/aspartate ABC transporter membrane 2.102

subunit GltJ
yjaH uncharacterized protein 2.099
yjiH conserved inner membrane protein 2.097
hemF coproporphyrinogen III oxidase 2.094
yjiA P-loop guanosine triphosphatase 2.094
ycbL hydroxyacylglutathione hydrolase GloC 2.091
yjiJ putative transport protein YjiJ in major facilitator 2.091

superfamily
ydfC uncharacterized protein 2.088
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yciM lipopolysaccharide assembly protein LapB 2.088
yhdX putative transport protein ABC family 2.086
ribC riboflavin synthase 2.083
flgL flagellar hook-filament junction protein 2 2.082
ycgR molecular brake that regulates flagellar motility in 2.079

response to c-di-GMP
xapA xanthosine phosphorylase 2.076
arfB peptidyl-tRNA hydrolase, ribosome rescue factor 2.074
ubiA 4-hydroxybenzoate octaprenyltransferase 2.073
gnd 6-phosphogluconate dehydrogenase. decarboxylating 2.073
glnA glutamine synthetase 2.072
malT DNA-binding transcriptional activator MalT 2.071
fliD flagellar cap protein FliD; filament capping protein; 2.07

enables filament assembly
fucP fucose:H+ symporter 2.07
ccmA ABC complex for formation and release of 2.069

holoCcmE - ATP binding subunit
slt soluble lytic murein transglycosylase 2.066
cirA ferric dihyroxybenzoylserine outer membrane 2.065

transporter
rdgB dITP/XTP pyrophosphatase 2.062
ompR DNA-binding transcriptional dual regulator OmpR 2.058
moaA GTP 3’,8’-cyclase 2.056
aer aerotaxis sensor receptor, flavoprotein 2.054
ydcZ putative inner membrane protein 2.053
atpC ATP synthase F1 complex subunit epsilon 2.052
yieK putative glucosamine-6-phosphate deaminase YieK 2.051
psuG pseudouridine-5’-phosphate glycosidase 2.041
livK L-leucine/L-phenylalanine ABC transporter 2.04

periplasmic binding protein
php putative hydrolase 2.04
mglB D-galactose/D-galactoside ABC transporter 2.039

periplasmic binding protein
rnd RNase D 2.038
rcnA Ni2+/Co2+ exporter 2.036
proQ RNA chaperone, involved in posttranscriptional 2.035
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control of ProP levels
rlpA rare lipoprotein RlpA 2.033
purU formyltetrahydrofolate deformylase 2.029
yeaP diguanylate cyclase 2.028
rdgC nucleoid-associated protein RdgC 2.026
ydfI putative mannonate dehydrogenase 2.023
mutS DNA mismatch repair protein MutS 2.021
suhB inositol-phosphate phosphatase 2.02
yhjH c-di-GMP phosphodiesterase 2.019
panM maturation factor for PanD 2.019
frlD fructoselysine 6-kinase 2.013
coaE dephospho-CoA kinase 2.012
tldD protease involved in Microcin B17 maturation and in 2.012

sensitivity to the DNA gyrase inhibitor LetD
minE topological specificity factor of the Min system that 2.012

regulates septum placement
ybcN DLP12 prophage; DNA base-flipping protein 2.01
insJ insertion element IS150 protein InsA 2.007
zipA cell division protein ZipA 2.006
ypeC uncharacterized protein 2.005
aslB putative anaerobic sulfatase maturation enzyme 2

alaC glutamate-pyruvate aminotransferase AlaC -2.001
purB adenylosuccinate lyase -2.004
rpsP 30S ribosomal subunit protein S16 -2.004
allA ureidoglycolate lyase -2.005
metI L-methionine/D-methionine ABC transporter -2.007

membrane subunit
csgC inhibitor of CsgA amyloid formation -2.007
rclA putative oxidoreductase with FAD/NAD(P)-binding -2.007

domain and dimerization domain; hypochlorite stress
response

gatB galactitol-specific PTS enzyme IIB component -2.008
ascG DNA-binding transcriptional repressor AscG -2.015
yccF conserved inner membrane protein -2.019
dhaK dihydroxyacetone kinase subunit K -2.02
ygaM putative protein -2.023
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yhiD inner membrane protein YhiD -2.029
dctA C4 dicarboxylate/orotate:H+ symporter -2.032
yccU putative CoA-binding protein with NAD(P)-binding -2.043

Rossmann-fold domain
phnI carbon-phosphorus lyase core complex, PhnI subunit -2.044
mmuP S-methyl-L-methionine transporter -2.045
quuD DLP12 prophage; putative antitermination protein -2.05
elfA fimbrial-like adhesin protein -2.05
ycfJ putative protein -2.051
deoC deoxyribose-phosphate aldolase -2.067
cysH phosphoadenosine phosphosulfate reductase -2.068
ydfZ conserved protein -2.071
acnA aconitate hydratase 1 -2.076
ybeD conserved protein -2.084
thiM hydroxyethylthiazole kinase -2.087
ssnA putative aminohydrolase -2.087
potB spermidine preferential ABC transporter membrane -2.092

subunit PotB
tatA twin arginine protein translocation system - TatA -2.093

protein
ymiA small putative membrane protein -2.096
yfjI CP4-57 prophage; putative protein -2.102
malE maltose ABC transporter periplasmic binding protein -2.106
katE catalase II -2.118
lgt phosphatidylglycerol–prolipoprotein diacylglyceryl -2.123

transferase
cydA cytochrome bd-I terminal oxidase subunit I -2.125
yfgG putative protein -2.126
yhdN uncharacterized protein -2.127
yehX glycine betaine ABC transporter ATP binding subunit -2.137

YehX
yfbS putative transport protein -2.139
yraR putative nucleoside-diphosphate-sugar epimerase -2.143
ygfT putative oxidoreductase -2.145
tauA taurine ABC transporter periplasmic binding protein -2.148
ytjA uncharacterized protein -2.15
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yjbQ uncharacterized protein -2.163
phnF PhnF putative transcriptional regulator -2.165
arsR ArsR DNA-binding transcriptional repressor -2.168
sodB superoxide dismutase (Fe) -2.169
osmC osmotically inducible peroxiredoxin -2.169
aceK isocitrate dehydrogenase kinase/phosphatase -2.178
yiaT outer membrane protein YiaT -2.185
yhhJ putative transport protein ABC family -2.186
bolA DNA-binding transcriptional dual regulator BolA -2.187
yiiF uncharacterized protein -2.187
asr acid shock protein -2.191
yciI protein YciI -2.192
yihD conserved protein -2.202
cspD DNA replication inhibitor -2.204
eamB O-Acetylserine/cysteine export protein -2.205
yadD recombination-promoting nuclease RpnC -2.206
sbp sulfate/thiosulfate ABC transporter periplasmic -2.207

binding protein Sbp
nuoI NADH:quinone oxidoreductase subunit I -2.216
yjdM conserved protein -2.218
gltA citrate synthase -2.22
csiD putative protein -2.222
atoB acetyl-CoA acetyltransferase -2.223
yjfY uncharacterized protein -2.232
grxA reduced glutaredoxin 1 -2.235
yedE putative selenium transporter -2.246
fruB fructose-specific PTS multiphosphoryl transfer -2.254

protein FruB
paoB aldehyde dehydrogenase, FAD-binding subunit -2.259
ytfH putative transcriptional regulator YtfH -2.275
yfeK uncharacterized protein -2.307
grxB reduced glutaredoxin 2 -2.311
gabD NADP+-dependent succinate-semialdehyde -2.311

dehydrogenase
bssS regulator of biofilm formation -2.314
iraP anti-adaptor protein for sigmaS stabilization -2.323
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hybO hydrogenase 2 subunit beta -2.328
tauB taurine ABC transporter ATP binding subunit -2.33
yedF putative sulfurtransferase -2.341
ydjN cystine/cysteine:cation symporter -2.345
ydcX orphan toxin OrtT -2.346
hybA hydrogenase 2 - [Fe-S] binding, ferredoxin-type -2.354

component HybA
kdpD sensory histidine kinase KdpD -2.355
ydbJ uncharacterized protein -2.355
cyoD cytochrome bo3 terminal oxidase subunit IV -2.358
curA NADPH-dependent curcumin/dihydrocurcumin -2.365

reductase subunit
csgD DNA-binding transcriptional dual regulator CsgD -2.373
yacL conserved protein -2.386
clpS specificity factor for ClpA-ClpP chaperone-protease -2.386

complex
yjbE putative protein -2.407
sdhD succinate:quinone oxidoreductase, membrane protein -2.412

SdhD
lamB maltose outer membrane porin / phage lambda -2.429

receptor protein
elaB conserved protein -2.431
deoA thymidine phosphorylase -2.433
ydhR putative monooxygenase -2.436
wcaH GDP-mannose mannosyl hydrolase -2.453
truA tRNA pseudouridine38-40 synthase -2.46
nuoK NADH:quinone oxidoreductase subunit K -2.47
paoD molybdenum cofactor insertion chaperone for -2.486

PaoABC
cysN sulfate adenylyltransferase subunit 1 -2.502
kdpA K+ transporting P-type ATPase subunit KdpA -2.502
yeeD putative sulfurtransferase YeeD -2.512
nuoJ NADH:quinone oxidoreductase subunit J -2.52
guaA GMP synthetase -2.528
aidB isovaleryl-CoA dehydrogenase and DNA-binding -2.532

transcriptional repressor
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yafZ uncharacterized protein -2.544
ybaA uncharacterized protein -2.545
hybC hydrogenase 2 subunit alpha -2.554
yhbO protein deglycase 2 -2.56
holE DNA polymerase III subunit theta -2.567
focA formate channel FocA -2.587
ompW outer membrane protein W -2.589
yciW putative oxidoreductase -2.596
prpE propionyl-CoA synthetase -2.606
ydjJ putative dehydrogenase YdjJ -2.61
pyrB aspartate carbamoyltransferase catalytic subunit -2.621
gcvH glycine cleavage system H protein -2.643
rpmE 50S ribosomal subunit protein L31 -2.645
sfsA putative DNA-binding transcriptional regulator of -2.65

maltose metabolism
cysA sulfate/thiosulfate ABC transporter ATP binding -2.654

subunit
glxK glycerate 2-kinase 2 -2.666
prpD 2-methylcitrate dehydratase -2.672
yedI conserved inner membrane protein -2.682
ydjK putative transport protein, major facilitator superfamily -2.702
metK methionine adenosyltransferase -2.712
asnA asparagine synthetase A -2.712
yaaY putative protein -2.716
lrhA DNA-binding transcriptional dual regulator LrhA -2.718
yecJ uncharacterized protein -2.751
purN phosphoribosylglycinamide formyltransferase 1 -2.753
ymdA uncharacterized protein -2.774
purF amidophosphoribosyltransferase -2.8
feoA ferrous iron transport protein A -2.806
cbdB cytochrome bd-II terminal oxidase subunit II -2.809
yebG conserved protein regulated by LexA -2.812
yebW uncharacterized protein -2.824
malP maltodextrin phosphorylase -2.828
deaD DeaD, DEAD-box RNA helicase -2.838
ydcH uncharacterized protein -2.845
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dinJ DinJ antitoxin of YafQ-DinJ toxin-antitoxin system / -2.856
DNA-binding transcriptional repressor

dedA conserved inner membrane protein -2.857
allR AllR DNA-binding transcriptional repressor -2.863
narZ nitrate reductase Z subunit alpha -2.884
sdhE FAD assembly factor -2.892
bhsA outer membrane protein involved in copper -2.896

permeability. stress resistance and biofilm formation
yffQ uncharacterized protein -2.909
yciN putative protein -2.923
kdpB K+ transporting P-type ATPase subunit KdpB -2.944
hipB antitoxin and DNA-binding transcriptional repressor -2.948

HipB
msyB acidic protein that suppresses heat sensitivity of a -2.98

secY mutant
gadA glutamate decarboxylase A -2.999
sbmC DNA gyrase inhibitor -3.004
yegL uncharacterized protein -3.025
rhmT putative transporter YfaV -3.047
yfbK uncharacterized protein -3.062
potH putrescine ABC transporter membrane subunit PotH -3.073
menH 2-succinyl-6-hydroxy-2.4-cyclohexadiene-1- -3.109

carboxylate synthase
paoC aldehyde dehydrogenase: molybdenum cofactor- -3.114

binding subunit
ydcV putative transport protein ABC family -3.148
rhmD L-rhamnonate dehydratase -3.153
yfaD RpnE, inactive recombination-promoting nuclease- -3.16

like protein E
yjbD uncharacterized protein -3.194
xdhA putative xanthine dehydrogenase molybdenum-binding subunit XdhA -3.2
adhP ethanol dehydrogenase / alcohol dehydrogenase -3.206
metE cobalamin-independent homocysteine transmethylase -3.212
yhcO putative barnase inhibitor -3.23
metA homoserine O-succinyltransferase -3.25
cobT nicotinate-nucleotide-dimethylbenzimidazole -3.257
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phosphoribosyltransferase
ubiF 2-octaprenyl-3-methyl-6-methoxy-1,4-benzoquinol -3.265

hydroxylase
hdeB HdeB monomer -3.302
ybiI Zinc finger domain-containing protein YbiI -3.31
hdeD acid-resistance membrane protein -3.318
aldB aldehyde dehydrogenase B -3.383
mqsR mRNA interferase / toxin of the MqsR-MqsA toxin- -3.424

antitoxin system
ygeY putative peptidase -3.445
mokB regulatory peptide whose translation enables hokB -3.479

expression
cbdA cytochrome bd-II terminal oxidase subunit I -3.505
yaiC diguanylate cyclase -3.52
yahC putative inner membrane protein -3.529
mcbA protein involved in colanic acid production -3.531
ydhI YdhI protein -3.542
yedR putative inner membrane protein -3.562
gcvP glycine decarboxylase -3.647
ybdL methionine-oxo-acid transaminase, PLP-dependent -3.66
yjeT putative protein -3.699
ybgS putative protein -3.7
gabT 4-aminobutyrate aminotransferase GabT -3.724
ygfK putative oxidoreductase, Fe-S subunit -3.8
cobS cobalamin 5’-phosphate synthase -3.803
metF 5,10-methylenetetrahydrofolate reductase -3.853
lacA galactoside O-acetyltransferase -3.868
ygeX 2.3-diaminopropionate ammonia-lyase -3.871
kdpC K+ transporting P-type ATPase subunit KdpC -3.9
ygfF putative NAD(P)-binding oxidoreductase -3.911
cysW sulfate/thiosulfate ABC transporter inner membrane -4.009

subunit CysW
hicA toxin of the HicA-HicB toxin-antitoxin system -4.021
cysD sulfate adenylyltransferase subunit 2 -4.061
uspG universal stress protein G -4.066
yaeP uncharacterized protein -4.073
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csgG curli secretion channel -4.098
relB RelB Qin prophage; antitoxin of the RelE-RelB -4.112

toxin-antitoxin system and DNA binding
transcriptional repressor

chaB predicted to be a regulator of cation transport -4.117
yifL predicted lipoprotein -4.118
yebV putative protein -4.135
yahO putative protein -4.159
yodD stress-induced protein -4.181
smf Smf protein -4.217
yciZ YciZ is a small open reading frame upstream of the -4.242

predicted transcriptional regulator YciT
ybaT putative transport protein, archaeal/bacterial -4.26

transporter (ABT) family
slp starvation lipoprotein -4.266
yhaL uncharacterized protein -4.289
csgF curli assembly component -4.322
csgE curli transport specificity factor -4.348
hyaF HyaF protein -4.351
cysI sulfite reductase, hemoprotein subunit -4.364
ybcK putative recombinase -4.404
nlpD NlpD divisome associated factor; activates -4.52

peptidoglycan hydrolase
gadB glutamate decarboxylase B -4.526
cvpA colicin V production protein -4.555
purE N5-carboxyaminoimidazole ribonucleotide mutase -4.569
gabP 4-aminobutyrate:H+ symporter -4.57
patD gamma-aminobutyraldehyde dehydrogenase -4.67
yegP YegP may function in parallel with RecFOR in the -4.691

double-strand break repair pathway
yjiX conserved protein YjiX -4.712
yohC putative inner membrane protein -4.775
narY nitrate reductase Z subunit beta -4.78
ldhA D-lactate dehydrogenase - fermentative -4.8
cnu H-NS- and StpA-binding protein -4.828
ycaC putative hydrolase -4.828
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ogrK prophage P2 late control protein OgrK -4.832
yjjU putative patatin-like phospholipase YjjU -4.836
lacZ beta-galactosidase -4.878
cysU sulfate/thiosulfate ABC transporter inner membrane -4.917

subunit CysU
narW NarW, putative private chaperone for NarZ nitrate -5.005

reductase subunit
ymgE uncharacterized protein -5.058
uspF nucleotide binding filament protein -5.114
uhpT hexose-6-phosphate:phosphate antiporter -5.128
tatE twin arginine protein translocation system - TatE -5.146

protein
guaB IMP dehydrogenase -5.231
yjjV putative DNase YjjV -5.322
lpp murein lipoprotein -5.39
ychH stress-induced protein -5.419
narV nitrate reductase Z subunit gamma -5.507
codB cytosine transporter -5.508
yqgC uncharacterized protein -5.628
yefM YefM antitoxin of the YoeB-YefM toxin-antitoxin -5.635

pair and DNA binding transcriptional repressor
yibT protein of unknown function -5.722
hyaD protein involved in processing of HyaA and HyaB -5.756

proteins
gadC glutamic acid:4-aminobutyrate antiporter -5.85
purK 5-(carboxyamino)imidazole ribonucleotide synthase -5.911
purD phosphoribosylamine-glycine ligase -6.013
lacI DNA-binding transcriptional repressor LacI -6.056
hdeA HdeA monomer, chaperone active form -6.232
ghxP guanine/hypoxanthine transporter GhxP -6.24
ydiZ uncharacterized protein -6.262
yjbT uncharacterized protein -6.379
yeaQ uncharacterized protein -6.492
lacY lactose/melibiose:H+ symporter LacY -6.535
ygeW predicted carbamoyltransferase -6.847
cysJ sulfite reductase, flavoprotein subunit -7.006
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purH bifunctional AICAR transformylase/IMP -7.128
cyclohydrolase

cspE transcription antiterminator and regulator of RNA -7.156
stability

hyaE protein involved in quality control of HyaA -7.201
ilvL ilvXGMEDA operon leader peptide -7.462
glsA glutaminase 1 -7.466
ydhZ fumarase D -7.491
purM phosphoribosylformylglycinamide cyclo-ligase -7.512
cysP thiosulfate/sulfate ABC transporter periplasmic -7.514

binding protein CysP
xanP xanthine:H+ symporter XanP -7.537
uacT urate:H+ symporter -7.836
ygdR uncharacterized protein -7.901
yeeE inner membrane protein YeeE -8.083
ivbL ilvBN operon leader peptide -8.138
yaiA uncharacterized protein, expression of yaiA is -8.208

induced by hydrogen peroxide
ygdI uncharacterized protein -8.344
purC phosphoribosylaminoimidazole-succinocarboxamide -8.369

synthase
chpS ChpS antitoxin of the ChpB-ChpS toxin-antitoxin -8.61

system
mdtJ multidrug/spermidine efflux pump - membrane -8.74

subunit MdtJ
purL phosphoribosylformylglycinamide synthetase -8.81
gnsB Qin prophage; putative protein -8.844
sgrT SgrT, regulator of PtsG activity -9.516
mgrB negative feedback regulator of the PhoQP system -10.29
yjbJ putative stress response protein -10.923
gnsA putative phosphatidylethanolamine synthesis -10.929

regulator GnsA
yaiZ DUF2754 domain-containing protein YaiZ -10.978
rmf ribosome modulation factor -12.006
yfdY uncharacterized protein, expression of yfdY is -12.249

induced upon biofilm formation
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dsrB uncharacterized protein -12.284
yciY uncharacterized protein -12.476
ymdF conserved protein YmdF -13.017
yhfG DUF2559 domain-containing protein YhfG -13.083
ydiH uncharacterized protein -13.301
hyaC hydrogenase 1 b-type cytochrome subunit -14.244
yecH uncharacterized protein -14.531
purT phosphoribosylglycinamide formyltransferase 2 -15.281
acrZ small membrane protein that interacts with the -15.421

AcrAB-TolC multidrug efflux pump
yjjZ uncharacterized protein -15.937
sra 30S ribosomal subunit protein S22 -16.927
bfd bacterioferritin-associated ferredoxin -17.172
bdm biofilm-dependent modulation protein -17.756
yqaE putative membrane protein -18.497
yciG The yciG gene is part of the σS regulon -19.479
yjdI uncharacterized protein -19.652
osmB osmotically-inducible lipoprotein OsmB -20.17
hyaB hydrogenase 1 subunit HyaB -20.29
hyaA hydrogenase 1 subunit HyaA -20.481
ycaR conserved protein -21.418
mntS small protein MntS -22.012
yodC uncharacterized protein -25.966
motA MotA protein, proton conductor component of -27.769

motor; no effect on switching
yshB uncharacterized protein -31.669
fnr DNA-binding transcriptional dual regulator FNR -36.312
cydX cytochrome bd-I terminal oxidase - CydX subunit -37.54
ybfA DUF2517 domain-containing protein YbfA -37.63
ecnB bacteriolytic entericidin B lipoprotein -47.803
glgS surface composition regulator -51.494
csgA curlin, major subunit -61.83
yncL small membrane protein -104.98
csgB curlin, minor subunit -201.073

Positive values: genes upregulated in ∆motA cells when
when compared to W3110 wild type cells.
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Negative values: genes upregulated in W3110 wild type cells when
when compared to ∆motA cells.

Tab. B.2: Differential gene expression showing more than 2-fold changes between
∆motA cells and W3110 wild type cells detected only under non-fixing
conditions.

Fold change
∆motA

Gene Annotation →
WT Exp 1
non fixed

yjiY inner membrane protein - putative transporter 23.369
cadB lysine:cadaverine antiporter 17.561
glpA anaerobic glycerol-3-phosphate dehydrogenase 12.29

subunit A
cadA lysine decarboxylase 1 11.142
pyrB aspartate carbamoyltransferase catalytic subunit 10.723
kdpF K+ transporting P-type ATPase subunit KdpF 10.108
glpD aerobic glycerol-3-phosphate dehydrogenase 9.994
pyrI aspartate carbamoyltransferase, PyrI subunit 9.838
yhjX putative transporter, major facilitator superfamily 9.427
glnK nitrogen regulator GlnK 8.331
gltB glutamate synthase subunit GltB 8.284
glpB anaerobic glycerol-3-phosphate dehydrogenase 8.2

subunit B
yjiG conserved inner membrane protein 8.105
gltD glutamate synthase subunit GltD 7.669
yjiH conserved inner membrane protein 7.577
carB carbamoyl phosphate synthetase subunit beta 5.937
glpK glycerol kinase 5.628
iadA isoaspartyl dipeptidase 5.3
yjiX conserved protein YjiX 5.017
glpC anaerobic glycerol-3-phosphate dehydrogenase 4.933

subunit C
fliC flagellar filament structural filament. flagellin 4.334
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upp uracil phosphoribosyltransferase 4.238
putA fused PutA transcriptional repressor / proline 4.225

dehydrogenase / 1-pyrroline-5-carboxylate
dehydrogenase

glpF glycerol channel GlpF 4.195
glpT glycerol-3-phosphate:phosphate antiporter 4.168
amtB ammonia/ammonium transporter 4.044
carA carbamoyl phosphate synthetase subunit alpha 3.999
yagU inner membrane protein that contributes to acid 3.847

resistance
codB cytosine transporter 3.817
aceF pyruvate dehydrogenase, E2 subunit 3.63
aceE subunit of E1p component of pyruvate 3.625

dehydrogenase complex
sodB superoxide dismutase (Fe) 3.599
ftnA ferritin iron storage protein 3.558
cysI sulfite reductase, hemoprotein subunit 3.547
asr acid shock protein 3.527
cysH phosphoadenosine phosphosulfate reductase 3.493
kdpB K+ transporting P-type ATPase subunit KdpB 3.367
rutA pyrimidine oxygenase 3.352
metF 5,10-methylenetetrahydrofolate reductase 3.346
fimB regulator for fimA 3.248
mqo malate:quinone oxidoreductase 3.212
serA phosphoglycerate dehydrogenase 3.209
uraA uracil:H+ symporter UraA 3.155
yiiE DNA-binding transcriptional regulator YiiE 3.148
glnA glutamine synthetase 3.003
yjiA P-loop guanosine triphosphatase 2.982
guaB IMP dehydrogenase 2.95
adiY DNA-binding transcriptional activator AdiY 2.937
ppc phosphoenolpyruvate carboxylase 2.881
ldhA D-lactate dehydrogenase - fermentative 2.829
kdpA K+ transporting P-type ATPase subunit KdpA 2.752
galP galactose:H+ symporter 2.694
ymgG uncharacterized protein 2.668
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dtpC dipeptide/tripeptide:H+ symporter DptC 2.647
yohJ conserved inner membrane protein 2.637
kdpC K+ transporting P-type ATPase subunit KdpC 2.634
metK methionine adenosyltransferase 2.624
hypT HypT transcriptional dual regulator 2.618
yedL putative acyltransferase 2.593
codA cytosine/isoguanine deaminase 2.555
gss fused glutathionylspermidine amidase / 2.508

glutathionylspermidine synthetase
yhcN stress-induced protein 2.479
yfiB lipoprotein 2.452
ndh NADH:quinone oxidoreductase II 2.432
yqhD NADPH-dependent aldehyde reductase 2.4
lpd lipoamide dehydrogenase 2.397
ykgE putative oxidoreductase YkgE 2.366
gltF periplasmic protein 2.35
gpmM 2,3-bisphosphoglycerate-independent 2.339

phosphoglycerate mutase
cysA sulfate/thiosulfate ABC transporter ATP binding 2.327

subunit
ycgR molecular brake that regulates flagellar motility in 2.307

response to c-di-GMP
gnd 6-phosphogluconate dehydrogenase, decarboxylating 2.307
pstS phosphate ABC transporter periplasmic binding 2.307

protein
yegR uncharacterized protein 2.296
lipA lipoyl synthase 2.284
yhhH putative protein 2.265
pdxK pyridoxal kinase I 2.25
pyrD dihydroorotate dehydrogenase, type 2 2.219
metN L-methionine/D-methionine ABC transporter ATP 2.207

binding subunit
yahD putative transcriptional regulator with ankyrin 2.197

domain
gdhA glutamate dehydrogenase 2.194
elbB low activity glyoxalase ElbB 2.191
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nac DNA-binding transcriptional dual regulator Nac 2.189
ydfG 3-hydroxy acid dehydrogenase 2.183
gloA glyoxalase I 2.173
pgi glucose-6-phosphate isomerase 2.158
metR MetR DNA-binding transcriptional dual regulator 2.152
cysK O-acetylserine sulfhydrylase A 2.138
rpiA ribose-5-phosphate isomerase A 2.128
ynhF small stress response membrane protein 2.117
purD phosphoribosylamine-glycine ligase 2.107
yjbF putative lipoprotein 2.092
hisC histidinol-phosphate aminotransferase 2.071
narL Phosphorylated DNA-binding transcriptional dual 2.07

regulator NarL, NarL DNA-binding transcriptional
dual regulator

ridA enamine/imine deaminase, redox regulated chaperone 2.068
serC phosphoserine/phosphohydroxythreonine 2.066

aminotransferase
yidA sugar phosphatase YidA 2.066
tpx lipid hydroperoxide peroxidase 2.062
mdtH multidrug efflux pump 2.054
asd aspartate-semialdehyde dehydrogenase 2.037
pstC phosphate ABC transporter membrane subunit PstC 2.02
glnG NtrC transcriptional dual regulator 2.016
ymfM uncharacterized protein 2.007
nfsB NAD(P)H nitroreductase NfsB 2.006
ilvC acetohydroxy acid isomeroreductase 2.003

yahO putative protein -2.001
cirA ferric dihyroxybenzoylserine outer membrane -2.002

transporter
pspA phage shock protein A -2.005
fecI sigma 19 factor -2.007
ybcN DLP12 prophage; DNA base-flipping protein -2.01
mglB D-galactose/D-galactoside ABC transporter -2.01

periplasmic binding protein
eamB O-Acetylserine/cysteine export protein -2.012
yahL uncharacterized protein -2.022
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ybcW uncharacterized protein -2.022
ebgA evolved beta-D-galactosidase subunit alpha -2.024
fic stationary-phase protein -2.025
ycgG putative c-di-GMP phosphodiesterase -2.026
fimD outer membrane protein; export and assembly of -2.028

type 1 fimbriae
csiD putative protein -2.028
nhaA Na+:H+ antiporter NhaA -2.03
yadV cryptic pilin chaperone -2.034
yhdV lipoprotein -2.04
ytcA putative lipoprotein -2.041
chaC putative glutathione-specific gamma- -2.043

glutamylcyclotransferase
yhjV putative transport protein, hydroxy/aromatic amino -2.044

acid permease family
spy ATP-independent periplasmic chaperone -2.047
fimI fimbrial protein -2.048
ybhQ putative inner membrane protein -2.057
ugpC glycerol-3-phosphate ABC transporter ATP binding -2.058

subunit
hspQ heat-shock protein -2.059
mqsR mRNA interferase / toxin of the MqsR-MqsA toxin- -2.061

antitoxin system
fimC periplasmic chaperone, required for type 1 fimbriae -2.065
yibI putative inner membrane protein -2.071
fryB putative PTS enzyme IIB component FryB -2.082
paaJ beta-ketoadipyl-CoA thiolase -2.09
aidB isovaleryl-CoA dehydrogenase and DNA-binding -2.09

transcriptional repressor
adhP ethanol dehydrogenase / alcohol dehydrogenase -2.096
uxaA D-altronate dehydratase -2.097
yiaO 2.3-diketo-L-gulonate:Na+ symporter - -2.098

periplasmic binding protein
yicS putative protein -2.1
yiaL conserved protein -2.103
hha haemolysin expression modulating protein -2.103
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bluF blue light-responsive regulator of BluR -2.111
yeeT uncharacterized protein -2.12
yjdN YjdN protein -2.123
ydcD uncharacterized protein -2.124
glgS surface composition regulator -2.127
ytfT galactofuranose ABC transporter putative membrane -2.127

subunit YtfT
lsrR LsrR DNA-binding transcriptional repressor -2.128
puuC gamma-glutamyl-gamma-aminobutyraldehyde -2.133

dehydrogenase
dctR putative DNA-binding transcriptional regulator -2.146
dcuC anaerobic C4-dicarboxylate transporter DcuC -2.147
fdnI formate dehydrogenase N subunit gamma -2.148
znuA Zn2+ ABC transporter periplasmic binding -2.149

protein
hisM lysine/arginine/ornithine ABC transporter / histidine -2.152

ABC transporter, membrane subunit HisM
narV nitrate reductase Z subunit gamma -2.154
fecR regulator for fec operon, periplasmic -2.154
yjfF galactofuranose ABC transporter putative membrane -2.162

subunit YjtF
yjjI DUF3029 domain-containing protein YjjI -2.163
gadX DNA-binding transcriptional dual regulator GadX -2.163
mntH Mn2+/Fe2+: H+ symporter MntH -2.165
fdnH formate dehydrogenase N subunit beta -2.167
yodC uncharacterized protein -2.168
dinQ UV inducible membrane toxin DinQ -2.168
uxaB tagaturonate reductase -2.173
lsrA autoinducer-2 ABC transporter, ATP binding subunit -2.173
mgtA Mg2+/ Ni2+ transporting P-type ATPase -2.174
fadH 2,4-dienoyl-CoA reductase -2.178
yqeI putative transcriptional regulator -2.185
yojI putative transport protein ABC superfamily / -2.185

microcin J25 efflux protein
napH ferredoxin-type protein NapH -2.187
ytfR galactofuranose ABC transporter putative ATP -2.188
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binding subunit
yqeB uncharacterized protein -2.192
rhmD L-rhamnonate dehydratase -2.194
nrfC formate-dependent nitrite reductase, 4Fe-4S subunit -2.196
pspB phage shock protein B -2.198
ansB asparaginase II -2.201
ldrB small toxic polypeptide LdrB -2.205
dppA dipeptide ABC transporter periplasmic binding -2.206

protein
tomB protein that modulates Hha toxicity -2.208
ldtC L,D-transpeptidase YcfS -2.2
ycgB uncharacterized protein, σS regulon -2.213
mtlR transcriptional repressor MtlR -2.214
lamB maltose outer membrane porin / phage lambda -2.216

receptor protein
pspD phage shock protein D -2.234
fecA ferric citrate outer membrane transporter -2.235
yoaD c-di-GMP phosphodiesterase PdeD -2.236
patA putrescine aminotransferase -2.237
hdeB HdeB monomer -2.237
ygjH putative tRNA synthetase -2.238
bglJ BglJ DNA-binding transcriptional regulator -2.239
asnA asparagine synthetase A -2.242
zinT cadmium-induced cadmium binding protein -2.247
yohP small membrane protein -2.248
betT choline:H+ symporter -2.253
yodD stress-induced protein -2.25
aqpZ water channel AqpZ -2.257
patD gamma-aminobutyraldehyde dehydrogenase -2.27
fumB fumarase B -2.272
yhbU putative peptidase YhbU -2.274
mokC regulatory peptide whose translation enables hokC -2.275

(gef) expression
yfbL putative peptidase -2.276
cspE transcription antiterminator and regulator of RNA -2.278

stability
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xylG xylose ABC transporter ATP binding subunit -2.28
lsrF 3-hydroxy-2,4-pentadione 5-phosphate thiolase -2.28
tonB TonB energy transducing system - TonB subunit -2.285
yohC putative inner membrane protein -2.28
dppC dipeptide ABC transporter membrane subunit DppC -2.291
ycaM putative transport protein, amino acid-polyamine- -2.292

organocation (APC) superfamily
oppA oligopeptide ABC transporter periplasmic -2.296

binding protein
fepA ferric enterobactin outer membrane transporter -2.3
argT lysine/arginine/ornithine ABC transporter -2.308

periplasmic binding protein
hyuA phenylhydantoinase -2.315
ychH stress-induced protein -2.316
yliI aldose sugar dehydrogenase YliI -2.326
yeeR CP4-44 prophage; putative membrane protein -2.329
puuR DNA-binding transcriptional repressor PuuR -2.33
yhiM inner membrane protein with a role in acid resistance -2.331
xanQ xanthine:H+ symporter XanQ -2.332
citD citrate lyase acyl carrier protein subunit -2.333
ytfQ galactofuranose ABC transporter periplasmic -2.342

binding protein
fadL long-chain fatty acid outer membrane porin -2.346

bacteriophage T2 receptor
puuE 4-aminobutyrate aminotransferase PuuE -2.35
ydeM putative anaerobic sulfatase maturation enzyme -2.351
ydfB uncharacterized protein -2.351
paaK phenylacetate-CoA ligase -2.352
yqeA putative amino acid kinase -2.364
ydfO uncharacterized protein -2.375
ddpC putative D,D-dipeptide ABC transporter membrane -2.37

subunit DdpC
mdtF MdtEF-TolC multidrug efflux pump - permease -2.38

subunit
shoB toxic peptide ShoB -2.381
hcaT putative transport protein. major facilitator -2.387
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superfamily (MFS)
araF arabinose ABC transporter periplasmic binding -2.391

protein
entS enterobactin exporter EntS -2.39
sodA superoxide dismutase (Mn) -2.394
ygfS putative oxidoreductase, 4Fe-4S ferredoxin-type -2.394

subunit
yccT uncharacterized protein, regulated by CsgD -2.406
ydcV putative transport protein ABC family -2.4
ygfT putative oxidoreductase -2.408
hdeD acid-resistance membrane protein -2.411
fhuE ferric coprogen/ferric rhodotorulic acid outer -2.414

membrane transporter
yiaB conserved inner membrane protein -2.417
fepB ferric enterobactin ABC transporter periplasmic -2.428

binding protein
dppB dipeptide ABC transporter membrane subunit DppB -2.447
oppB murein tripeptide ABC transporter / oligopeptide -2.869

ABC transporter inner membrane subunit OppB
lsrB Autoinducer-2 ABC transporter periplasmic binding -2.881

protein
nrdG anaerobic ribonucleoside-triphosphate reductase -2.888

activating protein
ydcS putative periplasmic binding protein ABC family / -2.912

polyhydroxybutyrate synthase
yjfY uncharacterized protein -2.917
ugpB glycerol-3-phosphate ABC transporter periplasmic -2.942

binding protein
fadJ 3-hydroxyacyl-CoA dehydrogenase FadJ -2.981
phoH ATP-binding protein -3.014
fepG ferric enterobactin ABC transporter membrane -3.018

subunit FepG
cspD DNA replication inhibitor -3.018
rmf ribosome modulation factor -3.039
glcD glycolate dehydrogenase, putative FAD-linked -3.048

subunit
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entF holo [EntF peptidyl-carrier protein], apo-serine -3.077
activating enzyme

mcbR DNA-binding transcriptional dual regulator McbR -3.078
mltD membrane-bound lytic murein transglycosylase D -3.085
puuB gamma-glutamylputrescine oxidase -3.086
ddpD DdpD is one of two predicted ATP-binding subunits -3.087

of a D,D-dipeptide uptake system
bssS regulator of biofilm formation -3.09
ygfK putative oxidoreductase, Fe-S subunit -3.109
yciE DUF892 domain-containing protein YciE -3.117
bfd bacterioferritin-associated ferredoxin -3.119
yciF DUF892 domain-containing protein YciF -3.125
fepC ferric enterobactin ABC transporter ATP binding -3.134

subunit
ydcT putative transport protein ABC family -3.15
puuC gamma-glutamyl-gamma-aminobutyraldehyde -3.16

dehydrogenase
mdtJ multidrug/spermidine efflux pump - membrane -3.16

subunit MdtJ
fdnI formate dehydrogenase N subunit gamma -3.161
gadX DNA-binding transcriptional dual regulator GadX -3.166
fadH 2,4-dienoyl-CoA reductase -3.167
rhmD L-rhamnonate dehydratase -3.171
ldtC L,D-transpeptidase YcfS -3.179
yiaG putative DNA-binding transcriptional regulator YiaG -3.193
bglJ BglJ DNA-binding transcriptional regulator -3.194
yodD stress-induced protein -3.202
patD gamma-aminobutyraldehyde dehydrogenase -3.211
yohC putative inner membrane protein -3.245
fepA ferric enterobactin outer membrane transporter -3.256
hyuA phenylhydantoinase -3.292
puuR DNA-binding transcriptional repressor PuuR -3.3
fadL long-chain fatty acid outer membrane porin; -3.329

bacteriophage T2 receptor
fadA 3-ketoacyl-CoA thiolase -3.349
ddpC putative D,D-dipeptide ABC transporter membrane subunit DdpC -3.363
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entS enterobactin exporter EntS -3.39
ydcV putative transport protein ABC family -3.397
ydcJ DUF1338 domain-containing protein YdcJ -3.398
aceB malate synthase A -3.409
ddpA putative D.D-dipeptide ABC transporter periplasmic -3.502

binding protein
fadI 3-ketoacyl-CoA thiolase FadI -3.505
gadA glutamate decarboxylase A -3.516
csiE stationary phase inducible protein CsiE -3.519
tnaC tnaAB operon leader peptide -3.553
ydcU putative transport protein ABC family -3.559
bssR regulator of biofilm formation -3.61
bsmA conserved protein -3.636
ebgC β-D-galactosidase subunit β -3.653
yjfN activator of DegP protease -3.668
yaiC diguanylate cyclase -3.672
nrdD anaerobic ribonucleoside-triphosphate reductase -3.716
ymiB putative protein YmiB -3.766
ygjI putative transport protein, glutamate:GABA -3.78

antiporter family
puuA glutamate-putrescine ligase -3.786
tnaA tryptophanase -3.809
glcE glycolate dehydrogenase, putative FAD-binding -3.82

subunit
dcuB dicarboxylate transporter DcuB -3.836
yqfG uncharacterized protein -3.868
yncJ uncharacterized protein -3.905
yjbJ putative stress response protein -3.92
fhuF hydroxamate siderophore iron reductase -3.922
gadB glutamate decarboxylase B -3.953
fadD fatty acyl-CoA synthetase -3.97
nrdH glutaredoxin-like protein -4.014
ddpX D-Ala-D-Ala dipeptidase -4.041
ytfK uncharacterized protein, appears to play a role in -4.059

tolerance to H2O2 exposire and phosphate starvation
puuP putrescine:H+ symporter PuuP -4.102
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puuD gamma-glutamyl-gamma-aminobutyrate hydrolase -4.126
fiu putative ferric iron outer membrane transporter -4.137
nrdF ribonucleoside-diphosphate reductase 2 subunit beta -4.146
entH proofreading thioesterase in enterobactin biosynthesis -4.184
aceA isocitrate lyase -4.185
ddpB putative D,D-dipeptide ABC transporter membrane -4.267

subunit DdpB
ygfM putative oxidoreductase -4.278
fadE acyl-CoA dehydrogenase -4.33
yibT protein of unknown function -4.345
xdhD fused putative xanthine/hypoxanthine oxidase: -4.345

molybdopterin-binding subunit and Fe-S binding
subunit

ybdZ MbtH-like protein that enhances the catalytic -4.349
function of EntF

hokB toxin HokB -4.358
ybcK putative recombinase -4.391
uacT urate:H+ symporter -4.4
ycgZ putative two-component system connector protein -4.402

YcgZ
nrdE ribonucleoside-diphosphate reductase 2, α -4.412

subunit dimer
fadM thioesterase III -4.416
entA 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase -4.445
mokB regulatory peptide whose translation enables hokB -4.504

expression
fes enterochelin esterase -4.578
gadE DNA-binding transcriptional activator GadE -4.67
ynfN Qin prophage; protein YnfN -4.88
acs acetyl-CoA synthetase (AMP-forming) -4.946
yjcF uncharacterized protein -4.957
fadB dodecenoyl-CoA delta-isomerase, enoyl-CoA -4.961

hydratase, 3-hydroxybutyryl-CoA epimerase,
3-hydroxyacyl-CoA dehydrogenase

gadC glutamic acid:4-aminobutyrate antiporter -5.038
ykgM putative ribosomal protein -5.2



213

ygeX 2,3-diaminopropionate ammonia-lyase -5.312
glcA glycolate/lactate:H+ symporter -5.376
nrdI flavodoxin NrdI -5.409
arpA regulator of acetyl CoA-synthetase -5.763
tnaB tryptophan:H+ symporter TnaB -5.836
entC isochorismate synthase EntC -5.894
yjbT uncharacterized protein -6.008
csgC inhibitor of CsgA amyloid formation -6.023
aceK isocitrate dehydrogenase kinase/phosphatase -6.151
yiaW conserved inner membrane protein -6.232
tdcG L-serine deaminase III -6.481
astC succinylornithine transaminase -6.55
actP acetate/glycolate:cation symporter -6.722
entE 2,3-dihydroxybenzoate-AMP ligase -6.748
ydhY putative 4Fe-4S ferredoxin-type protein -6.768
ymdF conserved protein YmdF -7.17
ariR regulator of acid resistance, influenced by indole -7.205
yjcH conserved inner membrane protein -7.304
astA arginine N-succinyltransferase -7.46
entB holo EntB, enterobactin synthase component B -7.663
ymgA protein involved in biofilm formation -7.721
astB N -succinylarginine dihydrolase -7.724
astD aldehyde dehydrogenase -7.805
astE succinylglutamate desuccinylase -8.517
ssnA putative aminohydrolase -8.583
grcA stress-induced alternate pyruvate formate-lyase -9.21

subunit
ygeY putative peptidase -9.613
tdcA DNA-binding transcriptional activator TdcA -10.264
ymgC protein YmgC -10.609
ygeW predicted carbamoyltransferase -11.984
tdcC serine / threonine:H+ symporter TdcC -13.246
tdcF putative enamine/imine deaminase -13.273
csgG curli secretion channel -13.917
csgD DNA-binding transcriptional dual regulator CsgD -17.861
csgF curli assembly component -19.936
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csgE curli transport specificity factor -20.252
tdcE 2-ketobutyrate formate-lyase/pyruvate formate-lyase -21.253

4, inactive; 2-ketobutyrate formate-lyase / pyruvate
formate-lyase 4

tdcD propionate kinase -25.113
tdcB catabolic threonine dehydratase -47.712
prpE propionyl-CoA synthetase -48.484
fnr DNA-binding transcriptional dual regulator FNR -63.795
prpC 2-methylcitrate synthase -66.966
csgA curlin, major subunit -67.129
prpB 2-methylisocitrate lyase -79.417
csgB curlin, minor subunit -149.607

Positive values: genes upregulated in ∆motA cells when
when compared to W3110 wild type cells.
Negative values: genes upregulated in W3110 wild type cells when
when compared to ∆motA cells.
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Fig. B.1: High PMF uncoupler concentrations negatively affect cell growth.
Cell growth for W3110 wild type (A) and ∆motA (B) cells was measured
as change in optical density (OD600) over time upon addition of different
concentration of a chemical inhibitor of oxidative phosphorylation CCCP.
Mean and standard deviation of three independent experiments are shown.
Note that optical density values measured using plate reader (shown here)
and using photometer vary. Mean fluorescence of at least three independent
replicates over time is shown for wild type (WT) and ∆motA cells in (C)
and (D), respectively. Error bars indicate standard deviation. Measurements
were performed using plate reader.
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19 h 20 h 21 h 22 h 23 h 

Fig. C.1: Curli expression arises stochastic in E. coli planktonic cells. E. coli
cells carrying PcsgA-sfgfp genomic reporter (curli-expressing cells, green
color) and Ptrc-mCherry (mCherry was induced with 10 µM IPTG to label
all cells, red color) were grown to mid-exponential phase OD600 0.5, strongly
diluted to OD600 0.01, plated on agarose pads with fresh TB medium and
analyzed under the microscope. Images were obtained every hour. Shown
are microscopy images starting from 14 h, as it was the first time point when
PcsgA-sfgfp expression was detected. Full observation area is shown; white
rectangles indicate cropped areas shown in Figure 10 A and B.
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Tab. C.1: Differential gene expression showing more than 4-fold changes between non-
fixed csgA ON and OFF cells.

Fold change
csgA ON

Gene Annotation →
csgA OFF

csgB curlin, minor subunit 42.93
yjfY uncharacterized protein YjfY 33.109
mcbA protein involved in colanic acid production 30.983
csgA curlin, major subunit 28.88
yaiC diguanylate cyclase DgcC 23.699
ybaA uncharacterized protein YbaA 23.255
bssR regulator of biofilm formation 22.654
ynbB putative CDP-diglyceride synthase 21.263
yjbT uncharacterized protein YjbT 17.6
yjdN uncharacterized protein YjdN 15.331
csgE curli transport specificity factor 14.83
yohP small membrane protein 14.746
bhsA outer membrane protein involved in copper 13.849

permeability; stress resistance and biofilm formation
csgD DNA-binding transcriptional dual regulator CsgD 13.578
csgF curli assembly component on the outer membrane 12.037
yciG expression of the yciGFE locus is induced under 11.38

osmotic stress under both aerobic and anaerobic
conditions; part of σS regulon

yjjZ uncharacterized protein YjjZ 10.706
yciE expression of the yciGFE locus is induced under 9.876

osmotic stress under both aerobic and anaerobic
conditions; part of σS regulon

yffQ uncharacterized protein YffQ 9.038
yciF expression of the yciGFE locus is induced under 8.816

osmotic stress under both aerobic and anaerobic
conditions; part of σS regulon

frwB putative PTS enzyme IIB component FrwB 8.683
yohC putative inner membrane protein 8.664
yfdV putative transport protein, auxin efflux carrier family 8.435
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ydiN putative transport protein 8.41
yfdS CPS-53 (KpLE1) prophage; putative protein 8.34
yiaG putative DNA-binding transcriptional regulator YiaG 8.203
yahK aldehyde reductase, NADPH-dependent 8.148
ydeI stress response protein 8.066
ycdU putative inner membrane protein 8.007
csgG curli secretion channel 7.929
rclC conserved inner membrane protein; hypochlorite 7.845

stress response
fecI Sigma 19 factor 7.773
yncL uncharacterized protein Ycnl 7.734
ybbW putative transporter; nucleobase:cation symporter-1 7.661

(NCS1) family
fecA ferric citrate outer membrane transporter 6.994
uidC outer membrane-associated protein 6.81
yodC uncharacterized protein YodC 6.809
yhcO putative barnase inhibitor 6.73
gspA Type II secretion system protein GspA 6.7
yneK uncharacterized protein YneK 6.68
yjgN conserved inner membrane protein 6.619
lyxK L-xylulose kinase 6.602
yehC putative fimbrial chaperone 6.31
ompG outer membrane porin G 6.195
nrfF putative formate-dependent nitrite reductase complex subunit NrfF 6.193
cmtA mannitol-specific PTS enzyme IICB component 6.134

CmtA
yiaB conserved inner membrane protein 6.096
fes enterochelin esterase 5.954
patA putrescine aminotransferase 5.805
lgoD L-galactonate oxidoreductase 5.725
ydcC uncharacterized protein YdcC 5.677
frwC putative PTS enzyme IIC component FrwC 5.627
yjbJ putative stress response protein; yjbJ belongs to the 5.566

σS regulon
yahC putative inner membrane protein 5.531
elaD deubiquitinase 5.524
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ydjL putative oxidoreductase, Zn-dependent and 5.499
NAD(P)-binding

phnD cryptic phosphonate ABC transporter periplasmic 5.487
binding protein

ydcL putative lipoprotein 5.465
rhaT rhamnose/lyxose:H+ symporter 5.453
ahr aldehyde reductase, NADPH-dependent 5.399
dosP c-di-GMP phosphodiesterase PdeO, heme-regulated 5.33
ydjJ putative dehydrogenase YdjJ 5.315
psuG pseudouridine-5’-phosphate glycosidase 5.315
fecB ferric citrate ABC transporter periplasmic binding 5.307

protein
pinE e14 prophage; site-specific DNA recombinase 5.285
yohF putative oxidoreductase 5.272
ydeS putative fimbrial-like adhesin protein 5.225
nrfD formate-dependent nitrite reductase - NrfD subunit 5.156
yfcP putative fimbrial-like adhesin protein 5.135
ygcR putative flavoprotein 5.081
mntH Mn2+/Fe2+: H+ symporter MntH 5.064
adeQ adenine transporter 5.056
talA transaldolase A; talA is part of the σS regulon 5.02
otsA trehalose-6-phosphate synthase 4.992
ymgE uncharacterized protein YmgE 4.962
tktB transketolase II 4.909
yfbN uncharacterized protein YfbN 4.899
ygaU K+ binding protein 4.897
ydjY 4Fe-4S ferredoxin-type domain-containing 4.762

protein YdjY
rhaD rhamnulose-1-phosphate aldolase 4.755
astD aldehyde dehydrogenase 4.744
aceK isocitrate dehydrogenase kinase/phosphatase 4.725
yodD stress-induced protein 4.718
astE succinylglutamate desuccinylase 4.663
frwD putative PTS enzyme IIB component FrwD 4.627
ssuA aliphatic sulfonate ABC transporter periplasmic 4.604

binding protein
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astB N-succinylarginine dihydrolase 4.581
fecR regulator of fec operon 4.528
hchA protein deglycase 1 4.453
paoC aldehyde dehydrogenase: molybdenum 4.426

cofactor-binding subunit
otsB trehalose-6-phosphate phosphatase; response to 4.41

osmotic stress
phnI carbon-phosphorus lyase core complex, PhnI subunit 4.391
yffM uncharacterized protein YffM 4.347
yjjI uncharacterized protein YjjI; predicted role in 4.346

nitrogen metabolism
yeaV putative transport protein, betaine/carnitine/choline 4.327

transporter family
cmtB mannitol-specific PTS enzyme IIA component CmtB 4.302
livM branched chain amino acid/phenylalanine ABC 4.282

transporter membrane subunit LivM
yehB putative outer membrane usher protein 4.278
ymdF uncharacterized protein YmdF 4.277
yffN uncharacterized protein YffN 4.25
nanC N-acetylneuraminic acid outer membrane channel 4.217
yncG putative glutathione S-transferase YncG 4.211
yfjS CP4-57 prophage; inner membrane lipoprotein YfjS 4.198
ttdB L(+)-tartrate dehydratase subunit beta 4.169
yadL putative fimbrial-like adhesin protein 4.139
ompL putative outer membrane porin L 4.137
sfmH putative fimbrial-like adhesin protein 4.132
wzxC putative colanic acid biosynthesis protein WzxC 4.128
yfcR putative fimbrial-like adhesin protein 4.125
hofP DNA utilization protein HofP 4.103
ydeQ putative fimbrial-like adhesin protein 4.071
astA arginine N-succinyltransferase 4.063
wrbA NAD(P)H:quinone oxidoreductase 4.047
btuE thioredoxin/glutathione peroxidase 4.041
yibT protein of unknown function 4.033
fhuF hydroxamate siderophore iron reductase 4.007
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yqcE putative transport protein, major facilitator s erfamily 4.004

ygeV putative transcriptional regulator -4.001
tolR TolR - inner membrane protein of the Tol-Pal system -4.007
flgM anti-sigma factor for FliA (sigma28) -4.023
sseB protein SseB; overexpression of sseB enhances the -4.038

serine sensitivity
ydjM putative inner membrane protein regulated by LexA -4.056
srlB sorbitol-specific PTS enzyme IIA component -4.067
yhiM inner membrane protein with a role in acid resistance -4.07
sdhD succinate:quinone oxidoreductase, membrane protein -4.112

SdhD
ydcA uncharacterized protein YdcA -4.114
glpK glycerol kinase -4.143
hypD HypD, scaffold protein for assembly of the -4.148

Fe-(CN)22CO cofactor
prmC protein-(glutamine-N5) methyltransferase -4.185
ivy periplasmic chaperone, inhibitor of vertebrate C-type -4.189

lysozyme
ykfH uncharacterized protein YkfH -4.192
pptA putative 4-oxalocrotonate tautomerase -4.202
zinT cadmium-induced cadmium binding protein -4.235
aspA aspartate ammonia-lyase -4.241
appY The AppY, "acid phosphatase," transcriptional -4.252

regulator induces the expression of energy
metabolism genes under anaerobiosis, stationary
phase, and phosphate starvation.

yciZ YciZ is a small open reading frame upstream oft he -4.257
predicted trasncriptional regulator YciT

gnsB Qin prophage; putative protein -4.268
cydB cytochrome bd-I terminal oxidase subunit II -4.272
hybA hydrogenase 2 - [Fe-S] binding, ferredoxin-type -4.344

component HybA
azuC small membrane protein -4.346
uraA uracil:H+ symporter UraA -4.359
yniD small putative membrane protein -4.38
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yfeK uncharacterized protein YfeK -4.385
yhdU hypothetical protein YhdU -4.427
dhaL dihydroxyacetone kinase subunit L -4.507
ybiA conserved protein -4.556
yffB putative reductase YffB -4.556
flgF flagellar basal-body rod protein FlgF -4.564
yeeY putative DNA-binding transcriptional regulator -4.569
fimC periplasmic chaperone, required for type 1 fimbriae -4.603
gadX DNA-binding transcriptional dual regulator GadX -4.617
cydX cytochrome bd-I terminal oxidase - CydX subunit -4.638
dctR putative DNA-binding transcriptional regulator -4.68
waaZ protein involved in KdoIII attachment during -4.701

lipopolysaccharide core biosynthesis
yqgB acid stress response protein YqgB -4.707
leuL leu operon leader peptide -4.757
yobD conserved inner membrane protein -4.76
glpB anaerobic glycerol-3-phosphate dehydrogenase -4.761

subunit B
cydA cytochrome bd-I terminal oxidase subunit I -4.769
ybiH DNA-binding transcriptional dual regulator CecR -4.793
ftnA ferritin iron storage protein -4.804
nirD nitirite reductase subunit NirD -4.808
yjbE uncharacterized protein YjbE; the yjbEFGH -4.887

operon is involved in the production of an
extracellular polysaccharide

hyaB hydrogenase 1 subunit HyaB -4.889
gfcA putative protein -4.896
yahM uncharacterized protein YahM -4.963
yeaL conserved inner membrane protein -5.048
yoaF uncharacterized protein YoaF -5.072
nanE putative N-acetylmannosamine-6-phosphate -5.094

epimerase
kdpB K+ transporting P-type ATPase subunit KdpB -5.103
yhjR conserved protein -5.181
yjdP uncharacterized protein YjdP -5.203
metF 5.10-methylenetetrahydrofolate reductase -5.211
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glpA anaerobic glycerol-3-phosphate dehydrogenase -5.226
subunit A

gadB glutamate decarboxylase B -5.273
bioF 8-amino-7-oxononanoate synthase -5.288
torD chaperone protein for trimethylamine-N-oxide -5.289

oxidoreductase I
puuB gamma-glutamylputrescine oxidase -5.302
pmrD pmrD plays an important role in the survival of cells -5.358

exposed to polymyxin B under growth conditions
with low Mg2+ concentrations

rbsD D-ribose pyranase -5.398
yiiF uncharacterized protein YiiF -5.403
ridA enamine/imine deaminase, redox regulated -5.414

chaperone
grxA reduced glutaredoxin 1; glutaredoxins are ubiquitous -5.426

proteins that catalyze the reduction of disulfides
metR MetR DNA-binding transcriptional dual regulator -5.428
hybE hydrogenase 2-specific chaperone -5.43
flgH flagellar L-ring protein FlgH; basal-body outer- -5.46

membrane L (lipopolysaccharide layer) ring protein
dppB dipeptide ABC transporter membrane subunit DppB -5.468
gcvH glycine cleavage system H protein -5.485
phoU negative regulator of the pho regulon -5.527
bcsF putative cellulose biosynthesis protein BcsF -5.554
ybaV helix-hairpin-helix 3 family protein -5.582
yjiA P-loop guanosine triphosphatase -5.752
malT DNA-binding transcriptional activator MalT -5.787
dppC dipeptide ABC transporter membrane subunit DppC -5.796
gadA glutamate decarboxylase A -5.846
gatZ tagatose-1,6-bisphosphate aldolase 2 subunit GatZ -6.077
yoaK small membrane protein -6.141
ygaV putative DNA-binding transcriptional regulator -6.231
galT galactose-1-phosphate uridylyltransferase -6.257
ydcH uncharacterized protein YdcH -6.295
blr beta-lactam resistance protein -6.337
rayT REP-associated tyrosine transposase -6.346
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gatD galactitol-1-phosphate 5-dehydrogenase -6.496
ynjH uncharacterized protein YnjH -6.563
ymiA small putative membrane protein -6.599
hybF protein involved with the maturation of -6.823

hydrogenases 1 and 2
glnP L-glutamine ABC transporter membrane subunit -6.843
rihA pyrimidine-specific ribonucleoside hydrolase RihA -6.996
ykgM putative ribosomal protein -7.084
gcvP glycine decarboxylase -7.245
yjhX KpLE2 phage-like element; toxin of the TopAI-YjhQ -7.286

toxin-antitoxin system. TopA inhibitor
ldrD LdrD peptide of the LdrD-RdlD toxin-antitoxin -7.324

system
ydgU small putative membrane protein -7.426
mliC inhibitor of c-type lysozyme, putative lipoprotein -7.518
codA cytosine/isoguanine deaminase -7.564
bioC malonyl-acyl carrier protein methyltransferase -7.619
sodB superoxide dismutase (Fe) -7.797
pyrC dihydroorotase -8.073
metE cobalamin-independent homocysteine transmethylase -8.143
evgA EvgA transcriptional activator -8.26
cnu H-NS- and StpA-binding protein -8.517
hipB antitoxin and DNA-binding transcriptional repressor -8.862

HipB
aphA acid phosphatase / phosphotransferase -9.199
ariR regulator of acid resistance, influenced by indole -9.25
hybO hydrogenase 2 subunit beta -9.373
bdm biofilm-dependent modulation protein -9.743
ftnB putative ferritin-like protein -9.99
yqiJ putative inner membrane protein -10.064
hypC HypC. protein involved in hydrogenase 3 maturation -10.376
cbdX small outer membrane protein -10.577
carB carbamoyl phosphate synthetase subunit beta -11.023
yjiY inner membrane protein - putative transporter -11.026
upp uracil phosphoribosyltransferase -11.034
gatA galactitol-specific PTS enzyme IIA component -11.578
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ykgO The small protein YkgO is not expressed during -12.315
growth in rich medium, but expression is strongly
induced during stationary phase in minimal medium.

yjiX YjjX is a phosphatase that preferentially hydrolyzes inosine -20.024
triphosphate (ITP) and xanthosine triphosphate (XTP).

ymgA protein involved in biofilm formation -20.82
gatB galactitol-specific PTS enzyme IIB component -22.463
pyrB aspartate carbamoyltransferase catalytic subunit -60.52
insH1 CP4-6 prophage; IS5 transposase and transactivator -134.793
pyrI aspartate carbamoyltransferase, PyrI subunit -140.961

Positive values: genes upregulated in sorted curli expressing csgA ON cells
when compared to sorted curli non-expressing csgA OFF cells;
Negative values: genes upregulated in sorted curli non-expressing csgA OFF cells
when compared to sorted curli expressing csgA ON cells;
ns: not significant expression, below the set threshold of 2-fold.
Genes that have predicted CsgD binding site and/or regulation are labeled
with red in the right column. Genes with no known CsgD binding site
and/or regulation are labeled with blue in the right column. CsgD binding
site analysis was performed using the predicted CsgD binding sites
AAAAGNGNNAAAWW ([121]).

Tab. C.2: Condition-driven gene expression showing more than 4-fold induction under
fixing and non-fixing experimental conditions.

Fold change Fold change
csgA OFF csgA ON
fixed fixed

Gene Annotation → →
csgA OFF csgA ON
non-fixed non-fixed

lacI DNA-binding transcriptional repressor LacI 1731.115 2206.449
mtr tryptohan/indole: H+symporter Mtr 152.451 13.197
trpE anthranilate synthase subunit TrpE 130.933 30.096
ycjM putative glucosyltransferase 109.723 10.363
proV glycine betaine ABC transporter ATP binding 84.189 6.09
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subunit ProV
pspC phage shock protein C 66.508 15.45
proW glycine betaine ABC transporter membrane subunit 65.103 6.584

ProW
sbp sulfate/thiosulfate ABC transporter periplasmic 64.784 20.041

binding protein Sbp
pspB phage shock protein B 55.471 24.501
xanP xanthine:H+ symporter XanP 44.675 8.512
yncJ putatuive protein 42.535 13.949
pspD phage shock protein D 41.449 17.92
tqsA quorum signal AI-2 exporter 40.625 11.449
entC isochorismate synthase EntC 37.606 6.579
pspA phage shock protein A 32.914 24.226
ydcP putative peptidase 32.742 17.543
degP serine protease Do 29.02 21.802
purE N5-carboxyaminoimidazole ribonucleotide mutase 28.338 10.875
trpD anthranilate synthase subunit TrpD 26.251 31.171
fepA ferric enterobactin outer membrane transporter 24.362 4.18
glrK sensory histidine kinase GlrK 22.614 7.045
nadA quinolinate synthase 20.957 6.488
purK 5-(carboxyamino)imidazole ribonucleotide synthase 20.955 4.3
rstA RstA transcriptional regulator 20.496 8.585
yebO putative protein 20.257 3.508
lacZ beta-galactosidase 19.754 72.659
ybjX conserved protein 18.141 6.056
fepD ferric enterobactin ABC transporter membrane 17.474 5.2

subunit FebD
chaA Na+/K+:H+ antiporter ChaA 17.18 16.784
betI DNA-binding transcriptional repressor BetI 16.583 6.456
yjcC putative c-di-GMP-specific phosphodiesterase 16.534 3.189
pspE thiosulfate sulfurtransferase PspE 16.032 13.84
yejF putative oligopeptide ABC transporter ATP binding 15.205 7.026

subunit
entD phosphopantetheinyl transferase EntD 14.636 4.502
yqjH ferric reductase, NADPH-dependent 14.575 5.34
ymcE small protein YmcE 14.454 6.936
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cvpA colicin V production protein 14.293 6.257
fieF Zn2+/Fe H+/Cd H+ exporter 13.855 4.313
yobB putative carbon-nitrogen hydrolase 13.778 12.035
arsR ArsR DNA-binding transcriptional repressor 13.683 6.817
dgcZ diguanylate cyclase 13.581 6.08
pspG phage shock protein G 13.36 11.253
fepG ferric enterobactin ABC transporter membrane 13.329 6.103

subunit FepG
guaB IMP dehydrogenase 12.871 4.306
mgrB negative feedback regulator of the PhoQP system 12.765 5.102
ydhJ inner membrane protein YdhJ 12.635 4.952
marR MarR DNA-binding transcriptional repressor 12.614 26.065
purM phosphoribosylformylglycinamide cyclo-ligase 12.425 6.754
nemR DNA-binding transcriptional repressor NemR 12.114 38.499
ydjN cystine/cysteine:cation symporter 11.828 5.972
betB betaine aldehyde dehydrogenase 11.469 7.277
yebE conserved inner membrane protein 11.098 6.463
soxS DNA-binding transcriptional dual regulator SoxS 11.019 5.635
rstB sensory histidine kinase RstB 10.886 5.21
cdaR DNA-binding transcriptional activator CdaR 10.83 11.732
torY trimethylamine N-oxide reductase, c-type 10.317 4.737

cytochrome subunit
marA DNA-binding transcriptional dual regulator MarA 10.294 9.209
proP osmolyte:H+ symporter ProP 9.969 5.137
yfiP putative protein 9.96 8.686
ygaV putative DNA-binding transcriptional regulator 9.657 159.487
essQ Qin prophage; putative S lysis protein 9.626 15.389
cpxP regulator of envelope stress response CpxP 9.213 4.983
prpB 2-methylisocitrate lyase 8.741 19.33
mgtA Mg2+ / Ni2+ transporting P-type ATPase 8.719 5.573
hmp nitric oxide dioxygenase 8.594 8.958
yeeE inner membrane protein YeeE 7.748 4.525
lacY lactose/melibiose:H+ symporter LacY 7.661 16.089
lacA galactoside O-acetyltransferase 7.631 19.681
gfcA putative protein 7.481 9.84
azoR NADH:quinone oxidoreductase, FMN-dependent 7.475 7.18
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emrA EmrAB-TolC multidrug efflux pump - membrane 7.447 4.038
fusion protein

rsmC 16S rRNA m2G1207 methyltransferase 7.436 4.322
thiQ thiamin ABC transporter ATP binding subunit 7.421 5.96
stfQ Qin prophage; putative side tail fibre assembly 7.42 5.111

protein
hscA chaperone for [Fe-S] cluster biosynthesis 7.362 4.01
amiC N-acetylmuramoyl-L-alanine amidase C 7.349 5.616
thiM hydroxyethylthiazole kinase 7.072 7.292
cysD sulfate adenylyltransferase subunit 2 6.94 15.191
hscB co-chaperone for [Fe-S] cluster biosynthesis 6.888 5.419
glpG intramembrane serine protease GlpG 6.869 2.877
purF amidophosphoribosyltransferase 6.793 4.056
ytfE iron-sulfur cluster repair protein YtfE 6.716 5.313
cysW sulfate/thiosulfate ABC transporter inner membrane 6.422 10.516

subunit CysW
yagI CP4-6 prophage; putative DNA-binding 6.015 4.514

transcriptional regulator
purT phosphoribosylglycinamide formyltransferase 2 5.993 5.077
yafQ toxin of the YafQ-DinJ toxin-antitoxin system 5.832 11.293
ygaP inner membrane thiosulfate sulfurtransferase 5.695 10.371
cysN sulfate adenylyltransferase subunit 1 5.629 14.986
cysU sulfate/thiosulfate ABC transporter inner membrane 5.626 8.295

subunit CysU
oppA oligopeptide ABC transporter periplasmic binding 5.541 4.002

protein
purH bifunctional AICAR transformylase/IMP 5.414 5.943

cyclohydrolase
cysC adenylyl-sulfate kinase 5.205 14.921
ykfH putative protein 5.103 14.917
rcnR DNA-binding transcriptional repressor RcnR 4.94 5.058
cysP thiosulfate/sulfate ABC transporter periplasmic 4.666 5.289

binding protein CysP
hokA small toxic membrane polypeptide 4.615 4.58
betA choline dehydrogenase 4.489 10.204
nemA N-ethylmaleimide reductase, FMN-linked 4.409 6.883
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stpA H-NS-like DNA-binding transcriptional repressor 4.382 16.41
with RNA chaperone activity

yciW putative oxidoreductase 4.21 5.602
cysA sulfate/thiosulfate ABC transporter ATP binding 4.199 9.321

subunit
bioA adenosylmethionine-8-amino-7-oxononanoate 4.167 5.379

aminotransferase
frmR regulator protein 4.139 7.44
yfeY putative lipoprotein 4.027 11.957
carA carbamoyl phosphate synthetase subunit alpha 4.014 7.209
trpC fused indole-3-glycerol phosphate 4.009 4

synthase/phosphoribosylanthranilate isomerase

csrA carbon storage regulator; pleiotropic regulatory -4.174 -5.786
protein for carbon source metabolism

yciN putative protein -4.206 -4.953
yccJ putative protein -4.213 -4.312
cysQ 3’(2’),5’-bisphosphate nucleotidase -4.236 -5.441
yaeP putative protein -4.267 -4.251
fliL flagellar protein FliL -4.272 -4.077
yqeH putative LuxR family transriptional regulator -4.292 -6.335
ydhZ fumarase D -4.353 -9.182
pmrR putative bitopic inner membrane protein -4.434 -9.007
mscL mechanosensitive channel MscL -4.442 -5.346
yohK inner membrane protein YohK -4.526 -4.709
yacL conserved protein -4.578 -6.958
deoC deoxyribose-phosphate aldolase -4.651 -4.815
yibT protein of unknown function -4.724 -12.725
fliK flagellar hook-length control protein -4.764 -4.316
mcbR DNA-binding transcriptional dual regulator McbR -4.795 -4.026
fliJ flagellar biosynthesis protein -4.872 -17.155
yodD stress-induced protein -4.881 -9.782
fliE flagellar basal-body protein -4.939 -5.808
yciE DUF892 domain-containing protein YciE -4.974 -4.344
glpQ glycerophosphoryl diester phosphodiesterase -5.046 -4.206
bolA DNA-binding transcriptional dual regulator BolA -5.354 -4.101
ymgD putative protein -5.389 -11.193
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fliH flagellar biosynthesis protein FliH -5.47 -11.685
chbR DNA-binding transcriptional dual regulator ChbR -5.785 -4.64
yqcA putative flavodoxin YqcA -5.798 -4.135
uspB putative universal stress (ethanol tolerance) protein B -6.002 -9.426
rbsC ribose ABC transporter membrane subunit -6.142 -4.32
wbbJ putative acyl transferase -6.214 -4.173
glgC glucose-1-phosphate adenylyltransferase -6.487 -1.361
yecH putative protein -6.5 -23.985
yodC putative protein -7.176 -6.431
yeaQ putative protein -7.238 -6.249
yhhA putative protein -8.23 -4.834
caiF CaiF transcriptional activator -8.54 -8.552
yhfZ putative DNA-binding transcriptional regulator YhfZ -8.61 -4.372
fliN flagellar motor switch protein FliN -9.593 -4.756
sfsA putative DNA-binding transcriptional regulator of -11.209 -7.327

maltose metabolism
osmB osmotically-inducible lipoprotein -11.445 -6.429
cheY chemotaxis regulator transmitting signal to flagellar -11.977 -5.144

motor component
ychH stress-induced protein -12.302 -4.329
fruK 1-phosphofructokinase -12.855 -5.722
fruB fructose-specific PTS multiphosphoryl transfer -13.234 -21.039

protein FruB
yahO putative protein -13.873 -5.669
ldrC small toxic polypeptide LdrC -13.994 -7.941
ldrA small toxic polypeptide LdrA -13.994 -7.941
rpmJ 50S ribosomal subunit protein L36 -14.923 -5.229
bssS regulator of biofilm formation -19.327 -12.216
ybfA DUF2517 domain-containing protein YbfA -21.947 -16.867
dinQ UV inducible membrane toxin DinQ -28.618 -40.863
uhpT hexose-6-phosphate:phosphate antiporter -36.57 -5.542
uof RyhB-regulated fur leader peptide -50.982 -20.695
yrbN putative protein -65.751 -24.905
cydX cytochrome bd-I terminal oxidase - CydX subunit -113.47 -24.866
tisB toxic peptide TisB -260.764 -160.172

Positive values: genes upregulated in cells previously fixed in their
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transcriptional and translational state when compared to non-fixed cells;
Negative values: genes upregulated in non-fixed cells when compared
to cells previously fixed in their transcriptional and translational state.

Tab. C.3: Differential gene expression showing more than 2-fold changes between
sorted W3110 wild type and ∆csgD cells fixed in their transcriptional and
translational state.

Fold change
WT

Gene Annotation →
∆csgD

csgB curlin, minor subunit 616.66
csgA curlin, major subunit 396.525
yjbT uncharacterized protein YjbT 9.323
csgC inhibitor of CsgA amyloid formation 7.057
ibsE toxic peptide IbsE 4.989
yaiC diguanylate cyclase 4.644
ybcK putative recombinase 4.19
thrL thr operon leader peptide 3.836
ybhI putative transport protein divalent anion:Na+ 3.348

symporter (DASS) family
fhuC iron(III) hydroxamate ABC transporter ATP binding 3.04

subunit
putA fused PutA transcriptional repressor / proline 3.036

dehydrogenase / 1-pyrroline-5-carboxylate
dehydrogenase

ilvL ilvXGMEDA operon leader peptide 2.736
cspA DNA-binding transcriptional activator CspA 2.658
yccT putative protein 2.639
lacZ beta-galactosidase 2.591
ygeW predicted carbomoyltrasnferase 2.483
dusB tRNA-dihydrouridine synthase B 2.426
chiQ lipoprotein ChiQ 2.408
iscA iron-sulfur cluster assembly protein 2.374
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lacY lactose/melibiose:H+ symporter LacY 2.368
ygfK putative oxidoreductase, Fe-S subunit 2.354
ivbL ilvBN operon leader peptide 2.354
csgE curli transport specificity factor 2.353
kdpC K+ transporting P-type ATPase subunit KdpC 2.342
kdpB K+ transporting P-type ATPase subunit KdpB 2.331
lacA galactoside O-acetyltransferase 2.33
hyuA phenylhydantoinase 2.315
kdpD sensory histidine kinase KdpD 2.309
rplY 50S ribosomal subunit protein L25 2.309
stfP e14 prophage; predicted protein 2.303
ybfA DUF2517 domain-containing protein YbfA 2.259
yncL small membrane protein 2.243
fhuD iron(III) hydroxamate ABC transporter periplasmic 2.223

binding protein
bssR regulator of biofilm formation 2.221
hscB co-chaperone for [Fe-S] cluster biosynthesis 2.211
ycfJ putative protein 2.152
mokB regulatory peptide whose translation enables hokB 2.136

expression
kdpA K+ transporting P-type ATPase subunit KdpA 2.115
cspB Qin prophage; cold shock protein; putative DNA- 2.095

binding transcriptional regulator
suhB inositol-phosphate phosphatase 2.09
fis DNA-binding transcriptional dual regulator Fis 2.086
mltD membrane-bound lytic murein transglycosylase D 2.065
yqeC uncharacterized protein 2.005

malK maltose ABC transporter ATP binding subunit -2
fecE ferric citrate ABC transporter ATP binding subunit -2.003
ycgZ putative two-component system connector protein -2.009
prpC 2-methylcitrate synthase -2.012
prpD 2-methylcitrate dehydratase -2.033
gabD NADP+-dependent succinate-semialdehyde -2.051

dehydrogenase
gadE DNA-binding transcriptional activator GadE -2.06
ybdZ MbtH-like protein that enhances the catalytic -2.087



233

function of EntF
ydeM putative anaerobic sulfatase maturation enzyme -2.088
cysI sulfite reductase, hemoprotein subunit -2.093
puuA glutamate-putrescine ligase -2.099
cysA sulfate/thiosulfate ABC transporter ATP binding -2.107

subunit
puuE 4-aminobutyrate aminotransferase PuuE -2.163
cysD sulfate adenylyltransferase subunit 2 -2.195
slp starvation lipoprotein -2.214
gabP 4-aminobutyrate:H+ symporter -2.218
ymdA uncharacterized protein -2.234
oxc oxalyl-CoA decarboxylase -2.275
gabT 4-aminobutyrate aminotransferase GabT -2.316
cysH phosphoadenosine phosphosulfate reductase -2.325
hdeD acid-resistance membrane protein -2.348
puuB gamma-glutamylputrescine oxidase -2.362
fecC ferric citrate ABC transporter membrane subunit -2.438

FecC
lhgO L-2-hydroxyglutarate oxidase -2.468
mdtF MdtEF-TolC multidrug efflux pump - permease -2.5

subunit
puuC gamma-glutamyl-gamma-aminobutyraldehyde -2.663

dehydrogenase
yliE putative c-di-GMP-specific phosphodiesterase -2.681
yhiM inner membrane protein with a role in acid resistance -2.702
fecB ferric citrate ABC transporter periplasmic binding -2.751

protein
gadC glutamic acid:4-aminobutyrate antiporter -2.772
gadB glutamate decarboxylase B -2.969
mdtE MdtEF-TolC multidrug efflux pump - membrane -2.989

fusion protein
csiD putative protein -3.029
aaeX aaeX is part of the aaeXAB operon; function of -3.03

AaeX is unknown
insA IS1 protein InsA -3.083
yfdX yfdX expression increases at the onset of stationary -3.168
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phase; expression of yfdX is regulated by EvgA
response regulator

fecA ferric citrate outer membrane transporter -3.349
gadA glutamate decarboxylase A -3.533
pspG phage shock protein G -4.454

Positive values: genes upregulated in W3110 wild type cells previously
fixed in their transcriptional and translational state when compared to ∆csgD cells;
Negative values: genes upregulated in ∆csgD cells when compared
to W3110 wild type cells previously fixed in their transcriptional and translational state.

Tab. C.4: Differential gene expression showing more than 8-fold changes between
sorted CsgA OFF and ∆csgD cells fixed in their transcriptional and trans-
lational state.

Fold change
CsgA OFF

Gene Annotation →
∆csgD

lacI DNA-binding transcriptional repressor LacI 720.082
cspG cold shock protein CspG 329.53
pspC phage shock protein C 249.004
pspB phage shock protein B 229.201
pspD phage shock protein D 182.827
yncJ putative protein 172.141
trpE anthranilate synthase subunit TrpE 170.687
mtr tryptohan/indole:H+ symporter Mtr 168.353
cpxP regulator of envelope stress response CpxP 147.842
pspA phage shock protein A 138.391
yebO putative protein 133.312
soxS DNA-binding transcriptional dual regulator SoxS 101.638
pspG phage shock protein G 99.206
proV glycine betaine ABC transporter ATP binding subunit 90.676

ProV
proW glycine betaine ABC transporter membrane subunit 82.347

ProW
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ycjM putative glucosyltransferase 77.818
yjcB putative protein 72.953
tqsA quorum signal AI-2 exporter 69.286
cspF Qin prophage; cold shock protein 64.979
mgrB negative feedback regulator of the PhoQP system 62.471
cspB Qin prophage; cold shock protein; putative DNA- 58.846

binding transcriptional regulator
yebE conserved inner membrane protein 56.011
chaA Na+/K+:H+ antiporter ChaA 53.904
sbp sulfate/thiosulfate ABC transporter periplasmic 51.906

binding protein Sbp
mdtJ multidrug/spermidine efflux pump - membrane 50.715

subunit MdtJ
yejG putative protein 50.444
carA carbamoyl phosphate synthetase subunit alpha 47.677
mdtI multidrug/spermidine efflux pump - membrane 46.778

subunit MdtI
fepA ferric enterobactin outer membrane transporter 44.629
cbl DNA-binding transcriptional activator Cbl; regulates 42.066

genes required for aliphatic sulfonate utilization and
homeostatic response to sulfate starvation

cspA DNA-binding transcriptional activator CspA 41.163
dgcZ diguanylate cyclase DgcZ 41.05
lpxP palmitoleoyl acyltransferase 39.266
fau putative 5-formyltetrahydrofolate cyclo-ligase 38.861
pspE thiosulfate sulfurtransferase PspE 38
fecI sigma 19 37.36
opgE phosphoethanolamine transferase 37.127
fecR regulator for fec operone 36.016
ykfI CP4-6 prophage; toxin of the YkfI-YafW toxin- 35.532

antitoxin system
entD phosphopantetheinyl transferase EntD 35.227
alx putative membrane-bound redox modulator 34.888
degP serine protease 34.304
csgD DNA-binding transcriptional dual regulator CsgD 33.651
glrK sensory histidine kinase GlrK 33.199
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ybjG undecaprenyl pyrophosphate phosphatase 32.871
suhB inositol-phosphate phosphatase 32.75
pinQ Qin prophage; putative site-specific recombinase 31.593
gfcA putative protein 31.583
maa maltose O-acetyltransferase 31.053
pdhR DNA-binding transcriptional dual regulator PdhR 30.823
trpD anthranilate synthase subunit TrpD 29.056
cspI Qin prophage; cold shock protein 28.974
nadB L-aspartate oxidase 28.896
yjjZ putative protein 28.891
bglJ BglJ DNA-binding transcriptional regulator 27.415
bhsA outer membrane protein involved in copper 26.469

permeability. stress resistance and biofilm formation
yhbV putative peptidase YhbV 26.33
yejF putative oligopeptide ABC transporter ATP binding 25.495

subunit
marR MarR DNA-binding transcriptional repressor 25.261
yneM small membrane protein 24.972
dusB tRNA-dihydrouridine synthase B 24.948
ydcP putative peptidase 24.851
rrrQ Qin prophage; putative lysozyme 24.849
yccM putative 4Fe-4S membrane protein 23.87
ycfJ putative protein 23.725
fieF Zn2+/Fe2+/Cd2+ exporter 23.611
yhbE inner membrane protein YhbE 23.197
holE DNA polymerase III subunit theta 23.184
yebZ putative inner membrane protein 23.109
mntP manganese export protein 22.906
ydhP putative transport protein - major facilitator 22.716

superfamily
yafW antitoxin of the YkfI-YafW toxin-antitoxin pair 22.458
ykfH putative protein; downstream from yafY in the 22.393

same operon
mntH Mn2+/Fe2+: H+ symporter MntH 22.27
entS enterobactin exporter EntS 22.237
rhlE ATP-dependent RNA helicase RhlE 21.748
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rstA RstA transcriptional regulator 21.743
ybjX conserved protein 21.269
rlmA 23S rRNA m1G745 methyltransferase 21.187
bglF beta-glucoside specific PTS enzyme II / BglG kinase 21.103

/ BglG phosphatase
ykfG putative protein; downstream from yafY in the 20.912

same operon
mtgA biosynthetic peptidoglycan transglycosylase 19.722
betI DNA-binding transcriptional repressor BetI 19.671
mlaF intermembrane phospholipid transport system - ATP 19.423

binding subunit MlaF
iscR DNA-binding transcriptional dual regulator IscR 18.941
cho endonuclease of nucleotide excision repair 18.823
yoeB toxin of the YoeB-YefM toxin-antitoxin pair 18.782
yobB putative carbon-nitrogen hydrolase family protein 18.551
tsgA putative transport protein TsgA in major facilitator 18.18

superfamily
entC isochorismate synthase EntC 18.046
cirA ferric dihyroxybenzoylserine outer membrane 17.887

transporter
fepD ferric enterobactin ABC transporter membrane 17.787

subunit FebD
rimP ribosome maturation factor RimP 17.546
lrhA DNA-binding transcriptional dual regulator LrhA 17.495
tfaQ Qin prophage; putative tail fiber assembly protein 17.416
eutB ethanolamine ammonia-lyase subunit alpha 17.094
ylaC putative inner membrane protein 16.902
gnsA putative phosphatidylethanolamine synthesis 16.864

regulator GnsA
ypeC putative protein 16.741
htpX zinc dependent endoprotease 16.701
lysA diaminopimelate decarboxylase 16.472
rpoH RNA polymerase. sigma 32 (sigma H) factor 16.458
tomB protein that modulates Hha toxicity 16.32
fis DNA-binding transcriptional dual regulator Fis 15.938
insA IS1 protein InsA 15.291
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ydjN cystine/cysteine:cation symporter 15.189
mlaE intermembrane phospholipid transport system - 15.05

integral membrane subunit MlaE
hha haemolysin expression modulating protein 14.98
yeeY putative DNA-binding transcriptional regulator 14.891
fepB ferric enterobactin ABC transporter periplasmic 14.794

binding protein
obgE GTPase involved in chromosome partitioning and 14.73

ribosome assembly
hscB co-chaperone for [Fe-S] cluster biosynthesis 14.458
arsR ArsR DNA-binding transcriptional repressor 14.392
ycjN putative ABC transporter periplasmic binding protein 14.386
yneG putative peptidase 14.181
exbB TonB energy transducing system - ExbB subunit 14.173
yfiP putative peptidase 14.161
marA DNA-binding transcriptional dual regulator MarA 14.038
yfgH putative lipoprotein 13.954
bioA adenosylmethionine-8-amino-7-oxononanoate 13.743

aminotransferase
nadA quinolinate synthase 13.587
tadA tRNA-specific adenosine deaminase 13.349
exbD tonB energy transducing system - ExbD subunit 13.058
intD DLP12 prophage; putative integrase 13.04
ydfU Qin prophage; putative protein 12.941
gspM Type II secretion system protein GspM 12.794
ygcN putative oxidoreductase with FAD/NAD(P)-binding 12.759

domain
yfhL putative 4Fe-4S cluster-containing protein 12.557
yadS conserved inner membrane protein 12.443
yhhQ conserved inner membrane protein 12.309
ygaV putative DNA-binding transcriptional regulator 12.18
xanP xanthine:H+ symporter XanP 11.908
yefM YefM antitoxin of the YoeB-YefM toxin-antitoxin 11.788

pair and DNA binding transcriptional repressor
yobA conserved protein 11.735
yebY DUF2511 domain-containing protein YebY 11.638
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yeeE inner membrane protein YeeE 11.632
tyrP tyrosine:H+ symporter TyrP 11.534
cysU sulfate/thiosulfate ABC transporter inner membrane 11.475

subunit CysU
cdh CDP-diacylglycerol diphosphatase 11.325
amiC N-acetylmuramoyl-L-alanine amidase C 11.243
nusA transcription termination/antitermination protein 11.228

NusA
basS sensory histidine kinase BasS - phosphorylated 11.194
yfhR putative peptidase 11.157
cdaR DNA-binding transcriptional activator CdaR 11.129
aer aerotaxis sensor receptor, flavoprotein 10.977
mepM murein DD-endopeptidase MepM 10.956
psiE putative phosphate starvation-inducible protein 10.802
glpE thiosulfate sulfurtransferase GlpE 10.709
lgoT galactonate:H+ symporter 10.698
phoE outer membrane porin E 10.686
cysW sulfate/thiosulfate ABC transporter inner membrane 10.66

subunit CysW
yfiM putative protein 10.601
nemR DNA-binding transcriptional repressor NemR 10.599
hscA chaperone for [Fe-S] cluster biosynthesis 10.497
yiiX putative lipid binding hydrolase 10.459
yhbU putative peptidase YhbU 10.437
stpA H-NS-like DNA-binding transcriptional repressor 10.392

with RNA chaperone activity
yebQ putative transport protein, major facilitator 10.385

superfamily
carB carbamoyl phosphate synthetase subunit beta 10.305
mltD membrane-bound lytic murein transglycosylase D 10.303
fepG ferric enterobactin ABC transporter membrane 10.181

subunit FepG
srkA stress response kinase A 10.18
sgcQ KpLE2 phage-like element; putative nucleoside 10.131

triphosphatase
ykfF putative protein; downstream from yafY in the 10.053
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same operon
iscS cysteine desulfurase 10.05
torY trimethylamine N-oxide reductase, c-type cytochrome 10.028

subunit
yhhX putative oxidoreductase with NAD(P)-binding 10.025

Rossmann-fold domain
thiQ thiamin ABC transporter ATP binding subunit 9.998
znuB Zn2+ ABC transporter membrane subunit 9.978
betT choline:H+ symporter 9.906
yfhG putative lipoprotein QseG 9.906
motA MotA protein, proton conductor component of motor 9.822

no effect on switching
rcnA Ni2+/Co2+ exporter 9.816
tatD 3’ → 5’ ssDNA/RNA exonuclease TatD 9.8
aroL shikimate kinase 2 9.735
yliF putative diguanylate cyclase DgcI 9.729
ydhJ inner membrane protein YdhJ 9.695
rstB sensory histidine kinase RstB 9.674
rplY 50S ribosomal subunit protein L25 9.56
deoR DNA-binding transcriptional repressor DeoR 9.531
mltF membrane-bound lytic murein transglycosylase F 9.487
yrbL putative protein 9.342
ybcF putative carbamate kinase 9.335
iscA iron-sulfur cluster assembly protein 9.301
nsrR NsrR DNA-binding transcriptional repressor 9.297
rlmH 23S rRNA m3psi1915 methyltransferase 9.264
yfeO putative transport protein 9.254
yafK YafK is required for development of biofilms and for 9.239

wild type transcription of genes for type II aggregative
adherence fimbriae components

yqjH ferric reductase, NADPH-dependent 9.177
rlmE 23S rRNA 2’-O-ribose U2552 methyltransferase 9.071
gspO Type II secretion system prepilin peptidase 9.066
cvpA colicin V production protein 9.064
yfiR DUF4154 domain-containing protein YfiR 9.043
ybjL inner membrane protein YbjL 9.033
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yafQ toxin of the YafQ-DinJ toxin-antitoxin system 9.016
csgC inhibitor of CsgA amyloid formation 9.006
aroH 3-deoxy-7-phosphoheptulonate synthase,Trp- 8.992

sensitive
yeeD putative sulfurtransferase YeeD 8.969
yjcC putative c-di-GMP-specific phosphodiesterase 8.936
trmJ tRNA Cm32/Um32 methyltransferase 8.895
miaA tRNA(i6A37) synthase 8.857
thiM hydroxyethylthiazole kinase 8.827
yfiE putative DNA-binding transcriptional regulator 8.739

LYSR-type
slyB outer membrane lipoprotein 8.731
mlaD intermembrane phospholipid transport system - 8.714

substrate binding protein MlaD
lpxM myristoyl-acyl carrier protein-dependent 8.58

acyltransferase
yifB putative ATP-dependent protease 8.567
proP osmolyte:H+ symporter ProP 8.546
mntS small protein MntS 8.519
pheP phenylalanine:H+ symporter PheP 8.465
ydhI putative protein 8.455
mgtA Mg2+ / Ni2+ transporting P-type ATPase 8.362
yeiH conserved inner membrane protein 8.341
rhsC RhsC protein in rhs element 8.316
arfA alternative ribosome-rescue factor A 8.309
fhuE ferric coprogen/ferric rhodotorulic acid outer 8.268

membrane transporter
motB MotB protein, enables flagellar motor rotation, 8.244

linking torque machinery to cell wall
fhuF hydroxamate siderophore iron reductase 8.207
yadE putative polysaccharide deacetylase lipoprotein 8.162
emrA EmrAB-TolC multidrug efflux pump - membrane 8.041

fusion protein
yqjI DNA-binding transcriptional repressor YqjI 8.012

yjhB putative transport protein, major facilitator s erfamily -8.087
yghU disulfide reductase / organic hydroperoxide reductase -8.087
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fliI flagellum-specific ATP synthase FliI -8.093
malT DNA-binding transcriptional activator MalT -8.123
potF putrescine ABC transporter periplasmic binding -8.13

protein
ddpB putative D,D-dipeptide ABC transporter membrane -8.133

subunit DdpB
ycgB putative protein -8.153
yehE putative protein -8.174
nanA N-acetylneuraminate lyase -8.214
gatY tagatose-1,6-bisphosphate aldolase 2 subunit GatY -8.217
udp uridine phosphorylase -8.226
nuoA NADH:quinone oxidoreductase subunit A -8.236
talA transaldolase A -8.261
gadW DNA-binding transcriptional dual regulator GadW -8.266
cheZ chemotaxis protein CheZ -8.267
tdh threonine dehydrogenase -8.273
yciG putative protein -8.274
adhE aldehyde-alcohol dehydrogenase -8.28
yeaG protein kinase -8.302
ompW outer membrane protein W -8.306
glgA glycogen synthase -8.318
fdoI formate dehydrogenase O subunit gamma -8.371
yeaQ putative protein -8.431
gatZ tagatose-1,6-bisphosphate aldolase 2 subunit GatZ -8.434
yccJ putative protein -8.44
artQ L-arginine ABC transporter membrane subunit ArtQ -8.456
yqjD inner membrane protein associated with the ribosome -8.461
bcsG putative inner membrane protein -8.465
dps stationary phase nucleoid protein that sequesters iron -8.476

and protects DNA from damage
lpp murein lipoprotein -8.552
flgI flagellar P-ring protein -8.607
ydiZ putative protein -8.618
gapA glyceraldehyde-3-phosphate dehydrogenase A -8.654
pgi glucose-6-phosphate isomerase -8.698
metE cobalamin-independent homocysteine transmethylase -8.735
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mdh malate dehydrogenase -8.736
lsrR LsrR DNA-binding transcriptional repressor -8.8
dosC diguanylate cyclase DosC -8.82
adhP ethanol dehydrogenase / alcohol dehydrogenase -8.893
frdD fumarate reductase membrane protein -8.953
fliH flagellar biosynthesis protein FliH -8.957
nrdB ribonucleoside-diphosphate reductase 1 subunit beta -8.971
mcbR DNA-binding transcriptional dual regulator McbR -9.021
mdtF MdtEF-TolC multidrug efflux pump - permease -9.028

subunit
srlB sorbitol-specific PTS enzyme IIA component -9.038
yjhC KpLE2 phage-like element; putative oxidoreductase -9.044
malF maltose ABC transporter membrane subunit MalF -9.046
ydcT putative transport protein ABC family -9.084
glf UDP-galactopyranose mutase -9.097
ygaU K+ binding protein -9.122
nuoL NADH:quinone oxidoreductase subunit L -9.155
tam trans-aconitate 2-methyltransferase -9.179
aceK isocitrate dehydrogenase kinase/phosphatase -9.201
flgD flagellar biosynthesis, initiation of hook assembly -9.211
ydcU putative transport protein ABC family -9.277
deoD purine nucleoside phosphorylase -9.284
dosP c-di-GMP phosphodiesterase, heme-regulated -9.296
uhpT hexose-6-phosphate:phosphate antiporter -9.324
yhiM inner membrane protein with a role in acid resistance -9.353
yphA putative inner membrane protein -9.372
menB 1.4-dihydroxy-2-naphthoyl-CoA synthase -9.383
yciF putative protein; Sigma S-regulon -9.496
yhaH putative inner membrane protein -9.536
manY mannose-specific PTS enzyme IIC component -9.542
sucB dihydrolipoyltranssuccinylase -9.555
gtrS CPS-53 (KpLE1) prophage; serotype specific -9.604

glucosyl transferase
malP maltodextrin phosphorylase -9.619
ygdI putative lipoprotein -9.655
dhaL dihydroxyacetone kinase subunit L -9.673
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grxB reduced glutaredoxin 2 -9.728
dhaK dihydroxyacetone kinase subunit K -9.763
fliK flagellar hook-length control protein -9.765
fliG flagellar motor switch protein FliG -9.838
csgE curli transport specificity factor -9.924
flgF flagellar basal-body rod protein FlgF -9.926
flgC flagellar basal-body rod protein FlgC -9.942
sra 30S ribosomal subunit protein S22 -9.952
tktB transketolase II -9.957
flgA flagellar biosynthesis; assembly of basal-body -9.99

periplasmic P ring
ybgA putative protein -9.993
gatA galactitol-specific PTS enzyme IIA component -10.01
prpE propionyl-CoA synthetase -10.019
ldhA D-lactate dehydrogenase - fermentative -10.085
manX mannose-specific PTS enzyme IIAB component -10.194
actP acetate/glycolate:cation symporter -10.206
yodC putative protein -10.232
astD aldehyde dehydrogenase -10.235
cheY chemotaxis regulator transmitting signal to flagellar -10.32

motor component
glgC glucose-1-phosphate adenylyltransferase -10.343
gatD galactitol-1-phosphate 5-dehydrogenase -10.42
psiF putative protein -10.444
nuoC NADH:quinone oxidoreductase subunit CD -10.5
aceA isocitrate lyase -10.585
hchA protein deglycase 1 -10.591
ygiW stress-induced protein -10.638
sucA subunit of E1(0) component of 2-oxoglutarate -10.651

dehydrogenase
astB N-succinylarginine dihydrolase -10.685
murE UDP-N-acetylmuramoyl-L-alanyl-D-glutamate–2.6- -10.686

diaminopimelate ligase
agp glucose-1-phosphatase -10.869
artI periplasmic binding protein ArtI -10.93
yegS lipid kinase -10.95
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yagF CP4-6 prophage; D-xylonate dehydratase -11.003
sucC succinyl-CoA synthetase subunit beta -11.027
frdC fumarate reductase membrane protein -11.04
yegP putative protein -11.243
fliN flagellar motor switch protein FliN -11.25
mdtE MdtEF-TolC multidrug efflux pump - membrane -11.332

fusion protein
flgE flagellar hook protein FlgE -11.458
yciE DUF892 domain-containing protein YciE -11.532
nuoH NADH:quinone oxidoreductase subunit H -11.593
csgF curli assembly component -11.601
tpiA triose-phosphate isomerase -11.623
treA periplasmic trehalase -11.643
patA putrescine aminotransferase -11.666
flgG flagellar basal-body rod protein FlgG -11.692
yagE CP4-6 prophage; putative 2-keto-3-deoxygluconate -11.781

aldolase
hdhA 7-alpha-hydroxysteroid dehydrogenase -11.796
ugpC glycerol-3-phosphate ABC transporter ATP binding -11.838

subunit
osmE osmotically-inducible putative lipoprotein OsmE -11.899
mtlA mannitol-specific PTS enzyme IICBA component -11.907
yahK aldehyde reductase, NADPH-dependent -11.964
ugpA glycerol-3-phosphate ABC transporter membrane -12.04

subunit UgpA
yjcH conserved inner membrane protein -12.095
sodA superoxide dismutase (Mn) -12.125
aldA aldehyde dehydrogenase A -12.139
astE succinylglutamate desuccinylase -12.257
nuoB NADH:quinone oxidoreductase subunit B -12.266
glgS surface composition regulator -12.27
elaB conserved protein -12.328
kdpA K+ transporting P-type ATPase subunit KdpA -12.337
ompC outer membrane protein C -12.501
nrdA ribonucleoside-diphosphate reductase 1 subunit alpha -12.602
mglB D-galactose/D-galactoside ABC transporter -12.653
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periplasmic binding protein
dkgA methylglyoxal reductase DkgA -12.663
glpK glycerol kinase -12.803
ddpA putative D.D-dipeptide ABC transporter periplasmic -12.959

binding protein
nuoK NADH:quinone oxidoreductase subunit K -12.984
glsA glutaminase 1 -12.994
ytfQ galactofuranose ABC transporter periplasmic binding -13.107

protein
fliF flagellar basal-body MS-ring and collar protein -13.168
nuoJ NADH:quinone oxidoreductase subunit J -13.227
acuI acrylyl-CoA reductase -13.412
yfjW CP4-57 prophage; putative inner membrane protein -13.709
ytjA putative protein -13.817
nuoG NADH:quinone oxidoreductase subunit G -13.855
nuoM NADH:quinone oxidoreductase subunit M -13.876
ugpB glycerol-3-phosphate ABC transporter periplasmic -14.114

binding protein
tnaB tryptophan:H+ symporter TnaB -14.173
fbaA fructose-bisphosphate aldolase class II -14.177
katE catalase II -14.577
ytfJ putative protein -14.625
osmY periplasmic chaperone, osmotically induced -14.647
ydcS putative periplasmic binding protein ABC family / -14.85

polyhydroxybutyrate synthase
tnaA tryptophanase -15.25
xylF xylose ABC transporter periplasmic binding protein -15.266
yjdJ putative N -acetyltransferase -15.969
Y bjP putative lipoprotein -16.079
NuoF NADH:quinone oxidoreductase subunit F -16.365
RbsB ribose ABC transporter periplasmic binding protein -16.423
fbaB fructose-bisphosphate aldolase class I -16.485
yjdI putative protein -16.492
rclA putative oxidoreductase with FAD/NAD(P)-binding -16.557

domain and dimerization domain; hypochlorite stress
response
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gabP 4-aminobutyrate:H+ symporter -16.645
gabD NADP+-dependent succinate-semialdehyde -16.975

dehydrogenase
narZ nitrate reductase Z subunit alpha -17.703
nuoI NADH:quinone oxidoreductase subunit I -17.992
gatB galactitol-specific PTS enzyme IIB component -18.094
malK maltose ABC transporter ATP binding subunit -18.155
lhgO L-2-hydroxyglutarate oxidase -18.617
slp starvation lipoprotein -18.691
osmC osmotically inducible peroxiredoxin -18.737
dctR putative DNA-binding transcriptional regulator -18.925
wrbA NAD(P)H:quinone oxidoreductase -19.02
narV nitrate reductase Z subunit gamma -19.903
nuoE NADH:quinone oxidoreductase subunit E -19.957
narY nitrate reductase Z subunit beta -20.007
gadC glutamic acid:4-aminobutyrate antiporter -20.562
csiD putative protein -20.757
lsrB Autoinducer-2 ABC transporter periplasmic binding -20.864

protein
uspF nucleotide binding filament protein -21.002
ggt gamma-glutamyltranspeptidase -21.12
aldB aldehyde dehydrogenase B -21.892
lsrF 3-hydroxy-2,4-pentadione 5-phosphate thiolase -22.954
ugpE glycerol-3-phosphate ABC transporter membrane -23.402

subunit UgpB
gabT 4-aminobutyrate aminotransferase GabT -24.031
gadB glutamate decarboxylase B -25.632
gcvP glycine decarboxylase -26.995
lsrG (4S)-4-hydroxy-5-phosphonooxypentane-2.3-dione -27.499

isomerase
gcvT aminomethyltransferase -29.101
lamB maltose outer membrane porin / phage lambda -30.146

receptor protein
hdeD acid-resistance membrane protein -31.786
ydcV putative transport protein ABC family -33.53
yahO putative protein -33.544
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gadE DNA-binding transcriptional activator GadE -33.842
narW NarW, putative private chaperone for NarZ nitrate -33.847

reductase subunit
ycaC putative hydrolase -36.22
gadA glutamate decarboxylase A -38.009
malE maltose ABC transporter periplasmic binding protein -39.758
patD gamma-aminobutyraldehyde dehydrogenase -41.866
hdeA HdeA monomer, chaperone active form -45.6
hdeB HdeB monomer -47.047
yhiD inner membrane protein YhiD -49.149
gcvH glycine cleavage system H protein -52.457

Positive values: genes upregulated in curli non-expressing csgA OFF cells
previously fixed in their transcriptional and translational state when
compared to ∆csgD cells;
Negative values: genes upregulated in ∆csgD cells when
compared to curli non-expressing csgA OFF cells previously fixed
in their transcriptional and translational state.

Tab. C.5: Differential gene expression showing more than 2-fold changes between E.
coli ∆yegE and ∆yhjH cells.

Fold change
∆yhjH

Gene Annotation →
∆yegE

yegE major E. coli diguanylate cyclase DgcE 141.597
flu CP4-44 prophage; self recognizing antigen 43 33.216

(Ag43) autotransporter
csgA curlin. major subunit 20.032
yeeX conserved protein 18.722
csgB curlin. minor subunit 16.033
gnd 6-phosphogluconate dehydrogenase. decarboxylating 15.466
sbmC DNA gyrase inhibitor 15.193
wzzB regulator of length of O-antigen component of 15.047

lipopolysaccharide chains
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yeeZ putative epimerase YeeZ 14.761
yoeB toxin of the YoeB-YefM toxin-antitoxin pair 13.901
csgC inhibitor of CsgA amyloid formation 11.995
yefM YefM antitoxin of the YoeB-YefM toxin-antitoxin 11.424

pair and DNA binding transcriptional repressor
yeeY putative DNA-binding transcriptional regulator 9.288
yeeR CP4-44 prophage; putative membrane protein 8.323
hisI putative bifunctional phosphoribosyl-AMP 7.049

cyclohydrolase/phosphoribosyl-ATP
pyrophosphatase

yeeS putative protein 6.965
yeeA inner membrane protein YeeA 6.664
hisA 1-(5-phosphoribosyl)-5-[(5- 6.383

phosphoribosylamino)methylideneamino]imidazole-
4-carboxamide isomerase

hisH imidazole glycerol phosphate synthase subunit HisH 6.251
plaP putrescine:H+ symporter PlaP 6.195
csgG curli secretion channel 6.189
csgF curli assembly component 6.086
csgE curli transport specificity factor 6.085
csgD DNA-binding transcriptional dual regulator CsgD 5.639
hisG ATP phosphoribosyltransferase 5.427
sbcB exonuclease I, 3’ → 5’ specific; 5.401

deoxyribophosphodiesterase
hisC histidinol-phosphate aminotransferase 5.178
hisF imidazole glycerol phosphate synthase subunit HisF 5.08
yjbT putative protein 5.028
hisD histidinal/histidinol dehydrogenase 4.926
ykgM putative ribosomal protein 4.656
hisB imidazoleglycerol-phosphate dehydratase / histidinol- 4.624

phosphatase
yeeT putative protein 4.609
ugd UDP-glucose 6-dehydrogenase 4.363
cbeA CP4-44 prophage; antitoxin of the CbtA-CbeA toxin- 4.072

antitoxin system
dacD DD-carboxypeptidase, penicillin-binding protein 6b 3.751
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cbtA CP4-44 prophage; toxin of the CbtA-CbeA toxin- 3.652
antitoxin system

yaiC diguanylate cyclase DgcC 3.156
ybcK putative recombinase 3.122
ybfA DUF2517 domain-containing protein YbfA 3.059
yeeD putative sulfurtransferase YeeD 3.013
nrdD anaerobic ribonucleoside-triphosphate reductase 2.919
yoaK small membrane protein 2.877
yhdV putative lipoprotein 2.838
cadA lysine decarboxylase 1 2.586
dinQ UV inducible membrane toxin DinQ 2.574
fhuA ferrichrome outer membrane transporter 2.508
ygeY putative peptidase 2.362
cydX cytochrome bd-I terminal oxidase - CydX subunit 2.352
thrL thr operon leader peptide 2.247
essD DLP12 prophage; putative phage lysis protein 2.242
fhuC iron(III) hydroxamate ABC transporter ATP binding 2.241

subunit
hyaE protein involved in quality control of HyaA 2.231
shoB toxic peptide ShoB 2.208
rhaM L-rhamnose mutarotase 2.185
ybhG putative membrane fusion protein 2.171
thiS sulfur carrier protein ThiS 2.145
yhbU putative peptidase YhbU 2.14
prpD 2-methylcitrate dehydratase 2.139
yccT putative protein 2.136
cadB lysine:cadaverine antiporter 2.132
prpC 2-methylcitrate synthase 2.127
yiiF putative protein 2.118
ybiH DNA-binding transcriptional dual regulator CecR 2.108
appY DNA-binding transcriptional activator AppY 2.092
hyaD protein involved in processing of HyaA and HyaB 2.09

proteins
yibI putative inner membrane protein 2.078
prpB 2-methylisocitrate lyase 2.057
hyaC hydrogenase 1 b-type cytochrome subunit 2.037
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bssS regulator of biofilm formation 2.035
xdhD fused putative xanthine/hypoxanthine oxidase: 2.027

molybdopterin-binding subunit and Fe-S binding
subunit

ydiT putative 4Fe-4S ferredoxin-type protein 2.025
hyaB hydrogenase 1 subunit HyaB 2.003

nac DNA-binding transcriptional dual regulator Nac -2.006
malK maltose ABC transporter ATP binding subunit -2.011
frwB putative PTS enzyme IIB component FrwB -2.013
paaF putative 2,3-dehydroadipyl-CoA hydratase -2.013
cysK O-acetylserine sulfhydrylase A -2.022
cysD sulfate adenylyltransferase subunit 2 -2.051
entA 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase -2.08
lsrG (4S)-4-hydroxy-5-phosphonooxypentane-2,3-dione -2.08

isomerase
glcA glycolate/lactate:H+ symporter -2.081
putA fused PutA transcriptional repressor / proline -2.089

dehydrogenase / 1-pyrroline-5-carboxylate
dehydrogenase

entB holo EntB. enterobactin synthase component B -2.105
cysU sulfate/thiosulfate ABC transporter inner membrane -2.129

subunit CysU
lsrC Autoinducer-2 ABC transporter membrane subunit -2.136

LsrC
lsrF 3-hydroxy-2,4-pentadione 5-phosphate thiolase -2.144
malF maltose ABC transporter membrane subunit MalF -2.154
ykgR small membrane protein -2.157
fliR flagellar biosynthesis protein FliR -2.17
cbl DNA-binding transcriptional activator -2.197
lsrB Autoinducer-2 ABC transporter periplasmic binding -2.2

protein
entH proofreading thioesterase in enterobactin -2.211

biosynthesis
lsrD Autoinducer-2 ABC transporter membrane subunit -2.214

LsrD
flxA Qin prophage; putative protein -2.258
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argI ornithine carbamoyltransferase ArgI -2.276
cobT nicotinate-nucleotide-dimethylbenzimidazole -2.28

phosphoribosyltransferase
pyrI aspartate carbamoyltransferase, PyrI subunit -2.324
argC N-acetylglutamylphosphate reductase -2.343
zntA Pb2+/Cd2+/Zn2+ exporting P-type ATPase -2.363
lamB maltose outer membrane porin / phage lambda -2.386

receptor protein
sra 30S ribosomal subunit protein S22 -2.4
cobS cobalamin 5’-phosphate synthase -2.418
cysJ sulfite reductase. flavoprotein subunit -2.485
cheY chemotaxis regulator transmitting signal to flagellar -2.509

motor component
pyrB aspartate carbamoyltransferase catalytic subunit -2.518
cysP thiosulfate/sulfate ABC transporter periplasmic -2.524

binding protein CysP
ycgR molecular brake that regulates flagellar motility in -2.524

response to c-di-GMP
putP proline:Na+ symporter -2.553
yjcZ putative protein -2.577
malE maltose ABC transporter periplasmic binding protein -2.593
cheZ chemotaxis protein CheZ -2.625
artJ L-arginine ABC transporter periplasmic binding -2.662

protein
cheB chemotaxis response regulator protein-glutamate -2.662

methylesterase
trg methyl-accepting chemotaxis protein Trg -2.667
cheR chemotaxis protein methyltransferase -2.793
carB carbamoyl phosphate synthetase subunit beta -2.985
cheA chemotaxis protein CheA, chemotaxis protein -2.99

CheA(S)
motB MotB protein, enables flagellar motor rotation, -2.991

linking torque machinery to cell wall
carA carbamoyl phosphate synthetase subunit alpha -2.997
fliD flagellar cap protein FliD; filament capping protein; -3.058

enables filament assembly
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ymfR putative protein -3.069
cheW chemotaxis signaling complex coupling factor CheW -3.135
tap methyl-accepting chemotaxis protein Tap -3.237
motA MotA protein, proton conductor component of motor -3.298

no effect on switching
flgL flagellar hook-filament junction protein 2 -3.313
fliT flagellar biosynthesis protein FliT -3.321
tar methyl-accepting chemotaxis protein Tar -3.327
flgK flagellar biosynthesis, hook-filament junction protein 1 -3.399
ompF outer membrane porin F -3.41
ompA outer membrane porin A -3.415
flhB flagellar biosynthesis protein FlhB -3.539
flgN flagellar biosynthesis protein FlgN -3.557
flgM anti-sigma factor for FliA (sigma28) -3.666
fliC flagellar filament structural protein -3.81
fliS flagellar biosynthesis protein FliS -3.837
flhE flagellar protein -3.924
fliP flagellar biosynthesis protein FliP -4.017
flhA flagellar biosynthesis protein FlhA -4.17
flgJ putative peptidoglycan hydrolase FlgJ -4.358
fliQ flagellar biosynthesis protein FliQ -4.439
fliM flagellar motor switch protein FliM -4.742
fliZ DNA-binding transcriptional regulator FliZ -4.853
flgE flagellar hook protein FlgE -5.01
flgI flagellar P-ring protein -5.038
flgH flagellar L-ring protein FlgH; basal-body outer- -5.041

membrane L (lipopolysaccharide layer) ring protein
fliA RNA polymerase, sigma 28 (sigma F) factor -5.146
flgF flagellar basal-body rod protein FlgF -5.218
flgA flagellar biosynthesis; assembly of basal-body -5.226

periplasmic P ring
fliO flagellar biosynthesis protein FliO -5.298
flgD flagellar biosynthesis, initiation of hook assembly -5.309
flgG flagellar basal-body rod protein FlgG -5.416
fliE flagellar basal-body protein FliE -5.548
fliN flagellar motor switch protein FliN -5.605
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flgC flagellar basal-body rod protein FlgC -5.767
flgB flagellar basal-body rod protein FlgB -5.769
fliL flagellar protein FliL -6.804
yecR putative protein -7.349
fliK flagellar hook-length control protein -8.533
fliH flagellar biosynthesis protein FliH -10.315
fliG flagellar motor switch protein FliG -11.188
fliI flagellum-specific ATP synthase FliI -11.675
fliJ flagellar biosynthesis protein FliJ -11.914
fliF flagellar basal-body -13.067

MS(membrane and supramembrane)-ring and collar
protein

yhjH major E. coli c-di-GMP phosphodiesterase PdeH -128.418

Positive values: genes upregulated in ∆yhjH cells lacking
phosphodiesterase PdeH when compared to ∆yegE cells
lacking diguanylate cyclase DgcE;
Negative values: genes upregulated in ∆yegE cells lacking
diguanylate cyclase DgcE when compared to ∆yegE cells
lacking diguanylate cyclase DgcE.
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Fig. C.2: Mean of curli expression when grown in the presence of IPTG
during hysteresis experiment.
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Tab. D.1: List of chemicals and consumables.
Name Company

1 Kb Plus DNA Ladder Invitrogen
Agar bacteriology Applichem
Agarose electrophoresis grade Invitrogen
Ammoniumpersulfate Roth
Ampicillin sodium salt Roth
Ammonium sulfate Applichem
Bacto tryptone BD
Bacto yeast extract BD
Calciumchloride Roth
Caseinhydrolysate (Casamino acids) Roth
Chloramphenicol Roth
Crystal violet Merck
di-Potassium hydrophosphate Roth
dNTPs Invitrogen
EDTA (Ethylendiaminetetraacetic acid) Roth
Ethanol Applichem
Glycerol Roth
IPTG (Isopropyl-β-D-thiogalactopyranoside) Roth
Kanamycin sulphate Sigma-Aldrich
K2HPO4 Roth
KH2 PO4 Roth
Lactic acid Sigma-Aldrich
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L-arabinose Sigma-Aldrich
Magnesium chloride Merck
MgSO4 x 7 H2O Sigma-Aldrich
Microscopy slides 76x26 mm Thermo Scientific
Midori Green Advanced strain Nippon Genetics Europe GmbH & Biozym
Methanol J.T. Baker
Na-Salicylate Sigma-Aldrich
Poly-L-lysine Sigma-Aldrich
Polyethylenglycol Sigma-Aldrich
Potassium chloride Applichem
Sodium chloride (NaCl) Applichem
TEMED Applichem
Tris Roth

Tab. D.2: E. coli strains used in this work.
Strains Relevant genotype or phenotypea Reference

W3110 W3110 derivative with functional RpoS ([167])
(rpoS396(Am))

AR3110 W3110 derivative with functional ([167])
cellulose synthase bcsQ

VS700 W3110 ∆fliC::Kms from V. Suchanek
VS699 W3110 ∆motA::Kms from V. Suchanek
VM392 W3110 ∆csgA::Kmr from V. Suchanek
OB341 W3110 ∆csgA::Kms This work
VM335 AR3110 ∆fliC::Kmr from V. Suchanek
VM661 AR3110 ∆csgA::Kms from V. Suchanek
VM391 W3110 ∆pgaC::Kms from V. Suchanek
VM482 W3110 ∆wcaF ::Kmr from V. Suchanek
VS824 W3110 ∆flu::Kms ([90])
OB301 W3110 ∆fimA::Kmr This work
OB564 W3110 ∆fimA::Kms This work
OB302 W3110 ∆fimH::Kmr This work
OB571 W3110 ∆fimH::Kms This work
OB576 W3110 ∆fimA::Kmr This work
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∆fliC::Kms

OB147 W3110 ∆sfmA::Kmr This work
OB148 W3110 ∆sfmF ::Kmr This work
OB148 W3110 ∆sfmH::Kmr This work
OB153 W3110 ∆ybgP ::Kmr This work
OB154 W3110 ∆yraH::Kmr This work
OB156 W3110 ∆yehD::Kmr This work
OB166 W3110 ∆ypjA::Kmr This work
OB150 W3110 ∆yadK::Kmr This work
OB157 W3110 ∆yadC::Kmr This work
OB151 W3110 ∆ybgO::Kmr This work
OB152 W3110 ∆ybgD::Kmr This work
OB153 W3110 ∆ybgP ::Kmr This work
OB155 W3110 ∆yehB::Kmr This work
OB158 W3110 ∆ydeR::Kmr This work
OB167 W3110 ∆yfaL::Kmr This work
OB168 W3110 ∆ycgV ::Kmr This work
OB168 W3110 ∆ycgV ::Kmr This work
OB567 W3110 ∆fnr::Kmr This work
OB570 W3110 ∆fnr::Kms This work
OB568 W3110 ∆motA::Kms This work

∆fnr::Kmr

OB574 W3110 ∆motA::Kms This work
∆fnr::Kms

OB276 W3110 ∆cpxR::Kmr This work
OB513 W3110 ∆cpxR::Kms This work
VS666 W3110 ∆yegE::Kmr from V. Suchanek
VS679 W3110 ∆yegE::Kms from V. Suchanek
VS684 W3110 ∆yhjH::Kmr from V. Suchanek
VS701 W3110 ∆yhjH::Kms from V. Suchanek
OB489 W3110 ∆yciR::Kmr This work
OB493 W3110 ∆yciR::Kms This work
OB490 W3110 ∆yciR::Kmr This work

∆ydaM ::Kms

OB494 W3110 ∆yciR::Kms This work
∆ydaM ::Kms
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OB296 W3110 ∆ydaM ::Kmr This work
OB398 W3110 ∆ydaM ::Kms This work
OB300 W3110 ∆mlrA::Kmr This work
OB278 W3110 ∆csgD::Kmr This work
OB289 W3110 ∆csgD::Kms This work
OB432 W3110 ∆mlrA::Kmr This work

∆csgD::Kms

OB433 W3110 ∆mlrA::Kms This work
∆csgD::Kms

OB297 W3110 ∆hfq::Kmr This work
OB512 W3110 ∆hfq::Kms This work
OB277 W3110 ∆ompR::Kmr This work
OB295 W3110 ∆crp::Kmr This work
OB507 W3110 ∆crp::Kms This work
OB135 W3110 fliC::fliC-RBS-mCherry This work

codon otimized Kms

OB136 W3110 csgA::csgA-RBS-sfGFP This work
codon optimized Kms

OB53 W3110 csgA::csgA-RBS-sfGFP Kms This work
fliC::fliC-RBS-mCherry
opt Kmr

OB54 W3110 csgA::csgA-RBS-sfGFP Kms This work
osmY -mCherry Kmr

OB55 W3110 csgA::csgA-RBS-sfGFP Kms This work
rplL::rplL-RBS-mCherry
opt Kmr

OB191 AR3110 csgA::csgA-RBS-sfGFP This work
codon optimized Kmr

VM716 W3110 ∆fliC::Kms from V. Suchanek
csgA::csgA-RBS-sfGFP
codon optimized Kmr

VM717 W3110 ∆motA::Kms from V. Suchanek
csgA::csgA-RBS-sfGFP
codon optimized Kmr

VM719 W3110 ∆fliC::Kms from V. Suchanek
csgA::csgA-RBS-sfGFP
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VM720 W3110 ∆motA::Kms from V. Suchanek
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB169 W3110 ∆flu::Kms This work
csgA::csgA-RBS-sfGFP
codon optimized Kmr

OB286 W3110 ∆mlrA::Kmr This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB397 W3110 ∆mlrA::Kms This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB290 W3110 ∆csgD::Kmr This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB394 W3110 ∆csgD::Kms This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB274 W3110 ∆yegE::Kmr This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB269 W3110 ∆yhjH::Kmr This work
csgA::csgA-RBS-sfGFP codon

codon optimized Kms

OB281 W3110 ∆ydaM ::Kmr This work
csgA::csgA-RBS-sfGFP codon

codon optimized Kms

OB395 W3110 ∆ydaM ::Kms This work
csgA::csgA-RBS-sfGFP codon

codon optimized Kms

OB284 W3110 ∆yciR::Kmr This work
csgA::csgA-RBS-sfGFP codon

codon optimized Kms

OB396 W3110 ∆yciR::Kms This work
csgA::csgA-RBS-sfGFP codon

codon optimized Kms
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OB285 W3110 ∆yahA::Kmr This work
csgA::csgA-RBS-sfGFP codon

codon optimized Kms

OB275 W3110 ∆ompR::Kmr This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB293 W3110 ∆hfq::Kmr This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB506 W3110 ∆hfq::Kms This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB294 W3110 ∆ihfA::Kmr This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB292 W3110 ∆crp::Kmr This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB509 W3110 ∆crp::Kms This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB272 W3110 ∆cpxR::Kmr This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB505 W3110 ∆cpxR::Kms This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB381 W3110 ∆gadE::Kmr This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

OB390 W3110 ∆yaiC::Kmr This work
csgA::csgA-RBS-sfGFP
codon optimized Kms

a Kms and Kmr indicate kanamycin
sensitivity and resistance, respectively.
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Tab. D.3: Plasmids used in this work.

Name Res.a Vector Relevant genotype or phenotype Reference

pVS198 Amp pTrc99a Expression vector pTrc99a - pBR ori ([2])
Ptrc promoter; IPTG-inducible

pVM42 Amp pTrc99a RBSb-eGFP in pTrc99a This work
IPTG-inducible

pOB2 Amp pTrc99a RBSb-mCherry in pTrc99a This work
I PTG-inducible

pOB44 Amp pBR322 TIMERbac in pBR322 ([32])
pKD13 Km pKD13 cloning vector used for genomic Juliane Winkler

reporter constructions and integrations (AG Bukau, Heidelberg)
pKD46 Cam pKD46 λ Red recombinase ([36])
pCP20 Amp pCP20 flp recombinase ([28])
pOB39 Amp pTrc99a mlrA in pTrc99a - IPTG-inducible This work
pOB40 Amp pTrc99a csgD in pTrc99a - IPTG-inducible This work
Promoter-GFP fusions
pOB25 Km pUA66 flhD promoter-GFP fusion ([206])
pOB26 Km pUA66 fliA promoter-GFP fusion ([206])
pOB33 Km pUA66 fliC promoter-GFP fusion ([206])
pVS1723 Km pUA66 lsr promoter-GFP fusion ([90])
pOB42 Km pUA66 mlrA promoter-GFP fusion This work
pVS1116 Km pUA66 csgD promoter-GFP fusion received from V. Suchanek
pVS1621 Km pUA66 csgA promoter-GFP fusion received from V. Suchanek
a Amp, Km and Cam indicate ampicillin, kanamycin and chloramphenicol resistance, respectively;
a ACAACTTAAGGAGGTATTC, a ribosome bindinf site (RBS) from ([160]).

Tab. D.4: Oligonucleotides used in this work.
Name Description Nucleotide sequence (5’-3’) Sourcea

Eri121 forward primer for
checking from Km
cassette

CAGTCATAGCCG
AATAGCCT

Vic

Eri122 reverse primer for
checking from Km
cassette

CGGTGCCCTGAA
TGAACTGC

Vic
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Eri202 forward; pUA66
sequencing

CTTGATCCCCTG
CGCCATCAG

Vic

Vic121 forward; pBAD
sequencing

TTTATCGCAACT
CTCTACTG

Vic

Vic122 reverse; pBAD
sequencing

CTGATTTAATCT
GTATCAGG

Vic

Vic131 forward; pTrc
sequencing

ATGTGTGGAATT
GTGAGCGG

Vic

Vic132 reverse; pTrc
sequencing

CTGATTTAATCT
GTATCAGG

Vic

OB22 reverse; binds 595 bp
downstream

GAGATGTAGGCG
CCGGGCAGCT

This
work

from the start codon in
mCherry gene
used for sequencing

OB23 reverse; binds 220 bp
downstream from the

CAGGACATAGCG
TTGGCTACC

This
work

start codon in Km
cassette; used for
sequencing

OB62
sfGFP

forward; for
amplification
synthesized

ACAACTTAAGGAGGTATTC
ATGT

This
work

CTAAAGGTGAAGA
ACTGTTCc

RBS-sfgfp-Km (C) b

OB62
mCherry

forward; for
amplification
synthesized

ACAACTTAAGGAGGTATTC
ATG

This
work

RBS-mCherry-Km
(C)

OB63 reverse; for
amplification
synthesized

agcagctccagcctacac
GCTTATTTCTACAGTT

This
work

Km-mCherry-RBS
(D)

CGTCCATACCC
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OB64 forward; for
amplification Km
cassette

GCgtgtaggctggagctgct This
work

from pKD13 (E)
OB65 reverse; for

amplification Km
cassette

atgATTCCGgggatccgtcg This
work

from pKD13 (F)
OB78 forward; for

amplification of 300
end bases of

tagggataacagggtaat
AAGCTTaggCTGGTGG

This
work

fliC gene and
beginning of
RBS-sfgfp (A)

TGAGGCTCTGACT

OB79 reverse; for
amplification of
RBS-sfgfp

GTCAACGAATACCTCC
TTAAGTTGTtta

This
work

and 300 end bases of
fliC gene (B)

ACCCTGCAGCAGA GACA

OB80 forward; for
amplification of Km
cassette and

cgacggatcccCGGAA
TcatTCGTTGTAACCT

This
work

500 downstream of
fliC gene (G)

GATTAACT

OB81 reverse; for
amplification of 500
downstream

ggggagttatcaagcc
ttagGTCATAGCGTTCGA

This
work

of fliC gene and Km
cassette (H)

CGGCA

OB102 forward; for
amplification of 300
end bases of

tagggataacagggta
atAAGCTTaggGTGAAAG

This
work

osmY gene and
beginning of
RBS-sfgfp (A)

TGGCGAAAGGCG
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OB103 reverse; for
amplification of
RBS-sfgfp

GTCAACGAATACCTCC
TTAAGTTGTtta

This
work

and 300 end bases of
osmY gene (B)

CTTAGTTTTCAGATC

OB104 forward; for
amplification of Km
cassette and

cgacggatcccCGGAA
TcatTTCGTCGTAATTC

This
work

500 downstream of
osmY gene (G)

GTCCTCC

OB105 reverse; for
amplification of 500
downstream

ggggagttatcaagcc
ttagCTTCGCACACCAGA

This
work

of osmY gene and Km
cassette (H)

GCTATT

OB110 forward; for
amplification of 300
end bases of

tagggataacagggta
atAAGCTTaggATGGACG

This
work

rplL gene and
beginning of
RBS-sfgfp (A)

TTGTAGAACTGAT CTCTG

OB111 reverse; for
amplification of
RBS-sfgfp and

GTCAACGAATACCTCC
TTAAGTTGTtta

This
work

300 end bases of rplL
gene (B)

TTTAACTTCAACT
TCAGCGCCAGC

OB112 forward; for
amplification of Km
cassette and

cgacggatcccCGGAA
TcatGCCAACCCTTCC

This
work

500 downstream of
rplL gene (G)

GGTTGCAG

OB113 reverse; for
amplification of 500
downstream

ggggagttatcaagcct
tagTCTGAATCGGGAAT

This
work

of rplL gene and Km
cassette (H)

ACGGAACGGAA
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OB114 forward; for
amplification of 300
end bases of

tagggataacagggtaa
tAAGCTTaggGTCAATG

This
work

csgD gene and
beginning of
RBS-sfgfp (A)

GGTTGCAAGGCGT

OB115 reverse; for
amplification of
RBS-sfgfp and

GTCAACGAATACCTCCT
TAAGTTGTttaTC

This
work

300 end bases of csgD
gene (B)

GCCTGAGGTTATCGTT

OB116 forward; for
amplification of Km
cassette and

cgacggatcccCGGAAT
catAGCCATGAAACG

This
work

500 downstream of
csgD gene (G)

TTATTTACG

OB117 reverse; for
amplification of 500
downstream

ggggagttatcaagcct
tagTACGGAACTGGAAA

This
work

of csgD gene and Km
cassette (H)

GTCATGG

OB118 forward; for
amplification of 300
end bases of

tagggataacagggtaa
tAAGCTTaggGGTAAC

This
work

csgA gene and
beginning of
RBS-sfgfp (A)

TCTGCACTTGCTCTG

OB119 reverse; for
amplification of
RBS-sfgfp and

GTCAACGAATACCTCCT
TAAGTTGTttaGT

This
work

300 end bases of csgA
gene (B)

ACTGATGAGCGGTCGC

OB120 forward; for
amplification of Km
cassette and

cgacggatcccCGGAAT
catTACATCATTTGTAT

This
work
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500 downstream of
csgA gene (G)

TACAGAAACAGGGCGC

OB121 reverse; for
amplification of 500
downstream

GGGGAGTTATCAAGCCT
TAGGGGGAAAT

This
work

of csgA gene and Km
cassette (H)

ATTTAAACTCAACTTC

OB185 forward; for checking
fliC genomic reporter

CGCTGCGGATGTGAATG
AAACT

This
work

(300 end of fliC-
RBS-sfgfp-Km-500
downstream of fliC)

OB186 reverse; for checking
fliC genomic reporter

CACGTTGCTGACAAATT
GCGC

This
work

OB195 forward; for checking
osmY genomic

CTACCAATGAAAGCGCA
GGGC

This
work

reporter
OB196 reverse; for checking

osmY genomic
AAAGCGCAATGGATCGA
AAAATTCG

This
work

reporter
OB199 forward; for checking

rplL genomic reporter
TGCCGACCTACGAAGAA
GCAATT

This
work

OB200 reverse; for checking
rplL genomic reporter

GCTTCGCGCTCATAGAT
CACC

This
work

OB201 forward; for checking
csgD genomic

GCAGCACCTTAAACAAT
CGCTG

This
work

reporter
OB202 reverse; for checking

csgD genomic reporter
CGGCCCGGTTTACCGGT
ATTA

This
work

VM103 forward; for checking
csgA genomic

TTGTAGTGCAGAGACAG
TCGC

This
work

reporter
VM104 reverse; for checking

csgA genomic reporter
CATTATAACGAATGGCA
TCCGCATA

This
work

OB315 forward; for checking
fimA gene deletion

AAAAAGAGAAGAGGTTT
GATTTAACT

This
work
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after P1 transduction
OB316 reverse; for checking

fimA gene deletion
TGCCAGCAAGCAGAATG
TTATTTC

This
work

after P1 transduction
OB317 forward; for checking

fimH gene deletion
TGTATTGGCGGCAATAT
TGGCGCTC

This
work

after P1 transduction
OB318 reverse; for checking

fimH gene deletion
AAAGCGCGGTGAAGAGT
ATTGCAAT

This
work

after P1 transduction
OB321 forward; for checking

yfaL gene deletion
AGGTCAGACAAGGTGTC
CGGGAAAG

This
work

after P1 transduction
OB323 forward; for checking

ypjA gene deletion
AACCGACTGGGGCGCAG
TATGTGGC

This
work

after P1 transduction
OB324 forward; for checking

ycgV gene deletion
GCTCCAATATGCTGGCA
AGATGAAA

This
work

after P1 transduction
OB325 reverse; for checking

ycgV gene deletion
AAAGACAGAAACGATTT
CTGATAC

This
work

after P1 transduction
OB326 forward; for checking

yehB gene deletion
TGTTAATGTCAAAAGTA
ATAATGCAAA

This
work

after P1 transduction
OB327 reverse; for checking

yehB gene deletion
GAACAGATAACTCACTA
TAACATGCC

This
work

after P1 transduction
OB328 forward; for checking

yehD gene deletion
AATGTGTTTACATTGCG
GCAACTTT

This
work

after P1 transduction
OB329 reverse; for checking

yehD gene deletion
TAAAGATAATAATCCTT
TCATTTTA

This
work

after P1 transduction
OB334 forward; for checking

sfmH gene deletion
AAAGCTTACAGCAAGCC
GTCACTGT

This
work
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after P1 transduction
OB335 reverse; for checking

sfmH gene deletion
ATTGATATTAATCGTTC
CTAAAG

This
work

after P1 transduction
OB336 forward; for checking

sfmF gene deletion
CTTCGCGCCTGGCCTAT
CAGTATTA

This
work

after P1 transduction
OB337 reverse; for checking

sfmF gene deletion
AAACAGTTAGTGCGCAT
AAATCTAAT

This
work

after P1 transduction
OB338 forward; for checking

sfmA gene deletion
TCTTAGAGGATAAAAAG
GAATTTACT

This
work

after P1 transduction
OB339 reverse; for checking

sfmA gene deletion
AACATGATTTCGATTTA
CATTGCCA

This
work

after P1 transduction
OB340 forward; for checking

ydeR gene deletion
TTACTCCGCTCGTCTGA
AGTCAACT

This
work

after P1 transduction
OB341 reverse; for checking

ydeR gene deletion
ATAAATACCGAACAGGA
CCTTTATA

This
work

after P1 transduction
OB350 forward; for checking

yraH gene deletion
ATGTTCAATGAAATATT
TCTGCCTGT

This
work

after P1 transduction
OB351 reverse; for checking

yraH gene deletion
CGCGAATGTTCGTTTTG
ACATAGTT

This
work

after P1 transduction
OB354 forward; for checking

yadC gene deletion
TCGATCCTGCATTGAGT
GTTACATC

This
work

after P1 transduction
OB356 forward; for checking

yadK gene deletion
AAAATAAAACCGTAAAC
AATGTCAC

This
work

after P1 transduction
OB357 reverse; for checking

yadK gene deletion
ACAACAAGAATACAGTG
CTAAA

This
work
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after P1 transduction
OB358 forward; for checking

ybgP gene deletion
TGGTCTGGGGTGAGCAA
AGCTGC

This
work

after P1 transduction
OB359 reverse; for checking

ybgP gene deletion
ACTGCGCCACCAGATGT
ACCAAA

This
work

after P1 transduction
OB360 forward; for checking

ybgO gene deletion
GCAGCCAGTTTTATCTC
GGTTACAT

This
work

after P1 transduction
OB361 forward; for checking

ybgD gene deletion
AACTAACAATATTTT
TAAGCAAAAC

This
work

after P1 transduction
OB362 reverse; for checking

ybgD gene deletion
ATGACCAGGCAGGATAC
AAAAGAGAG

This
work

after P1 transduction
OB416 forward; for yciR gene

deletion
gttccttttatttaacc
gcggactccgctgtta
accggaggatatg

This
work

catcATGATTCCG
GGGATCCGTCGACC

OB417 reverse; for yciR gene
deletion

atatagcgctaagtata
tatattcatctacTTA
tgcgcgcttcag

This
work

atagcgTGTAGGC
TGGAGCTGCTTCG

OB418 forward; for mlrA
gene deletion

caaaactgcgtctaaag
ttaaaccgggacctcg
cgagcaaggg

This
work

tgagacgATGATT
CCGGGGATCCGTCGACC

OB419 reverse; for mlrA gene
deletion

gtacagtaaagcgcatt
tgttaacgaatcaTTA
aatgccgagt

This
work

gggaaaataTGTA
GGCTGGAGCTGCTTCG
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OB424 forward; for ydaM
gene deletion

ttttttgcgatcggata
gcaacaaaaattgata
aaaataacgggat

This
work

ctcaATGATTCCG
GGGATCCGTCGACC

OB425 reverse; for ydaM
gene deletion

ttttttgcgatcggata
gcaacaaaaattgata
aaaataacgggat

This
work

ctcaATGATTCCG
GGGATCCGTCGACC

OB428 forward; for ompR
gene deletion

tttaagaatacacgctt
acaaattgttgcgaac
ctttgggagtaca

This
work

aacaATGATTCCG
GGGATCCGTCGACC

OB429 reverse; for ompR
gene deletion

atgaacttcgtggcgag
aagcgcaatcgccTCA
tgctttagag

This
work

ccgtccggTGTAG
GCTGGAGCTGCTTCG

OB433 forward; for checking
yahA gene deletion

GTGGGAAATTATAAATA
TTGAAAT

This
work

after P1 transduction
OB434 reverse; for checking

yahA gene deletion
GCCAGATTTCAACACCA
AATGTCAG

This
work

after P1 transduction
OB447 forward; for checking

ihfA gene deletion
GCGAGATTTCTCGCTTC
CCGGCGAAC

This
work

after P1 transduction
OB448 reverse; for checking

ihfA gene deletion
CCAACCAGCAATACAGC
CAGCGTACG

This
work

after P1 transduction
OB453 forward; for checking

crp gene deletion
TTTGCTACTCCACTGCG
TCAATTTT

This
work

after P1 transduction
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OB454 reverse; for checking
crp gene deletion

CTTTTGCCAGTAGTAGC
TGTGTCAG

This
work

after P1 transduction
OB455 forward; for checking

hfq gene deletion
TTCGTTGCGTGGGTTAT
CGCCAGATG

This
work

after P1 transduction
OB456 reverse; for checking

hfq gene deletion
AGCACCCGTCGCTTTGA
CAGCTTC

This
work

after P1 transduction
OB458 forward; for cloning

csgD gene under Ptrc
ccgGAATTCatgTTTAA
TGAAGTCCATAGT

This
work

promoter into pTrc99a;
EcoRI restriction site

AT

OB459 reverse; for cloning
csgD gene under Ptrc

ctagTCTAGAttaTCGC
CTGAGGTTATCGTT

This
work

promoter into pTrc99a;
XbaI restriction site

TG

OB460 forward; for cloning
mlrA gene under Ptrc

ccgGAATTCatgGCGCT
TTACACAATTGGT

This
work

promoter into pTrc99a;
EcoRI restriction site

G

OB461 reverse; for cloning
mlrA gene under Ptrc

ctagTCTAGAttaAATG
CCGAGTGGGAAAA

This
work

promoter into pTrc99a;
XbaI restriction site

TAT

OB462 forward; for csgD gene
deletion

TTAGAGGCAGCTGTCAG
GTGTGCGATC

This
work

AATAAAAAAAGCGGG
GTTTCATCatgATT
CCGGGGATCCGTCGACC

OB463 reverse; for csgD gene
deletion

ACAATCCAGCGTAAATA
ACGTTTCATGG

This
work

CTttaTCGCCTGAGG
TTATCGTTTGTAGGC
TGGAGCTGCTTCG
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OB474 forward; for cloning
mlrA promoter into

CGGGATCCCGCGTCTCA
CCCTTGCTCGC

This
work

pUA66; BamHI
restriction site

GAGG

OB475 reverse; for cloning
mlrA promoter into

ccgCTCGAGcggCGTCT
CACCCTTGCTCG

This
work

pUA66; XhoI
restriction site

CGAGG

OB570 forward; for checking
fnr gene deletion

ACCTTGCCATCGGGTTA
TTGGCC

This
work

after P1 transduction
OB571 reverse; for checking

fnr gene deletion
GTGGTCATTTCGTATGA
GAAGTCATAGA

This
work

after P1 transduction TCGGC
a Vic primers are from the Victor Sourjik lab primer collection;
b PCR products AB, CD (universal), EF (universal), GH were assembled
over the overlapping regions into one circular product (pKD13 plasmid, Kmr)
in Gibson assembly reaction. Subsequently these plasmids were used
for the construction of genomic reporters.
c ACAACTTAAGGAGGTATTC is strong ribosome-binding site (RBS) ([160]).
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