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To the better child:
My dear sister, keep on fighting for the survival of the goodness
in this world!

“Every part is disposed to unite with the whole,
that it may thereby escape from its own incompleteness.”
Leonardo Da Vinci
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Abstract
Establishment of commensal bacteria within a new niche of their host usually
promotes the transition from commensalism to pathogenicity. Extraintestinal
Pathogenic Escherichia coli (ExPEC) represent different pathovars with biphasic
lifestyle – they can reside in the gut as commensals or they can escape and cause
diseases elsewhere in the human body. Depending on the disease they are linked
to, ExPEC can be divided into Uropathogenic E. coli (UPEC), Newborn
Meningitis-causing E. coli (NMEC) and Sepsis-associated E. coli (SEPEC).
Pathoadaptive mutations linked to c-di-GMP signaling were investigated in the
NMEC strain IHE3034 which lacks the main global stress regulator RpoS. We
investigated the role of ycgG2 in the lifestyle of NMEC. Deletion of ycgG2, shown
by us to encode an YcgG allozyme with c-di-GMP phosphodiesterase (PDE)
activity, and the restored RpoS led to a decrease in the S-fimbriae, otherwise
robustly produced in artificial urine, hinting that the urinary tract could serve as
a habitat for NMEC. We showed that NMEC were capable of aerobic citrate
utilization in the presence of a co-substrate - a property that normally does not
exist in E. coli. Our data hint that this metabolic upgrade is enhanced by the lack,
or reduced activity, of c-di-GMP PDEs. We also found that citrate utilization is a
property of ExPEC, since we reconstituted it in E. coli UTI89 (a cystitis isolate)
via inactivation of its RpoS, and since a set of pyelonephritis E. coli isolates use
citrate aerobically in the presence of glucose. The main reason for this metabolic
capability is the absence of RpoS which leads to the production of the citrate
transporter CitT. Furthermore, we highlighted the deletion of the fec operon
(required for the ferric citrate uptake) in a large group of different ExPEC strains
and we showed that NMEC can use CitT for in vitro ferric citrate uptake
dependent on YcgG2 as an alternative system.
Another pathoadaptive mutation which influences the fitness of ExPEC is the
clyA (cytolysin A) gene inactivation, resulting from different deletions in different
ExPEC genomes. When we restored the clyA+ locus, the UPEC strain 536
displayed increased susceptibility to antimicrobial peptides and urea. We also
showed that the ClyA expression in 536 was increased by the presence of the
DNA-binding regulator SfaX and another stand-alone PDE similar to YcgG2,
called SfaY. The results were further confirmed by ClyA downregulation in NMEC
deficient in SfaY and SfaX.
We also studied the role of sfaY - a gene coding for another stand-alone c-di-GMP
PDE. The expression of sfaY is under the regulation of the main promoter of the
horizontally acquired sfa gene cluster. The latter is responsible for the regulation
and assembly of the virulence-associated S-fimbriae, via which ExPEC bacteria
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bind to sialylated receptors. We found that NMEC are competent for
filamentation because of a c-di-GMP-dependent program under the control of a
phase-variation event which selectively turns ‘ON’ the sfa promoter in a
subpopulation of bacteria. When SfaY is present, c-di-GMP levels are reduced,
thus inducing the SOS stress response via the canonical LexA-RecA pathway. The
signaling resulted in an internal differentiation of the bacterial population into a
subpopulation exhibiting a filamentous morphotype (bacteria with induced SOS
stress response) and a subpopulation of small motile and non-motile bacteria.
Hence, this molecular program could serve as a clue to explain the formation of
the intracellular bacterial communities observed during urinary tract infection by
UPEC.
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Enkel sammanfattning på svenska
Om kommensala bakterier etablerar sig i en ny omgivning i sin värdorganism kan
det ofta leda till ett skifte från kommensalism till patogenicitet. Extraintestinala
patogena Escherichia coli (ExPEC) representerar olika patogena varianter med
alternativ livsstil - de förekommer i tarmarna som kommensaler hos människan
och när de har tagit sig därifrån kan de orsaka sjukdomstillstånd på andra ställen
i kroppen. Beroende på vilken sjukdom de är förknippade med kan ExPEC delas
in i uropatogena E. coli (UPEC), neonatal menigit-orsakande E. coli (NMEC) och
sepsis-associerade E. coli (SEPEC). I detta avhandlingsarbete har patoadaptiva
mutationer med koppling till c-di-GMP signalering studerats hos NMEC
bakterier som saknar RpoS - en central regulator av stressrespons hos E. coli.
Vi undersökte vilken roll gene ycgG2, som vi visat kodar för ett YcgG-allozym
med c-di-GMP fosfodiesteras (PDE) aktivitet, spelar i NMECs livsstil. I varianter
med återställt fungerande RpoS kombinerat med en deletion av ycgG2 fann vi
minskat uttryck av S-fimbrier, som annars normalt produceras rikligt vid
bakteriernas tillväxt i artificiellt medium med sammansättning som motsvarar
urin. Resultaten tyder på att urinvägarna kan fungera som en tillväxtmiljö för
NMEC. Vi fann att NMEC under aeroba förhållanden, i närvaro av co-substrat,
kunde tillgodogöra sig citrat - en egenskap som E. coli normalt inte har. Våra data
tyder på att denna metaboliska uppgradering förstärks när c-di-GMP PDE
aktiviteten saknas. Vi fann också att citratutnyttjande är en egenskap hos andra
ExPEC, eftersom vi kunde återskapa det i E. coli UTI89 (ett cystit isolat) genom
att inaktivera rpoS genen och att ett antal pyelonefrit isolat av E. coli också aerobt
kan använda citrat i närvaro av glukos. Den huvudsakliga anledningen till denna
metaboliska förmåga är att RpoS saknas, vilken leder till produktion av citrattransportören CitT. Slutligen rapporterade vi att det skett deletion av fec operonet
(krävs för järncitrat upptag) i en stor grupp av olika ExPEC stammar och vi visade
att NMEC, som ett alternativt system beroende av YcgG2, kan använda CitT för
järncitrat-upptag in vitro.
En annan patoadaptiv mutation som kan påverka ExPECs fitness är inaktivering
av clyA-genen (cytolysin A) som har skett i genomet hos olika ExPEC. När vi
återskapade clyA+ locuset i UPEC-stammen 536 påvisades en ökad känslighet för
antimikrobiella peptider och urea. Vi visade också att ClyA-uttrycket i 536 ökade
i närvaro av den DNA-bindande regulatorn SfaX och av SfaY, ett annat PDE
enzym som liknar YcgG2. Detta resultat verifierades av resultat som visade
nedreglering av ClyA i NMEC som saknar SfaY och SfaX.
Vi har också studerat rollen av sfaY genen närmare. Uttrycket av sfaY regleras av
promotorn till det horisontellt förvärvade sfa-genklustret, som ansvarar för
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produktion av virulensassocierade S-fimbrier med vilka ExPEC-bakterierna
binder till sialylerade receptorer. Vi har påvisat att NMEC växer i form av långa
filament på grund av ett c-di-GMP-beroende program, under kontroll av fasvariation som selektivt slår ‘PÅ’ sfa promotorn in a en bakteriesubpopulation.
När SfaY är närvarande minskas c-di-GMP-nivån vilket inducerar SOSstressrespons via LexA-RecA-systemet. Denna signal resulterade i en
differentiering av bakteriepopulationen så att det uppstod en subpopulation med
filamentös morfologi (bakterierna med inducerad SOS-stressrespons) och en
med små rörliga eller icke-rörliga bakterier. Alltså, skulle detta molekylära
program kunna fungera som en ledtråd för att förklara bildandet av de
intracellulära bakterieansamlingar som påvisats vid urinvägsinfektioner av
UPEC.
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I. Prologue
1. Introduction
“On any possible, reasonable or fair criterion, bacteria are – and always have
been – the dominant form of life on earth” 1. And that is how Gould’s piercing
comment introduces us to the importance of bacteria to nature and, in particular,
to humans 1.
Bacteria (or prokaryotes) are microscopic, predominantly unicellular forms of
life. On the origin of life and their evolution, the prokaryotes were the first
organisms to appear 3.4 Byr ago, maintaining life and evolution then after on
their own for almost 2 Byr until they gave rise to the eukaryotes, with which they
have been co-existing ever since 2. Due to their genetic plasticity, bacteria have
far and away the most versatile and strong metabolic machinery which provides
them with almost limitless capacity for adaptation to life in virtually all
ecosystems on our planet. Once being inhabitants, bacteria have the power to
change and develop a certain ecosystem in various ways.
Homo sapiens, for example, is a multitude of such ecosystems, colonized by an
unfathomable variety of bacteria. Some of them, called commensals, can be
advantageous to humans either by producing useful metabolites or fighting off
harmful infectious agents. Others, called pathogens, can damage their host which
results in the development of a particular disease. Being a pathogen or
commensal is only of value to the colonized organism, and transition to a new
niche of its host can often provide a commensal bacterium with pathogenic
potential.

1.1. Escherichia coli (Migula 1895) Castellani and Chalmers 1919 (Bacillus coli Migula
1895)

In 1885, Dr. Theodor Escherich brought to existence one bacterial species which
he named “Bacterium coli commune” (the common colon slender rod) 3. The
species was isolated from the gut microbiota of neonates and it represented by
Gram (-) small rod-shaped bacteria able to clot milk 3. Extensive work on the
characterization of Escherich’s isolate had been performed by numerous
scientists and in 1919 Castellani and Chalmers reformed the definition of this
species, based on some additional features 4. They combined the facts that in
addition to milk clotting, Escherich’s bacteria grow well in ordinary laboratory
media, do not form endospores, are often facultative anaerobes which can
completely ferment glucose and lactose with the production of acid and gas 4.
Based on all the new evidence they renamed Escherich’s bacterium Escherichia
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coli (Esch.er.ìchi.a. - M.L. fem. n. Escherichia named after Theodor Escherich;
còli - Gr. n. colon large intestine, colon; M.L. gen. n. coli of the colon.) 3,4.
Little did they all know that this bacterium would play a fundamental role in the
development of science and humanity, ever since it was discovered, and such
would its role be for the development of this thesis.
1.2. Main characteristics
The identity of each species is shaped by its basic cellular organization,
metabolism and genetics. All together, these determinants place Escherichia coli
in:
Domain Eubacteria
Phylum Proteobacteria
Class Gammaproteobacteria
Family Enterobacteriaceae
Genus Escherichia
According to Huxley, the significance of adaptation can only be understood in
relation to the total biology of the species 5, that is why this subchapter of the
thesis aims to present the general biology of E. coli, in such a way, that any
positively selected deviation from it could be appreciated as an adaptive trait for
certain conditions at a particular time.
In short, the species is represented by small (0.5-1X1-2µm), rod-shaped, Gramnegative, facultative anaerobic, chemoorganotrophic bacteria with a respiratory
and a fermentative type of metabolism which are mostly motile by means of
peritrichous flagella 6. E. coli strains can either be commensal inhabitants of the
gastrointestinal tract (GIT) of homothermic animals and reptiles, or they can be
pathogens causing infections inside and outside of the GIT 6,7. E. coli cells are
neutrophiles (pH 5.0 to 9.0) with temperature growth range from 15 to 45⁰C with
37⁰C being the optimal temperature for most of the E. coli strains, which defines
them as mesophiles 6.
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Figure 1. The major antigens of E. coli,
exemplified with the bacteria of the neuroinvasive strain IHE3034. The K antigen is depicted by
attachment of K1-specific phages.

1.2.1. Basic cellular morphology.
The overall cellular organization of E. coli follows the typical Gram-negative
pattern, i.e., the cells are isolated from the environment with two membranes –
an inner (cytoplasmic) membrane and an outer membrane (OM), separated by
priplasmic space. The cell wall is a monomolecular murein sacculus, composed of
β-1→4 linearly linked N-acetylglucosamine and N-acetylmuramic acid
monomers, cross-linked by L-Ala-D-Glu-L-meso-DAP-D-Ala peptides, located
on the outside surface of the inner membrane 6. The outer membrane contains
different outer membrane proteins (OMPs), most of them functioning as porins
allowing passive diffusion of different metabolites, ions and other compounds.
Linked to the extracellular surface of the OM is the lipopolysaccharide (LPS)
molecular complex. It is composed of a hydrophobic anchor (lipid A) and a core
domain, i.e., polysaccharide that connects lipid A to a glycan polymer - the third
element in the structure. The glycan polymer is exposed directly to the
extracellular milieu and it can vary in number and composition of its sugar
residues. This variation of modified simple sugar monomers gives the bacterial
LPS strong antigenic properties referred to as the O antigen (Fig. 1).
Most strains of E. coli are motile by means of peritrichous flagella. Each flagellum
is composed of a basal body, a hook and a filament consisting of a single protein
called flagellin (encoded by the fliC gene). It can be up to 20µm long and 20nm
in diameter. Flagellin is also known as the H antigen (Fig. 1) since it can also vary
antigenically due to changes in the amino acid composition of its central region
or due to posttranscriptional modifications (such as acetylation) 8.
In addition to the flagellar machinery, E coli cells possess extracellular
attachment organelles, called fimbriae (or pili), via which bacteria adhere to
different surfaces. E. coli bacteria can express more than 30 fimbriae 6,9. Each
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organelle is composed of linearly polymerized fimbrial subunits protruding
outside of the bacterial cell, ending with a lectin-like adhesion molecule, i.e.,
adhesion, on its tip via which bacteria can selectively recognize and adhere to
different surfaces, including host tissues. One of the most abundant types of
fimbriae belongs to the group of the chaperone/usher pathway (CUP) family to
which the virulence-associated (e.g., P- and S-fimbriae) and the common type-1
fimbriae belong (Fig. 2). Once the fimbrial subunits are made, they are secreted
to the periplasmic space, bound to a chaperone that preserves them partially
unfolded guiding them to the usher – a big proteinaceous platform where the
assembly of the fimbrial subunits happens in a step-wise linear manner (Fig. 2)
10-12. Once guided to the usher, the chaperone subsequently leaves the fimbrial
subunit, exposing the N-terminal sequence of the guided structural monomer 1012. Thus, the sequence becomes a donor for the C-terminal incomplete
immunoglobulin fold of the last structural unit of the growing filament (Fig. 2)
10-12. The most common type of fimbriae are the type-1 fimbriae (encoded by the
fim gene cluster) produced by 80% of all E. coli strains via which bacteria can
selectively adhere to mannosylated glucoconjugates 13. Even though the type-1
fimbriae are not considered virulence factors, since they are also produced by the
commensal bacteria, they can assist in the colonization by the uropathogenic,
neuroinvasive, and adherent-invasive E. coli strains 14-17.

Figure 2. A
summary of the chaperone-usher pathway fimbrial family. The main steps of the regulation of fimbrial
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expression and fimbrial biogenesis are depicted and exemplified with the assembly and regulation of
the S-fimbriae. The table (below the model) combines the most abundant and well-studied members
of the family of the fimbrial chaperone-usher family with their basic characteristics, i.e., their genetic
determinants, chromosome location and the binding specificity of their adhesins 18,19.

E. coli cells are able to produce two different types of extracellular
polysaccharides (EPSs). The first type is represented by EPS loosely associated to
the cell surface or directly released into the extracellular environment under the
form of a slime layer 6,20. One of the most common extracellular EPSs layer is
produced by accumulation of colanic acid, known as M antigen 20,21. The
extracellular colanic acid is not antigenic and is produced under certain
conditions by most members of Eneterobacteriaceae, including E. coli 22. The M
antigen is a highly viscous layer involved in biofilm stabilization, prevention from
dehydration and it can also serve as a defense mechanism against bacteriophages
since it covers the phage receptors located in the OM 21,23. The second type of
EPSs is represented by heteropolysaccharides covalently anchored to the LPS,
forming a structure called capsule 6,20. Directly exposed to the extracellular
environment, bacterial capsules are evolutionary designed to provide adhesion,
prevention from desiccation, and resistance to harmful agents such as
bacteriophages, specific and non-specific host immunity 21,24,25. The
heteropolysaccharide nature provides the capsule of E. coli with antigenic
properties, so the capsule is known as the K antigen (from German word
“Kapsel”) (Fig. 1).
1.2.2. Nutritional and metabolic characteristics.
In order to utilize a substrate, bacteria need to have the right import systems and
the enzymes that participate in the biochemical pathways for its utilization.
Furthermore, the expression of the import systems and the enzymes depend on
the presence or the lack of regulatory factors 26. E. coli strains can feed on
different carbohydrates, polyols, carboxylates, two-carbon components and fatty
acids, and some amino acids (see Table 1 for all the compounds used by E. coli).
As a facultative anaerobe with a respiratory and a fermentative type of
metabolism, E. coli can thrive in different environments, using a big variety of
carbon and energy sources which in nature never appear individually. Mitchell et
al. showed that the environmental changes can be predicted by E. coli and once
predicted, they can be inherited, i.e., in short, with the assumption that early in
the process of the gut colonization, E. coli bacteria first utilize lactose, they
showed that the lactose induces the lac operon, but also pre-induces the maltose
operon, preparing the bacteria for utilization of maltose which comes later in the
life of the host 27. In the presence of different substrates, the bacteria have to
decide which substrate will be most beneficial for utilization – a choice made via
dedicated signaling programs. One of them involves the utilization of glucose over
other non-glucose substrates, a process known as catabolite repression - a
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dedicated signaling program that is highly dependent on a second messenger,
called 3’, 5’- cyclic adenosine monophosphate (cAMP) 28. E. coli imports glucose
through the glucose transporter which is a multiprotein complex that couples the
glucose transport with its immediate phosphorylation 29. This transport system is
composed of the phosphohistidine carrier protein (HPr), the Enzyme I (EI) and
the Enzyme II (EIIA and EIIB) components 29. In presence of glucose, the HPr
and EI proteins transfer a phosphoryl group from a phosphoenolpyruvate
molecule to EIIA and EIIB protein complexes which eventually transmit it to a
glucose molecule 29. If there is no glucose in the medium, the phosphorylated
central domain of EIIA binds and activates adenylate cyclase which produces
cAMP 30. When present in the cells, cAMP binds and switches on a transcriptional
activator called CRP (cAMP receptor protein) 30. Once activated, the CRP-cAMP
complex triggers the expression of many catabolic genes which are normally
under the regulation of weak promoters 30. In E. coli, CRP often acts together with
Lrp (leucine-responsive regulatory protein) - a transcriptional regulator of
around 10% of the E. coli genes and it is allosterically controlled by the presence
of leucine 31,32. When leucine is present in the environment, Lrp shuts down the
expression of the genes coding for the biosynthesis of leucine and other branchedchain amino acids such as valine and isoleucine 31. CRP and Lrp exert not only a
regulatory effect on the bacterial metabolism, but they also serve as metabolic
sensors that the pathogenic E. coli strains use in the regulation of the virulence
gene expression, especially in the regulation of the virulence-associated fimbriae
19,33.
Table 1. Compounds used by E. coli as a sole carbon and energy source 6,26
Hexoses

Pentoses/Trioses

Oligosaccharides

Amino sugars

D-Glucose

L-Arabinose

Maltose/Maltodextrin

D-Fructose
D-Galactose

D-Xylose
D-Ribose

D-Mannose
L-Sorbose1
Phosphorylated
(P) sugars

L-Fucose
L-Rhamnose2
Mono- and
dicarboxylic
acids

Melibiose
β-Galactosides
(lactose)
Trehalose
Sucrose3
Polyols

N-Acetyl-DGlucosamine
D-Glucosamine

Glucose-6-P
Glucose-1-P
Fructose-6-P
Fructose-1-P
Glucosamine-6-P

Lactate
Succinate
Fumarate
L-Malate

Mannitol
Sorbitol
Dulcitol3
Arabitol
Ribitol4
Xylilol
Glycerol

Amino acids and
oligopeptides
L-Asparagine5
L-Aspartate5
L-Proline
L-Tryptophan
D-Alanine
L-Alanine/LLeucine
Protein hydrolysates
Oligopeptides

Notes: 1. 9 out of 40 strains grow on sorbose, E. coli K-12 cannot.
2. ¾ of tested E. coli strains grow.
3. Half of the strains tested grow on dulcitol.
4. 10% of tested strains grow, but not E. coli K-12.
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Uronic
acids
Hexourinides
Hexouronates
Hexonates

2-Carbon
components
and
fatty
acids
Acetate
Fatty acids
Ethanol5

5. Use the substrate anaerobically.

E. coli cells can synthesize all of their biomolecules from a single C source and
inorganic donors for P and N and for cofactor synthesis. Defined as a collection
of all biochemical reactions required to sustain life, metabolism is composed of
(i) reactions required for the synthesis of precursor metabolites and energy; (ii)
reactions used for the generation of building block compounds and co-enzymes;
and (iii) reactions required for the synthesis and processing of biopolymers 26.
One of the key substrates that E. coli bacteria use for generation of ATP and
metabolite precursors is glucose. It is normally metabolized through the
Embden–Meyerhof–Parnas (EMP) pathway with the involvement of the
methylglyoxal bypass, if bacteria face P-limited environment. To enrich its cells
with various metabolites, E. coli can also metabolize glucose via the hexose
monophosphate pathway. Another pathway that exists in E. coli is the Entner–
Doudoroff pathway through which bacteria metabolize gluconate, produced by
the mucus of the mammalian intestine 26,34. In aerobic conditions, the full
degradation of glucose is achieved through the tricarboxylic acid (TCA) cycle also
generating the energy equivalents used for the ATP synthesis. In bacteria the TCA
is inducible by the presence of oxygen 35. If bacteria are grown on C sources, such
as acetate or fatty acids, which are not metabolized via pyruvate or phosphoenol
pyruvate intermediates, bacteria cannot supplement the TCA cycle 24,26. Hence,
to be able to utilize substrates with two C atoms, bacteria activate the glyoxalate
cycle 24,26. Even though oxygen is the preferred terminal electron acceptor, E. coli
can also use nitrate, fumarate and dimethyl sulfoxide as terminal acceptors 6,26,35.
In the absence of oxygen, E. coli bacteria grow without using any exogenous
electron acceptors, i.e., they are able to ferment glucose and other compounds
into pyruvate which is further converted to lactic, acetic and formic acids 6,24,26. A
recent study by Antonovsky et al. showed that E. coli can become hemiauthotroph
by evolving to synthesize its biomass directly from CO2 when a non-native CalvinBenson cycle was introduced and phosphoglycerate mutase genes (gmpA and
gmpB) were deleted 36.
1.2.2.1. Inability of E. coli for citrate utilization.
Although E. coli can use a large number of substrates (listed in Table 1), there
are also some that cannot be metabolized for different reasons (see Table 2). It
is worth noting that among the unusable substrates, there are some for which E.
coli strains have the genetic determinants required for the substrates’
degradation (see Table 2, the substrates highlighted in blue) but either the
transporter(s) or the enzymes are expressed in different conditions or not
expressed at all. One example is the inability of E. coli to use citrate – an
important part of the diagnostics of this species. In 1923, Koser pointed out that
E. coli bacteria cannot grow on citrate 37, later Lara and Stokes showed that
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lyophilized bacteria are actually able to oxidase citrate but not the living ones,
suggestion that living bacteria do not express the citrate transporter 38. Finally,
Lutgens and Gottshalk fully investigated why E. coli cannot grow on citrate. Based
on their studies, the bacteria cannot utilize citrate as a sole carbon and energy
source because (i) the citrate transporter is expressed anaerobically; (ii) the
bacteria do not have oxaloacetate decarboxylase; (iii) in anaerobic conditions the
TCA cycle is repressed and even taken in, the citrate cannot be metabolized 39.
They also proposed a scenario which provides a possibility for E. coli to use citrate
in the presence of a co-substrate (such as glucose, glycerol, lactose), needed for
the production of reduced equivalents to activate malate dehydrogenase and
fumarate reductase activities to complete the fermentation of citrate to succinate
(Fig. 3) 39.
1.2.2.2. Iron metabolism.
Iron is the only metal known to be generally growth limiting in different
environments. Most bacteria need iron for various vital processes such as TCA
cycle, respiration, nucleotide synthesis, redox reactions, oxygen transport, etc. 40.
Iron is available as ferric (Fe3+) and ferric (Fe2+) cations depending on the redox
potential of the environment and the uptake system developed by the bacteria
reflect the iron source of this environment at a certain time 40.
In a reducing anaerobic/microanaerophilic environment the predominant form
of iron is Fe(II). Being inhabitants of such an environment, E. coli bacteria
developed mechanism for the Fe2+ uptake from the periplasm since ferrous
cations diffuse freely through porins 40-42. The ferrous iron uptake system is
encoded by the feoABC operon 40,42. FeoB is the major component of the system
and serves as permease through which the Fe2+ ions are transported into the cell
41. FeoA is a small cytoplasmic protein with a possible role in protein-protein
interactions and FeoC might play a role as a transcriptional regulator of the
operon 41.
In the GIT, iron (III) is less abundant since ferrous cations prevail 40,41. If present,
it forms soluble complexes with various chelating compounds 40,43. The
commensal E. coli developed different iron acquisition systems for Fe(III)
uptake, depending on the formed complex. The general mechanism for Fe(III)
import requires active transport across each membrane of the cell envelope 40.
The Fe(III) – complex is recognized by a specific receptor coupled to the
TonBExbBExbD system which provides the energy for the active import of the
iron through the OM 40. In the periplasm, the free iron (III) is bound to a
periplasmic protein which further delivers the iron to a specific ABC transporter
in the plasma membrane 40,43. Commensal E. coli express the following receptors:
FhuE for Fe3+- coprogen, Fe3+- rhodotorulic acid, Fe3+- ferroxamine; FhuA for
Fe3+- ferrichrome; FecA for Fe3+-citrate; FepA for Fe3+-enterobactin and Fe3+17

dihydroxybenzyl serine; Fui for Fe3+-dihydroxybenxoic acid and Fe3+dihydroxybenzoyl serine 40,43. Besides the receptors for iron (III) uptake, E. coli
produce and secrete small chelators with high affinity to Fe3+, called
siderophores. There are 5 groups of siderophores based on their structures:
catecholates, phenolates, hydroxamates, α-hydroxy-carboxylates and mixed-type
siderophores 40. The commensal E. coli K-12 produce only one type siderophore,
i.e., enterobactin, from the group of the catecholates 40,43. It has to be mentioned
that in addition to enterobactin, the group of extraintestinal pathogenic E. coli
produce more siderophores which are virulence factors described in
Subchapter 2.2.4. Generally, once Fe(III) ions are transported in the
cytoplasm, it is immediately reduced by assimilatory flavin-containing ferric
reductases 40. Too much iron can be toxic for the bacteria, since Fe(II) has strong
catalytic properties of generating reactive oxygen species that have very strong
biological damage potential 40,44. Therefore, the excess of iron is stored in ironbinding proteins such as ferritin A, bacterioferritin or Dps 40,45.
Table 2. Compounds not used by E. coli as a sole carbon and energy source 6,26,39
Substrates
L-Sorbose
D-Arabinose
Raffinose
Inositol
Butanol
L-Glutamate
L-Arginine
L-Histidine
L-Cysteine
L-Tyrosine
L-Serine
Glycine
L-Threonine
Citrate

Reasons:
No transporter and enzymes.
It can be metabolized through the L-fucose
pathway, but the pathway is not induced by Darabinose.
No transporter and enzymes.
No transporter and enzymes.
No enzymes for conversion to butyryl-CoA. Cells
cannot metabolize butyryl-CoA.
No transport system.
Do not utilize it, but they have the potential to
metabolize it to succinate.
Lack histidinase.
Toxic for E. coli in high concentration.
Do not have the enzymes.
Do not utilize it, but they have the potential to
metabolize it.
Do not utilize it.
Do not utilize it, but they have the potential to
metabolize it.
Do not code for oxaloacetate dehydrogenase. The
CitT transporter is expressed anaerobically when
the TCA cycle is repressed.

Conditional Utilization:

It is metabolized when it is present
together with glycine, L-leucine,
L-isoleucine, and L-valine.

It is metabolized anaerobically
when a co-substrate /such as
glucose/ is provided to supply the
fermentation
process
with
reduced equivalents.

Notes: The substrates that E. coli can potentially metabolize are highlighted in blue.
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Figure 3. Proposed model for citrate
utilization by E. coli under anaerobic conditions by Lutgens and Gottschalk. 39

1.2.3. Basic genetics.
Stress presents itself in unlimited ways. The coding potential of E. coli is limited.
Yet, this limited coding potential of E. coli is characterized by high genetic
plasticity 46-48. This subchapter deals with the main aspects of E. coli genetics
important for this thesis.
In 1997, Blattner et al. showed that the complete sequence of the genome of E.
coli K-12 strain MG1655 is elegantly organized into a 4,6-Mbp single chromosome
49. It codes for 4,500 genes (of which, 303 essential), i.e., 4,300 ORFs, 7 rRNA
operons, 86 tRNA and 74 pseudogenes 49-51. 755 out of 4,300 E. coli ORFs were
acquired via horizontal gene transfer (HGT) 47,52. The remnants of Sf6 and P4
prophages were inserted at tRNAargW and tRNAleuX, respectively, suggesting that
the tRNA loci are the preferred site for integration of mobile genetic elements
(such as some lysogenic coliphages) 47,49.
Today, the sequences of almost 700 genomes of different pathogenic and nonpathogenic E. coli strains are available out of 14,820 sequences for genome
assembly or annotation report (www.ncbi.nlm.nih.gov/genome/genomes/).
Based on the available sequences, the chromosome of E. coli can vary from 4,6 to
5,5 Mbp, ruling out that strain MG1655 contains the smallest chromosome of all
E. coli strains 18,53. Studies on E. coli genomes of different sizes by Ochman et al.
suggested that the acquisition of the novel genetic material is followed by the loss
of needless one 53. For example, E. coli ECOR 37 (a marmoset isolate) has a 5,4Mbp chromosome that lacks 350 kbp of the genome of MG1655 but acquired a 1.2
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Mbp unique coding sequence 53. The comparative genomics of pathogenic and
commensal strains revealed that the core genome of E. coli is composed of around
2,000 genes, while the pan-genome contains 10,000 genes 18,48. Touchon et al.
showed that the core genome codes for the species characteristics including the
anabolism of amino acids, nucleotides, co-factors and proteins; metabolism of
DNA, fatty acids, and phospholipids; transcription, translation and protein
processing 48. The pan-genome contains mostly genes coding for regulators, cell
wall modifications, different biological processes and mobile genetic elements 48.
In addition to the dynamics of the E. coli chromosome, different strains can
harbor various extrachromosomal circular DNA elements that can independently
replicate in the cytoplasm of bacteria, called plasmids. Most of them are
conjugative F plasmids (from fertility), belonging to the IncF family 54. E. coli
plasmids can bring various traits which are involved in virulence (plasmids from
the group of ColV and Vir found in ExPEC), drug resistance (pETEC6 found in
ETEC E24377A, pEK499 found in E. coli ST131) and the metabolism of
uncommon compounds 6,54,55. Even though that E. coli is mostly presented as a
citrate-negative bacterium (cf. Subchapter 1.2.3.), there are some
thermosensitive H1 plasmids found in very few E. coli isolates from birds and
cattle providing the bacteria with the ability for citrate utilization and antibiotic
resistance 54,56,57. The overview in Table 3 summarizes the main groups of
intestinal pathogenic E. coli and further highlights the importance of the
plasmids for the virulence of E. coli, since a lot of the virulence traits are plasmidbased.
1.3. Commensal and pathogenic Escherichia coli
E. coli and Salmonella enterica diverged between 120-160 Myr ago which
coincided with the appearance of the first eutherians 47,52,58. At that period E. coli
established a commensal relationship with its host – the GIT of the lactose
producing, homeothermic animals, i.e., the mammals. As suggested by Tenaillon
et al., establishing a partnership with a host provides the bacteria with a relatively
constant influx of nutrients, a steady environment, a safety from some insults,
and finally the host can be used for dissemination 46. It is supposed that the last
common ancestor of the modern E. coli strains emerged between 20 to 40 Myr
ago 53.
Today’s E. coli come in many different types. The species is composed of a large
number of ecovars that can be commensal, pathogenic, environmental, and
laboratory strains. The majority of E. coli strains can be found as commensals in
the GIT of mammals (including humans), birds and reptiles, but they can also
escape the GIT of their host and survive in different environments such as soil
and water 6,7,18. Besides commensals, E. coli can be professional or opportunistic
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pathogen, causing colibacillosis with a variety of outcomes in the animals. Based
on the disease they are associated with and the virulence factors they have,
pathogenic E. coli are usually divided into two big groups. The first group is the
Intestinal Pathogenic E. coli (IPEC) whose members cause diarrhoeagenic
colibacillosis 6,18. Based on the adhesion/colonization mechanism and the
virulence factors, the IPEC representatives are divided into: Enteropathogenic E.
coli (EPEC), Enterotoxigenic E. coli (ETEC), Enteroinvasive E. coli (EIEC),
Enteroaggregative E. coli (EAEC), Diffusely Adherent E. coli (DAEC), Shiga-toxin
producing E. coli (STEC) and Adherent-Invasive E. coli (AIEC) 6,59-66. With regret,
the scope of the thesis does not cover the biology of IPEC, however their main
characteristics are presented in Table 3 and in Fig. 4A. Extraintestinal
Pathogenic E. coli (ExPEC) form the second group of pathogenic E. coli. Its
members escape the GIT and cause diseases outside the GIT with various
outcomes. The ExPEC colibacillosis may result in urinary tract infections (UTIs),
such as cystitis, pyelonephritis, in sepsis, in meningitis, or in other less frequent
infections. Subchapter 1.4. is dedicated to a detailed representation of ExPEC.
Fig. 4A shows the complex relationships among different pathogenic E. coli
groups based on the fact that some groups share the same virulence factors and
serotypes (see Table 3 for IPEC and Subchapter 1.4. for ExPEC).
Table 3. Main pathovars that belong to Intestinal Pathogenic E. coli (IPEC)*

6,18,61,62

IPEC Subgroup

Host

Diseases

tEPEC
(typical EPEC)

Humans

Infantile
diarrhea in
developing
countries

aEPEC
(atypical EPEC)

Animal
reservoir,
humans
included

Enteritis;
diarrhea in
calves, rabbits
and humans

EPEC
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Properties

i) Attachment and
effacing (AE) lesions
due to the intimin and
intimin receptor (Tir)
injected by the Type III
secretion system
encoded on the LEE
locus on PAI.
ii) Do not produce
Shiga toxin.
Presence of BFP
(bundle forming pili)
and EAF (EPEC
adherence factor)
encoded on pEAF
plasmid.
i) Lack pEAF and
hence the BFP.
ii) Specific virulence
fimbriae such as for
AF/R2/2 (adhesive
factor/rabbit 1 and 2)
and Ral (REPEC
adherence locus) for
rabbits and
Paa (Porcine
attachment/effacement
associated) for pigs.

Comments

Strains also share
virulence
properties with
STEC such as the
production of
haemolysins.

Ruminants;
calves;
pigs; dogs;
humans

ETEC

Traveler’s
diarrhea;
watery
diarrhea in
new born
animals

i) 20 types of CSs
(surface antigens).
ii) Heat stable (ST)
enterotoxin similar to
cholera toxin and/or
heat labile enterotoxin
(LT).
iii) α-Hly (alphahaemolysin).

Host-specificity
of ETEC is due to
the presence of
different
adhesins, i.e.,
animal ETEC do
not produce
adhesins typical
for the human
ETEC strains.
Some of the
adhesins and the
toxins, including
α-Hly are
plasmid-encoded.

EIEC

Humans;
Not known
animal
reservoir

Humans

EAEC

Self-limited
shigellosislike dysentery

Presence of pINV
coding for invasins
(from IpaA to IpaH),
the Type III secretion
system and IcsA.

Persistent
diarrhea (up
to 17 days) in
humans

i) Presence of plasmidencoded aggregating
adhesion fimbriae
(AAFI to AAFV).
ii) Presence of
enteroaggregative
heat-stable toxin-1
(EAST-1); Pet toxin
(plasmid encoded) and
Shigella enterotoxin
(ShET1).
Presence of Shiga
toxins (Stx).

STEC

Ruminants

Diarrhea to
haemolytic
uremic
syndrome

EHEC
(AE-STEC)

Ruminants

Diarrhea;
haemorrhagic
colitis,
haemolytic
uremic
syndrome

Enterotoxaemic
E. coli
(F18+ STEC)

Pigs

Oedema
disease,
followed by
nervous signs
and sudden
death;
lack of
diarrhea

DAEC1

Humans
and
animals

Diarrhea and
extraintestinal
infections in
animals,
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i) AE lesions due to
presence of LEE PAI
(see EPEC).
ii) Stx1 and/or Stx2
that recognize Gb3
(globotriaosyl
ceramide receptor
found on endothelial
cells) receptors.
i) Presence of Stx2e
which might not be in
temperate lambdoid
phage.
ii) Presence of HlyA;
iii) Presence of F18
adhesins.

i) Daa adhesins from
Afa/Dr family.
ii) ExPEC S- and Pfimbrial adhesins.

EIEC cells are
non-motile,
mostly lactose
negative and
unable to
decarboxylate
lysine – typical
features for
Shigella spp.
EAEC cells form
a pattern similar
to the
arrangement of
bricks in a wall
on cells in a Hep2 cells monolayer
culture.

Stx toxins are
encoded in the
genome of
temperate
lambdoid
bacteriophage

Stx2e recognizes
Gb4 and the
primary target is
not the
enterocytes.
Humans do not
have the receptor
for F18 which
suggests that the
strains cannot be
transfer to
humans.
Diffuse
adherence on
cells in cells
culture.

AIEC1

Humans

unclear role in
human
Implicated in
Crohn’s
disease
development

iii) Aap dispersin
common for EAEC.
i) ExPEC Type-1, S-,
P- and Mat – fimbriae.
ii) ExPEC capsular
antigens of K1, K5 and
K12 type.
iii) ExPEC
siderophores.
iv) ExPEC toxins –
Vat, HlyA, CNF1, Cdt
v) ExPEC invasins –
IbeA

Genetically
diverse group.
It is a relatively
young,
heterogeneous
group of E. coli
composed of
strains that have
the ability to
adhere and
replicate within
macrophages and
epithelial cells
without inducing
cell death.

Note: * The specific pathovars shown in green belong to particular main subgroup of IPEC in blue.
1. The group has virulence factors, typical for ExPEC.

With the discovery of so many and so different E. coli strains, some order was
needed. At the end of the 1980’s, Selander et al. and Goullet et al. showed by the
use of 38 enzymes for multilocus enzyme electrophoresis that E. coli strains form
stable subphylogenetic groups – A, B1, B2, C, D, E and F 26,67,68. This was followed
by further studies with the genomes of more representative strains, which
confirmed the clonality of the groups and more subphylogenetic groups were
added to the tree (Fig. 4B) 48. Groups A and B1 gather mostly commensal strains,
while Groups B1, E and S are represented mainly by IPEC strains (Fig. 4B). The
ExPEC are generally distributed in Groups B2, D and F (Fig. 4B).

Figure 4. Phenotypic and phylogenetic relationships among different E. coli strains (adapted from
18,48,69).
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Fig. 4A Vann diagram representing the complex relationships among different human pathogenic E.
coli groups. ExPEC strains include NMEC (for example, strains RS218 and IHE3034) and UPEC (for
example, strains 536, J96 and UTI89), but also strains isolated from different extraintestinal
infections such as pneumonia, peritonitis, sepsis, cholecystitis and others. The ExPEC strains share
virulence factors and there are common serotypes that can cause UTIs and meningitis, for example
O18:K1:H7 (common for UTI89 and IHE3034). Some UPEC strains display diffuse adherence to
tissue culture cells and share the same adhesins with DAEC, a heterogeneous pathotype linked to
diarrhea. DAEC can also be recovered from UTIs. STEC pathovars are also reported to cause UTI and
other extraintestinal infections. The STEC pathovar is defined by the presence of a bacteriophageencoded Shiga toxin. Some STEC contain the LEE pathogenicity island, typical for EPEC. STEC strains
carrying the LEE pathogenicity islands are known as EHEC (the most important serotype is O157:H7).
The EPEC strains besides the attachment and effacing phenotype, they may produce a bundle-forming
pilus and attach to cells in a localized manner and these EPEC are known as typical EPEC, while the
EPEC strains that do not produce the bundle-forming pilus are known as atypical EPEC. Some EPEC
can be diffusely adherent. EIEC bacteria invade intestinal epithelial cells and multiply in their
cytoplasm, and spread from cell to cell. This pathogroup includes genus Shigella which is part of E.
coli phylogeny. S. dysenteriae serogroup 1 strains produce Shiga toxins and they can be also included
in the groups of EIEC and STEC. EAEC strains are associated with persistent diarrheae and are
defined by their brick-in-wall pattern of adherence. In 2011 a large outbreak in Europe was caused by
EAEC that acquired the gene encoding the Shiga toxin (strain O104:H4). EAEC are also associated
with UTI. ETEC are associated with acute diarrheae and are grouped based on the production of heatlabile and/or heat-stable enterotoxins. Fig. 4B The main phylogenetic groups of E. coli strains. Subgroups B2, D and F include strains associated with extraintestinal infections while sub-groups S, E
and B1 with intestinal diseases. Sub-group A includes predominantly commensal isolates.

2. Extraintestinal Pathogenic Escherichia coli (ExPEC)
2.1. General characteristics.
The ExPEC group is represented by one of the most diverse group of strains with
three main characteristics – i) they can reside as commensals in the GIT of their
hosts without causing any disease; ii) once they escape the GIT of their host, they
can colonize other parts of the body, resulting in infection and iii) their virulence
genes are encoded on large mobile genetic elements, called pathogenicity islands
(PAIs) 16,70,71. Based on the host and the disease they are associated with, the
ExPEC group is divided into Uropathogenic E. coli (UPEC), Neonatal Meningitiscausing E. coli (NMEC), and Avian Pathogenic E. coli (APEC). The thesis focuses
mainly on some model UPEC and NMEC strains whose biology will be presented
in detail.
UPEC bacteria are the most frequent isolates from UTIs in humans 18,63,72. Due to
anatomical differences, women are more susceptible to UTIs than men and it is
estimated that 40% of women will encounter UTIs in their lives 73. The route of
infection starts with a transfer of bacteria (infectious dose of 200 bacteria) from
the fecal site to the ureter and once established in the urine (bacteriuria), bacteria
can ascend and infect the bladder (cystitis) and depending on the strain, the
infection can spread from the bladder to the kidneys (pyelonephritis) 72,74,75.
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Further complications can arise if the kidneys are damaged, leading to sepsis and
kidney failure 72,74,75.
NMEC together with the Group B streptococci are the leading cause of neonatal
meningitis and early onset sepsis 76,77. NMEC meningitis (6.8 per 1000 live births)
is a very severe disease that can reach up to 40% mortality, requiring low
infectious dose (50-200 bacteria in the blood) and can lead to severe neurological
abnormalities after recovery (in 10-15%) such as hydrocephalus, seizures, mental
retardation, cerebral palsy, hearing loss and memory impairment 78-81. In line
with the severity of new born meningitis, the NMEC early onset sepsis has three
times higher mortality compared to the sepsis caused by the Group B
Streptococcus 82.
As depicted in Fig. 4A and Fig. 5, NMEC and UPEC strains share a lot of traits
which suggest for an on-going evolution among them. Based on the similarities
and the differences, one can speculate that ExPEC virulence results from a
combinatorial effect of one or several virulence factors or special characteristics.
2.2. Virulence factors
2.2.1. K antigens
E. coli bacteria can produce around 100 K antigens (see Subchapter 1.2.1.), and
the most frequently isolated UPEC serotypes are K1, K2, K3, K5, K12, K13 and
K15 83-85. Their heteropolysaccharides have low molecular weight; at least one of
the monomers has acidic properties and the capsules are not produced at
temperatures below 30⁰C 83-85. The main virulence factor of NMEC is the K1
capsular antigen (very similar to the major antigen of Neisseria meningitidis
group B) encoded by the kps-neu-kps gene cluster 79,83,86-93. The capsule is
composed of polysialic acid which blinds the host immune system for the invasive
bacteria 25,94. The polysialic pattern of the K1 capsule resembles the glycosylation
pattern of the embryonic form of N-CAM (Neural Cell Adhesion Molecule) which
creates immune mimicry and the immune system cannot recognize the K1
bacteria as invaders 89,90,95. Even though the K1 serotypes are predominantly
neonatal meningitis isolates (80% of the cases), they are also associated with
sepsis and UTIs 79,86,96. Together with the different iron acquisition systems
(salmochelin, as the main player, produced by iroBCD), the K1 capsule reinforces
the survival of the bacteria in the blood 87-89,97.
2.2.2. Cytotoxins.
α-Haemolysin (HlyA). Production of toxins, i.e., haemolysins that can lyse
erythrocytes is a property of UPEC rather than of NMEC 16,18,98,99. UPEC produce
HlyA which can lyse the erythrocytes of all mammals, even fish erythrocytes 100.
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HlyA is a 110-kDa exotoxin that belongs to the family of RTX toxins. The
determinants for production, activation and secretion of HlyA are located on PAIs
organized into hlyCABD operon 101,102. The hly operon is usually linked to the
operons of other virulence genes located on the same PAI, as exemplified in Fig.
9 (see PAI I536 and PAI II536) with the PAIs of UPEC strain 536 103,104. HlyA is
synthesized in its inactive form. It is later activated in the cytoplasm by HlyC (a
fatty acid acetyl transferase) and then - secreted in the extracellular environment.
There HlyA subunits oligomerize into cation-selective channels and in the
presence of Ca2+ attack the eukaryotic membranes, resulting in an increased
permeability of erythrocytes to Ca2+ and K+ 18,105,106. Studies with bladder
epithelial cells infected with UPEC strains UTI89 and UTI89∆hlyA demonstrated
that HlyA induces a mesotrypsin-mediated proteolysis of focal adhesionassociated proteins such as paxillin (a cytoskeletal scaffolding protein) which
triggers the exfoliation of the bladder epithelial cells 107. HlyA can also induce the
proteolysis of different macrophage proteins such as IκBα and RelA 107.
Cytotoxic necrotizing factor-1 (CNF1). CNF1 is produced by UPEC and by
some NMEC strains 108,109. It belongs to the family of dermonectrotic toxins which
activate Rho proteins. Its gene, cnf1, is also located on NMEC and UPEC PAIs (in
UPEC, often linked to HlyA and P-fimbrial genetic determinants) 110. Generally,
the CNF1 toxin has been implicated in the actin rearrangement of the host cells
upon invasion by ExPEC bacteria, i.e., the invasion of the bladder epithelial cells
by the cystitis UPEC isolates and transcytosis of NMEC through the brain
microvascular endothelial cells (BMECs) 111,112.
Serine Protease Autotransporters of Enterobacteriaceae (SPATEs).
SPATEs is a subfamily of extracellular serine proteases produced by
enterobacteria 18,113. UPEC bacteria produce three different SPATE toxins whose
genetic determinants are also located on PAIs 113,114. Secreted autotransporter
toxin (Sat) is one of them with proteolytic activity towards casein, factor V and
spectrin. Sat exerts a cytotoxic effect on VERO kidney cells, HK-2 human bladder
cells, and HEp-2 cell lines which also triggers their vacuolation 115. Sat is also
shown to exert in vitro proteolytic activity on cytoskeletal (fodrin and leukocyte
function-associated molecule 1) and also on nuclear (microtubule-associated
proteins, poly-(ADP-ribose) polymerase and signal-induced proliferationassociated 1-like protein 1) 116. Protease involved in intestinal colonization (Pic) is
another SPATE protease, not a toxin, shown to mediate serum resistance by
proteolytic deactivation of the components of the complement system 117-119.
Temperature – sensitive haemagglutinin (Tsh), also known in UPEC as Vat, is a
protein first described in APEC (later found in UPEC) to release haem from
haemoglobin which can later be taken up by the bacteria 118,120. Tsh can also bind
collagen IV and fibronectin which would suggest that it, in addition to its other
functions, serves as a mean for adhesion 121. It was shown that both, Pic and Tsh,
26

can cleave leukocyte surface glycoproteins (such as CD43, PSGL-1, CD44, CD45,
CD93, and fractalkine/CX3CL1), interfering with their attraction and migration
122. Genes coding for SPATE proteins were also found in NMEC, especially in
strains associated with neonatal septicemia 123. The most frequently produced
SPATEs by ExPEC are Tsh and Sat 123.
2.2.3. Invasins.
This group of virulence factors will be presented in light of NMEC pathogenicity
since the hallmark of this disease is the successful crossing of the blood brain
barrier (BBB) 18,124. NMEC use two strategies to cross the BBB. The first one is the
penetration into BMECs resulting in transcytosis into the central nervous system
(CNS), while the second strategy is to enter and multiple in neutrophils which
during inflammation, cross the BBB and deliver the bacteria in the CNS 18,125. In
both cases, the NMEC bacteria trigger their own uptake by the host cells, a
process called invasion. NMEC invasion is accomplished by the help of a group of
OMPs called invasins.
IbeA (Invasion of Brain Epithelium, also called Ibe10) is the first discovered
invasin in NMEC with its gene located on PAI 126-129. IbeA is a unique virulence
factor for NMEC compared to the other human pathogenic E. coli (its gene can
also be found in the genomes of some APEC strains) 130,131. IbeA contributes to the
invasion of BMECs via binding to vimentin, located on the membrane of the host
cells 128,132. Binding to vimentin triggers the actin rearrangement through the
activation of Rac1 (a molecular switch from the Rho family GTPases for
cytoskeleton organization) – a process in which CNF1 also participates 111 133. IbeA
is further involved in the invasion of neutrophils 134-136. In short, IbeA induces NFκB activation via CaMKII that phosphorylates TAK1 and Erk1/2 which leads to
the activation of IKKα/β 134-136.
OmpA in addition to its role as a porin and receptor for different bacteriophages,
OmpA plays a major role in NMEC pathogenesis as an invasin. The protein is
conserved among proteobacteria and is important for the NMEC invasion of
neutrophils and BMECs 125,137. OmpA is especially important for the survival and
multiplication of NMEC in neutrophils since upon binding to gp96, it triggers
signaling that leads to suppression of the oxidative burst via downregulation of
rac1, rac2 and gp91 125. Besides OmpA, NMEC bacteria utilize other OMPs present
also in the commensal strains as invasins, such as IbeB, YijP and AslA 131.
2.2.4. Siderophores
As discussed in Subchapter 1.2.2.2., iron is an essential and limiting factor for
bacterial growth. Outside of the GIT, the iron is present in its less soluble form,
i.e., Fe(III), and is constantly bound to the host’s compounds such as haem,
haemoglobin, transferrin and lactoferrin 40. For example, there is 20µM of iron
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in the blood plasma, but the free iron is only 10-18M 138. Bearing in mind that
bacteria need 105 Fe3+ per generation, iron limitation by the host is a logical,
widely applied defense mechanism against invading pathogens 40.
To retrieve iron (III) from the specific niche and to outcompete the host’s ironbinding proteins, in addition to the existing iron acquisition systems (discussed
in Subchapter 1.2.2.2.), ExPEC (NMEC and UPEC) synthesize and secrete
more siderophores which are superior to enterobactin 16,40,71,106. The genetic
determinants of the additional siderophores are also located on mobile genetic
elements 16,40,71,106. Generally the siderophore production increases the survival of
ExPEC in the blood and urine 106,124,139,140. The function of three siderophores,
typical for ExPEC is discussed.
Aerobactin. It is a member of the mixed type siderophores, i.e., it is a citrylhydroxamate siderophore 40,106,139. Its operons iutAiucABCD are located on PAI,
on ColV or ColBM plasmids 139,141. Aerobactin is considered superior to the other
siderophores for several reasons: it is has higher binding constant at neutral pH
than enterobactin, it does not require recycling once taken up by its receptor, and
it is more soluble and stable than enterobactin 106,139.
Salmochelin. Together with enterobactin, it belongs to the group of the
catecholates and represents different glycosylated forms of enterobactin 139. Its
production is genetically determined by the iroNiroBCDE gene cluster either
located on PAI, or on ColV or ColBM virulence plasmids 139,141,142. It was shown
that in a UTI infection model, the catecholate siderophores had a minor role,
compared to the non-cholate and haem receptors which contributed significantly
to the virulence 143.
Yersiniabactin. It belongs to the group of the phenolates 139. Its genes are
located on High Pathogenicity Island of Yersinia that was acquired horizontally
by the ExPEC bacteria 139. Yersiniabactin is required for the iron uptake during
infection, and promotes biofilm formation in urine 143,144.
2.2.5. Virulence-associated adhesins.
Establishing in a new environment always starts with the difficult necessity to
physically remain there. To achieve that, ExPEC bacteria are equipped with
different kinds of adhesins via which they can selectively attach to different biotic
and/or abiotic surfaces, and establish a physical contact with the host. The
adhesins could be present on fimbriae (basic features explained in Subchapter
1.2.1., and exemplified with the biogenesis of type-1 fimbriae), on fimbrillae
(flexible, extended organelles with adhesins present all over the structure) or they
can be directly associated with the OM (the so-called afimbrial adhesins) 18.
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Different adhesins selectively adhere to different host receptors, which provide
the bacteria with the ability to colonize their niche and to perform tissue tropism.
2.2.5.1. Virulence-associated fimbriae.
Although, a prototypical ExPEC strain, such as UPEC strain CFT073, encodes 12
different fimbrial gene clusters (10 of which code for CUP fimbriae), only the role
of the most widely studied CUP fimbriae, i.e., type-1, S- and P- fimbriae will be
discussed 18,145. The biogenesis of the CUP fimbriae is exemplified with the
production of type-1 fimbriae in Subchapter 1.2.1.. The biogenesis of S- and Pfimbriae follows the same trend (Fig. 2) with the main difference being the
binding specificity of the S- fimbrial and P- fimbrial adhesins. Unlike type-1
fimbriae, the genetic determinants of the P and S fimbriae are encoded on PAIs
and are specific for the genomes of ExPEC.
Type-1 fimbriae. As explained in Subchapter 1.2.1., type-1 fimbriae are
produced by both commensal and pathogenic E. coli strains. Type-1 fimbriation
assists in the virulence of UPEC and NMEC during different stages of their
pathogenesis 17,33,146-149. For example, experiments done in infant rats infected
with type-1 and S fimbriated NMEC bacteria demonstrated that type-1 fimbriated
cells are less virulent with low mortality 150. At the same time, Teng et al. showed
that type-1 fimbriae are important for the interaction of NMEC bacteria with
human BMECs 149. Type-1 fimbriae enhance the urovirulence and trigger the
uptake of the UPEC bacteria into the bladder endothelial cells by binding to
mannosylated glucoconjugates and uroplakin 1a with their FimH adhesin
17,146,148,151,152.
P-fimbriae. P-fimbriae are encoded by the pap (pyelonephritis associated pili)
operons in the genomes of up to 70% of UPEC isolates 153,154. Eleven genes are
required for the biogenesis of the P fimbriae (Fig. 2, Fig. 5 and Fig. 6A) which
includes papA, coding for the main fimbrial subunit and papG encoding the
adhesin via which UPEC bind to the digalactoside epitope of vascular
endothelium and muscular tissues 155,156. P-fimbriae are typically produced by
pyelonephritis UPEC isolates and the presence of the pap gene cluster is normally
associated with highly virulent UPEC strain 153. The role of the P-fimbriae in the
pathogenesis of UPEC is not yet clear since Mobley et al. showed that there is not
any difference between pap deletion mutant and its wild type in the colonization
of the mouse of ascending UTI 157. On the other hand, in a study done by Roberts
et al E. coli strain DS17∆papG did not cause significant kidney damage in a
pyelonephritis model in monkeys while its wild type caused kidney failure 158.
S-fimbriae. Studies on the sfa (sialic acid fimbrial adhesion) gene cluster coding
for the S fimbriae is one of the main aspects of this thesis. S-fimbriae are found
in 15% of UPEC and 30% of NMEC and they allow bacteria to adhere to sialylated
glucoconjugates 99,150,153,159. They were discovered by their ability to perform
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mannose-insensitive haemagglutination 160. The genes coding for the biogenesis
of the S-fimbriae are located in the sfa (sialic acid fimbrial adhesion) gene cluster,
coding for the major (sfaA), minor (sfaD, sfaG, sfaH) subunits of the fimbriae,
the adhesin (sfaS), the chaperone (sfaE), usher (sfaF) and the local regulators
(sfaB and sfaC) involved in the S-fimbrial biogenesis (Fig. 5 and 2) 161,162. Sfimbriae are normally produced by the cystitis UPEC isolates, allowing binding to
vascular and glomerular epithelium as well as to connective tissues 156,163. The Sfimbriae, together with the K1 capsule, are considered a major virulence factor of
NMEC 79,86,164. S-fimbriae can bind brain tissue and cultured endothelial cells
165,166. Additional experiments performed with bovine BMECs indicated that SfaS
fimbrial adhesin promotes the attachment of the NMEC bacteria to BMECs due
to the sialic acid containing glycoproteins and interestingly, SfaA also plays a role
as an adhesive molecule that recognizes sulfated glycolipids 159,167.
2.2.5.2. Regulation of virulence-associated fimbrial gene expression.
Given the presence of more than one fimbrial gene cluster and the fact that
different fimbriae recognize different receptors on different host tissues, it is
rational for a differential fimbrial gene expression to exist. The differential
fimbrial expression allows the bacteria to sequentially colonize different niches
and to perform tissue tropism. Fimbrial gene expression is a phase-variation
event, i.e., it happens in a subpopulation of cells resulting in different types of
fimbriated and non-fimbriated bacteria 162.
The fim gene cluster (coding for the type-1 fimbriae) expression is regulated via
the recombinase activity of FimB and FimE that leads to positioning the main
promoter, located on a 314bp DNA invertible element, fimS, in line with the fim
structural genes 168,169. FimB can invert fimS from “ON” to “OFF” and vice versa,
while FimE activity predominantly results in “ON” to “OFF” transition 168,169. It is
interesting to mention the presence of some proteins with high homology to
FimB, i.e., IpbA (55% identity to FimB) and IpuA (48% identity to FimB) in the
genomes of UPEC and NMEC strains which can additionally control type-1
fimbrial phase variation 170,171.
The sfa gene cluster shares high homology with the foc, prf and pap gene clusters
(Fig. 6A) coding for the type-1C, P-like fimbriae and P-fimbriae and their gene
expression regulation follows the same trend (Fig. 6B) 162,172,173. The main sfa
promoter is a platform for many regulatory events with hierarchical organization.
Unlike the expression of the fim operons, the expression of the sfa gene cluster is
under epigenetic regulation. The first event is the methylation of the proximal
GATC site of the promoter region by the Dam methyltransferase so that the
involved regulators can interact with the DNA elements in the neighborhood of
the distal, non-methylated GATC site 174-176. The regulation of the S-fimbrial
biogenesis is a product of local - SfaB and SfaC, and global regulators - Lrp,
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cAMP-Crp and H-NS 19,162,177,178 (Fig 6B). SfaC, which shares 100% homology
with the positive local regulator of the pap gene cluster PapI, is the main positive
regulator of the sfa gene cluster which turns on the sfa gene expression by binding
to the main promoter region, stabilizing the DNA-cAMP-Crp-Lrp complex and
exposing the promoter to the RNA polymerase while H-NS is the main repressor
which binds to AT-rich DNA regions and hinders the access of the RNA
polymerase to the promoter 19,162,177,178. This complex regulatory network triggers
the expression of the structural genes of the S-fimbriae, but it also regulates the
expression of all the genes part of this cluster. To ensure the presence of particular
type of fimbriae in certain niche, ExPEC can suppress the expression of type-1
fimbriae by expressing SfaB (or PapB) which inhibits FimB activity, in addition
to the inhibition of fim expression, SfaB can upregulate the expression of the pap
genes and PapB – the expression of the sfa genes, which suggest that their
presence is required for the colonization of the same tissue 179,180.
In the end of the section, I would like to highlight the importance of the
environmental regulation of the expression of fimbriae. Their expression is
dependent on osmolarity, temperature and nutrient availability. For example, the
expression of type-1 fimbriae, P-fimbriae and S-fimbriae is optimal at 37⁰C, while
in rich medium or in medium with glucose or in high osmolarity, bacteria
downregulate the expression of P- and S-fimbriae 181-184.
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Figure 5. Comparison between NMEC (in blue) and UPEC (in red) bacteria. Even though that both
groups share a lot of virulence traits, the virulence factors of NMEC are less diverse and more defined.

Figure 6. The genetic determinants of virulence-associated fimbriae encoded on ExPEC PAIs.
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Fig. 6A Schematic comparison of the operons coding for P-, Type-1C and S- fimbriae showing similar
organization and homology. One of the main differences is the type of adhesin they determine.
Fig. 6B The regulation of virulence-associated fimbriae follows the same trend on transcriptional and
post-transcriptional levels.

3. Pathoadaptation
Pathoadaptation is any of the changes that adapt bacteria to a new host’s niche
which eventually results in a disease. It is a process that involves positive selection
of random mutagenic and non-mutagenic (e.g., epigenetic) events which increase
the fitness of bacteria at a certain place in a certain time.
3.1. The Eco-Evo dynamics of ExPEC
Ecological evolutionary (Eco-Evo) biology presents the environment as a way to
induce and select for genotypic and phenotypic variation in bacteria.
Once the new variants appear, natural selection can privilege certain
phenotypes/genotypes by making them dominant in the bacterial population.
This concept also holds true for pathogens, i.e., they have to access their habitat
by crossing certain barriers, sustain and thrive in that habitat and in the end, they
have to be transmitted to a new one. There are three groups of pathogens based
on their ecology – professional, opportunistic and accidental.
The species of E. coli provides examples for all ecological groups of pathogens.
The professional pathogens, such as EIEC/Shigella spp., always cause disease as
part of their natural life cycle. The group of ExPEC is represented by opportunistic
and accidental pathogens. UPEC strains are opportunistic pathogens – a group
that is quite diverse and with complex ecological and evolutionary relationships.
As opportunistic pathogens, UPEC bacteria live as commensals in GIT, and only
when opportunity appears, i.e., upon breach of the defense systems or barriers of
the host, they are able to transmit to another niche, i.e., the urinary tract, and
cause disease (Fig. 7). An important feature of their life cycle is their ability to
always return to their commensal life in GIT (as their original habitat), once they
are shed by the urine. NMEC, on the other hand, can be considered as accidental
pathogens for the fact that they establish infections in dead-end zones such as the
CNS which does not allow them any further dissemination and thus, they cannot
return to their primary habitat (Fig. 7).
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Figure 7. Ecology of ExPEC,
the routes of the commensal life style are shown in black, while the routs for extraintestinal infections
are shown in blue for UTIs and in red for CNS invasion.

It is interesting to hypothesize that ExPEC virulence might have appeared
coincidentally. Tenaillon et al. and Sokurenko explore in their reviews this
possibility 46,185. In both reviews it is suggested that certain virulence traits should
be considered as traits that increase the fitness of ExPEC bacteria not only in their
pathogenic niche, but also in the gut 46,185. Such is the example with the iron
acquisition systems and the O antigenic variation which protects the commensal
E. coli bacteria against grazing predators in the gut 186-188. To further speculate on
the hypothesis, if ExPEC virulence is of an accidental origin in the gut, one
possible scenario would be the selection for K1 encapsulated E. coli bacteria. As
discussed in Subchapter 2.2.1., in addition to the fact that the K1 antigen is a
shared virulence factor by UPEC and NMEC, it is the main virulence factor in
NMEC 79,96,189. Gut microbiota is composed not only of bacteria and archaea, but
also of protozoa and bacteriophages 190,191. Studies on interactions of E. coli K1
with Acanthamoeba castellanii (a keratitis isolate) showed that in addition to
LPS and OmpA, the K1 capsule is an important factor for the association, invasion
and survival of the bacteria in the amoebae 187,192,193. The protection from grazing
predators is one of the reasons that can result in “enrichment” of a certain E. coli
population with K1 bacteria. Another reason for the selection of K1 bacteria in the
gut is the presence of bacteriophages, such as bacteriophage T7, to which the K1
capsule serves as a barrier 194. Taken together, these examples suggest that the
selective forces in the gut also shape the adaptive potential of ExPEC population
and only after the bacteria escape the gut, can this adaptive potential prove
pathogenic.
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3.2. The genetic plasticity of ExPEC
The genetic plasticity of ExPEC, i.e., the presence of core and flexible gene pools
in their genomes, is the main prerequisite for their evolution which can result in
new phenotypes selected by the environmental forces. The flexible gene pool is
represented by mobile genetic elements which are integrated on the bacterial
chromosome or they exist independently, plasmid-borne. The genes that belong
to the flexible pool are acquired and it can also be transferred intra- and interspecially via the means of HGT – conjugation, transduction and natural
transformation.
3.2.1. Pathogenicity islands
Genomic islands are horizontally acquired blocks of novel genes, encoding
adaptive traits proved useful before, integrated on the chromosome. The genomic
islands share several common features: (i) they carry genes coding for integrases
and IS elements and sequences of phage or plasmid origin; (ii) their size is
between 10 and 100 kb; (iii) their sites of insertion are predominantly the tRNA
loci; (iv) they have different GC content, codon usage; and (v) they may be
unstable 195,196. If the new traits acquired via HTG on genomic islands contribute
to the pathogenic potential of the strain, the genomic islands are called PAIs 196.
First PAIs were described in the genomes of pathogenic E. coli and later, they
were discovered in the genomes of other bacterial species 104,195,197. The presence
of PAIs is one of the main characteristics of ExPEC and is the reason for the bigger
genomes of ExPEC bacteria compared to the genome of E. coli K-12 commensals.
PAIs are the mosaic component of ExPEC chromosomes (Fig. 8) and they are
part of the flexible gene pool. The PAIs were extensively studied in three
prototypical UPEC strains 536, J96 and CFT073 196. There are 5 PAIs described
in the genome of strain 536 196-199. The structure and organization of PAI I536, PAI
II536 and PAI IV536 are depicted in Fig. 9 196-199. The evolutionary advantage
provided by the PAIs is the acquisiton of different operons coding for different
traits. For example, the genetic determinants of HlyA and P fimbriae are often
encoded on the same PAI (Fig. 9, see PAI II536), such as in the case of the sfa gene
cluster and the iro operon encoded together on PAI III536 196,198. PAIs whose
sequences are flanked with direct repeats are unstable and the bacteria can lose
them at high frequencies as studies on strain 536 showed 197. NMEC genomes are
also mosaic due to the presence of PAIs. Studies on prototypical NMEC strains
IHE3034 and RS218 showed that most of their PAIs are similar to the UPEC ones,
for example RDI4 (from RS218-derived islands) carries the sfa gene cluster,
which can also be found on PAI of the genome of strain IHE3034 200,201. NMEC
genomes also carry unique PAIs, e.g., ibeA gene (typical only for NMEC and
APEC) is located on RDI22 201.
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Figure 8. Genomic comparison of three ExPEC chromosomes. The PAIs are present in fragments
colored in red, blue, yellow and green due to the different algorithms used for their detection (CG
content, tRNA locus for integration, presence of genes coding for genetic mobility and so on…). The
differently colored dots, explained in the figure, represent pathoadaptive mutations linked to the
virulence of the particular strain.

3.2.2. Pathoadaptive mutations
Mutations in the core gene pool that increase the pathogenic potential of bacteria
are called pathoadaptive mutations. They affect genes found in ExPEC and
commensal bacteria. It is suggested that they are acquired in the process of
pathogenesis, unlike PAIs, and that is why their presence represents true
pathoadaptive trait 185. There are three main type of pathoadaptive mutations
gene inactivation, gene amplification, and allelic variation 185.
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Gene inactivation due to different point mutations or deletions can be due to
bacterial adaptation to a very specific niche, such as the case with the intracellular
pathogens Buchnera, Chlamydia trachomatis, Mycoplasma, Mycobacterium
leprae 185,202. This kind of gene reduction results from the lack of gene usage.
Another type of gene inactivation eliminates genes whose products antagonize
the virulence of the pathogen 202. These kind of genes are known as anti-virulence
genes, and their products – anti-virulence factors 202. The concept behind is that
expression of a certain gene is beneficial in one niche but may be deleterious in
another. A classic example for an anti-virulence genes is the cadBAcadC genetic
system coding for the production of cadaverine in E. coli 203-205. Lack of lysine
decarboxylase activity, required for cadaverine production, is one of the main
differences between Shigella/EIEC and the other E. coli strains 6. Cadaverine is a
polyamine that plays an important role in cell adaptation to low pH 206. When the
functional cadBAcadC operons were restored in wild-type Shigella, it was shown
that cadaverine disrupts ShET1/ShET2 activity, inhibits neutrophil
transepithelial migration and blocks the escape of bacteria from the phagosome
205,207,208. It is also worth mentioning that the cadBAcadC operons are also
deactivated in a set of STEC and EHEC strains due to the fact that restored
cadaverine production reduced their adherence ability 209,210.
The second group of pathoadaptive mutations result in gene amplificiation, i.e.,
the increased gene dosage leads to improved pathogenicity. Such as the case with
the duplication of hlyCABD operon located on two PAIs of UPEC strains 536 and
J96 (Fig. 9) 211. In another UPEC strain, CFT073, carries two copies of the pap
gene cluster also on two PAIs 211. In principle, overproduction of specific fimbriae
can improve the strength of adhesion and lead to better colonization of the
pathogenic niche.
Allelic variations belong to the third group of pathoadaptive mutations. They
represent point mutations that do not truncate or delete genes, but lead to the
production of mutated proteins that can have different specificities compared to
its wild-type version. One example is the allelic variation of the fimH gene, coding
for the adhesin of the type-1 fimbriae. Sokurenko et al. showed that there are 2
FimH variants – one variant, produced by the commensal E. coli, has low binding
specificity to mono-mannose and the other FimH variant, produced by UPEC,
exerts high binding affinity 212. The selection for FimH variants that bind strongly
mono-mannose optimizes the tissue tropism of UPEC due to broad cell receptor
specificity which provides an advantage during the colonization of urinary tract
213.
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Figure 9. Genetic organization of three PAIs found in the genome of UPEC strain 536. The site of
insertion (the tRNA locus) is shown in green; in yellow are depicted the genes coding for integrases
or IS; the genes coding for HlyA production are shown in red, while the genes coding for fimbriae –
in blue. The genetic determinants for the yersiniabactin iron acquisition system are shown in purple.
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3.3. Pathoadaptation and metabolism
The virulence factors of ExPEC provide these bacteria with the ability to reside in
the blood and the cerebrospinal fluid which, in terms of nutrients, contain enough
carbon and energy sources (such as glucose) to allow for bacterial growth.
Urine, on the other hand, is one of the harsh environments which UPEC bacteria
occupy. It is a complex, nutrient-poor environment, characterized with buffered
pH (6-7), high osmolarity (due to the presence of 0.5M urea and 0.29M NaCl),
and dissolved oxygen of 4 ppm 214-216. From nutritional point of view, urine
represents a dilute medium which contains amino acids, small peptides, glucose
(its concentration varies between 0.05 and 3.4 mM), citrate (concentration
between 1 – 4 mM) and other compounds 217-220. A shift from an anaerobic,
reducing environment enriched with nutrients into new oxidative niches with
limited nutrients often requires changes in the key metabolic pathways of these
ExPEC bacteria. Alteri et al. showed that the primary carbon, energy and nitrogen
source for UPEC in the urine are the short peptides and the amino acids 221.
Besides amino acids and peptides, UPEC bacteria can also utilize hexouronates
and hexanates 222. The import of peptides, gluconeogenesis and the TCA cycle are
necessary for UPEC in the course of UTI, while glycolysis, the pentose phosphate
pathway and Entner-Doudoroff pathway are not 221. Snyder, et al. demonstrated
that UPEC bacteria in a mouse urinary tract infection model downregulate many
genes involved in the anaerobic bacterial growth 222. Though urea is abundant in
urine, E. coli are urease negative and cannot use urea as a nitrogen source. The
nitrogen limitation is overcome by producing the GluP and GluQ glutamine
importers 222.
3.4. Pathoadaptation and developmental programs
3.4.1. Signaling networks that regulates sessility and motility in ExPEC
The lifestyles and behavior of bacterial cells may include regulatory signaling
mechanisms controlling switches between motility and sessility. The key element
in their signaling cascades is the second messenger bis-(3’, 5’)-cyclic dimeric
guanosine monophosphate (c-di-GMP), an important molecule which serves as a
main motility-sessility switch, manufactured only by some eubacteria 223-225.
When c-di-GMP is needed in E. coli, the second messenger is produced by a group
of enzymes that have the GGDEF domain - diguanylate cyclases, and degraded,
when no longer needed, by c-di-GMP phosphodiesterases that carry the EAL
domain 226,227. There are 29 genes encoding GGDEF/EAL proteins in E. coli - 12
genes coding for GGDEF proteins, 10 genes for EAL proteins, and 7 genes that
encode proteins carrying both domains 228,229. The third component of the c-diGMP signaling module in E. coli is the receptor protein that is activated upon
binding to the messenger. The receptor proteins belong to the PilZ-like family and
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so far, there are 2 effector proteins in E. coli – YcgR and BcsA 225,230. Previous
studies done with commensal E. coli showed that c-di-GMP is involved in
motility, curli-mediated adhesion, and ribosome-triggered biofilm formation 231233. Even though c-di-GMP signaling has been thoroughly investigated, the role of
certain EAL PDEs, such as YcgG, in the lifestyle of the commensal E. coli strains
remains unknown. The role of c-di-GMP was also studied in some ExPEC strains,
mainly in uropathogenic E. coli CFT073 and to a lesser extend in E. coli IHE3034
200,234-237. Overall, besides sessility and motility, in E. coli CFT073, c-di-GMP
represses type-1 fimbriae expression in a pst mutant variant, and the presence of
YdiV (a degenerated PDE) represses the formation of P-fimbriae 234-236.
Downstream of the sfa/foc/pap structural genes (also downstream of foc and pap
genes), there are two novel regulatory ORFs, part of the sfa gene cluster –
sfa/pap/focX and sfa/pap/focY (Fig. 6B) 164,200. Their products are also involved
in the regulation of motility. The SfaX-like proteins belong to the MarR family of
transcriptional regulators 238. The family is represented by alpha helical members
that bind palindromic DNA repeats via a winged, helix-turn-helix motif 238,239.
PapX/SfaX-like proteins are mainly involved in the regulation of the type-1
fimbrial phase variation and bacterial motility 240. The role of the ‘X’ proteins in
motility was demonstrated for the first time in NMEC strain IHE3034 240.
Sjöström et al. found that overproduction of the sfaX gene abolishes the bacterial
motility, because as it was discovered later, SfaX binds to the main promoter of
class I flagellar operons, repressing the expression of flhCD which codes for the
FlhCD transcriptional activator of fliC 238,240. Studies on PapX and FocX
confirmed that the ‘X’ proteins repress the expression of the flagellar genes also
in UPEC 241,242. Sfa/Pap/FocY proteins are novel, active, stand-alone c-di-GMP
EAL PDEs, produced by NMEC and UPEC 200. Previous studies done in our lab
showed that SfaY is an active PDE and its gene, i.e., sfaY, is under the regulation
of the main promoter of the sfa gene cluster, responsible for the assembly and
formation of the virulence-associated S-fimbriae 200.
3.4.2. Formation of Intracellular Bacterial Communities (IBCs) by UPEC
bacteria.
Surviving in many disparate host niches is the major reason for the ExPEC strains
not only to be equipped with a diverse arsenal of virulence factors, but also to
develop morphological plasticity which supports their adaptation and survival.
One of the good examples for this morphological plasticity is the formation of the
intracellular bacterial communities (IBCs) by the UPEC strain UTI89 upon
invasion of the urothelial bladder cells during infection 243. During their
intracellular lifestyle, after a couple of generations they start differentiating into
long, filamentous bacteria, and small motile and non-motile cells 244. It is
assumed that the filamentous bacteria break the uroepithelial cells open, propel
the small bacteria and prevent them from being phagocytosed by the immune
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cells 244. Thus, the filamentous UPEC species play an important role in the UPEC
pathogenicity and the IBCs play a major role of the chronic phase of the infection
245. Genetic studies done on UPEC filamentation revealed two ways for the
bacteria to elongate their cells – one study showed lack of filamentation of UTI89
cells that carried deletion in the sulA gene and the other study showed lack of
filamentation in damX UTI89 deletants 243,246.
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II. Thesis Scope
The results of this thesis are organized into three parts, depending on the aspects
of the ExPEC pathoadaptive events which were investigated.
In the first part of the thesis research, we questioned the reasoning
behind the inactivation of the main global stress regulator RpoS in
NMEC. To provide better understanding of such an event, we asked the following
questions:
1. Since RpoS is the main regulator of c-di-GMP signaling 247, we asked how much
c-di-GMP NMEC bacteria produce compared to the UPEC and the commensal K12 strain.
2. We addressed the link between the rpoS inactivation and the production of the
main virulence factors of NMEC strain IHE3034, i.e. the S fimbriae.
3. Since it has been reported that the loss of RpoS increases the spectrum of
compounds that E. coli can metabolize 248, we also asked if this particular loss can
contribute to the utilization of substrates that E. coli bacteria do not metabolize
even though they code for the whole repertoire of enzymes and transporters. And
if such metabolic pathoadaptability exists, how conserved it is in the group of
ExPEC.
The second part of the thesis research involved the investigation of
clyA which codes for a cryptic toxin with heamolytic and cytotixic
activities. It is a cryptic toxin because its gene expression is repressed by H-NS
in the genomes of commensal E. coli. The situation with clyA is different in the
ExPEC genomes – the gene expression was abolished via various deletion events
which took place either in the gene or in its promoter region. We tried to find the
reason behind these events and if they carried some pathoadaptive potential to
the strains. To achieve that, we used UPEC (J96 and 536) and NMEC (IHE3034)
strains and we asked the questions:
1. What happens if the deleted clyA allele is replaced with its intact version? Will
the haemolytic activity be restored?
2. Is there some regulatory interference by regulators, specific for ExPEC, which
can lead to overproduction of the restored ClyA?
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3. How the restored clyA affects the fitness of the ExPEC bacteria grown in media,
mimicking their natural habitats? And how is their fitness affected when the
ClyA+ ExPEC are exposed to antimicrobial peptides?
In the last part of the thesis research, we were in a quest to understand
the role of SfaY, which we previously showed to be able to code for a
stand-alone c-di-GMP PDE, in the lifestyle of NMEC 200. We asked the
questions:
1. How does the phase variation of the main sfa promoter affect the expression of
sfaY?
2. Is there specific phenotype caused by the deletion of the gene or by its
overexpression? And under what conditions?
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III. Results and Discussion
1. Absence of global stress regulation in Escherichia coli promotes
pathoadaptation and novel c-di-GMP-dependent metabolic
capability
Trade-offs in bacterial evolution often represent mutually exclusive adaptations
which suggest that loss of one function can lead to the gain of another. In the first
project we investigated if the loss of global stress regulation in a subset of NMEC
strains is such a trade-off that results in pathoadaptation. NMEC strain IHE3034
was isolated in Finland in 1976, while RS218 is a neuroinvasive American
pathovar 249,250. Both strains lack active RpoS due to the premature interruption
of its translation 251.
RpoS belongs to the family of the σ70 factors that act in the RNA polymerase
complex at initiation of transcription 252,253. RpoS is the main global stress
regulator that provides cross-resistance against starvation (due to limitation of P,
N, Mg and C); against changes (increase and decrease) in temperature, pH,
osmolarity; and against oxidative stress 253-255. RpoS triggers the c-di-GMP
signaling in E. coli and the deficiency in RpoS results in reduced biofilm
formation 247,256.
The first step we made was to compare the c-di-GMP levels of RS18 and IHE3034
to the levels produced by the commensal E. coli MG1655 and UPEC strains 536
and UTI89. What we found was that NMEC strains deficient in RpoS maintained
extremely low c-di-GMP levels even compared to the UPEC strains with which
they share a lot of common traits. After restoration of active RpoS, NMEC c-diGMP levels increased to the ones produced by the commensal and UPEC strains.
Then, we involved the role of ycgG (pdeG) 257. The ycgG gene codes for a
membrane-bound PDE in the genomes of different E. coli strains, including the
commensal 229. Sarenko et al. and Reinders et al. showed that the expression
levels of ycgG are very low under different laboratory conditions 258,259. In most
of the genomes of E. coli strains belonging to the B2 group, the ycgG gave rise to
a new allelic variant – ycgG2. The new allelic variant resulted from a deletion
event which removed the part of the ORF coding for the membrane-binding
domain, followed by a point mutation that turned the first codon of the coding
sequence into a rare start codon, i.e. TTG. Via in-vitro transcription/translation
we showed that ycgG2 is, indeed, an ORF and then we showed the cellular
expression of the protein in LB and artificial urine medium (AUM). In the end,
we showed that ycgG2 has also a phenotypic impact on biofilm formation by
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overexpressing it in Vibrio cholerae luxOc strain which resulted in a transition
from rugose to smooth colony morphology.
Next, we investigated the effect of RpoS inactivation and the presence of ycgG2
on the production of virulence factors by NMEC strain IHE3034. We decided to
run the experiments in AUM, since we were interested if the NMEC strains might
exhibit urofitness, since it is suggested that for the vertical transmission from
mother to infant, NMEC can reside in the maternal urinary tract. The initial
results indicated that NMEC bacteria grow well in AUM. Moreover, the
expression of the S-fimbriae was higher than the S-fimbrial expression by the
bacteria cultured in LB which suggested that NMEC bacteria can also colonize
UTI. When IHE3034 cells were cultured in AUM and LB, deletion of ycgG2 and
the restoration of RpoS led to reduced S-fimbrial expression.
We also considered that lack of RpoS in NMEC might contribute to potential
alteration in NMEC metabolism due to a regulatory trade-off between nutrient
utilization and stress resistance. The primary interest was to find if NMEC
bacteria can use substrates for which E. coli encode the enzymes and the
transporters but due to their separate production, the utilization and the
metabolic pathways are incomplete. We tested if NMEC can utilize citrate
aerobically according to Gottschalk’s conditions, i.e., the presence of a cosubstrate that provides the reducing power to the malate dehydrogenase and
fumarate reductase 39. To achieve that, we modified Simmon’s agar 260 by adding
0.2% D-glucose embedded on the surface. Results indicated that IHE3034
bacteria were able to grow on Simmon’s medium, i.e., to use citrate. As described
in this thesis, the ability of E. coli to use citrate is prevented because the main
citrate importer, CitT, is only expressed anaerobically and during anaerobic
growth the TCA cycle is repressed 39. To test if CitT is expressed aerobically by
IHE3034, we deleted its gene and showed that the IHE3034∆citT bacteria were
not able to grow on modified Simmon’s agar. We also showed that the restored
RpoS activity could abolish the growth of IHE3034 in presence of citrate, which
suggested for the existence of a trade-off that favored the nutrient competence
over the cross-resistance.
The finding that IHE3034 is able to grow on citrate stimulated us to investigate
how conserved this metabolic reprogramming is in the group of ExPEC. To do
that, we used two RpoS+ UPEC pathovars – strain UTI89 (a cystitis isolate,
serotype O18:K1:H7) and strain 536 (a pyelonephritis isolate, serotype
O6:K15:H31). UTI89 strain showed interesting behavior. In the beginning, the
wild type did not use citrate and exhibited retarded growth at 25⁰C on Simmon’s
medium with glucose, but after we inactivated rpoS, UTI89 bacteria started using
citrate and their growth at 25⁰C on the modified Simmon’s agar was restored.
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These findings further extended the advantages of RpoS inactivation. The results
from the experiments with strain 536 were also interesting. Even though 536 has
active RpoS, its bacteria can use citrate. Moreover, we tested more pyelonephritis
Finnish isolates which also showed the ability use citrate aerobically which
suggested that this type of citrate utilization is property of ExPEC and most
probably it improves the fitness of bacteria when they thrive in the urine during
their infection process.
Finally, we were curious if NMEC bacteria have adapted their CitT transporter
not only for citrate uptake, but also for iron (III) citrate uptake. On the quest to
investigate this property, it came to our attention that a vast majority of ExPEC,
including the NMEC and UPEC strains used in our experiments, have lost the
major operons coding for the iron (III) citrate uptake, i.e., fecIfecABCDE. This
further stimulated us to test if CitT can also serve as a portal for iron (III) citrate.
We performed an in vitro Fe(III) citrate utilization assay by comparing the iron
accumulation in IHE3034 and its citT deletion mutant. Interestingly, only the
wild type bacteria could accumulate iron while the mutant cells failed. We also
tested if the ∆ycgG2 mutant bacteria can take iron (III) citrate. Surprisingly, they
failed. Having in mind that iron is chelated with citrate in the gut, one can
speculate that in their commensal phase of growth, IHE3034 bacteria express
YcgG2 which stimulates the iron (III) citrate uptake. Once they escape the gut,
YcgG2 is decreased and the bacteria trigger the citrate fermentation program due
to nutrient restriction. Thus, YcgG2 could serve as a switch, i.e. when present, it
triggers iron (III) uptake, while when it is downregulated – citrate fermentation.
CitT is a citrate/succinate antiporter and one plausible mechanism for the switch
could be that under different conditions it can export anions, different from
succinate, which may allow the uptake not only of citrate but also of iron (III)
citrate.

2. Elevated recombinant clyA gene expression in the
uropathogenic Escherichia coli strain 536, a clue to explain
pathoadaptive mutations in a subset of extraintestinal E. coli
strains
Sometimes expression of a certain gene can reduce the fitness of bacteria in their
new pathogenic niche. That is why gene loss, as a pathoadaptive mutation, does
not only happen to anti-virulence genes, but also to genes whose products
severely exacerbate bacterial growth. In the second project, we explored the role
of another pathoadaptive mutation - the clyA (coding for cytolysin A) gene
inactivation done by different mutations in the ExPEC genomes.
The clyA gene is the only genetic factor found in non-pathogenic E. coli strains
that codes for a pore-forming toxin cytolysin A 261,262. The transcription of clyA
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gene is silenced by the H-NS DNA-binding protein and the gene is considered
inactive 263. Interestingly, the predominantly H-NS-repressed clyA gene was
turned into a pseudogene, via various insertion, deletion and recombination
events, in the genomes of a large set of ExPEC strains. This led us on the track to
test if, even though assumed silent, loss of clyA gene could have some
pathoadaptive value to the lifestyle of ExPEC.
In the beginning, we restored the clyA+ locus in UPEC strains 536 and J96. We
confirmed that ClyA was produced intracellularly, but to confirm that ClyA was
active, we grew the ClyA+ strains on Ca2+ - depleted blood agar plates (compared
to HlyA, ClyA activity is Ca2+- independent) and stimulated the ClyA release by
prophage induction with mitomycin C. After the phage release was induced, the
beta-haemolytic phenotype of ClyA+ J96 and 536 was confirmed. We also showed
via clyA::luxAB fusion that the clyA transcription happens during the
exponential phase of the growth of the UPEC derivatives. The results so far
suggest that the clyA+ expression in J96 and 536 is not under H-NS silencing,
which leads to its higher production in the UPEC derivatives compared to the
amount produced by the commensal isolates, and finally, the produced ClyA is
retained intracellularly, i.e., it is not secreted.
Since the restored clyA+ locus was not silenced by H-NS, we tried to find if some
ExPEC-specific regulators might play a role in its expression. We stopped our
attention on SfaX/PapX DNA-binding proteins from the MarR transcriptional
regulators whose genes (sfaX/papX) are encoded on the sfa/pap gene clusters in
ExPEC 200,238,241,264. We speculated that the presence of SfaX/PapX might have
anti-silencing effect that could counteract H-NS. UPEC strains code for more
than one fimbrial gene cluster and hence, they express more than one type of
SfaX/PapX regulators. To avoid cross-talk interference, we moved the
experiments in IHE3034 background (an NMEC strain carrying only the sfa gene
cluster and coding only for SfaX). We cloned the clyA+ gene on a plasmid under
the regulation of its own promoter and we examined the ClyA expression in the
wild-type IHE3034 strain and its sfaX deletion mutants. In the experiments we
included another mutant strain, i.e., IHE3034∆sfaY. SfaY is a stand-alone c-diGMP PDE which functionally resembles YcgG2 (the PDE studied in the first
project) and whose gene sfaY is also part of the sfa gene cluster of IHE3034 200.
The ClyA+ IHE3034 wild type produced higher levels of ClyA and displayed
stronger haemolytic activity compared to the ones produced by ClyA+ deletion
mutants. To further confirm that SfaX is a positive regulator of clyA transcription,
we introduced sfaX in trans in strain 536 clyA::luxAB. The luciferase activity
showed that SfaX enhanced greatly the transcription of clyA which further
confirmed the role of the SfaX/PapX proteins as positive regulators of clyA+ in
the ExPEC strains.
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Thus far our results suggest that ExPEC do not silence the expression of the
restored clyA, and on contrary, its expression is further stimulated by the activity
of the SfaX/PapX regulators. The initial experiments also hinted that the
produced ClyA is retained in the cells of J96 and 536, and its secretion requires
phage induction. It was shown before that the accumulation of heamolysins in E.
coli decreases the fitness of their cells 265, so the final part of the project was to
check if the clyA gene was inactivated in the ExPEC genomes as a result of
pathoadaptive mutation due to decrease in ExPEC fitness. We found out that the
UPEC strain 536 clyA+ showed increased susceptibility to antimicrobial peptides
(Polymixin B) and its fitness also decreased when the bacteria were cultured in
AUM with higher concentration of urea.

3. A c-di-GMP-mediated morphotypic pathoadaptability of
neonatal meningitis-causing Escherichia coli
Another fascinating aspect of ExPEC is their ability to integrate the core, “housekeeping” signaling networks with the signaling networks of their pathogenicity.
This integration may result in new phenotypic outcomes, bridging signaling
cascades via novel molecular mechanisms. That would be the take-home message
of the final project in which we explored the competence of NMEC bacteria for
filamentation.
We started this project with investigating the role of SfaY as a stand-alone c-diGMP PDE in the lifestyle of IHE3034. To follow up on the previous experiments
done in our laboratory, we created a scarless deletion sfaY mutant in strain
IHE3034 and explored its phenotype. The mutant cells did not display any
changes behavioral changes in terms of motility, biofilm formation and growth
under different conditions, such as changes in temperature, osmolarity and iron
availability, compared to its wild type. Then we decided to overproduce SfaY in
IHE3034 and to look for different phenotypes. This time, after we incubated the
IHE3034 bacteria on solid media and induced the expression of SfaY and we
performed scanning electron microscopy (SEM). The results showed curious
phenomenon – the bacteria in which SfaY was overproduced formed
heterogeneous population composed of long, filamented bacteria (30µm in
length) and bacteria of normal size (1-2µm in length). The frequency of the
filamented bacteria was similar to the frequency that is normally due to phase
variation.
Then we aimed to clarify NMEC filamentation was a result from a phase-variation
event since sfaY expression is under the regulation of the main promoter of the
sfa gene cluster. To do that, we tested the frequency of filamentation when the
sfa promoter was locked in its ‘ON’ phase by expressing in-trans the local positive
regulator SfaC, together with a plasmid that carries sfaY. We carried out the main
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experiments in IHE3034∆sfaY mutant background to avoid interference from
the native SfaY regulator. The results confirmed our hypothesis – only the ‘ON’
bacteria overexpressing SfaY displayed 100% filamentation while the negative
control bacteria remained with their normal size. In this experimental step, we
also turned ‘ON’ the main promoter of IHE3034∆hns mutant since H-NS was
shown to be main repressor of the virulence-associated fimbrial gene expression
19. IHE3034∆hns bacteria became elongated as soon as their sfa promoter was in
its ‘ON’ state. In addition, the wild-type IHE3034 exhibited the same
filamentation when its sfa promoter was in its ‘ON’ state and SfaY was
overproduced.
Bacterial filamentation is a phenomenon of different values. From one aspect, it
has been used as a read-out system in studies on bacterial cell division and that
is how the essential genes that determine the bacterial cell division components
were discovered under the form of fts (filamentation temperature-sensitive)
conditional mutants 266,267. Another aspect involved the fact that for many years
the filamented bacteria have been assumed to be the severely stressed and dying
part of the bacterial population which holds true for many environmental
conditions 244. In its third aspect, bacterial filamentation represents a survival
strategy, part of the non-mutagenic events of the bacterial SOS stress response
268-271. In short, the SOS response is induced when bacteria are exposed to DNAdamaging agents and it is triggered by the interaction between RecA-ssDNA
complex and LexA (a suppressor) 268-271. This interaction triggers the self-cleavage
of LexA and results in derepression of genes whose products participate in the
process of DNA repair 268-271. If the genotoxin persists, then bacteria enter in the
non-mutagenic phase of the SOS stress response, they express a protein, called
SulA, which interacts with the FtsZ monomers of the bacterial divisome and the
formation of the division ring is prevented, so bacteria stop dividing until the
stressor disappears 268-272. Bearing in mind that the SOS response is an inducible
system, our next step was to see if there was a link between the filamentation that
is under phase-variation and the induction of the DNA SOS stress response. We
checked the levels of RecA and LexA in the filamented IHE3034 bacteria
compared to the non-filamented ones and we observed reduced LexA production,
coupled with increased levels of RecA in the filamented bacteria, indicating that
indeed the SOS stress response was on. To further confirm that the filamented
bacteria already entered the non-mutagenic events of the SOS stress response via
SfaY, we worked only with the ‘ON’ strains of IHE3034 and its ∆sfaY deletion
mutant. When stressed with mitomycin C (a potent DNA cross-linker), only
IHE3034 ‘ON’ bacteria underwent filamentation compared to the ∆sfaY ‘ON’
mutant.
After we linked SfaY production to the DNA SOS stress response, we tried to
characterize the filamented bacteria. We showed that the IHE3034 filamented
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bacteria are non-fimbriated and carry multiple chromosomes. The fact that the
filamentation was reversible, and the viable counts of bacteria remained the
same, suggested that the filamented bacteria are alive.
The last step from this project was to test if filamentation was an NMEC pathovarspecific event. Surprisingly, when we included the American NMEC isolate
RS218, its cells already exhibited the filamented morphotype. So, while we were
trying to explore the filamentous potential of IHE3034, we embarked on the
adventure to turn the filamentous RS218 cells non-filamentous. In doing so, we
found out that SulA was the effector that triggered RS218 filamentation since
after turning ‘ON’ the RS218 main sfa promoter, only the RS218∆sulA bacteria
remained non-filamented. As far as IHE3034 filamentation is concerned, we
hypothesize that it could be due to a proteolytic cleave of the FtsZ monomers since
we detected an overproduction of ClpP - a component of the ClpXP proteolytic
machinery and a slight change in the FtsZ levels. The filamentation of IHE3034
could also be due to overproduction of DamX, which we detected only in
IHE3034 ‘ON’ strain overexpressing SfaY. DamX is a non-essential ‘SPOR’domain protein involved in bacterial cell division, which, when overproduced,
triggers filamentation 273,274.

4. Summary
Regulation and mutation are the two main mechanisms via which bacteria adapt
to new environments. Most of the studies done in this thesis are studies on
pathoadaptive mutations which resulted in the improvement of either the fitness
or the pathogenicity of ExPEC. For example, loss of RpoS resulted in the increase
of the urofitness of NMEC strain IHE3034 and also triggered its ability for citrate
utilization – an ability that normally does not exist in E. coli.
On the other hand, acquiring new regulators opens the way to new perspectives
for investigating the anti-silencing of the so-called cryptic genes, as it is the case
with the upregulation of ClyA in the UPEC strains studied here. Once expressed,
the product of the cryptic genes might be disadvantageous for the bacteria and
that is why these genes may be inactivated in the process of evolution such as the
case with the inactive clyA allelic variants in the genomes of a large set of ExPEC
strains.
Finally, the different ‘house-keeping’ signaling networks might serve different
purposes for good reasons, such as the case with the c-di-GMP-dependent
developmental program, under the control of phase variation that integrates the
DNA SOS stress response in its final stage of execution in strains IHE3034 and
RS218. The competence of NMEC for filamentation, shown here, could also serve
as a clue to explain the formation of the filamentous bacteria of UPEC
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intracellular bacterial communities for which also the two effectors are suggested
– SulA and/or DamX 243,246.
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5. Epilogue
The presence of ~ 100 K, 56 H and 164 O in E. coli can give rise to 10 000 possible
serotypes 106. It is interesting to know what evolutionary forces selected for the
existence of only a couple of hundred serotypes and it is even more curious to
discover the conditions that can lead to the selection of new ones. Why is it, for
example, that E. coli K1 are the predominant neonatal meningitis isolates and not
E. coli K92 25?
Another interesting aspect that requires further exploration is the zoonotic
potential of certain ExPEC strains causing diseases in animals (other than
humans). One can also speculate that humans can also be reservoirs for ExPEC
strains that can potentially infect animals. In line with this, certain strains are
restricted to particular hosts due to certain environmental barriers but what if
they acquire a virulence gene that would allow them to cross that barrier? One
example is strain F18+STEC which causes sudden death in pigs due to the
specificity of the receptor of its Shiga toxin (it is Gb4, not Gb3) 62. This strain
cannot be transmitted to humans because they lack the receptor for its fimbriae,
but what if this strain acquires the LEE pathogenicity island? One of the future
perspectives for bacterial adhesion might be the discovery of new bacterial
adhesins and their cognate host’s receptors.
To finalize this chapter, I would like to expand the view of the evolution of ExPEC
strains. It is right to assume that ExPEC virulence is of human origin, since they
reside as commensals in the gut and only when they escape the GIT can cause
disease elsewhere inside the human body. Another interesting speculation could
be if the ExPEC pathogenicity of certain strains evolve in the GIT of other animals.
For instance, the UTIs in dogs have the same epidemiology as the human’s ones.
Even though that specific NMEC strains have not been characterized in mammals
(other than humans), certain APEC and NMEC strains are more similar to each
other rather than to certain UPEC strains.
Microevolutionary processes always select for the fittest, on the other hand,
microevolution eventually leads to macroevolution that results in the appearance
of a new species. Even though that Escherichia coli is the ambassador of science,
the bacterium of many flavors and the hero of this thesis, one should not forget
that there are other species within genus Escherichia which can be as equally
interesting and dangerous as E. coli, especially if they remain understudied.
In the end, I would like to remind you on what Pasteur said:
“[Ladies and] Gentlemen, it is the microbes who will have the last word.”
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