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CHAPTER 1

INTRODUCTION



INTRODUCTION

1.1 Biofilms

In natural habitats microorganisms are often found attached to solid
surfaces (both biotic or abiotic) and organized in structured communities known
as biofilms: such communities are characterized by the presence of different
bacterial species, often associated with eukaryotic microorganisms, and by the
presence of a matrix constituted by extracellular macromolecules (e.qg.
polysaccharides) which embeds the microbes. The biofilm mode of growth
differs significantly from the planktonic state, i.e. bacterial free-living cells
(Costerton et al., 1995). The tightly associated cells constituting a bacterial
biofilm are able to coordinate their physiological and metabolic state, thus
almost resembling the subdivision of functions of a multicellular organism
(Caldwell, 2002; Costerton et al., 1995; Shapiro, 1998).

Such "“multicellular behavior” offers many advantages to a bacterial
population. In the environment, organization into a such community plays a key
role in the production and degradation of pollutants and the cycling of nitrogen,
sulfur and many metals, carried out by the concerted action of bacteria with
different metabolic capabilities. Water channels, throughout the biofilm, provide
the exchange of nutrients and metabolism products, allowing metabolic
cooperativity (Davey and O'Toole G, 2000). The surrounding extracellular
matrix confers a certain degree of protection to the bacteria residing within a
biofilm, in particular against biocides and detergents; bacteria growing as
biofilm in the human host are less susceptible to the immune response and
more resistant to antibiotic treatment (Costerton et al., 1994; Costerton et al.,
1999).

Biofilm growth can tremendously impact various human activities:
bacterial contaminations, usually by biofilms, can hamper industrial processes,
in particular the food and paper industry. Bacteria adhering to metal surfaces
can promote their corrosion leading to substantial economic damages

(Costerton et al., 1995). Biofilms removal is carried out using either biocides or



mechanical methods (grinding, wash-out with high-pressure water, etc...), but
their complete and efficient removal is often difficult.

Biofilm, on the other hand, can also have beneficial functions: for instance,
removal of organic material and more efficient processing of contaminants in
wastewater treatment, or bioremediation of polluted soil, are mostly carried out

by biofilm-growing bacteria.

Importance of biofilms in bacterial infections

A wide variety of medical devices, such as catheters or prostheses, are
readily colonized by bacterial biofilms, thus becoming a reservoir of pathogenic
bacteria and the starting point for serious human diseases and infections. The
total amount of death that can be attributed to infections associated to medical
devices is worldwide approximately 160,000 per years (WHO estimates). Bone
(osteomyelitis, caused prevalently by Streptococci and other Gram positive
bacteria) and urinary tract (cystitis and urethretis, caused mainly by
enterobacteria such as enteropathogenic E. coli) infections are mainly due to
biofilms, and show remarkable resistance to antibiotic treatment. This
resistance results in establishment of chronic bacterial infections (Finlay and
Falkow, 1997; Hoyle and Costerton, 1991).

Production of exopolysaccharides can protect the bacterial cell against
the immune response of the host (Vuong et al., 2004), and can be stimulated
by exposure to antibiotics. Thus, antibiotic treatment can be counterproductive
in some cases and even promote biofilm formation (Rachid et al., 2000; Sailer
et al., 2003). An example of extensive colonization linked to exopolysaccharide
production are lung infections caused by Pseudomonas aeruginosa, often in
concert with other opportunistic pathogens. In cystic fibrosis (an inherited
chronic disease that affects the lungs and digestive system) patients, infections
by P. aeruginosa are the main cause of death. Gene transfer is enhanced within
biofilm (Ghigo, 2001; Li et al., 2001; Molin & Tolker-Nielsen, 2003), thus
providing for quick and efficient transfer of antibiotic resistance genes, and
making the combat of biofilm-born infections difficult. Moreover, biofilms may
consist of cells of several or a single bacterial species interacting cooperatively.
Cells within a biofilm are physiologically heterogenous because of a variety of
microniches occur within the biofilm structure. Cells on the surface of the

structure with ready access to nutrients would be metabolically active and able



to divide; in contrast cells in the internal layers of a biofilm may be largely
dormant. This concept of physiological heterogeneity within a biofilm is
important because, unlike the relative physiological synchrony of planktonic
bacteria in broth culture, biofilm heterogeneity results in cells with vastly
different properties, such as susceptibilities to antibiotics. Indeed, cells in the
deeper layers of thick biofilms, which grow more slowly, have less access to
antibiotics and nutrients. As a result, biofilms may be as much as 1000 times
more refractory to antibiotic killing than bacterial cells suspended in broth
culture (Behlau & Gilmore, 2008).

Biofilm development

Transition from the planktonic mode of growth to more a complex
structure such as a biofilm occurs as a sequential and developmental process
(Fig. 1) (Reisner et al., 2003; Stoodley et al., 2002; Ghigo, 2001). The process
of adhesion to a surface, i.e the first step of biofilm formation, is mostly
controlled by physico-chemical properties such as Van der Waals interaction,
electrical charge and hydrophobicity of both bacterial cells and surfaces; often
bacteria have to overcome electric charge repulsion in order to attach to a
surface (Jucker et al., 1996; Van Loosdrecht et al., 1990). Upon adhesion
bacteria might sense contacts with the surface and induce specific gene
expression, leading to further development of the biofilm (Davies et al., 1993;
Otto & Silhavy, 2002; Sauer & Camper, 2001; Wang et al., 2004b). In the
presence of environmental conditions allowing bacterial growth, adherent cells
can divide and form an attached monolayer known as a microcolony.
Establishment of stronger cell-cell contacts allows the microcolony to finally
differentiate into a mature biofilm whose three-dimensional structure is
determined by the extracellular polymeric substances (EPS) in which the biofilm
is encased. EPS is constituted by a highly hydrate milieu consisting of different
types of exopolysaccharides, extracellular proteins and enzymes, and even DNA
(Lawrence et al., 1991; Withchurch et al., 2002); in addition, bacterial outer
membrane vesicles, flagella, phages, pili, host matrix material, and lysed cell
debris may also be present (Hunter and Beveridge, 2005). This EPS matrix
provides structural support to the biofilm, similar to an exoskeleton (Ghigo,
2003). Biofilm maturation is characterized by the growth of surface-attached

microcolonies that progress to a mature architecture with increased synthesis of



EPS, leading to a complex architecture that includes channels, pores, and even
a redistribution of the bacteria farther away from the substratum. Growth
generally occurs as the result of binary division of attached cells spreading
daughter cells upward and outward from the attached surface to form cell
clusters (Heydorn et al., 2000); however, recruitment of cells from the bulk
fluid to the aggregating microorganisms has also been observed (Molin et al.,
2000). A mature biofilm can reach a thickness ranging from pym to cm, thus
representing a heterogeneous micro-environment with respect to physical and
chemical conditions such as osmolarity, oxygen, pH and nutrients (Stoodley et
al., 2002).

Free-floating
planktonic phase

Attachment 2 Microcolonies

http://www.pasteur.fr/recherche/RAR/RAR2006/Ggb-en.html

Figure 1. Construction of a biofilm. Free (planktonic) bacteria assemble on a surface.

After biofilm maturation, EPS matrix levels appear to decrease, perhaps
due to metabolism, with subsequent detachment (Fig. 1, stage 5) of clumps
and individual cells (Gilbert et al., 1998). This detachment event can take place
through mechanic breakage of biofilms, especially when exposed to high flow.
However, it was also observed that biofilm cells can induce the production of
EPS-degrading enzymes, thus promoting their release from the biofilm (Jones
et al., 1998; Landini et al., 2010).



1.2 Determinants in biofilm formation

Transition from free-living cells to the biofilm mode of growth implies
substantial modifications regarding morphology and biochemistry of the cell
(Davies et al., 1993; Pratt & Kolter, 1999; Prigent-Combaret & Lejeune, 1999;
Prigent-Combaret et al., 1999; Schembri et al., 2003). Thus far several
features taking part in biofilm formation have been identified; most of these
biofilm determinants are cell-surface exposed or extracellular structures directly
involved in attachment to substrata and in cell aggregation.

In the following parts, I will give a general overview of the different
components involved in adhesion and biofilm formation, and then I will focus in
particular on two determinants: curli fibers, a structural determinant in E. coli,
and the recent discovered class of the GGDEF-EAL proteins; both curli and

GGDEF proteins are subjects of my experimental work.

Lipopolysaccharide (LPS)

The lipopolysaccharide, also known as lipoglycan, is the main component
of the outer membrane of gram-negative bacteria, and it consists of three
subunits: lipid A, core oligosaccharide and O-specific antigen or O-side chain.
LPS has been shown to be involved in interactions, either attraction or
repulsion, of bacteria with solid surfaces, such as glass beads or Teflon (Jucker
et al., 1997). In Pseudomonas B13 variations in the composition of external LPS
appear to be responsible for the different adhesion behavior of at least three
bacterial subpopulations (Simoni et al., 1998).

In E. coli W3100, knock-out mutations in rfaG, rfaP and galU genes,
which are involved in LPS core biosynthesis, lead to a decreased ability to
adhere to polystyrene surfaces, and galU and galE Vibrio cholerae mutants are
not able to form biofilm (Nesper et al., 2001). However, the loss of the
adhesion properties seem to be caused by affected type I fimbriae and/or
flagella (see below), associated with these mutations, rather than to a direct
role of LPS in cell-surface interactions (Genevaux et al., 1999). In E. coli W3100
grown under anoxic conditions, the ability to adhere to hydrophilic surfaces was
negatively affected by higher production of LPS, while inactivation of waaQ,
which is part of the LPS core biosynthetic operon, stimulated adhesion both

under aerobic and anoxic conditions, suggesting a negative role of LPS in



adhesion to sand (Landini & Zehnder, 2002). In contrast, several strains
defective in LPS synthesis, such as Klebsiella pneumonia, Proteus mirabilis and
Serratia marascens, were found to have reduced ability to adhere to
uroepithelial cells, as well as to form biofilms (Izquierdo et al., 2002). Thus LPS
can contribute in different ways to adhesion properties of a cell, by either
bridging the gap between cell and surface or inhibiting attachment through
steric hindrance of such a bridging (Rijnaarts, 1994; van Loosdrecht et al.,
1990).

Flagella

Flagella are filamentous structures, mainly constituted by the flagellin
protein, the product of the fliC gene. Flagella allow bacterial motility and play a
central role in chemotaxis. Their role in adhesion processes might be to
overcome surface repulsion and to stabilize surface contact. Mutations affecting
E. coli flagellar functions, such as flh or mot, abolish both initial interaction with
the surface and movement along the surface (Danese et al., 2000a; Pratt &
Kolter, 1998). A functional flagellum has been suggested to be involved in
biofilm formation by Pseudomonas sp. as well, since insertion mutation in either
flgKk or fliP, both involved in flagellar synthesis, lead to non-motile strains
deficient in biofilm formation (OToole & Kolter, 1998a; O'Toole & Kolter,
1998b). In contrast, motility is not essential to biofilm formation in curli-
producing E. coli strains (Prigent-Combaret et al., 2000) or in Pseudomonas
fluorescens biofilm-forming, non-motile mutants (Robleto et al., 2003).
Presence of flagella in P. putida was found in planktonic cultures prior to biofilm
formation, and again in mature biofilms, but not during the microcolony state,
suggesting a role of flagella in initiation of cell-surface contact as well as in the

detachment of cells from the biofilm (Sauer & Camper, 2001).

Pili and Fimbriae

Like flagella, pili and fimbriae are extracellular structures constituted by
proteins which, however, are not involved in cell motility. Type I fimbriae are
short and numerous, and are encoded by the fim genes and expressed in most
E. coli and Salmonella strains. Type I fimbrae play a key role in the colonization
of various host tissues as well as in biofilm formation on abiotic surfaces and in

autoaggregation (Boddicker et al., 2002; Pratt & Kolter, 1998; Schembri et al.,



2001). Fimbriae are dispensable for the establishment of initial cell-surface
contacts, but appear to be essential for the stabilization of cell-cell contacts in
later steps of biofilm formation. Deletion of entire fim cluster results in
increased expression of Antigen 43 (Ag43), a surface protein, encoded by the
flu gene (Schembri et al., 2002). Ag43 mediates cell-cell or cell-surface
contacts and promotes biofilm formation in glucose-minimal medium in E. coli
(Danese et al., 2000a). In contrast to other surface structures such as fimbriae,
Ag43 adhesin is directly anchored to the outer membrane, thus resulting in a
more intimate cell-cell contact than in other cellular interactions. Another kind
of fimbriae, called autoaggregative adherence fimbriae (AAF), is a determinant
for biofilm formation by enteroaggregative E. coli (Sheikh et al., 2001).

Pili are generally longer than fimbriae; they can serve as specific
receptors for bacteriophages and are involved in the process of conjugation. E.
coli cells can establish tight cell-cell contacts through F-pili. Such pili promote
horizontal gene transfer of genetic material between donor and recipient cells,
transfer that appear to take place with higher frequency in biofilms than in
planktonic cells. Type F-pili are encoded by natural conjugative plasmids, which
thus direct the expression of biofilm factors as part of a coordinated strategy
aimed to their propagation (Ghigo, 2001). In Pseudomonas sp. type IV pili,
involved in surface-associated twitching motility, appear to be necessary for
microcolony formation: indeed, mutants unable to express type IV pili cannot
progress beyond the initial adhesion step and form microcolonies (O'Toole &
Kolter, 1998a). Another study found that type IV pili are induced in biofilm
cells, whereas planktonic cells lack these structures, suggesting a role of
twitching motility within the biofilm (Sauer & Camper, 2001). Biofilm-dependent
expression of type IV pili is only one of several examples of switching the
production of different kinds of pili according to the environmental cues and
physiological conditions. For instance, Vibrio cholerae expresses TCP (toxin-
coregulated pilus, belonging to the type IV pili group) in the host intestinal
surface, where it is an essential colonization factor, whereas attachment to
abiotic surfaces such as borosilicate is rather mediated by the mannose-
sensitive hemagglutin (MSHA) pilus (Watnick et al., 1999).



Exopolysaccharides

Secreted polysaccharides play a key role in shaping and providing
structural support to the biofilm (Sutherland, 2001). These polymers are very
diverse and are often involved in the establishment of productive cell-to-cell
contacts that contribute to the formation of biofilms at liquid-solid interfaces,
pellicles at air-liquid interfaces, cell aggregates and clumps in liquid cultures,
and wrinkled colony morphology on agar plates. Evidence for a structural role of
some of these matrix polysaccharides is accumulating, and the regulation of
production of these exopolysaccharides is now actively being investigated in
different bacteria (Kirillina et al. 2004; Branda et al., 2005; Simm et al., 2005).
For instance, production of extracellular polysaccharides (EPS), such as alginate
in P. fluorescens and colanic acid (CA) in E. coli is induced after attachment to a
solid surface (Davies & Geesey, 1995). In agreement with this observation, CA
synthesis does not appear critical for initial colonization but rather for the
formation of the complex three-dimensional structure of biofilms (Danese et al.,
2000a; Prigent-Combaret et al., 2000). Same results were found regarding
alginate expression of Pseudomonas aeruginosa (Wozniak et al., 2003).
Exopolysaccharides can remain attached to the cell surface in a capsular form
or be released as slime. EPS display a considerable heterogeneity, ranging from
simple a,1-4-linked, un-branched glucose polymer called dextran, to the more
complex substituted hetero-polysaccharides made up of combinations of
different repeating subunits, such as xanthan and colanic acid. EPS biosynthesis
is extremely complex: colanic acid synthesis in E. coli involves 19 genes,
clustered in the wca locus (Stevenson et al., 1996). Interestingly, although CA
synthesis is widely present in the Enterobacteriaceae, the genes involved in its
biosynthesis are not highly conserved (Stevenson et al., 1996). CA is critical for
biofilm three-dimensional structure formation based on the research of Danese
and colleagues (2000b), nevertheless, overproduction of colanic acid inhibits
biofilm formation in E. coli BW25113 strains (Zhang et al., 2008).

In Gram positive Staphylococcus epidermidis, expression of the icaABCD
operon leads to production of polysaccharide intracellular adhesin (PIA), an
important factor in colonization of medical devices and in cell-cell adhesion
(Conlon et al., 2002; Heilmann et al., 1996; McKenney et al., 1998). PIA
production actively protects the bacteria against major components of the

human immune system, such as leukocytes and antibacterial peptides (Vuong



et al., 2004). icaA is a glycosyltransferase which catalyses the assembly of
large polymers of N-acetylglucosamine residues (Gerke et al., 1998; Heilmann
et al., 1996). Also other Staphylococcus species, such as S. aureus and S.
caprae, were found to form biofilms by jcaABCD-dependent PIA production
(Allignet et al., 2001; Cramton et al., 1999). It appears that ica-like genes
encode proteins responsible for the production of extracellular polymeric
substance (EPS) in a widely distributed group of bacteria. Homologous genes
responsible for biofilm formation are found in Yersinia pestis and also E. coli
(see chapter III, 1V, V; Darby et al., 2002; Joshua et al., 2003; Wang et al.,
2004a).

Cellulose is an extracellular matrix component originally identified as an
additional determinant for biofilm formation in enterobacteria (Zogaj et al.,
2003). Cellulose is present in the biofilm of an Enterobacter sakazakii clinical
isolate (Grimm et al., 2008). In Salmonella strains, a mutant in cellulose
production retained some capability to form cell aggregates, but not a confluent
biofilm (Jonas et al., 2007). However, the role of cellulose as an adhesion factor
is not straightforward (Wang et al., 2006).

Outer membrane proteins (OMPs)

Proteins located in the outer membrane of Gram negative bacteria are
often involved in cell-surface attachment. The effects of OMPs are probably less
involved in direct interaction, rather than in modulating the effects of surface
structures. Type 1 fimbriae-mediated surface contact leads to distinct changes
in the outer membrane protein composition, including reductions in the levels of
many outer membrane proteins (Otto et al., 2001). These alterations imply that
a change in the cell surface takes place immediately in response to attachment.
Inactivation of ompX led to enhanced fimbriation, significantly increased surface
attachment and impairment of motility. Moreover, inactivation of ompX results
in an approximately threefold increase in the production of EPS (Otto &
Hermansson, 2004). Thus, OmpX likely affects regulation and/or cell

localization of different cell surface structures.

Extracellular DNA
Extracellular DNA (eDNA) is an important component of the biofilm matrix.

It is released by autolysis and acts as an adhesive (Vilain et al., 2009) and
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strengthens biofilm (Whitchurch et al., 2002). It was demonstrated that
Pseudomonas aeruginosa biofilms in early development stage were strongly
inhibited by treatment with DNasel, although cell viability was not affected. In
contrast, mature biofilms were not sensitive to treatment with DNase I,
suggesting that eDNA is important only at the early stages (Whitchurch et al.,
2002). In addition to the structural role of eDNA, intracellular levels of cytidine
influence extracellular polysaccharides biosynthesis and surface attachment in
Vibrio cholerae, thus suggesting that nucleosides might act as signals for biofilm
formation (Haugo & Watnick, 2002). Finally, Streptococcus mutants defective in
competence genes were found attenuated in biofilm formation (Li et al., 2002;
Loo et al., 2000; Yoshida and Kuramitsu, 2002). Such competence mutants are
also defective in autolysis suggesting that not enough eDNA might be present

to initiate biofilm formation in these strains.

1.3 Regulation of biofilm formation

Gene expression regulation for biofilm determinants often requires a
combination of different environmental sighals, which can modulate the activity
of complex regulatory networks or both specific and global regulator.
Interestingly, despite the striking biofilm phenotype, only a few biofilm-specific
genes and small parts of biofilm-dedicated pathways have been revealed thus
far (Ghigo, 2003; Landini, 2009). Adhesion and/or aggregative cellular factors
can be part of environmental stress regulons (i.e nutritional or oxidative
stress), and so can directly affect transition from single cells to biofilm, biofilm

maintenance and even dispersal.

Transcriptional regulation responding to environmental factors.

Bacterial gene expression is mainly regulated at the transcriptional level
in response to external stimuli or stresses. Many transcription factors, either
global or specific, can influence biofilm formation. For instance, expression of
curli fibers, the main adhesion factor in E. coli strains, is regulated by low
temperature, low osmolarity conditions and by nutrient starvation (Gerstel &
Romling, 2001; Olsen et al., 1993). Temperature regulation also plays a role in

the expression of outer biofilm determinants, such as the Yersinia pestis hms
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genes, responsible for PIA production: these genes are degraded upon a
temperature shift from 26°C to 34°C (Perry et al., 2004). The presence of a
specific substrate may trigger opposite reaction in different bacterial species.
For instance, biofilm formation by E. coli K12, S. aureus and Streptococcus
mutans is repressed by the presence of glucose (Jackson et al., 2002; Regassa
et al., 1992; Shemesh et al., 2007), which, in contrast, promotes biofilm
formation of enteroaggregative E. coli (Sheikh et al., 2001) and of Salmonella
enteriditis (Bonafonte et al., 2000). Glucose-mediated regulation of biofilm
formation appears to take place at two different levels: through the cAMP/CAP
regulon (transcriptional regulation) and by the CsrA protein (post-
transcriptional regulation). Presence or absence of oxygen is another signal with
high influence on biofilm formation: indeed during P. aeruginosa chronic
infection of the cystic fibrosis lung, oxygen-limiting conditions seems to
contribute to persistent infection; oxygen limitation increases antibiotic
tolerance, and induces biofilm formation and alginate biosynthesis (Schobert &
Tielen, 2010). In contrast, growth in oxygen-limited conditions results in a
sharp decrease in E. coli adhesion to hydrophilic substrates (Landini & Zehnder,
2002).

Influence of environmental factors can be mediated by two-component
regulatory systems that can sense the changes in the environmental conditions
and trigger a specific cellular response. Two-component regulatory systems are
constituted by a sensor protein, usually found in the membrane, and by a
regulatory protein, able to bind specific sequences on the DNA. Transcription
regulation is triggered by chemical modification of an inactive regulatory protein
(usually by phosphorylation) carried out by the sensor protein. Several two-
component regulatory systems are directly involved in biofilm formation; an
example is the cpxA/cpxR system involved in control of curli biosynthesis. It is
composed by CpxA, a sensor kinase and phosphatase, and CpxR, a response
regulator. These genes are induced by general stress conditions in the
periplasmic compartment resulting in protein denaturation. The cpx system is
involved in surface sensing and promoting adhesion. A CpxR mutant strain
forms less stable cell-surface interactions in comparison to the wild type strain
(Otto & Silhavy, 2002). Consistent with this, when E. coli cells interact with a
hydrophobic surface, the Cpx pathway is activated (Otto & Silhavy, 2002). In

addition to stable cell-surface interactions being regulated by sensing contact
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with a surface, these interactions can also be regulated by environmental
conditions, specifically increased osmolarity. The EnvZ/OmpR signaling system,
another two-component signalling pathway, appears to have a role in
promoting stable cell-surface interactions in response to increased osmolarity
(Otto & Silhavy, 2002). A strain of E. coli with a mutation in the OmpR protein
(OmpR234) responsible for hyperactivation of the curli-encoding operons, leads
to increased adhesion (Vidal et al., 1998; Prigent-Combaret et al., 2001). The
EnvZ/OmpR signalling system is activated to generate phosphorylated OmpR
under conditions of increasing osmolarity (Pratt and Silhavy, 1995), suggesting
that increased osmolarity would stimulate stable cell-surface interactions.
Several two-component systems such as PhoQP influence expression of EPS
biosynthesis, for instance colanic acid, thus affecting biofilm formation, in
response to external concentrations of divalent cations such as zinc and to

glucose availability (Hagiwara et al., 2003).

Intracellular signal molecules

Products of amino acids degradation may function as intracellular signal
molecules involved in adhesion. Indole has a role on biofilm formation. Indole
production is a phenotypic trait displayed by several Gram-negative bacteria
including E. coli and it is produced by the degradation of tryptophane, a
reaction performed by tryptophanase encoded by the tnaA gene (Newton and
Snell, 1964). Indole has been described as a potential extracellular signal
(Wang et al., 2001). Genes necessary for indole production (including tnaA)
have been shown to be induced by addition of E. coli stationary phase
supernatant (Ren et al., 2004), suggesting the existence of complex cross-talk
between different extracellular signaling pathways. A mutant of E. coli K-12
S17-1 for gene tnaA is unable to produce a biofilm (Di Martino et al., 2002).
Another diffusible molecule, O-acetyl-lI-serine (OAS), appears to modulate E.
coli biofilm formation. A mutation in the gene coding for a serine
acetyltransferase cysk, which catalyzes the conversion of serine to O-acetyl-I-
serine, was shown to enhance biofilm formation through reduction of the
amount of an extracellular signal molecule. The authors suggest that OAS or
other cysteine metabolites may play a physiological role, possibly by activating
genes whose expression leads to inhibition of biofilm formation (Sturgill et al.,
2004).
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Medicago sativa produces L-canavanine (a nonproteinogenic amino acid,
structurally related with the proteinogenic L-arginine) (Plaga et al., 1998) that
interferes with the quorum sensing system of its nitrogen-fixing symbiont
Ensifer meliloti and inhibits the expression of genes for the production of
exopolysaccharides in the bacterium. Moreover, recently Kolodkin-Gal et al.,
showed that in Bacillus subtilis a mixture of D-leucine, D-methionine, D-
tyrosine, and D-tryptophan causes the release of amyloid fibers that linked cells
in the biofilm together (Kolodkin-Gal et al., 2010).

Quorum sensing

The differentiation from microcolony to a mature biofilm embedded in an
EPS matrix seems to be triggered by both extracellular factors and quorum
sensing signals. Quorum sensing (QS), a term introduced by Fuqua et al.
(1994), is an example of cell-to-cell communication and depends on small,
diffusible signal molecules called autoinducers (Kaplan & Greenberg, 1985). The
signals molecules are produced and secreted during bacterial growth. Their
concentrations in the environment accumulate as the bacterial population
increases, and when it reaches a threshold level (quorum level), it induces
phenotypic effects by regulating QS-dependent target gene expression.
Bacterial QS mechanism is based on two groups of signal molecules: peptide
derivatives typical for Gram-positive bacteria, and fatty acid derivatives typical
for Gram-negative bacteria.

The best characterized QS mechanism, typical of Gram-negative bacteria,
involves production and response to small signal molecules belonging to the N-
acyl-homoserine lactones (AHLs) family (Teplitsky et al., 2003; Fuqua et al.,
1994), which are utilized by the bacteria to monitor their own population. These
density-dependent regulatory systems rely on two proteins, an AHL synthase,
usually a member of the LuxI family protein, and an AHL receptor protein
belonging to the LuxR family of transcriptional regulators. At low population
densities cells produce a basal level of AHL via the activity of an AHL synthase.
When cell density increases, AHL accumulates in the growth medium; on
reaching a critical threshold concentration, the AHL molecule binds to its
cognate receptor which in turn leads to the induction/repression of AHL-
regulated genes (Eberl, 1999). QS regulates several events in P. aeruginosa

beside biofilm formation, such as the production of virulence factors and
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secondary metabolites, as well as the adaptation and survival in stationary
phase. Mutants lacking the autoinducer produce thinner, less structured
biofilms which are more susceptible to biocides; however, biofilm formation is
not completely impaired (Davies et al., 1998). Within the biofilm, quorum
sensing-dependent genes are expressed at higher levels in cells near the
surface, and expression decreases with the depth of the biofilm (De Kievit et
al., 2001). Thus, QS is required for the differentiation of individual cells to a
complex multicellular structure and differentiation of the mature biofilm into the
typical mushroom-like structures, rather than for the first steps of biofilm
formation. It is worth mentioning that QS signals in P. aeruginosa biofilm are
detectable in lungs of cystic fibrosis patients (Singh et al., 2000), suggesting
that QS might be a possible target for preventing biofilm formation. Quorum
sensing in Escherichia coli and Salmonella has been an elusive topic for a long
time. However, in the past 8 years, several research groups have demonstrated
that these bacteria use several quorum-sensing systems, such as: the luxS/AI-
2, AlI-3/epinephrine/norepinephrine, indole, and the LuxR homolog SdiA to
achieve intercellular signaling. The majority of these signaling systems are
involved in interspecies communication, and the Al-
3/epinephrine/norepinephrine signaling system is also involved in interkingdom
communication. Both E. coli and Salmonella reside in the human intestine,
which is the largest and most complex environmental niche in the mammalian
host. The observation that these bacteria evolved quorum-sensing systems
primarily involved in interspecies communication may constitute an adaptation

to this environment (Walters & Sperandio, 2006).

Global regulators

Several global regulatory proteins are involved in biofilm formation. Many
global regulators display low level specificity in DNA binding and regulate
transcription of many genes by modifying the architecture of their regulatory
regions. H-NS and RpoS, associated with responses to environmental
conditions, play a role in modulating biofilm formation. H-NS is a nucleoid-
associated protein that has been shown to regulate a large number of genes in
E. coli (approximately 5% of the E. coli K-12 genome) (Soutourina et al.,
1999), including numerous cell envelope components such as flagella, type I

fimbriae, LPS, and colanic acid, most of them linked to environmental stimuli
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including pH, oxygen, temperature, and osmolarity (Dorman & Bhriain, 1992;
Olsen et al., 1998; Hommais et al., 2001; Dorman, 2004). The H-NS protein
appears to have a direct relationship with biofilm formation: it is able to inhibit
formation of complexes between promoters and 6’°-RNA polymerase (the main
form of RNA polymerase during the exponential phase of growth). However,
RNA polymerase associated with ¢°, an alternative o factor mainly active in
stationary phase, can by-pass H-NS inhibition. This effect by the H-NS protein
is called exponential silencing and also takes place at the csgBA promoter, thus
preventing transcription of the structural units of curli subunits during
exponential phase of growth (Arnqvist, 1994a). In E. coli strains unable to
produce curli, hns mutants display better adhesion properties when grown in
anaerobic conditions. H-NS inhibition of adhesion is mediated by lower LPS and
FliC (flagellin) production, which can act as negative determinants for initial
attachment to hydrophilic surfaces (Landini & Zehnder, 2002). Thus, H-NS
appears to be a negative determinant for biofilm formation.

The alternative o® subunit of RNA polymerase (also called RpoS protein)
is a master regulator of general stress response and it seems to directly affect
biofilm formation, though its role is still controversial. It governs the expression
of many genes induced during the stationary phase of growth and in P.
aeruginosa the QS system appears to be related to RpoS expression through
mutual control (Latifi et al., 1996; Whiteley et al., 2000). Thus, RpoS was
thought to play a key role in biofilm formation in many bacterial species.
Indeed, rpoS mutants of E. coli build thinner biofilm when grown in continuous
cultures (Adams & McLean, 1999). Schembri et al. found that 46% of RpoS-
dependent genes to be differently expressed in biofilms and deletion of rpoS
rendered E. coli incapable of establishing sessile communities (Schembri et al.,
2003). In contrast, other investigators reported that expression of RpoS in P.
aeruginosa is repressed in biofilms, and rpoS-deficient mutants not only formed
better biofilms than wild type cells, but were more resistant to antimicrobial
treatment (Whiteley et al., 2000). Consistent with these findings, RpoS seems
to negatively influence expression of type I fimbriae in E. coli, which can also
mediate biofilm formation (Dove et al., 1997). Thus it is possible that RpoS can

play both a negative and a positive role in biofilm formation.
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SRNA and biofilm regulation

In bacteria, more than 150 non-coding small RNAs (sRNAs) have been
described (Livny & Waldor, 2007). The first bacterial sSRNAs were discovered in
Escherichia coli, either fortuitously due to their abundance or by the observation
of phenotypes conferred by their overexpression. Most bacterial sRNAs affect
gene expression regulation, usually at the post-transcriptional level and in
collaboration with the RNA chaperone Hfg. sRNAs co-interact with specific
mMRNA targets, thereby modifying the accessibility of the Shine-Dalgarno
sequence to the translational machinery and thus altering the mRNA stability. A
second type of post-transcriptionally active sRNAs interacts with RNA-binding
regulatory proteins of the RsmA/CsrA family. RsmA (regulator of secondary
metabolism) and CsrA (carbon storage regulator) can act as translational
repressors; sRNAs having high affinity for these proteins are therefore able to
relieve translational repression by sequestering them (Babitzke & Romeo,
2007). Recently, it has been discovered that a lot of these sRNA are involved in
the expression regulation of biofilm formation. For instance, CsrA, a global
regulator involved in the control of motility and biofilm formation as well as in
virulence and pathogenesis, quorum sensing and oxidative stress response, is
regulated at the post-transcriptional level by two sRNAs called CsrB and CsrC in
E. coli (Dubey & Babitzke, 2005; Liu et al., 1997). These sRNAs are composed
of multiple CsrA binding sites that bind and sequester CsrA, thereby inhibiting
its activity. Moreover, recently it has been described that the expression of
CsgD, the transcriptional activator of curli genes, is in part controlled post-
transcriptionally by two redundant sRNAs, OmrA and OmrB (Holmquvist et al.,
2010).

GGDEF and EAL proteins: c-di-GMP turnover

A class of bacterial proteins containing a so-called GGDEF/EAL domain
appears to play a central role in sensing environmental conditions and in
directing bacterial response to a molecular level. A significant humber of these
GGDEF/EAL proteins are directly involved in the expression of virulence and/or
biofilm factors through c-di-GMP production hydrolysis. Bis-(3 -5")-cyclic
dimeric guanosine monophosphate (c-di-GMP) was discovered by Benziman and
co-workers as a factor that allosterically activates the membrane bound

cellulose synthase of Gluconacetobacter xylinus (Ross et al., 1987; Tal et al.,
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1998). c-di-GMP is a soluble molecule that functions as a second messenger in
bacteria. In general, c-di-GMP stimulates the biosynthesis of adhesins and
exopolysaccharide matrix substances in biofilms and inhibits various forms of
motility: it controls switching between the motile planktonic and sedentary
biofilm-associated ‘lifestyles’ of bacteria. Moreover, c-di-GMP controls the
virulence of animal and plant pathogens (Cotter & Stibitz, 2007; Ryan et al.,
2007; Tamayo et al., 2007), progression through the cell cycle (Duerig et al.,
2009), antibiotic production (Fineran et al., 2007) and other cellular functions.
c-di-GMP is produced from two molecules of GTP by diguanylate cyclases
(DGCs) and is broken down into 5’-phosphoguanylyl-(3'-5')-guanosine (pGpG)
by specific phosphodiesterases (PDEs); pGpG is subsequently split into two GMP
molecules (Fig. 2) by EAL phosphodiesterases albeit with a much slower kinetic
(Schmidt et al., 2005), or by other cellular enzymes.

DGC activity is associated with the GGDEF domain, which is nhamed after
the amino acid sequence motif that is an essential part of the active site of the
enzyme (Malone et al., 2007; Chan et al., 2004). c-di-GMP-specific PDE activity
is associated with the EAL or HD-GYP domains; these amino acid motifs of both
domains are essential for their enzymatic activities (Christen et al., 2005;
Schmidt et al., 2005; Ryan et al., 2006; Hengge, 2009). The active DGC is a
dimer of two subunits with GGDEF domains. The active site (A site) is located at
the interface between the two subunits, which each bind one molecule of GTP
(Chan et al., 2004; Christen et al., 2005).
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Figure 2. Structure and functions of c-di-GMP. At the cellular level, bis-(3'-5')-
cyclic dimer guanosine monophosphate (c-di-GMP) levels are controlled by GGDEF (red)
and EAL (blue) proteins. c-di-GMP can reduce motility by downregulating flagellar
expression or assembly, or interfering with flagellar motor function. High c-di-GMP
levels are required for the stimulation of various biofilm-associated functions, such as
formation of fimbriae and others adhesions and matrix exopolysaccharides. pGpG, 5'-
phosphoguanylyl-(3'-5")-guanosine.

The A site corresponds to the GGDEF motif, and any point mutation in
this motif (except a D to E mutation) eliminates enzymatic activity. An active
EAL domain PDE is a monomeric enzyme that linearizes c-di-GMP to 5'-pGpG,
which is then further degraded by non specific cellular PDEs. The second type of
c-di-GMP-specific PDE is the HD-GYP domain proteins, which form a subfamily
of the HD superfamily of metal-dependent phosphohydrolases and are
unrelated to the EAL proteins (Galperin et al., 1999). These enzymes break the
phosphodiester bond in c-di-GMP to produce 5 -pGpG, and can further degrade
5 -pGpG to GMP.

Escherichia coli GGDEF and EAL proteins

E. coli K-12 has 29 genes involved in c-di-GMP turnover, which encode

12 proteins with GGDEF domains, 10 proteins with EAL domains and seven
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proteins that feature both domains. Given these numbers, it is easy to imagine
that target components or processes controlled by these effectors are various
and different. However, c-di-GMP physiological impact nor its effector
mechanisms are still poorly understood. In general, functions that contribute to
biofilm formation, are positively regulated by c-di-GMP, while motility is
downregulated by c-di-GMP, as can be show by overproducing GGDEF or EAL
proteins (D’Argenio et al., 2002; Simm et al., 2004; Tischler and Camilli, 2004;
Lim et al., 2006). At least two separate DGC-PDE systems (YdaM-YciR and
YegE-YhjH) control the transcription of the csgDEFG operon, which encodes the
transcriptional regulator CsgD and several proteins required for curli assembly
and export. Moreover, the DGC AdrA (also referred to YaiC), which is expressed
under CsgD control during entry into stationary phase (Weber et al., 2006;
Kader et al., 2006; Brombacher et al., 2006), is required for cellulose
production (Zogaj et al., 2001); its function is counteracted by the EAL domain
protein YoaD (Brombacher et al., 2006). The role of GGDEF and EAL proteins
and their modulation in E. coli biofilm formation in response to environmental

signals is one of the central aims of my work.
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CHAPTER 2

CsGD REGULATION OF BIOFILM
FORMATION



INTRODUCTION

The experiments described in this chapter have been published in the

following publications:

- Gualdi, L., Tagliabue, L. & Landini, P. (2007). Biofilm Formation-
Gene Expression Relay System in Escherichia coli: Modulation of o°-
Dependent Gene Expression by the CsgD. J. Bacteriol. 189: 8034-
8043.

- Gualdi, L., Tagliabue, L., Bertagnoli, S., Ierano, T., De Castro, C.
& Landini, P. (2008). Cellulose modulates biofilm formation by
counteracting curli-mediated colonization of solid surfaces in
Escherichia coli. Microbiology. 154: 2017-2024.

In enterobacteria, curli fibers (also known as Tafi, thin aggregative
fimbriae, in Salmonella) are an important factor in adhesion to surfaces, cell
aggregation, and biofilm formation (Doran et al., 1996; Olsen et al., 1993;
Romling et al., 1998a). Curli-encoding genes are clustered in two operons: csgBA
encodes the structural components, while the divergently oriented csgDEFG
operon encodes proteins involved in curli assembly and transport, as well the
CsgD transcription factor, which is necessary for csgBA transcription (Arnqvist et
al., 1994; Hammar et al., 1995). Expression of the csg operons takes place in
response to a combination of environmental conditions, such as slow growth rate
(<32°C), low osmolarity, and slow growth (Olsen et al., 1993). Such
environmental signals are mediated at the gene expression level by a number of
regulators, including, besides CsgD, global regulatory proteins such as OmpR, H-
NS, CpxR, and the alternative o factor o® (Arnqvist et al., 1994; Romling et al.,
1998; Prigent-Combaret et al., 2001; Bougdour et al., 2004). However, this
strict environmental control is lost in several bacterial strains due to mutations
either in regulatory genes (Arnqvist et al., 1994; Vidal et al., 1998) or in the
csgDEFG sequence (Romling et al., 1998a). Indeed, temperature-dependent
regulation does not take place in several Salmonella and pathogenic E. coli

strains, in which curli are also expressed at 37°C and represent an important
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virulence factor (Ben et al., 1996; Bian et al., 2000; Persson et al., 2003). In
contrast, curli operons are silent in a large number of laboratory strains, as well
as in some clinical and environmental isolates, despite the presence of functional
csg genes (Romling et al., 1998).

In addition to its role as activator of the csgBA operon, CsgD activates
cellulose production, which results in the formation of a curli/cellulose
extracellular matrix (Romling et al., 2000; Zogaj et al., 2001). CsgD stimulates
cellulose production indirectly, by activating transcription of the adrA gene; in
turn, the AdrA protein positively affects the enzymatic activity of the cellulose
biosynthetic machinery through its diguanylate cyclase activity, i.e. synthesis of
the signal molecule c-di-GMP. Although cellulose was originally described as an
additional determinant for biofilm formation in enterobacteria (Romling et al.,
2000), its role as an adhesion factor is not straightforward (Wang et al., 2006).

This part of my work describes the effects of CsgD overexpression on
biofilm regulation and global gene expression in MG1655, a well-characterized

laboratory strain used as standard reference for E. coli (Blattner et al., 1997).

RESULTS

Part I

As mentioned in the previous section, several laboratory strains, including
MG1655, are only capable to produce curli fibers in limited amounts, insufficient
to promote biofilm formation in standard laboratory assays (Fig. 1, WT/pT7-7,
left panel), even though the genes necessary for curli biosynthesis and assembly
are fully functional (Romling et al., 1998). However, albeit low, curli production
takes place at sufficient levels to be determined on agar medium supplemented
with Congo Red stain (CR medium). CR is a dye able to bind to
exopolysaccharides and amyloid fibers; thus, due to their B-amyloid structure,

curli bind CR with very high affinity.
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Figure 1: Biofilm formation on microtiter plates of E. coli MG1655 (wild-type, WT),
PHL856 (csgA::kan) and LG26 (Abcs::kan) transformed with either pT7-7 or pT7CsgD,
grown at 30°C (green bars) or at 37°C (red bars). Surface-attached cells were quantified
by spectrophotometric determination after CV staining and resuspension in ethanol.
Values are the mean of four independent experiments, with a standard deviation always
lower than 10%.

Because of MG1655 low ability to adhere to a surface, we overexpressed
CsgD in this strain in order to boost biofilm formation. In the pT7CsgD plasmid,
the csgD gene is under the control of a promoter dependent on the
bacteriophage T7 RNA polymerase. In E. coli strains such as MG1655, which do
not carry the T7 RNA polymerase-encoding gene, low-level, constitutive
transcription of genes under the control of pT7 promoters can still take place,

due to weak promoter recognition by bacterial RNA polymerase.

Role of cellulose on biofilm formation. In E. coli, expression of the
csgBA genes, leading in turn to curli production and biofilm formation, is
temperature-regulated and can take place at <30 °C and not at 37 °C (Olsen et
al., 1993; Romling et al., 1998a; Prigent-Combaret et al., 2001; Castonguay et
al., 2006). However, transformation of MG1655 with pT7CsgD results in
dramatically stronger biofilm formation at 37 °C compared to 30 °C (Fig. 1).

Biofilm formation at 37 °C is totally dependent on a functional csgA gene,
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suggesting that it is still mediated by curli production (Fig. 1). However, csgBA
operon transcription levels at 30 °C and 37 °C are comparable in MG1655
pT7CsgD (Table 1), suggesting that increased biofilm formation at 37 °C is not

mediated by a corresponding increase in curli production.

Table 1. Relative expression of curli- and cellulose-related genes

Strain csgB csgD csgG adrA
MG1655/pT7-7 30°C 1* 1* 1* 1*
MG1655/pT7-7 37°C 0,014 0,11 0,032 0,42

MG1655/pT7CsgD 30°C 2430 60,8 15,3 337
MG1655/pT7CsgD 37°C 1518 33,5 2,25 1,23

*ACt between the gene of interest and the 16S gene was arbitrarily set at 1 for
MG1655/pT7-7 grown at 30 °C and expressed as relative values for other strains and
growth conditions.

These observations strongly suggest that curli can synergize with another
factor that is only expressed at 37 °C. To identify such a factor, we analyzed the
membrane expression pattern and we determined production of extracellular
polysaccharides (EPS) in MG1655/pT7CsgD, both at 30 °C and at 37 °C. While
the membrane protein pattern failed to show any significant difference in CsgD-
dependent protein expression at both growth temperatures (data not shown),
analysis of EPS production showed a high increase in cellulose production when
the strain was transformed with the pT7CsgD vector only at 30 °C (Fig. 2).
Interestingly, as shown in Fig. 2, increase in cellulose production is not
detectable at 37 °C, i.e. in the conditions in which stimulation of biofilm by CsgD
is greater. This observation was surprisingly, because cellulose was proposed to

be an adhesion factor in E. coli (Romling et al., 2000).
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Figure 2. Determination of cellulose production in E. coli MG1655 (WT), PHL856
(csgA::kan) and LG26 (Abcs::kan) transformed with either pT7-7 or pT7CsgD, grown at
30 °C (green bars) or at 37 °C (red bars). The values indicate the amount of cellulose as
percentage of total dry weight of the culture surpernatant after lyophilization. Values are
the mean of two independent experiments with very similar results.

Thus, taking together, these data indicate that, while csg genes expression
is similar at 30 °C and 37 °C, CsgD-dependent biofilm formation is dramatically
higher at 37 °C, the conditions of low cellulose production. These results suggest
that cellulose production negatively correlates with adhesion in MG1655
pT7CsgD. Cellulose production was not affected by csgA inactivation, while, as
expected, was totally abolished in LG26, the bcsA mutant derivative of MG1655
(Fig. 2).

To test the hypothesis that cellulose might act as a negative determinant
for biofilm formation, we set up adhesion assays with LG26 strain. In contrast
with csgA inactivation, that abolishes surface attachment by MG1655 even with
overexpression of CsgD, deletion of bcsA gene has very little effect on MG1655,
but it strongly stimulates adhesion to microtitre plates at 30 °C in the presence
of pT7CsgD, suggesting that cellulose can negatively affect curli-mediated biofilm
formation (Fig. 1). At 37 °C, bcsA deletion has very little effect on adhesion,

consistent with lack of cellulose production at this temperature.
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What is the negative role of cellulose on biofilm formation? Considering
that cellulose production does not inhibit curli-dependent biofilm formation
through negative regulation of curli-encoding genes (Table 1), we decided to test
cellulose effects on Congo red staining. MG1655 colonies are red on CR medium,
due to curli production; the red phenotype is totally abolished by inactivation of
the csgA gene, encoding the major subunit of curli, but is not affected by a
mutation in the bcsA gene, responsible for cellulose production (Fig. 3).
Moreover, lack of cellulose production at 37 °C is able to restore the red
phenotype in the presence of the pT7CsgD plasmid (Fig. 3). So, it seems to be
that high cellulose production would shield binding of curli fibers to CR, thus

leading to less curli-dependent biofilm formation.

WT csgA AbcsA

30°C

pT7-7 + - ¥ - + -
pT7CsgD - + - + - +
WT csgA AbcsA
pT7-7 + - + . + -
pT/7CsgD - + . + = %+

Figure 3. Phenotypes of strains MG1655 (WT), PHL856 (csgA) and LG26 (AbcsA) on
Congo Red-supplemented agar medium (CR medium), either at 30 °C (upper panel) or at
37 °C (lower panel). Strains were transformed either with the pT7-7 control vector or
with the pT7CsgD plasmid as indicated.
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Thus, cellulose in our laboratory conditions doesn’t seem to be an
adhesion factor. In order to understand the role of cellulose in MG1655, we
performed bacterial cell aggregation tests and we also tested resistance to
desiccation. Several reports, indeed, point to a role for cellulose in resistance to
environmental stresses such as desiccation (Gibson et al., 2006). As shown in
Table 2, MG1655 grown in M9Glu/sup did not form any detectable cell
aggregates; however, MG1655/pT7CsgD displayed a strong aggregative
phenotype at 37 °C, but not at 30 °C; deletion of bcsA resulted in pT7CsgD-
dependent cell aggregation even at 30 °C, suggesting that cellulose plays a
negative role in cell aggregation as well as in biofilm formation. In contrast, lack
of bcsA resulted in four- to fivefold decrease in sensitivity to desiccation (Table
2). Thus, our results would suggest that in MG1655, cellulose function might be
more related to resistance to environmental stresses rather than to biofilm

formation and cell aggregation.

Table 2. Cell aggregation properties and resistance to desiccation.

e Cell surviving exposure to dry

conditions (%,)*

MG1655/pT7-7 - - 1,8 (0,14)
MG1655/pT7CsgD . ++ 7,6 (£0,25)
PHL856 (csgA::Kan)/pT7-7 - - 0,5 (+ 0,07)
PHL856 (csgA::Kan)/pT7CsgD - - 3,5 (+0,17)
LG26 (AbcsA::Kan)/pT7-7 - - 0,3 (+0,06)
LG26 (AbcsA::Kan)/pT7CsgD ++ ++ 1,6 (x0,11)

*Cells were incubated for 1 h at 30 °C, and values (mean of three different experiments)
were determined as described in Methods.

Part II

CsgD effects on MG1655 protein production. In order to investigate
the possible effects of CsgD on global gene expression in MG1655 strain, we
carried out protein analysis of fractionated cell extracts on monodimensional
SDS-PAGE, comparing MG1655 transformed with pT7-7 control vector and

28



pT7CsgD. We decided to perform a similar approach in another laboratory strain,
EB1.3, which is impaired in rpoS expression. rpoS gene encodes for o¢°, an
alternative sigma subunit of the RNA polymerase (Mulvey & Loewen, 1989).
Unlike EB1.3, in the rpoS-proficient strain CsgD overexpression significantly
affects protein production pattern (Fig. 4). We excised the bands differently
expressed in MG1655/pT7CsgD and identified the corresponding proteins by
MALDI-TOF after in-gel trypsin digestion (Table 3). We found that CsgD
positively affects expression of the PfIB, GadA, WrbA and Dps proteins in the
cytoplasmic fraction and of Dps, CsgG and OmpW proteins in the outer
membrane fraction. Interestingly, four of the six proteins produced at higher
level in the presence of CsgD, namely GadA (band 2 in Fig. 4), WrbA (band 5),
Dps (bands 6, 7 and 11) and CsgG (band 9), are encoded by genes known to
belong to the rpoS regulon, i.e. their transcription depends upon o° factor. The
GadA, WrbA and Dps proteins are, respectively, a glutamate decarboxylase
involved in resistance to acid stress (De Biase et al., 1999; Smith et al., 1992), a
quinone reductase part of a response to oxidative stress (Natalello et al., 2007;
Patridge and Ferry, 2006) and a bacterial ferritin able to protect DNA from iron-
mediated hydroxyl-radical formation (Martinez and Kolter, 1997; Zhao et al.,
2002). Interestingly, two bands corresponding to the Dps protein were found in
the cytoplasmic fraction of MG1655/pT7CsgD (bands 6 and 7, Fig. 4A); this
would suggest the existence of different Dps isoforms, as also observed in two-
dimensional gel analysis of the MG1655 proteome (Lelong et al., 2007). Despite
Dps being a cytoplasmic protein, we also detected its presence in the outer
membrane fraction (band 11, Fig. 4C), as already report for other biofilm-
forming E. coli strain (Lacqua et al., 2006), thus suggesting that a fraction of the
Dps protein might be associated with the outer membrane. Unlike Dps, GsgG and
OmpW are outer membrane proteins (Loferer et al., 1997; Pilsl et al., 1999). The
CsgG is a component of the curli transport system and is encoded by a gene
belonging to the csgDEFG operon, which also encoded CsgD (Hammar et al.,
1995; Loferer et al., 1997).
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Figure 4. SDS-PAGE of fractioned cells extracts. (A) Cytoplasmic proteins. Lane 1,
MG1655/pT7-7; lane 2, MG1655/pT7CsgD; lane 3, EB1.3/pT7-7; lane 4, EB1.3/pT7CsgD.
(B) Cytoplasmic proteins. Lane 5, MG1655; lane 6, PHL628; lane 7, PHL1087. (C) Inner
membrane proteins. Lane 8, MG1655/pT7-7; lane 9, MG1655/pT7CsgD; lane 10,
EB1.3/pT7-7; lane 11, EB1.3/pT7CsgD. (D) Outer membrane proteins. Lane 12,
MG1655/pT7-7; lane 13, MG1655/pT7CsgD; Ilane 14, EB1.3/pT7-7; Ilane 15,
EB1.3/pT7CsgD. The relevant genotype of the different bacterial strains is indicated in
the figure. ompR* stands for the ompR234 mutation resulting in increased CsgD
expression (Vidal et al., 1998). The position of molecular mass markers is shown
(numbers indicate molecular masses in kilodaltons). Asterisks indicate bands
differentially expressed in a CsgD-dependent manner that were excised and identified by
MALDI-TOF (numbered from 1 to 11).

Consistent with their being part of the rpoS regulon, no CsgD-dependent
increase in protein expression of GadA, WrbA, Dps and CsgG could be detected in
EB1.3/pT7CsgD, the rpoS mutant of MG1655 transformed with the pT7CsgD
plasmid (Fig. 4, lanes 4 and 11), thus suggesting that regulation by CsgD does
not bypass the need for o¢°. Moreover, we found that expression of the PfIB
protein (band 1), encoded by a gene thus far never described as o° dependent, is
stimulated by CsgD in the MG1655 background only, suggesting that its CsgD-
dependent expression requires a functional rpoS gene (Fig. 4A). In contrast,
expression of the OmpW protein (band 10), although stimulated by CsgD,
appears to be negatively regulated by o® (Fig. 4, compare lane 12 and 14).

The induction of proteins belonging to the rpoS regulon in
MG1655/pT7CsgD is strictly dependent on CsgD expression. Indeed, ectopic

expression of the AdrA protein (a c-di-GMP synthase), as well as truncated

30



(inactive) forms of CsgD, did not lead to any detectable changes in protein
expression (data not shown). In addition, the same pattern of protein regulation
was observed comparing MG1655/pT7CsgD to PHL628, an ompR234 mutant of
MG1655 characterized by high level of transcription of the csgD gene (Prigent-
Combaret et al., 2001). Proteins whose production is increased in the
cytoplasmic fraction of PHL628 correspond to those identified in
MG1655/pT7CsgD, as determined by MALDI-TOF analysis, and their expression
was totally abolished in PHL1087, a csgD::kan derivative of PHL628 (Fig. 4B).

Transcription activation of rpoS-dependent genes by CsgD.
Although monodimensional SDS-PAGE can only provide an incomplete view of
CsgD-mediated effects on global protein production in MG1655, these results
(Fig. 4 and Table 3) suggest that CsgD might somehow affect the expression of
the rpoS regulon. In order to confirm this possibility, we determined CsgD effects
on transcription of the dps, pfIB and osmB genes by real-time PCR, both in the
MG1655 strain and its derivative EB1.3. These genes were chosen as
representatives of known rpoS-dependent genes encoding genes whose
production is stimulated by CsgD (dps), genes encoding proteins stimulated by
CsgD but not assigned to the rpoS regulon (pflB), and rpoS-dependent genes
encoding proteins for which no stimulation by CsgD could be detected in our
SDS-PAGE experiments (osmB).
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Predicted
molecular mass
(Da)

Table 3. Gene characteristics

Gene function (reference)

Regulation of corresponding gene (reference)

1 PfIB* 85,357 Pyruvate formate lyase | Induced by ArcA and FNR
- £
2 GadA* 52,685 Glutamate decarboxylase Positively regulated by'rpoS, CRP, gadE, gadW,
gadX; negatively by HN-S
3 TnaAt 52,773 Tryptophan deaminase Positively regulated by rpoS and CRP
3 Gatzt 47,109 Subunit of tagatose-1,6-bisphosphate aldolase 2 Positively activated by CRP; repressed by ArcA
4 GatYt 30,812 Subunit of tagatose-1,6-bisphosphate aldolase 2 Same transcription unit as gatZ
5 WrbA* 20,846 Quinone reductase; response to oxidative stress Positively regulated by rpoS
6,7 and . e "
11 Dps* 18,695 Bacterial ferritin Positively regulated by rpoS
8 CsgD* 24,935 Transcritpional regulator Positively regulated by rpoS, hns and ompR
9 CsgG* 30,557 Outer membrane protein; curli transport component Same transcription unit as csgD
10 OmpW* 22,928 Outer membrane protein; receptor for colicin S4 Positively regulated by FNR

#1In Fig.4 band 3 was identified as a mixture of two proteins and thus appears twice, once for each protein.

b * Increased expression in MG1655/pT7CsgD; t, decreased expression in MG1655/pT7CsgD.

¢ Predicted molecular masses were obtained from the EcoCyc database (http://www.ecocyc.org/).
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As shown in Fig. 5, CsgD activates transcription of dps, pfIB and osmB
genes by a similar extent (19- to 30-fold); however, CsgD transcription
activation can only occur in the MG1655 strain, and it is totally abolished in its
rpoS derivative EB1.3. These results confirm that CsgD-mediated effects on
protein expression take place at gene transcription level and suggest that CsgD
can activate expression of the rpoS regulon, or at least of a subset of o°-
dependent promoters. Interestingly, both the CsgD-dependent csgB and the
adrA promoters, as well as the csgD promoter itself, have been proposed to be
under the control of ¢° and regulated by the Crl protein, a specific modulator of
o® activity (Bougdour et al., 2004; Pratt and Silhavy, 1998; Robbe-Saule et al.,
2007; Romling et al., 1998a). Thus, it might be possible that CsgD could act as
a specific activator for the o°-associated form of RNA polymerase (Ec®). In order
to better understand the interplay between ¢° and CsgD, we compared the
effect of the rpoS inactivation on CsgD transcription at either the csgB or the
csgD promoter. Activation of its own promoter by CsgD is suggested by
increased production of the CsgG protein (Fig. 4), encoded by a gene which is

part of the csgDEFG operon.
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Figure 5. Relative transcription of the dps, pfIB and osmB genes in MG1655 and rpoS,
as determined by real-time PCR. Relative transcription values were set to 1 for both
MG1655/pT7-7 and rpoS/pT7-7 for better comparison of the CsgD-dependent effects in
either strain.
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Thus, we transformed with either pT7-7 or pT7CsgD vector two
derivatives of the MG1655 strain carrying, respectively, a csgA::uidA
(transcription of the csgA gene is directed by csgB promoter) or a csgD::uidA
chromosomal transcriptional fusion. Results shown in Fig. 6 indicate that CsgD
expression results in increased transcription levels for both the csgB and csgD
promoters. However, CsgD-dependent transcription activation at the csgB and
csgD promoters greatly differs both in timing and in the extent of dependence
on the rpoS gene: transcription from the csgB promoter (Fig. 6A) is activated
by CsgD regardless of growth phase, and rpoS inactivation only results in a
slight reduction (down to ca. 65%) in promoter activity. Thus, although o° is
required for optimal transcription levels, the csgB promoter is activated by
CsgD in a manner largely independent of o°, strongly suggesting that ¢® is not
directly involved in protein-protein interaction between CsgD and RNA
polymerase leading to transcription activation. In contrast to csgB, CsgD-
mediated stimulation of its own promoter only takes place in late-log and

stationary phase and is totally abolished in an rpoS strain.
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Figure 6. B-Glucoronidase activity measured from either csgA::uidA (A) or from
csgD::uidA (B) chromosomal fusions. Cultures were grown in M9Glu/sup at 30°C. (A)
Reporter gene expression from the csgB promoter in PHL856 (MG1655 csgA::uidA,
circles) and LGO5 (MG1655 rpoS csgA::uidA, triangles) transformed either with pT7-7
(open symbols) or pT7CsgD (closed symbols). Dashed lines indicate growth curves of
MG1655/pT7-7 (0) and pT7CsgD (e). (B) Reporter gene expression from the csgD
promoter was measured either in PHL1088 (MG1655 csgD::uidA, circles) and LGO7
(MG1655 rpoS csgD::uidA, triangles) transformed either with pT7-7 (open symbols) or
pT7CsgD (closed symbols). Dashed lines indicate growth curves of MG1655/pT7-7 (0)
and EB1.3/pT7-7 (e)
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Effects of CsgD on ¢° intracellular concentrations. Results shown in
Fig. 5, indicating that CsgD does not function as an Ec®-specific transcription
activator, and the observation that rpoS-dependent promoters stimulated by
CsgD (Fig. 6) lack a putative CsgD binding site would suggest that the CsgD
protein might affect expression of the rpoS regulon by altering either ¢° activity
or its intracellular concentration. In a previous work it was shown that CsgD can
activate the yaiB gene (Brombacher et al., 2006). The product of the yaiB (now
iraP) gene has been shown to be a stabilization factor for the o® protein, which
acts by inhibiting RssB-mediated degradation of o° in response to phosphate
starvation (Bougdour et al., 2006). Thus, CsgD activation of the jraP gene
should results in improved o° stability and possibly increase in ¢® intracellular
concentrations, resulting in increased transcription of o°-dependent genes. In
order to confirm these results, we compared JjraP expression in both
MG1655/pT7-7 and the MG1655/pT7CsgD strain by real-time PCR experiments.
As shown in Fig. 7, CsgD increases iraP transcription levels of ~ 15-fold.
Stimulation of iraP transcription of ~ 6-fold was also observed when we
compared MG1655 to its ompR234 mutant derivative PHL628 (Fig. 7), which
expresses the csgDEFG operon at higher levels than MG1655 (Prigent-Combaret
et al., 2001). Activation of jiraP transcription in the ompR234 mutant strain was
totally abolished by csgD inactivation (Fig. 7), thus confirming that iraP
activation observed in PHL628 depends on CsgD. CsgD-induced iraP expression
in either MG1655/pT7csgD or PHL628 is consistent with increased production of

proteins encoded by rpoS-dependent genes observed in both strain (Fig. 4).
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Figure 7. Expression levels of the iraP gene, normalized to 16S rRNA, are shown as
relative values in MG1655/pT7CsgD in comparison to MG1655/pT7-7, as well as in
PHL628 and PHL1087 in comparison to MG1655. Samples were taken from cultures
grown overnight in M9Glu/sup at 30 °C. Values shown are the average of three
independent experiments, with a standard deviation always lower than 10%.

In order to verify that CsgD expression might stimulate the rpoS regulon
by IraP-dependent stabilization of 0°, we compared the levels of o° intracellular
amount in both MG1655/pT7-7 and MG1655/pT7CsgD by Western blotting
experiments (Fig. 8A). Expression of CsgD from the pT7CsgD plasmid resulted
in a clearly detectable increase in ¢° intracellular amounts in MG1655 strain. As
expected, no bands reacting with anti- ¢® antibodies were detected in the rpoS
mutant EB1.3, regardless the presence of pT7CsgD (lanes 5 and 6).
Inactivation of the iraP gene completely abolishes CsgD-dependent increase in
o° intracellular concentrations (lane 4), strongly suggesting that this effect
indeed takes place through IraP-mediated stabilization of the ¢® protein. In the
growth conditions we tested, o® intracellular levels do not differ significantly in
MG1655 compared to its iraP mutant derivative (Fig. 8A, lane 1 and 3), a
finding in agreement with previous results that indicate that IraP is only
essential for o° stability under phosphate starvation conditions (Bougdour et al.,
2006). In order to correlate o° intracellular concentration and expression of o°-
dependent genes, cell extracts from the MG1655, EB1.3 (rpoS) and LGO03 (iraP)
strains were compared by SDS-PAGE. As shown in Fig. 8B, a strict correlation

exists between o° intracellular concentration and expression of proteins encoded
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by o°-dependent genes. Consistent with the lack of CsgD-dependent increase in
o® intracellular concentration in LGO3 (iraP; Fig. 8A, lane 4), the CsgD protein
failed to stimulate expression of the GadA, WrbA and Dps proteins in the strain
(Fig. 8B, lane 4). The band running with electrophoretic mobility similar to
WrbA in cell extracts of EB1.3 and LGO3 was identified as adenosine
phosphoribosyltransferase and its expression appears to be CsgD independent
(Fig. 8B). To confirm that CsgD-dependent accumulation of ¢® is mediated by its
stabilization via the IraP protein, we performed o°® protein turnover assays in
cell extracts of either MG1655 or its iraP mutant derivative (LG03), grown both
in the presence or absence of the pT7CsgD plasmid. As shown in Fig. 9, the
stability of the ©° protein is increased in cell extracts of MG1655/pT7CsgD
compared to MG1655/pT7-7; however, no CsgD-dependent o° stabilization
could be detected in cell extracts of the LG03/pT7CsgD strain, consistent with a
direct role of the IraP protein in CsgD-mediated o® stabilization. In the absence
of CsgD expression, the o® half-life in cell extracts of the iraP mutant is similar

to MG1655 (14 versus 12 min, respectively), as detected by image analysis.
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Figure 8. (A) Western blotting with anti-o® antibodies. Cell extracts were prepared
from overnight cultures grown in M9Glu/sup at 30 °C and 20 pg of total proteins were
loaded onto a SDS-polyacrylamide gel. (B) SDS-PAGE analysis of cytoplasmic proteins.
Differently expressed proteins are indicated by an asterisk.
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Figure 9. ¢® turnover experiments. Cell extracts of MG1655/pT7-7, MG1655/pT7CsgD,
LG03/pT7-7 and LG03/pT7CsgD were incubated at 37 °C. Samples (50 ug of proteins)
were taken at the indicated times and loaded onto a SDS-polyacrilamide gel. The
amount of o® protein was determined by Western blotting. ¢°® half-life values were
obtained by quantification of the o°-corresponding bands using the ImageQuant 5.2
image analysis program.

DISCUSSION

In this work, we analyzed the effects of CsgD overexpression on biofilm
formation and o® stabilization. The CsgD protein activates transcription of the
csgBA operon and the adrA gene, thus leading to production of two extracellular
structures: curli fibers and cellulose. Co-ordinated production of both curli and
cellulose was initially proposed to be functional in cell adhesion and biofilm
formation (Romling et al., 2000). However, more recent report pointed to a
negative role for cellulose in curli-mediated interaction (Wang et al., 2006). Our
results strongly suggest that cellulose overproduction in a csgD-overexpressing
derivative of the MG1655 laboratory strain of E. coli negatively affects biofilm
formation (Fig. 1) and cell aggregation (Table 2). These results indicate that
cellulose might act as a weak adhesion factor in strain poorly efficient in curli

production, but its production is detrimental for biofilm formation in bacterial

38



strains that strongly produce curli (Fig. 1), thus suggesting that cellulose
modulates cell’s adhesion properties. Since cellulose production does not inhibit
curli-dependent biofilm formation through negative regulation of curli-encoding
genes, a possible mechanism for inhibition of curli-mediated adhesion by
cellulose might be physical masking of curli fibres by excessive cellulose
production, similar to the effect of other capsular polysaccharides on
proteinaceous adhesion factors (Schembri et al., 2003). In contrast to the effect
on biofilm formation, cellulose appears to play a role in protection against
environmental stresses such as desiccation (Table 2), in agreement with
previous observations in Salmonella spp (White et al., 2006). Interestingly,
even csgA inactivation results in a decreased resistance to desiccation (Table
2), suggesting that the curli/cellulose matrix might confer better protection
than cellulose alone.

Beside its role in curli and cellulose activation, the CsgD protein can
activate the expression of the iraP gene (Bougdour et al., 2006). The IraP
protein acts as a stabilization factor for o® factor by binding to the RssB protein
and thus preventing ¢® proteolysis by the RssB-CIpXP protein complex. IraP-
dependent stabilization of ¢° takes place in response to phosphate starvation. In
this work, we showed that CsgD transcription activation of the iraP gene does
indeed result in a significant increase on ¢° intracellular concentration by
positively affecting o® protein stability (Fig. 8 and 9), with altered expression of
o°-dependent genes (Table 1, Fig. 4, 5, 8B). Our experiments were performed
in phosphate-rich medium, suggesting that IraP-mediated o® stabilization might
take place in response to environmental signals other than phosphate
starvation; in the csgD-expressing PHL628 strain of E. coli, CsgD-dependent
iraP transcription can only take place in response to environmental signals
leading to CsgD expression and curli production, i.e., low temperature and

osmolarity (stress conditions).
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Figure 10. Model of the CsgD/o® autoactivation loop. Thin light blue arrows indicate
gene expression; block light blue arrows indicate positive regulatory interactions; CpxR
blocks csgDEFG expression. See the text for details.

CsgD-mediated increase of o° cellular concentrations via the iraP gene
would trigger an autoactivation loop, as summarized in Fig. 10: an increase in
the cellular ¢® pool in conditions permitting csg expression (i.e., low osmolarity)
leads to increased transcription from the csgD promoter; in turn, production of
the CsgD protein results in jiraP activation and consequent further stabilization
of o®. Evidence for this mechanism in the MG1655 strain is provided by o°-
dependent activation of the csgD promoter in the presence of pT7CsgD (Fig.
6B) and consequent production of proteins encoded by the csgDEFG operon,
such as CsgG (Fig. 4C), in response to CsgD-dependent accumulation of ¢°. A
possible feedback control for this regulation loop could be provided by the
CpxA/CpxR two-component regulatory system, whose activity is triggered by
curli overexpression and results in repression of both csgD and csgB promoters
(Prigent-Combaret et al., 2001). Consistent with this model, transcription of the
cpxRA operon is itself positively controlled by o® (De Wulf et al., 1999). A more
general role of CsgD- ¢° interaction would be to coordinate the production of
adhesion and cell aggregation factors, relaying the transition from single cell to
biofilm to expression of the rpoS regulon, i.e one of the main stress responses

in bacteria (Hengge-Airons, 2002).
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METHODS

Bacterial strains and growth conditions. All strains and plasmids used are listed in
Table 3. Bacteria were grown in M9Glu/sup medium (M9 minimal medium
supplemented with 0.5% glucose and 2.5% Luria broth) at 30 °C or 37 °C. When
needed, antibiotics were used at the following concentrations: ampicillin, 100 ug/ml;
tetracycline, 25 pg/ml; kanamycin, 50 pg/ml and chloramphenicol, 35 pg/ml. For
growth on Congo-red-supplemented agar medium, bacteria were inoculated in
MOGlu/sup medium in a microtitre plate and then spotted using a replicator, on Congo
red medium (1% Casamino acids, 0.15% yeast extract, 0,005% MgSQ,, 2% agar) to
which 0,004% Congo red and 0,001% Comassie blue were added after autoclaving.

Both dyes were dissolved in 50% ethanol to a final concentration of 0.2%.

Biofilm formation assays. Biofilm formation in microtiter plates was determined
essentially as described previously (O'Toole and Kolter, 1998). Cells were grown in
liquid cultures in microtiter plates (0.2 ml) for 18 h in M9Glu/sup at 30 °C or at 37 °C.
The liquid culture was removed, and the cell optical density at 600 nm (ODeggo) was
determined spectrophotometrically. Cells attached to the microtiter plates were washed
with 0.1 M phosphate buffer (pH 7.0) and then stained for 20 min with 1% crystal violet
(CV). The stained biofilms were thoroughly washed with water and dried. CV staining
was visually assessed, and the microtiter plates were scanned. For semiquantitative
determination of biofilms, CV-stained cells were resuspended in 0.2 ml of 70% ethanol,
and their absorbance was measured at 600 nm and normalized to the ODgo of the
corresponding liquid culture. To determine cell aggregation, 2 ml cultures were grown
overnight in 15 ml Falcon tubes with vigorous shaking, then left standing at room
temperature for 1h. Cell aggregation was determined by visual estimation of the cell

sediment at the bottom of the Falcon tube.

Extracellular polysaccharide determination. Cellulose in the growth medium was
determined by measuring the glucose reducing units produced after treatment with
cellulase. Cultures (50 ml) were grown overnight at either 30 °C or 37 °C. Cells were
pelleted by centrifugation, and the culture supernatants were lyophilized. Dried culture
supernatants were dissolved in water at 100 mg/ml final concentration, and the
resuspended culture supernatants were incubated with cellulase from Trichoderma
reesei ATCC 26921 (5 mg/ml, 30 U/ml; Sigma) in sodium acetate buffer (pH 5.0) at 37
°C for 16h. Glucose released from cellulose by cellulase digestion was estimated with
the procedure described by Somogyi (1952) for the determination of reducing sugar

units. As a standard for cellulose quantitative determination, we wused a
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carboxymethylcellulose solution (5 mg/ml) in sodium acetate buffer. For both culture
supernatants and carboxymethylcellulose solution three different volumes (5, 15 and 30
pl)  were incubated with cellulase. The amounts of sugars released by
carboxymethylcellulose degradation were used as calibration curve. For -culture
supernatants, the amounts of reducing sugars were expressed at the percentage of
total dry mass after lyophilization. In culture supernatants of the bcs mutant LG26
strain, used as negative control, the percentage of glucose released by cellulase

treatment never exceed 0.05%.

Gene expression determination by real-time PCR. RNA isolation, cDNA synthesis,
and real time- PCR analysis. For RNA isolation, strains were grown in M9Glu/sup at 30
°C to stationary phase (ODggp ~2). The cells were harvested by centrifugation at 13,000
rpom for 5 min at 4°C, and total RNA was extracted by using an RNeasy minikit
(QIAGEN). RNA samples were checked by agarose gel electrophoresis to assess the lack
of degradation and then quantified spectrophotometrically. Genomic DNA was removed
by DNase I treatment. Reverse transcription was performed on 1 pg of total RNA, along
with negative control samples incubated without reverse transcriptase. cDNA synthesis
efficiency was verified by electrophoresis on agarose gel in comparison to negative
controls. Real-time PCR was performed by using the SYBR green PCR master mixture,
and the results were determined with an iCycle iQ realtime detection system (Bio-Rad).
Reaction mixtures (25 pl) included 0.1 pg of cDNA and 300 nM concentrations of
primers in the reaction buffer and enzyme supplied by the manufacturer. The
sequences of the primers used are listed (Table 4). All reactions were performed in
triplicate, including negative control samples, which never showed significant threshold
cycles (Cy). The relative amounts of the transcripts were determined by using 16S rRNA

as the reference gene: Cygene of interest)~ Ct(165)=AC; value.

Protein localization experiments. Cell fractionation was performed as described
previously (Deflaun et al., 1994). Portions (250 ml) of cultures grown in M9Glu/sup at
30 °C for 18 h were centrifuged at 4,000 X g for 10 min at 4 °C and washed with 5 ml
of 0.1 M phosphate buffer pH 7.0 (PB). Cells were resuspended in 2 ml of PB with
addition of 100 pg of lysozyme/ml and 1 mM EDTA (pH 8.0) and incubated at room
temperature for 10 min. Cells were disintegrated by using a French press and
centrifuged as described above to remove unbroken cells. The low-speed centrifugation
supernatant was then centrifuged at 100,000 X g for 1 h at 4 °C to separate the
cytoplasm (supernatant) and the membrane fraction (pellet). The pellet was
resuspended in 2 ml of 2% Sarkosyl in phosphatebuffered saline, left for 20 min at

room temperature, and centrifuged at 40,000 X g at 10 °C for 10 min to remove
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ribosomes and cytoplasmic proteins that were still associated with the membrane
fraction. The pellet was resuspended in 1 ml of 1% Sarkosyl, precipitated again 20 min
at room temperature, and centrifuged as described above. The supernatant,
corresponding to inner membrane proteins, was collected, and the pellet, corresponding
to outer membrane proteins, was resuspended in 0.5 ml of H,O. Protein concentrations
were determined, and 20 ug of total proteins was loaded onto a 12% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE). Specific bands were identified by matrix-
assisted laser desorption ionization-time of flight (MALDI-TOF) analysis of the peptide
products after in-gel trypsin digestion (Chen et al., 2000; performed by CRIBI,
University of Padua, Padua,lItaly [http://www.bio.unipd.it/cribi/]).

o° determination by Western blotting. Protein amounts in cytoplasmic samples were
determined by the Bradford method, and 20 pg portions of total proteins were loaded
onto an SDS-PAGE gel (12% acrylamide). Proteins were transferred on Hybond P
membranes (Amersham Life Sciences) and incubated with the polyclonal rabbit
antibodies against the o° protein (Robbe-Saule et al., 2007). The anti-c® antibodies
were detected by using a secondary anti-rabbit antibody conjugated with fluorescein.
For o¢° turnover experiments, 50 pg of cell extracts (cytoplasmic fractions) was
incubated at 37 °C for different times (0, 5, 10, and 20 min). Reactions were stopped
by the addition of an equal amount of SDS-PAGE loading buffer, and the samples were
used for Western blotting. Bands were quantified by using the ImageQuant 5.2 software

(Molecular Dynamics).

Other methods. B-Glucuronidase assays were performed as described previously.
Bacteriophage Plvir transductions were carried out as described previously (Miller,
1972). The correctness of transduction was checked by PCR verification of the presence
of the antibiotic cassette used for selection in the gene of interest, except for the rpoS
mutants, which were checked by catalase activity assays as previously described (Visick
and Clarke, 1997).

Bacteriophage P1lvir transductions were carried out as described by Miller (1972). For
overexpression of the AdrA protein, the adrA gene was amplified by PCR and the PCR
product was directly cloned into the pTOPO vector. The correct orientation of the adrA
insertion (i.e. under the control of the /ac promoter) was confirmed by digestion with
EcoRI/EcoRV, which gives two distinct digestion patterns depending on orientation of

the adrA gene.
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Desiccation experiments were performed as follows. Overnight cultures grown at 30 °C
in M9Glu/sup were diluted 1:100 in H,O. To determine bacterial concentration in the
suspension before desiccation, 20 ml was spotted on a glass slide, to which 80 ml H,0
was added immediately. Serial dilutions (102 to 10™°) were plated on LB agar. Typical
c.f.u. ml't values for the bacterial suspensions used in the desiccation experiments
ranged between 107 and 2.5x10’. For the desiccation assay, 20 ml of the bacterial
suspension was spotted on a glass slide and allowed to air-dry at 30 °C for 1 h, a time
sufficient for full drying of the suspension drop. The dried suspension was resuspended
in 100 ml H,0, and serial dilutions (10! to 10™*) were plated on LB agar and incubated
overnight at 37 °C. The percentage of cells surviving drying was calculated as
recovered cells (c.f.u. ml?) divided by the number of cells (c.f.u. ml'') spotted on the
glass slide. Efficient recovery of bacterial cells from the glass slide after exposure to

dryness was verified by direct microscopic observation (at 100 x magnification).

Curli subunit determination by SDS-PAGE was performed after formic acid solubilization
of membrane-associated proteins. Samples (50 ml) of cultures grown in M9Glu/sup at
30 °C for 18 h were centrifuged at 4000 g for 10 min at 4 °C and washed with 5 ml 0.1
M sodium phosphate buffer pH 7.0 (PB). Cells were resuspended in 1 ml PB with
addition of 100 mg lysozyme ml* and 1 mM EDTA pH 8.0 and incubated at room
temperature for 10 min. Cells were disintegrated using a French press and centrifuged
at 30.000 g for 30 min. The pellet was dissolved in 1 ml PB and treated with formic acid
as described by Collinson et al. (1991).
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Table 3. Strain and plasmids used in this work.

Strain and plasmid

Relevant genotype or characteristics

Reference or source

E. coli
MG1655
EB1.3

LGO3
LGO5
LGO7
LG20

LG26

PHL1087

PHL1088

PHL628

PHL856

E. coli K-12 A" F°, rph-1
MG1655 rpoS::Tnl0

MG1655 iraP::Kan
EB1.3 csgA::uidA-kan
EB1.3 csgD: :uidA-kan

MG1655cr/::920cam; obtained by
transduction from LP468
(Pratt & Silhavy, 1998)

MG1655AbcsA::kan; obtained by
P1lvir transduction from
MG1655bcsA (gift from C. Beloin)
PHL628 csgD: :uidA-kan

MG1655 csgD::uidA-kan

MG1655 ompR234

MG1655 csgA::uidA-kan

Blattner et al., 1997

Prigent-Combaret
et al., (2001)

This study
This study
This study
This study

This study

Prigent-Combaret
et al., (2001)

Prigent-Combaret
et al., (2001)

Prigent-Combaret
et al., (2001)

Prigent-Combaret
et al., (2001)

Plasmid

pT7-7

pT7CsgD

pTOPO

pTOPOAdrA

Control vector, ampicillin resistance,
T7 RNA polymerase-dependent
promoter

c¢sgD gene cloned into plasmid pT7-7
as a 651 bp Ndel/PstI fragment

Control vector allowing direct
cloning of PCR, products ampicillin
kanamycin resistance

adrA gene cloned as PCR product into
pTOPO vector

S. Tabor, Institute of
Cancer research, UK

Prigent-Combaret

et al., (2001)

Invitrogen

This study
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Table 4. Primers used in this work.

Primers Sequence

csgB_fw CATAATTGGTCAAGCTGGGACTAA
csgB_rev GCAACAACCGCCAAAAGTTT
adrA-rt_fw GGCTGGGTCAGCTACCAG
adrA-rt_rev CGTCGGTTATACACGCCCG
bcsA-rt_fw GACGCTGGTGGCGCTG
bcsA-rt_rev GGGCCGCGAGATCACC
adrA_fw GCTCCGTCTCTATAATTTGGG
adrA_rev ATCCTGATGACTTTCGCCGG
rpoS_fw GGCCTTAGTAGAACAGGAACC
rpoS_rev CCAAGGTAAAGCTGAGTCGC
iraP_fw TGTGTGCGCAGGTAGAAGC
iraP_rev GCGCCCCCTCTACCTGA
dps_fw GGATGGCTTCCGCACCG
dps_rev CCTGTCAGGAAGCCGC
pflB_fw ACGGCTACGACATCTCTGG
pflB_rev ACCGAAGGACATTGCAGCAC
osmB_fw GACCGCGGCTGTTCTGG
osmB_rev CCTAATGGCCCTGCACCC
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CHAPTER 3

YDDV-DOS OPERON AND
REGULATION OF CURLI
PRODUCTION



INTRODUCTION

The experiments described in this chapter have been published in the

following publication:

- Tagliabue, L., Maciag, A., Antoniani, D., Landini, P. (2010). The
yddV-dos operon controls biofilm formation through the regulation of
genes encoding curli fibers’ subunits in aerobically growing Escherichia
coli. FEMS Immunol Med Microbiol. 59(3):477-84.

The transition from planktonic cells to biofilm is regulated by
environmental and physiological cues, relayed to the bacterial cell by signal
molecules such as cyclic di-GMP (c-di-GMP). Intracellular levels of c-di-GMP are
regulated by two classes of isoenzymes: diguanylate cyclases (DGCs, c-di-GMP
biosynthetic enzymes), and c-di-GMP phosphodiesterases (c-PDEs, with PDE
activity resides in EAL or HD-GYP domains), which degrade c-di-GMP (Chang et
al., 2001; Tamayo et al., 2005; Cotter & Stibitz, 2007). Active DGCs are
characterized by an intact GGDEF motif that represents the active centre of the
enzyme (the A-site) and usually also carry an I-site, i.e. a secondary and
inhibitory binding site for c-di-GMP (Christen et al., 2005; Malone et al., 2007).
Similarly, in c-PDEs, the catalytic EAL domain retains a number of functionally
important, and thus highly conserved, amino acids (Rao et al., 2008; Schmidt
et al., 2005). c-di-GMP promotes biofilm formation in Gram negative bacteria
by stimulating the production of adhesion factors by acting on c-di-GMP-
responsive proteins (reviewed in Hengge, 2009), while repressing cell motility
(Kader et al., 2006; Méndez-Ortiz et al., 2006, Weber et al., 2006; Jonas et al.,
2008). In addition, c-di-GMP can directly affect virulence factor production in
pathogenic bacteria (Kulasakara et al., 2006; Hammer & Bassler, 2009). In E.
coli and other enterobacteria, the production of curli fibers and cellulose, which
form an extracellular matrix promoting biofilm formation (Rémling et al.,
1998a; Prigent- Combaret et al., 2000; Gualdi et al., 2008), is strongly
stimulated by c-di-GMP (Zogaj et al., 2001; Kader et al., 2006; Weber et al.,

2006). At least six different genes encoding c-di-GMP-related proteins are
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involved in curli gene regulation (Sommerfeldt et al., 2009). The expression of
several DGC-encoding genes, as well as curli-encoding genes, is controlled by
0°, an alternative s factor mainly active under slow growth conditions and in
response to cellular stresses. The yddV-dos operon is the most expressed
among o° -dependent genes encoding enzymes related to c-di-GMP metabolism
(Weber et al., 2006; Sommerfeldt et al., 2009). The yddV-dos operon encodes,
respectively, a protein with DGC activity and a c-PDE that can degrade c-di-
GMP to pGpG (the linear form of diguanylic acid), not known to function as a
signal molecule (Schmidt et al., 2005). Dos stands for direct oxygen sensor,
because the Dos protein is complexed to a heme prosthetic group that can bind
0,, CO and nitric oxide (NO) (Delgado-Nixon et al., 2000). A recent publication
(Tuckerman et al., 2009) has reported that YddV is also a heme-binding oxygen
sensor, and that YddV and Dos interact to form a stable protein complex.
Although it has been reported that YddV overexpression can stimulate biofilm
formation (Méendez-Ortiz et al., 2006), the targets of yddV-dependent biofilm
induction have not yet been identified. In this work, we have investigated the

role of the yddV-dos operon in the regulation of curli production.

RESULTS

Partial deletion of the yddV and dos genes. We investigated the
possibility that the yddV-dos operon might affect the production of curli fibers
by constructing two mutants in either the yddV or the dos genes. In order to
evaluate more precisely the contribution of c-di-GMP synthesis and turnover
toward YddV and Dos protein activities, our mutagenesis strategy targeted
exclusively the region of the gene encoding the domains involved in c-di-GMP
metabolism, allowing the production of truncated YddV and Dos proteins
carrying functional heme-binding and sensor domains. Because yddV and dos
are part of the same transcriptional unit (Mendez- Ortiz et al., 2006), insertions
of antibiotic resistance cassettes into the yddV gene can result in transcription
termination, thus preventing dos transcription. However, in the AM95
(yddVADAg31-1383:: cat) mutant, replacement of the distal part of the yddV gene by

the chloramphenicol acetyl-transferase (cat) gene, placed in the same
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orientation, results in semi-constitutive transcription of the dos gene from the
cat promoter, as determined by gRT-PCR (data not shown). Because YddV and
Dos constitute a highly expressed protein complex possessing both DGC and
PDE activity (Sommerfeldt et al., 2009; Tuckerman et al., 2009), the
production of truncated forms of either YddV or Dos should result in the
formation of mutant YddV-Dos protein complexes unbalanced either towards
accumulation or towards degradation of c-di-GMP. However, we found that
mutants in the dos gene showed phenotypic instability at the level of cell
aggregation in liquid culture and Congo red binding, suggesting that the dos
mutant strain might accumulate spontaneous mutations suppressing the dos
defect. Thus, the dos mutant strain was not investigated any further, and we
focused on the yddV mutant AM95 and on MG1655 derivatives overexpressing

either the YddV or the Dos proteins from multicopy plasmids.

Effects of the yddV and dos mutations on Congo red binding and
biofilm formation. In order to determine the possible effects of mutations in
yddV DGC domain on curli production, we performed Congo red-binding assays
using CR medium. Curli fibers bind CR with very high affinity, due to their B-
amyloid fibers. Congo red can bind, albeit with a lower affinity, other cell
surface-exposed structures, such as the extracellular polysaccharides cellulose
and poly-N-acetylglucosamine (Jones et al., 1999; Zogaj et al., 2001);
however, in E. coli MG1655, due to the low production of extracellular
polysaccharides, the red phenotype on CR medium is totally dependent on curli
production (Gualdi et al., 2008). Indeed, a mutant carrying a null mutation in
the csgA gene, encoding the main curli structural subunit, displays a white
phenotype on CR medium (Fig. 1a). The yddVAqs3:-1383::cat mutation resulted in
a clear, albeit partial, loss of the red phenotype on CR medium, indicative of a
reduction in curli production. To further confirm the effects of the mutation in
the yddV gene, we cloned either the yddV or the dos genes into the pGEM-T
Easy vector, under the control of the /lac promoter, producing the pGEM-YddVwr
and pGEM-Dosyr plasmids (Table 3). In addition, we constructed plasmids
carrying mutant alleles of either gene (pGEM-YddVgeaar and pGEMDosaaa, Table
3), in which the coding sequence for the amino acids responsible for either DGC
activity (in the YddV protein) or c-PDE activity (in the Dos protein) had been
altered. The substitution of GGDEF motif into the DGC catalytic site to GGAAF
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results in a drastic loss (>90%) of DGC activity (De et al., 2008; Antoniani et
al., 2010). In the Dos protein, the glutamic acid and leucine in the EAL motif
were changed to alanine residues, giving rise to the Dosaaa mutant; mutations
affecting the EAL motif abolish c-PDE activity (Kirillina et al., 2004; Bassis &
Visick, 2010). Transformation of the yddV mutant AM95 strain with pGEM-
YddVyr, but not with pGEM-YddVggaar, restored the red phenotype on CR
medium (Fig. 1b), indicating that YddV can affect the CR phenotype in a
manner dependent on its DGC activity. Transformation of MG1655 with the
pGEM-Doswt plasmid (Fig. 1c) resulted in a white CR phenotype, consistent with
a negative role of Dos in curli production. In contrast, no effects were observed
on the CR phenotype in the MG1655 strain harboring the pGEM-Dosaaa plasmid,
carrying the mutant Dos protein impaired in its c-PDE activity.

@

(a)

MG1655 PHL856 AM95
(WT) (csgA) (yddV)
(b) (c)
AMS5 (yddV) MG1655 (WT)
MG 1655/
AMS5/ PGEM-Dosyr
PGEM-YddV

PGEM-YddVegssr PGEM-Dosasa

Figure 1. (a) Congo red phenotype of MG1655 (WT), PHL856 (csgA) and AM95 (yddV).
(b) AM95 (yddV) strain transformed with either pGEM-YddVyr or pGEMYddVggaar. (€)
MG1655 strain transformed with either pGEM-Dosyt or pGEM-Dosaaa.

So, being curli fibers the main determinant for adhesion to abiotic
surfaces in E. coli MG1655 strain, we set up biofilm formation experiments on
polystyrene microtitre plates in order to confirm Congo red binding results (Fig.
2). Consistent with the pivotal role of curli in adhesion to abiotic surfaces,
biofilm formation on microtiter plates was reduced by about 10-fold by the

inactivation of the csgA gene, encoding the major curli subunit (Fig. 2), as well
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as by growth at 37 °C (see Chapter II, Fig. 1), the temperature at which curli
fibers are not produced in most enterobacteria (Rédmling et al., 1998a).
Inactivation of the yddV gene resulted in a c. 3.5-fold reduction in biofilm
formation. Overexpression of YddVwr, but not of the YddVgeaar protein, results

in strong biofilm stimulation, in agreement with CR phenotypes (Fig. 1b).

12

10

Relative adhesion units

MG1655 PHL856  AMS5 MG1655 MG1655 MG1655 MG1655
(WT) (csgA)  (yddV) pYddV,: pYddVgeasr PDOSyr  PDOSssn

GALF

Figure 2. Surface adhesion on polystyrene microtitre plates by strains MG1655
(WT), PHL856 (csgA), AM95 (yddV), and MG1655 transformed with pGEM-YddVr,
pGEM-YddVseaar, PGEM-Dosywt and pGEM-Dosaaa. The relative adhesion value was set to
1 for MG1655; the actual adhesion unit for MG1655 was 3.1. Results are the average of
three independent experiments, with standard deviations always lower than 10%.

Overexpression of the Dos protein mimicked the effects of the yddV
mutation, resulting in decreased biofilm production; however, no effect was
detected for overexpression of the Dos mutant protein impaired in c-PDE
activity (Fig. 2). Thus, the results of CR binding and biofilm formation strongly
support the hypothesis that the YddV and Dos proteins control curli production

through the modulation of intracellular c-di-GMP concentrations.
Effects of the yddV and dos mutations on curli gene expression.

The regulation of adhesion factors’ production by DGCs can take place at

different levels, such as allosteric activation, as in the stimulation of cellulose
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biosynthesis by AdrA (Zogaj et al., 2001), or gene regulation, such as in the
transcription regulation of the csgDEFG operon by YdaM and YegE (Sommerfeldt
et al., 2009). We tested the possibility that the yddV gene might affect the CR
phenotype and adhesion to polystyrene through gene expression regulation of
the curli-encoding operons. Curli production and assembly is mediated by two
divergent operons; csgDEFG encodes the transport and assembly proteins and
the CsgD regulator, which in turn activates the csgBAC operon, encoding curli
structural subunits (Rémling et al., 1998b). Because curli genes are subject to
growth phase-dependent regulation mediated by the rpoS gene (Rémling et al.,
1998b), we assessed the effects of the yddV mutation at different growth
stages: early exponential phase (ODgyww Nnm = 0.25), late exponential phase
(ODgoo nm = 0.7) and stationary phase (overnight cultures, ODgypo nm = 2.5).
Transcription levels of the csgB and csgD genes in M9Glu/sup medium at 30 °C
were determined by qRT-PCR (Table 1). Interestingly, the expression of csgD
and csgB follows different kinetics: while csgB is only induced in the late
stationary phase, csgD transcription levels are very similar both in the
exponential and in the stationary phase. A different timing between csgD and
csgB transcription in E. coli MG1655 has already been reported (Prigent-
Combaret et al., 2001). Although the lack of stationary-phase-dependent-
activation of the csgD gene might appear to be surprising, rpoS-dependent
gene expression during the exponential phase is rather common (Dong et al.,
2008); indeed, the expression of both csgB and csgD is totally abolished in the
rpoS-deficient EB1.3 mutant derivative of MG1655 (data not shown). yddV
inactivation caused a drastic decrease in csgB expression (c. 400-fold reduction,
Table 1), while showed a much more reduced effect on csgD transcription (c.
2.5-fold), suggesting that the YddV protein specifically regulates the
transcription of the csgBAC operon. Overexpression of either the YddV or the
Dos protein confirmed this result, showing csgBAC upregulation by YddV and
downregulation by Dos, in a manner dependent on their DGC and c-PDE

activities, respectively (Table 2).
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Table 1. Relative expression of csgB and csgD genes in MG1655 vs. AM95 (yddV::cat)

Genes csgB csgD adrA

Strains MG1655 (WT) AMO95 (yddV) MG1655 (WT) AM95 (yddV) MG1655 (WT) AM95 (yddV)

Growth condition

Early exponential (ODggp=0.25) 1* 0.7 1* 0.6 ND ND
Late exponential (ODggo=0.7) 0.8 0.9 1.5 0.7 ND ND
Stationary (ODggo=2.5) 391 0.9 1.4 0.6 1* 0.74
Stationary, anoxic (ODgpo=1.6) 57.2 22.4 1.6 1.4 ND ND

*AC: between the gene of interest and the 16S gene was arbitrarily set at 1 for MG1655 in the early exponential
growth phase for csgB and csgD genes, and in stationary phase for adrA. The actual AC: values were: csgD=15.0;
csgB=21.7; adrA= 22.4. AC: between the gene of interest and the 16S gene for different growth phases and for
mutant strains are expressed as relative values. Values are the average of two independent experiments performed
in duplicated. ND, not determined.

The observation that YddV regulates csgBAC transcription, which is also
dependent on the CsgD protein, may suggest that c-di-GMP synthesis by YddV
might trigger CsgD activity as a transcription regulator. To test this hypothesis,
we studied the effect of the yddV mutation on the expression of adrA, a CsgD-
dependent gene involved in the regulation of cellulose production (Zogaj et al.,
2001): as shown in Table 1, adrA transcript levels were not significantly
affected by yddV inactivation, suggesting that the CsgD protein can function as
a transcription activator in the yddV mutant strain AM95.

Both the YddV and the Dos protein require binding of their heme
prosthetic groups to O,, or alternatively to NO, in order to trigger either DGC or
c-PDE activity (Taguchi et al., 2004; Tuckerman et al., 2009). Thus, we
measured csgB and csgD expression levels in bacteria grown in oxygen
limitation, comparing MG1655 with its yddV,¢3;-1383::cat mutant derivative.
Growth under anoxic conditions did not affect csgD transcript levels, while
reducing csgB expression by c. 7-fold; yddV inactivation resulted only in a c.
2.5-fold reduction in csgB transcript levels, vs. the c. 400-fold reduction in
aerobic growth (Table 1), suggesting that YddV-dependent regulation of the
csgBAC operon is bypassed under oxygen-limiting conditions. Consistent with
this observation, no effect on csgBAC expression by either YddV or Dos
overexpression could be detected in MG1655 grown in oxygen limitation (Table
2).
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Table 2. Relative expression of csgB and csgD genes in response to either YddV or Dos
overexpression.

Strains csgB expression (aerobic) csgB expression (anoxic) csgD expression (aerobic)
MG1655/pGEM-T 1* 0.38 1*
MG1655/pYddVyr 31.2 0.32 2.1
MG1655/pYddVeeaar 2.3 0.45 1.6
MG1655/pDoswr 0.06 0.34 ND
MG1655/pDosaaa 1.04 0.37 ND

*AC; between the gene of interest and the 16S gene was arbitrarily set at 1 for MG1655/pGEM-T
under aerobic conditions. Actual AC; values in MG1655/pGEM-T: csgB= 15.9; csgD=14.6. Values
are the average of two independent experiments performed in duplicate.

Growth-phase dependent regulation of the yddV-dos operon. Our
results clearly indicate that a functional yddV gene is required for csgBAC, but
not csgDEFG, expression (Table 1), suggesting that the YddV protein acts
downstream of CsgD in the regulatory cascade leading to curli production. It is
thus possible that the CsgD protein might activate the transcription of the
yddV-dos operon and, in turn, YddV might trigger csgBAC expression in the
stationary phase of growth. However, co-transcription of the yddV and the dos
genes also raises the question of how the opposite activities of the YddV and
Dos proteins are modulated. We investigated the possibility that the yddV-dos
transcript might be processed in the stationary phase of growth, resulting in the
accumulation of the YddV protein, with consequent activation of csgBAC
expression. To address these questions, we determined both yddV and dos
transcripts at different growth stages, and we tested the possible dependence
of yddV-dos transcription on the CsgD protein by comparing MG1655 with its
csgD mutant derivative AM75. In addition, because transcription of the yddV-
dos operon is controlled by the rpoS gene (Weber et al., 2006; Sommerfeldt et
al., 2009), which also regulates curli-encoding genes (Rémling et al., 1998b),
we also determined gene expression kinetics of the yddV-dos operon in the

rpoS mutant derivative EB1.3.
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- yddV dos

Relative expression level

oy

WT rpoS csgD WT

Figure 3. Relative expression levels of the yddV gene in strains MG1655 (WT), EB1.3
(rpoS) and AM75 (csgD), and of the dos gene in MG1655, as measured by realt-time
PCR experiments. Expression values in MG1655 in the early exponential growth phase
(ODgogonm=0.25; orange bars) (corresponding to a AC; relative to 16S rRNA=16.3 for
yddV and =15.8 for dos) were set to 1. The other samples were taken in late
exponential phase (ODgoponm=0.7; green bars) and stationary phase (ODggponm=2.5; red
bars). Data are the average of two independent experiments, each performed in
duplicate.

As shown in Fig. 3, transcription of the yddV gene was induced in an
rpoS-dependent manner in the late exponential phase, reaching maximal
induction in overnight cultures; in contrast, csgD inactivation did not affect
yddV expression. Transcription of the yddV and of the dos genes followed a
very similar pattern (Fig. 3) and the overall ratio between yddV and dos
transcripts remained constant in different growth phases, suggesting that
neither yddV nor dos is subject to specific regulation at the level of mRNA

processing, at least under the conditions tested.

DISCUSSION

Curli fibers are a major adhesion factor in E. coli and their production is
subjected to multiple forms of regulation. In this work we showed that even the

yddV-dos operon, encoding a YddV-Dos protein complex involved in c-di-GMP
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biosynthesis and turnover, affects curli production. Control of curli production
by yddV-dos takes place at the level of transcription regulation of the csgBAC
operon, encoding curli structural subunits (Table 1), and is mediated by the
DGC and PDE activities of YddV and Dos (Fig. 1b and c; Table 2). In contrast,
the YddV-Dos protein complex does not strongly influence csgDEFG expression,
nor does it affect the expression of the CsgD-dependent adrA gene, encoding a
positive effector for cellulose biosynthesis (Table 1). Regulation of the csgBAC
operon, but not of csgDEFG, has already been described for another DGC, the
product of the yeaP gene (Sommerfeldt et al., 2009). Thus, in E. coli, the
production of curli and cellulose involves DGC and c-PDE proteins at various
levels (summarized in Fig. 4). Indeed, csgDEFG transcription is regulated by the
DGC YdaM (Weber et al., 2006) and by the PDEs YciR and YhjH (Pesavento et
al., 2008), csgBAC transcription by YeaP and by the YddV-Dos complex
(Sommerfeldt et al., 2009; this work), while the AdrA protein activates cellulose
production (Zogaj et al., 2001). The involvement of such a large number of c-
di-GMP-related proteins might depend on the need to relay different
environmental signals to the activation of the csgD regulon. Indeed, curli and
cellulose production responds to a variety of environmental cues, including low
temperature, slow growth and low osmolarity (Rémling et al., 1998b). In
addition, devoted DGCs and PDEs can trigger the expression of individual CsgD-
dependent genes (e.g. csgBAC) in response to specific environmental signals,
thus altering the relative expression of genes belonging to the CsgD regulon
and, in particular, the balance between curli and cellulose production.
Depending on the prevalence of either its DGC or its c-PDE activities, the YddV-
Dos complex can either activate or repress csgBAC expression. In the bacterial
cell, this could be achieved by changing the relative intracellular concentrations
of either YddV or Dos proteins, for instance through post-transcriptional
regulation. However, our results seem to rule out the possible regulation of
either yddV or dos at the level of mRNA stability (Fig. 3), suggesting that YddV
and Dos might be regulated either in their protein stability level or through
modulation of their enzymatic activities. Both DGC activity by YddV and c-PDE
activity by Dos are inhibited in the absence of oxygen; however, YddV and Dos
respond differently to oxygen concentrations, which can thus affect the overall
balance between DGC and c-PDE activities in the YddV-Dos protein complex

(Tuckerman et al., 2009). Thus, oxygen availability in the bacterial cell might

57



function as an environmental signal for the modulation of intracellular c-di-GMP
concentrations via the YddV-Dos complex. Oxygen tension is known to regulate
curli production in Salmonella (Gerstel & Rémling, 2001). It is conceivable that
oxygen sensing can be important for curli expression in relation to biofilm
growth: indeed, with the exception of cells in the external layers, bacteria
growing in biofilms are exposed to a gradient in oxygen availability that leads to
a switch to anaerobic metabolism in the innermost biofilm layers (Borriello et
al., 2004; Rani et al., 2007).

YegE E1:1'1=.-|1|t exprgruln-n
regulation

\Jﬁm_
l 7

YeaP W
Gard) Qes) .

Allosteric
l activation

Bcs e Curli translocatio
complex system (CsgEFG

Cellulose Curli

Figure 4. Model summurizing gene expression regulation of curli- and cellulose-related
genes by DGC and c-PDE proteins. Protein with DGC activity are indicated by open
ellipses; c-PDEs are shown as dark squares. The CsgD protein, which activates both the
csgBAC operon encoding the curli structural subunit and adrA, encoding a DGC acting
as a positive effector for cellulose biosynthesis, is indicated in the gray ellipse.

The growth of E. coli MG1655 in oxygen limitation results in a sevenfold
decrease in csgBAC, but not csgDEFG, expression (Table 1); under these
growth conditions, overexpression of neither YddV nor Dos affects csgBAC
expression (Table 2), consistent with the inhibition of both DGC and c-PDE
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activities of the YddV and Dos proteins in the absence of oxygen. This result
would suggest that in the innermost biofilm layers, oxygen limitation might lead
to reduced csgBAC expression and curli production, without, however, affecting
the expression of csgDEFG and of other genes belonging to the CsgD regulon.
We conclude that relay of oxygen sensing to curli production is mediated by c-

di-GMP signalling involving the YddV-Dos complex.

METHODS

Bacterial strains and growth conditions. The bacterial strains used in this work are
listed in Table 3. E. coli MG1655 mutant derivatives were constructed using either the A
Red technique (Datsenko & Wanner, 2000) or by bacteriophage P1 transduction (Miller,
1972). The primers used for gene inactivation and for confirmation of target gene
disruption by PCR are listed in Table 4. Bacteria were grown in M9Glu/sup medium
(Brombacher et al., 2006), a glucose based medium supplemented with 2.5% Luria-
Bertani medium as a source of amino acids and vitamins. For growth under anoxic
conditions, liquid cultures were grown with no shaking in 15-mL glass tubes filled to the
top; these conditions are sufficient for the full induction of genes responding to
anaerobiosis (Landini et al., 1994). Antibiotics were used at the following
concentrations: ampicillin, 100 pg/ml; chloramphenicol, 50 ug/ml; tetracycline, 25
Hg/ml; and kanamycin, 50 pg/ml. For Congo red binding assays, bacteria grown
overnight in a microtiter plate were spotted, using a replicator, on Congo red
supplemented medium (CR medium), composed of 1.5% agar, 1% Casamino acids,
0.15% vyeast extract, 0.005% MgSO, and 0.0005% MnCl,, to which 0.004% Congo red
and 0.002% Coomassie blue were added after autoclaving. Bacteria were grown for 20
h at 30 °C; phenotypes were better detectable after 24-48 h of additional incubation at
4 °C. Surface adhesion assays in polystyrene microtiter plates were performed as
described (Dorel et al., 1999).

Plasmid construction. The plasmids used in this work are listed in Table 3. For the
construction of the pGEM-T Easy (http://www.promega.com/ tbs/tm042/tm042.pdf)

plasmid derivatives, either the yddV or the dos genes were amplified by PCR from E.
coli MG1655 genomic DNA and the PCR product was cloned into the plasmid, producing
pGEM-YddVwr and pGEM-Dosyt, respectively. The pGEM-YddVggaar and pGEM-Dosaan
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plasmids were obtained by three-step PCR mutagenesis (Li & Shapiro, 1993) using the

primers listed in Table 4. All constructs were verified by sequencing.

Gene expression studies. Quantitative real-time PCR (gqRT-PCR) for the
determination of the relative expression levels was performed on cultures grown at 30
°C in M9Glu/sup medium. Samples were taken in the early (ODggonm=0.25) and late
(ODgoonm=0.7) exponential phase and in the stationary phase (ODgoonm~2.5) for cultures
grown aerobically, and in the stationary phase (ODgponm~1.6) for cultures grown under
anoxic conditions. RNA extraction, reverse transcription and cDNA amplification steps
were performed as described (Gualdi et al., 2007), using 16S RNA as the reference

gene.

Table 3. E. coli strains and plasmids used in this work.

E.coli Relevant phenotype Reference or sources
Strains
MG1655 K-12, F'Arphi Blattner et al.
(1997)
EB1.3 MG1655 rpoS::tet Prigent-Combaret
et al., (2001)
PHL856 MG1655 csgA-uidA::Kan Gualdi et al., (2008)
AM75 MG1655csgD: :cat This work
AM95 MG1655yddVAgs;-13s3: :cat This work
Plasmids
pGEM-T Easy Control vector, ampicillin resistance Promega
pGEM-YddVyr yddV gene cloned in pGEM-T Easy vector This work
pPGEM-YddVeeaar yddV allele carrying the mutation resulting This work

in the GGDEF % GGAAF change in the
YddV DGCcatalytic site
pGEM-Doswt The dos gene cloned in pGEM-T Easy vector This work
pGEM-Dosaaa dos allele carrying the mutation resulting in This work
EAL—» AAA change in the Dos c-PDE

catalytic site
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Table 4. Primers used in this work.

Primers Sequence Utilization
yddV_for CCAGCCTTATAAGGGTGTG yddV cloning
and mutant
verification
yddV_rev TTACCTCTGCATCCTGGC yddV Cloning
yddVgeaar_for TACGGGGGCGCTGCATTTATCATT Construction of
pG EM _YddVGGAAF
yddVgeaar_rev AATGATAAATGCAGCGCCCCCGTA Construction of
pG EM _YddVGGAAF
dos_for AATCATGAAGCTAACCGATGCG dos cloning
dospan_for ACGGCATCGCAGCCGCTGCTCGCT Construction of
pG EM- DOSAAA
dospaa_rev AGCGAGCAGCGGCTGCGATGCCGT Construction of
pG EM- DOSAAA
yddV_cat_for GGATGTACTGACGAAATTACTTAACCG yddV inactivation
CCGTTTCCTACCGTACCTGTGACGGAAGATCAC
yddV_cat_rev CATCGGTTAGCTTCATGATTACCTCTGC yddV inactivation
ATCCTGGCGCATGGGCACCAATAACTGCCTTA
dos_tet_for CCTGCACAATTACCTCGATGACCTGGTCGA dos inactivation
CAAAGCCGTCCTAGACATCATTAATTCCTA
dos_tet_rev GTTAAATGAAAACCCGCGAGTGCGGGCGAG dos inactivation
AGGAATTTGGAAGCTAAATCTTCTTTATCG
csgD_cam_for CTGTCAGGTGTGCGATCAATAAAAAAAGCG csgD inactivation
GGGTTTCATCTACCTGTGACGGAAGATCAC
csgD_cam_rev AATGAATCAGGTAGCTGGCAAGCTTTTGCG ¢csgD inactivation
TAAAGTAGCAGGGCACCAATAACTGCCTTA
csgD_rev GCCATGACGAAAGGACTACACCG Mutant verification
cat_rev GGGCACCAATAACTGCCTTA Mutant verification
tet_rev GAAGCTAAATCTTCTTTATC Mutant verification
16S_for TGTCGTCAGCTCGTGTCGTGA gRT-PCR
16S_rev ATCCCCACCTTCCTCCGGT gRT-PCR
csgB_RT_for CATAATTGGTCAAGCTGGGACTAA gRT-PCR
csgB_RT_rev GCAACAACCGCCAAAAGTTT gRT-PCR
csgD_RT_for CCCGTACCGCGACATTG gRT-PCR
csgD_RT_rev ACGTTCTTGATCCTCCATGGA gRT-PCR
dos_RT_for CAGAGAAGCTCTGGGGATACA gRT-PCR and
mutant verification
dos_RT_rev TTTTTCTCCAGCTGCAGCTCC gRT-PCR
yddV_RT_for GTTGAGCGGCAGTTGAAGAGT gRT-PCR
yddV_RT_rev TTTTTCAGCACCCGAAACCCC gRT-PCR
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CHAPTER 4

YDDVY CONTROLS
PRODUCTION OF POLY-N-
ACETYLGLUCOSAMINE



INTRODUCTION

The experiments described in this chapter have been published in the

following publication:

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

As 1 already discussed in the previous chapters, transition from
planktonic cells to biofilm is regulated by the second messenger, bis-(3’,5')-
cyclic diguanylic acid, better known as cyclic-di-GMP (c-di-GMP). Intracellular
levels of c-di-GMP are regulated by two classes of isoenzymes: diguanylate
cyclases (DGCs, c-di-GMP biosynthetic enzymes) and c-di-GMP
phosphodiesterases (PDEs), which degrade c-di-GMP (Cotter & Stibitz, 2007).
DGC- and PDE-encoding genes are present in high number in Gram negative
bacteria, suggesting that c-di-GMP biosynthesis and degradation might
constitute a mechanism for signal transduction involving c-di-GMP-responsive
proteins interacting with specific DGCs. In this chapter, I have addressed the
question of how different DGCs can affect specific cellular processes. Indeed, c-
di-GMP-driven cell processes, such as cellulose production in Salmonella (Zogaj
et al., 2001), depend on specific interactions between a given DGC and one or
more target proteins. To this aim, four different DGCs (AdrA, YcdT, YdaM and
YddV) were overexpressed and their effect on production of extracellular
structures was tested. For AdrA, YcdT and YdaM, a role in regulation of the
extracellular structures curli, cellulose and PNAG have already been proposed
(Weber et al., 2006). In the previous chapter, I have shown that YddV can
affect expression of curli-encoding genes in a manner dependent on oxygen
availability.

The YddV protein is arguably one of the most expressed DGCs in E. coli

(Sommerfeldt et al., 2009), which underlines its importance. In this chapter, I
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will show that overexpression of YddV leads to production of poly-N-
acetylglucosamine (PNAG), an EPS able to promote biofilm formation, by
triggering expression of pgaABCD, the PNAG biosynthetic operon. The
ubiquitous exopolysaccharide, poly-N-acetyl (B-1,6) glucosamine (PNAG)
appears to play an important role in biofilm formation, immune evasion, and
pathogenesis in a variety of bacterial species including: S. aureus (Cramton et
al., 1999; Kropec et al., 2005; Cerca et al., 2007), Staphylococcus epidermidis
(Mack et al., 2000; Vuong et al., 2004; Cerca et al., 2006) and E. coli (Wang et
al., 2004; Agladze et al., 2005). PNAG was first described in S. epidermidis in
which it is encoded by the intercellular adhesin (ica) locus (Heilmann et al.,
1996). In E. coli, PNAG is synthesized by the four proteins encoded within a
homologous locus, pgaABCD (Wang et al., 2004). It has been shown that
posttranscriptional control of pgaABCD expression by the RNA-binding protein
carbon storage regulator A (CsrA) regulation leads to the inhibition of biofilm
formation (Wang et al., 2005).

RESULTS

Overexpression of diguanylate cyclases (DGCs). In Enterobacteria,
production of EPS such as poly-N-acetylglucosamine (PNAG) and cellulose
(Rémling et al., 2000; Zogaj et al., 2001; Boehm et al., 2009), and of
proteinaceous adhesion factors such as curli fibers (Kader et al., 2006; Weber
et al., 2006) is regulated by DGC proteins and c-di-GMP biosynthesis. However,
for several genes encoding putative DGCs, their functional role in production of
adhesion factors has not been fully determined: for instance, yddV, arguably
the most highly expressed DGC-encoding gene in E. coli (Sommerfeldt et al.,
2009), can activate transcription of the csgBA operon, encoding curli subunits
(Tagliabue et al., 2010); however, YddV overexpression can stimulate biofilm
formation independently of curli production (Mendez-Ortiz et al., 2006), thus
suggesting that yddV can induce biofilm formation by acting on additional, not
yet identified, targets. In order to study the effects of YddV on production of
extracellular structures, we cloned the yddV gene into the p-GEM-T easy

plasmid, which allows constitutive expression of cloned genes in the absence of
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IPTG induction. We compared yddV with three different DGC-encoding genes:
adrA, encoding an activator of cellulose production (Zogaj et al., 2001), ycdT,
located in the pgaABCD locus and co-regulated with the PNAG-biosynthetic
genes (Jonas et al., 2008), and ydaM, required for expression of curli-encoding
genes (Weber et al., 2006).

MG1655 [c-di-GMP] = 3,5 nmollg MG1655 pGEM-T [c-di-GMP] = 2,4 nmol,
75 200 225 25 I1?|_5I I Izﬂl_[ll o Iziﬁl o I25|
MG1655 pAdrA [c-di-GMP] = 360 nmollg MG1655 pYcdT [c-di-GMP] = 25,6 nmollg

225 25

T [ T T ] . - -
Th 200 225 25 17.5 z0.0
MG1655 pYdaM[c-di-GMP] = 341 nmollg MG1655 pYddV [c-di-GMP] = 34 nmol/g

Y

175 200 225 251 7.5 200 295 25,

Figure 1. HPLC determination of intracellular c-di-GMP concentrations in MG1655 and
in MG1655 transformed with either the pGEM-T Easy vector or pGEM-T Easy carrying
the DGC-encoding genes AdrA, YcdT, YdaM and YddV. The peak corresponding to c-di-
GMP is marked by an arrow; the peak with a retention time of 21.8 minutes
corresponds to NAD, while the peak at 23.5 minutes was not identified.

Plasmid-driven expression of each of the four genes resulted in a
significant increase in intracellular c-di-GMP concentrations consistent with
production of active proteins; however, while overproduction of the AdrA and
the YdaM proteins resulted in a more than 150-fold increase in intracellular c-
di-GMP, in agreement with previous observations (Antoniani et al., 2010), YcdT
and YddV only enhanced c-di-GMP concentration by ca. 10-fold (Fig. 1). c-di-
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GMP intracellular concentrations did not strictly correlate with DGC
overproduction levels, as judged by SDS-PAGE analysis of cell extracts (data
not shown). Expression of each DGC led to reduction in bacterial mobility (Table
1), in agreement with previous observations (Mendez-Ortiz et al., 2006; Jonas
et al., 2008; Pesavento et al., 2008).

Table 1. Effects of DGCs overexpression on cell motility and cell aggregation.

Bacterial strains Cell Motility* (mm) Aggregation**
MG1655pGEM-T Easy 10.5 -
MG1655pAdrA 8 +
MG1655pYcdT 7 -
MG1655pYdaM 8.75 +++
MG1655pYddV 7 ++

*) Average of two independent experiments. **) Determined by visual inspection as
described in Gualdi et al., 2008. Results are from four independent experiments.

Effects of DGC overexpression on cell surface-associated
structures. The plasmids carrying DGC-encoding genes were used to
transform a set of mutant derivatives of E. coli MG1655 deficient in the
production of curli, cellulose, or PNAG, namely: AM70 (AcsgA::cat), unable to
produce curli; LG26, a AbcsA::kan mutant impaired in cellulose production;
AM73, a AcsgA/AbcsA double mutant, and AM56, a ApgaA::cat mutant unable
to export PNAG and to expose it on the cell surface (Itoh et al., 2008). We
expected that phenotypes depending on increase in production of cell surface-
associated structures caused by DGC overexpression would be abolished by
inactivation of the corresponding target genes. Since curli, cellulose and PNAG
affect binding of bacterial cell surface to the dye Congo red (Olsen et al., 1989;
Zogaj et al., 2001; Perry et al., 1990; Gualdi et al., 2008), we measured the
effects of DGC overexpression on color phenotype on agar medium
supplemented with Congo red (CR medium). In the absence of DGC-
overexpressing plasmids, strains carrying mutations in curli-related genes
(AcsgA and the AcsgA/AbcsA double mutant) showed a white phenotype on CR
plates (Fig. 2). In contrast, inactivation of genes responsible for either cellulose
(AbcsA) or PNAG biosynthesis (ApgaA) did not affect the red phenotype of the

66



parental strain, consistent with previous observations that in E. coli MG1655
Congo red-binding mostly depends on curli production (Gualdi et al., 2008; Ma
& Wood, 2009). Plasmid-driven expression of DGCs resulted in very different
effects on colony phenotype on CR media: expression of the AdrA protein
conferred a red phenotype to the csgA mutant strain, but not to the
AcsgA/AbcsA double mutant, consistent with its role as an activator of cellulose
production (Zogaj et al., 2001; Antoniani et al., 2010). Overexpression of YdaM
did not affect CR phenotype in MG1655 and in its ApgaA mutant derivative, but
it conferred a weak red phenotype on CR medium both to the curli-deficient
mutant and to the AcsgA/AbcsA double mutant impaired in both curli and
cellulose production. Since YdaM controls the production of both curli and
cellulose via expression of the csgD gene (Weber et al., 2006), this observation
suggests that either YdaM or CsgD might trigger the production of yet
additional cell surface-associated structures able to bind Congo red. In contrast
to AdrA and YdaM, YcdT expression led to no detectable changes in CR
phenotype in any of the strains tested (Fig. 2). However, YcdT overexpression,
in addition to increasing c-di-GMP intracellular concentrations (Fig. 1), clearly
affected cell motility (Table 1) and colony size on LB medium (data not shown),
suggesting that YcdT is produced in an active form in strains carrying the pYcdT
plasmid. Finally, YddV overexpression led to the loss of the red phenotype on
CR medium in curli-producing strains, with the exception of the pgaA mutant

unable to expose PNAG on the cell surface (Fig. 2, last row).
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pYcdT

pYdaM
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Figure 2. Congo red binding assay. The MG1655 strain and isogenic mutants deficient
in production of cell surface-associated structures were transformed with either the
pGEM-T Easy vector or the vector carrying the DGC-encoding genes AdrA, YcdT, YdaM
and YddV. Strains tested were: MG1655 (WT); AcsgA: AM70 (curli-deficient mutant);
AbcsA: LG26 (cellulose-deficient mutant); AcsgA/AbcsA: AM73 (curli- and cellulose-
deficient mutant); ApgaA: AM56 (PNAG-deficient mutant).

Although a white CR phenotype could indicate negative regulation of curli
production by YddV, the observation that YddV-dependent white colony
phenotype on CR medium requires a functional pgaA gene suggests that YddV
overexpression might trigger PNAG overproduction. Indeed, in curli-producing
strains of E. coli, EPS overproduction can result in the loss of the red colony
phenotype on CR medium, possibly due to shielding of curli fibers (Gualdi et al.,
2008; Ma & Wood, 2009). To understand whether YddV-dependent loss of the
red colony phenotype on CR medium could indeed be due to PNAG
overproduction, we verified EPS production in the absence and in the presence
of the pYddV plasmid by plating on agar medium supplemented with Calcofluor,

a fluorescent dye able to bind EPS. Presence of pYddV promotes Calcofluor
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binding, which is however abolished in the pgaA mutant strain AM56, indicating
that YddV overexpression increases EPS production in a manner dependent on

the presence of a functional pgaA gene (Fig. 3, left panel).
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Figure 3. Left panel. Effects of YddV overexpression on EPS production determined by
Calcofluor binding assay. The following strains: MG1655 (WT); AcsgA: AM70 (curli-
deficient mutant); AbcsA: LG26 (cellulose-deficient mutant); ApgaA: AM56 (PNAG-
deficient mutant) were transformed either with the control vector (panel above) or with
pYddV (panel below). Right panel. Surface adhesion on polystyrene microtiter plates
by strains carrying either pGEM-T Easy (green bars) or pYddV (red bars). Surface
adhesion values are set to 1 for strains transformed with pGEM-T Easy. Actual Adhesion
units values were: MG1655 (WT)=5.6; AM70 (csgA)=1.1; LG26 (bcsA)=5.4; AM73
(csgA/bcsA)=1.2; AM56 (pgaA)=3.8, WT+Dispersin B=4.4. Experiments were repeated
three times with very similar results.

We determined YddV stimulation of surface adhesion in MG1655 and in
its mutant derivatives deficient in production of specific cell surface-associated
factors. As shown in Fig. 3 (right panel), YddV overexpression stimulated
surface adhesion in the MG1655 strain as well as in mutants unable to
synthesize either curli or cellulose, while failing to enhance biofilm formation in
a pgaA mutant. Treatment with the PNAG-degrading enzyme Dispersin B
abolished YddV-dependent stimulation of surface adhesion in MG1655 (Fig. 3,
right panel).

In contrast to YddV, overexpression of either AdrA or YcdT resulted in
little or no increase in surface adhesion (Fig. 4). Finally, YdaM overexpression
stimulated PNAG production: indeed, YdaM-dependent biofilm formation was
affected (ca. 2-fold) by pgaA inactivation and by treatment with Dispersin B;

however, unlike YddV, YdaM-mediated biofilm formation was totally abolished in
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the AM70 csgA mutant, indicating that it mostly depends on curli production

QJLJJJ

csgA bcsA pgaA WT + Disp.B

= o
o o

Relative adhesion (fold induction)

Figure 4. Surface adhesion on polystyrene microtiter plates by strains carrying the
pGEM-T Easy control vector (blue bars), pAdrA (orange), pYcdT (green), and pYdaM
(red). Surface adhesion values are set to 1 for strains transformed with the control
vector. Actual values were: MG1655 (WT)=5.6; AM70 (csgA)=1.1; LG26 (bcsA)=5.4;
AM73 (csgA/bcsA)=1.2; AM56 (pgaA)=3,8, WT+Dispersin B=4.4. Experiments were
repeated three times with similar results.

Regulation of pgaABCD expression by DGCs. Regulation of EPS
production by DGCs can take place at different levels: cellulose production is
stimulated by AdrA through allosteric activation of the cellulose synthase
protein machinery (Zogaj et al., 2001; Simm et al., 2004); the YdeH protein
affects PNAG production through stabilization of the PgaD protein (Boehm et
al., 2009); finally, the YdaM protein activates curli and cellulose production via
up-regulation of csgDEFG transcription (Weber et al., 2006). We tested the
possibility that the YddV protein might regulate PNAG production by affecting
transcription of the pgaABCD operon, encoding the proteins involved in PNAG
biosynthesis. To this aim, we performed quantitative Real Time PCR
experiments in MG1655 transformed with pYddV and determined transcript
levels of the pgaA gene.

As shown in Fig. 5, pgaA transcript levels were increased by roughly 10-
fold by YddV overexpression. In contrast, overexpression of AdrA and YcdT did
not lead to any significant increase in pgaA transcript levels. Interestingly,

YdaM overexpression also resulted in an increase in pgaA transcript levels,
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albeit lower than what observed for YddV, consistent with YdaM-dependent

stimulation of PNAG production (Fig. 5).
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Figure 5. Effects of DGC overexpression on pgaA transcript levels. The MG1655 strain
was transformed either with the pGEM-T Easy vector or with the following plasmids:
pYddV, pYddVgeaar, PAdrA, pYcdT, and pYdaM. The pYddV plasmid carries a copy of the
wild type yddV allele, while pYddVggaar carries a mutant yddV allele encoding a protein
lacking DGC activity. pgaA expression values in MG1655 transformed with pGEM-T Easy
(corresponding to a Ac relative to 16S rRNA=15.7) was set to 1. The strains were
grown overnight in M9Glu/sup medium at 30°C in the absence of IPTG. Results are the
average of three independent experiments performed in duplicate. Standard deviations
were always lower than 5%.

To test if YddV- dependent activation of pgaABCD transcription is
mediated by its DGC activity, we constructed a plasmid carrying a mutant yddV
allele encoding a protein in which the amino acids in the GGDEF catalytic site
are changed to GGAAF (YddVeeaar); this mutation results in loss of DGC activity
(De et al., 2008; Antoniani et al., 2010; data not shown). Overexpression of the
YddVgeaar protein did not affect pgaA transcript levels in Real Time PCR
experiments (Fig. 5), suggesting that pgaABCD regulation by YddV requires its
DGC activity.

The yddV gene positively controls pgaABCD expression and PNAG
production. To test if PNAG production is indeed controlled by the yddV and
ydaM genes through pgaABCD regulation, we constructed MG1655yddV and
MG1655ydaM mutant derivatives (AM95 and AMS89, respectively). In the AM89

strain, the ydaM gene is inactivated by the insertion of the EZ-
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Tn5<R6Kyori/KAN-2> transposon at nucleotide 654, i.e., in the central part of
the ydaM ORF (1233 bp). The AM95 strain carries a yddV allele in which the
portion of the gene encoding the C-terminal domain (150 amino acids) of the
YddV protein, which includes the GGDEF domain responsible for DGC activity,
has been replaced by a chloramphenicol resistance cassette (AyddVCTD::cat,
Table 2). We measured the effects of the AyddVCTD::cat mutation on levels of
pgaA transcript by Real-Time PCR, which showed that partial deletion of the
yddV gene resulted in a ca. 3.5-fold reduction in pgaA transcript levels in
comparison to MG1655 (Fig. 6). In contrast, no detectable reduction was
observed in the MG1655ydaM mutant AM89, suggesting that the ydaM gene is
not crucial for pgaABCD expression (Fig. 6).
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Figure 6. Relative expression levels of the pgaA gene in strains MG1655 (WT), AM95
(yddV), AM89 (ydaM), LT24 (csrA) and AM98 (csrA/yddV), as measured by Real-Time
PCR experiments. pgaA expression values in MG1655 (corresponding to a AC; relative to
16S rRNA=15.7) was set to 1. Data are the average of three independent experiments,
each performed in triplicate. Standard deviations were calculated on the average value
of each independent experiment and they were always lower than 5%.

We investigated the effects of partial deletion of the yddV gene on PNAG
production by surface adhesion experiments. Surface adhesion to polystyrene
microtiter plates is strongly stimulated by inactivation of the csrA gene,
consistent with higher pgaABCD expression in this strain (Fig. 6); disruption of
the pgaA gene, involved in PNAG biosynthesis, counteracts the effects of the

csrA mutation (Fig. 6), indicating that increased biofilm formation in the csrA
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derivative of MG1655 depends solely on PNAG production. Partial deletion of the
yddV gene abolished surface adhesion in MG1655csrA (Fig. 7), consistent with
reduced pgaABCD expression in the MG1655csrA/yddV mutant (Fig. 6).
Mutations either in the pgaA or the yddV genes resulted in a 2.5-fold reduction
in surface adhesion in the MG1655 background, in agreement with previous
observations (Wang et al., 2004; Tagliabue et al., 2010).

10

Relative adhesion units

MG AM95 AMS56 LT24 AM98 LT108
(WT)  (vddV) (pgaA) (csrA) (csrA yddV) (csrA pgaA)

Figure 7. Surface adhesion on polystyrene microtiter plates of strains MG1655 (WT),
AMO5 (yddV), AM56 (pgaA), LT24 (csrA), AM98 (csrA/yddV) and LT108 (csrA/pgaA).
Surface adhesion value for MG1655 (4.9 in this set of experiments) was set to 1.
Results are the average of three independent experiments and standard deviations
were always lower than 10%.

To further confirm that the effects of yddV inactivation on surface
adhesion in the MG1655csrA/yddV background are indeed due to reduced PNAG
production, we transformed the AM98 strain with either pYddV, carrying the
wild type copy of the yddV gene, or pYddVgeaar, €xpressing the YddVgeaar
protein lacking DGC activity. Expression of genes cloned into pGEM-T Easy
occurs at lower levels in strains carrying a csrA mutation, possibly due to
reduced plasmid copy number in the csrA mutant strain (data not shown): thus,
in the absence of IPTG induction, no plasmid was able to restore ability to form
biofilm to AM98 (Fig. 8). In contrast, upon IPTG induction, production of YddV,
but not of the mutant YddVseaar protein lacking DGC activity, clearly stimulated
surface adhesion. Treatment with the PNAG-degrading enzyme Dispersin B led
to complete loss of biofilm stimulation by the YddV protein (Fig. 8), strongly
suggesting that YddV-dependent increase in biofilm formation depends on PNAG

production.
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Figure 8. Surface adhesion on polystyrene microtiter plates of strain AM98 (csrA/yddV)
transformed either with pGEM-T Easy (control vector) or with plasmids carrying yddV
alleles. The pYddV plasmid carries a copy of the wild type yddV allele, while pYddVggaar
carries a mutant yddV allele encoding a protein lacking DGC activity. For full
expression, IPTG was added to growth medium at 0.5 mM. When present, Dispersin B
was added to the growth medium at a final concentration of 20 pg/ml. Data are the
average of two independent experiments with very similar results.

Regulation of PNAG-biosynthetic genes by yddV. The pgaABCD
operon is regulated at the transcription initiation level by the NhaR protein,
which responds to Na* ions (Goller et al., 2006). However, the main mechanism
of pgaABCD regulation takes place at post-transcriptional level, via negative
control by the RNA-binding CsrA protein (Wang et al., 2004; Wang et al., 2005;
Cerca and Jefferson, 2008); CsrA negatively controls pgaABCD expression
through binding to a 234-nucleotide untranslated region (UTR) in its mRNA,
thus blocking its translation and stimulating its degradation (Wang et al.,
2005). We investigated whether the yddV gene can positively affect pgaABCD
expression by increasing transcription initiation from its promoter or at post-
transcriptional level via its UTR. To this aim, we constructed two reporter
plasmids in which we cloned either the pgaABCD promoter region including the
233-nt UTR (-116 to +233 nt relative to the pgaABCD transcription start site,
defined as “pgaAwr” regulatory region) or the pgaABCD promoter region alone

(-116 to +23 nt relative to the pgaABCD transcription start site, defined as
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“pgaAasutr” regulatory region). The two regulatory regions were placed upstream
of Vibrio harveyi luciferase-encoding /uxAB genes, to produce respectively the
pPgaAwr and pPgaAautr plasmids, which were used to transform MG1655 and its
csrA, yddV, and csrA/yddV mutant derivatives. Luciferase assays using the
pPgaAwr plasmid mirrored the results of Real Time PCR experiments, further
confirming that pgaABCD expression is dependent on csrA inactivation and that
it is positively regulated by yddV (Fig. 9). In contrast, high levels of luciferase
activity from the pPgaAautr plasmid were detected in all four strains tested,
indicating that deletion of pgaABCD UTR by-passes both csrA- and yddV-
dependent regulation (Fig. 9), and strongly suggesting that positive regulation

by the YddV protein might take place at the post-transcriptional level.
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Figure 9. Luciferase assays using pPgaAwr and pPgaAautr plasmids (constructs shown
in the inset, top left) in strains MG1655 (WT), LT24 (csrA), AM95 (yddV) and AM98
(csrA/yddV). Samples were taken from cultures in stationary phase (ODgponm~1.6).
Data are the average of two independent experiments with very similar results.

To test whether the AGGDEFyddV mutation can negatively affect
pgaABCD mRNA stability, we performed mRNA decay kinetics experiments on
the pgaA transcript. In both the MG1655 and MG1655yddV strains the pgaA

transcript has a half-life of 1.5 minutes, indicating that yddV does not affect
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pgaABCD mRNA stability in the MG1655 background (Fig. 10), consistent with
lack of any significant difference in pgaA transcription in the two strains (Fig.
6). In contrast, inactivation of the csrA gene leads to an increase of pgaA
transcript half-life to 4.2 minutes; the 2.8-fold increase in pgaABCD mRNA
stability measured in the MG1655csrA strain is in very good agreement with
previous observations (Wang et al., 2005). In the MG1655csrA/yddV double
mutant, however, pgaA transcript half-life is reduced to 2 minutes (Fig. 10),
thus suggesting that the YddV protein positively affects pgaABCD mRNA
stability.
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Figure 10. Decay of pgaA mRNA as determined by Real Time PCR. Diamonds, MG1655
(WT); circles, AM95 (yddV); squares, LT24 (csrA); triangles, AM98 (csrA/yddV). The
solid horizontal line represents the 50% value; the dotted lines show the times
corresponding to the mRNA half-lives in the different strains. Correlation coefficients
(R?) for linear interpolation are shown for each set of data and were always >0.9.

Effects of the c-di-GMP phosphodiesterase Dos on pgaABCD
expression. The yddV gene is transcribed in an operon with the dos (yddU)
gene (Mendez-Ortiz et al., 2006); the product of the dos gene is a heme-
binding oxygen sensor (Delgado-Nixon et al., 2000), which possesses putative
domains for both DGC and c-di-GMP phosphodiesterase (PDE) activity (Schmidt

et al., 2005). However, due to degeneration of the GGDEF motif responsible for
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DGC catalytic activity, Dos can only function as a PDE (Schmidt et al., 2005;
Tuckerman et al., 2009). The presence in the same transcriptional unit of genes
coding for a DGC and a PDE suggests that Dos might modulate YddV DGC
activity. Indeed, a recent report shows that the two proteins co-purify and form
a complex in solution (Tuckerman et al., 2009), suggesting that the YddV-Dos
protein complex might exist in a stable form in the bacterial cell. Environmental
signals might modulate either the DGC activity of YddV or the PDE activity of
Dos. Since the insertion of the cloramphenicol resistance cassette into the yddVv
gene could result in polar effects on dos expression, we compared dos
transcript levels in the MG1655AyddVCTD: :cat strain to MG1655 by Real Time-
PCR. Transcription of the dos gene was only reduced by ca. 2.5-fold in the
MG1655yddV strain (data not shown), suggesting that in this strain the dos
gene is still expressed at significant levels, probably due to transcription
readthrough from the promoter of the cloramphenicol resistance cassette
upstream of the dos gene. To investigate the possible role of dos in pgaABCD
regulation, we inactivated the dos gene both in the MG1655 strain and in its
csrA mutant derivative. Real-Time PCR experiments confirmed that dos
inactivation increased pgaA transcript levels both in the MG1655 (ca. 4-fold)
and in the MG1655csrA strains (ca. 2-fold; Fig. 11), consistent with the
hypothesis that Dos modulates DGC activity by the YddV protein.

20 A
16

12 + el

Relative pgaA expression

WT csrA dos csrA/dos

Figure 11. Relative expression levels of the pgaA gene in strains MG1655 (WT), LT24
(csrA), AM109 (dos), and LT110 (csrA/dos), as measured by Real-Time PCR
experiments. pgaA expression values in MG1655 (corresponding to a ACt relative to
16S rRNA=15.5) was set to 1. Results are the average of three independent
experiments, each performed in triplicate, with very similar results.
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DISCUSSION

In Enterobacteria, biosynthesis of the c-di-GMP signal molecule by
diguanylate cyclases (DGCs) stimulates the transition from planktonic to biofilm
cell, repressing flagellar synthesis and cell motility while promoting production
of adhesion factors (Mendez-Ortiz et al., 2006; Pesavento et al., 2008). In this
report, we have shown that overexpression of YddV, a DGC protein, promotes
production of the EPS poly-N-acetyl (B-1,6) glucosamine (PNAG; Fig. 2, 3) by
activating expression of pgaABCD, the PNAG biosynthetic operon (Fig. 3).
pgaABCD activation and consequent stimulation of PNAG biosynthesis requires
DGC activity by the YddV protein (Fig. 5, 8); however, increase of intracellular
c-di-GMP due to overexpression of other DGCs, such as AdrA and YcdT, is not
sufficient to activate PNAG production (Fig. 1, 2, 4). In contrast, overexpression
of YdaM, a cytoplasmic DGC, resulted in increased PNAG production (Fig. 4) and
pgaABCD expression (Fig. 4, 5), although to a lesser degree than YddV.
However, unlike yddV, ydaM inactivation did not affect pgaABCD expression
(Fig. 5), suggesting specific dependence of this process on the YddV protein.
Specificity of DGCs-mediated regulation might indicate that c-di-GMP
biosynthesis is needed to trigger specific protein-protein (or protein-DNA, or
protein-RNA) interactions between DGCs and their targets (Hengge, 2009).
Thus, it can be speculated that c-di-GMP biosynthesis could act as an activating
step in signal transduction pathways leading to regulation of gene expression
and of protein activity.

Dependence of PNAG production on c-di-GMP biosynthesis has already
been described both in Yersinia pestis, where the HmsT protein activates PNAG
production by allosteric activation of its biosynthetic machinery (Kirillina et al.,
2004). In contrast, our results suggest that the YddV protein promotes PNAG
production by activating the expression of the PNAG biosynthetic operon
pgaABCD (Fig. 5, 6), possibly via interaction with a c-di-GMP-responsive
regulatory protein. In addition to YddV, PNAG production is controlled by
another DGC, YdeH, which positively affects PgaD protein stability via a yet
unknown mechanism (Boehm et al., 2009). Similarly, cellulose biosynthesis is
regulated by DGC proteins at both gene expression and protein activity levels:
the YdaM protein positively regulates csgDEFG transcription (Weber et al.,
2006); the CsgD protein, in turn, activates adrA transcription. The adrA gene

78



encodes another DGC that stimulates cellulose production through allosteric
activation of the cellulose synthase machinery (Romling et al., 2000; Zogaj et
al., 2001). Thus, it appears that DGC-dependent control at multiple levels is a
common mechanism for EPS biosynthesis regulation in E. coli. A model
summarizing multiple level EPS regulation by DGCs is summarized in Fig. 12.
Recent observations indicate that c-di-GMP can act as a riboswitch, binding
specific elements (aptamers) in the untranslated regions (UTR) in some mRNAs
and affecting their stability (Sudarsan et al., 2008). The pgaABCD transcript is
characterized by a rather long UTR (234nt, Wang et al., 2005) and is regulated
at the level of mRNA stability by the CsrA protein; our results show that a
functional yddV gene is able to prevent degradation of pgaABCD transcript (Fig.
10). This effect cannot be detected in the wt strain, where the presence of the
CsrA protein might override mRNA stabilization by YddV, but it can only be
detected in a MG1655csrA background. Thus our findings suggest that the YddV
protein might regulate gene expression by affecting mRNA stability in E. coli, in
line with recent observations that c-di-GMP can regulate gene expression
through direct binding to riboswitch elements in mRNAs (Sudarsan et al.,
2008): it is likely that, in the bacterial cell, mRNA/c-di-GMP interaction might
be mediated by protein factors, possibly DGCs themselves, in order to ensure
specific gene expression regulation. Indeed, effects on RNA stability have
already been shown for another protein carrying a GGDEF domain, the CsrD
protein (Suzuki et al., 2006). However, CsrD is unable to synthesize c-di-GMP
due to lack of conservation of the catalytic site (Suzuki et al., 2006); thus, the
YddV protein might be the first example of a DGC being able to regulate gene
expression by affecting mRNAs stability, either directly or via a YddV-dependent
factor. We speculate that YddV-mediated mRNA stabilization takes place
through interaction with the 233-nt UTR of the pgaABCD transcript (Fig. 9),
possibly promoting the formation of a secondary structure resulting in mRNA
stabilization. Future investigations will allow the identification of the specific
nucleotide sequences involved in YddV-dependent mRNA stabilization and

elucidation of its molecular mechanism.
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Figure 12. Model summarizing transcriptional and post-transcriptional regulation of
EPS biosynthesis by DGC proteins. Proteins with DGC activity are indicated in shaded
ellipses. Cellulose biosynthesis, represented on the left hand side of the figure, is
regulated by YdaM, promoting transcription of the csgD gene (Weber et al., 2006), and
AdrA, which activates cellulose synthase activity by the cellulose synthase (Bcs)
complex through its DGC activity (Romling et al., 2000; Zogaj et al., 2001). PNAG
production is positively affected by YddV through activation of pgaABCD transcription or
post-transcriptionally via its UTR (see Fig. 5, 6, 10) and by YdeH-dependent
stabilization of the PgaD protein (Boehm et al., 2009) at post-transcriptional level.

METHODS

Bacterial strains and growth conditions. Bacterial strains used in this work are listed in
Table 2. When not otherwise stated, bacteria were grown in M9Glu/sup (M9 inorganic
salts (Smith and Levine, 1964), 5 g/L glucose, 0.25 g/L Peptone, 0.125 g/L Yeast
Extract). When needed, antibiotics were used at the following concentrations: ampicillin,
100 pg/ml; chloramphenicol, 50 ug/ml; kanamycin, 50 ug/ml; tetracycline, 25 pg/ml;
rifampicin, 100 ug/ml. For Congo red (CR) or Calcofluor (CF) assays, overnight cultures
were spotted, using a replicator, on agar media supplemented with 0.5% Casamino
acids, 0.15% yeast extract, 0.005% MgS0Q,4, 0.0005% MnCl,; either 0.004% Congo red
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and 0.002% Coomassie blue (for CR medium) or 0.005% Calcofluor (for CF medium)
were added after autoclaving. Bacteria were grown for 20h at 30° C; phenotypes were
better detectable after 24-48h incubation at 4° C.

Biofilm formation assays. Biofilm formation in microtiter plates was determined
essentially as described (Dorel et al., 1999). Bacterial cultures were grown overnight in
MOGlu/sup at 30°C in polystyrene microtiter plates (0.2 ml); cell density of the culture
was determined spectrophotometrically at 600nm (ODgponm). Cells attached to the
microtiter plates were washed gently with water and stained for 20 min with 1% crystal
violet in water (CV), thoroughly washed with water and dried. For semi-quantitative
determination of biofilms, CV-stained cells were resuspended in 0.2 ml of 95% ethanol
by vigorous pipetting. The ODgoonm Of each sample was determined and normalized to
the ODeggonm Of the corresponding liquid cultures (Adhesion units). Sensitivity of biofilms
to treatment with the PNAG degrading enzyme Dispersin B (Kaplan et al., 2004;
purchased from Kane Biotech Inc., Winnipeg, Canada) was performed by adding 20

Hg/ml of the enzyme to the growth medium.

Plasmid construction. Plasmids used in this work are listed in Table 2. For
overexpression of genes encoding DGCs, genes of interest were amplified by PCR and
the corresponding products cloned into the pGEM-T Easy vector. Correct orientation of
the inserts (i.e., under the control of the Plac promoter) was verified by PCR using
primers listed in Table 3. For DGC-overproduction studies, strains carrying pGEM-T Easy
derivatives were grown at 30°C in M9Glu/sup medium in the absence of IPTG induction
of the Plac promoter. The pYddVgeaar plasmid, carrying the yddV gene mutated in the
DGC catalytic site, was obtained by 3-step PCR mutagenesis (Li & Shapiro, 1993) using

the primers listed in Table 3. All constructs were verified by sequencing.

Luciferase assay. Luciferase assays were performed as described below, using the
vector pJAMAS8 (Jaspers et al., 2000), which carries promoterless /uxAB genes from
Vibrio harveyi. The pgaABCD promoter and regulatory region, ranging from -116 to
+234 nucleotides relative to the pgaABCD mRNA start site, and the pgaABCD promoter
region in which the untranslated region of the transcript was deleted (AUTR, ranging
from -116 to +23 nucleotides relative to the pgaABCD mRNA start site) were amplified
from the chromosomal DNA using primers including Sphl and the Xbal restriction sites
and cloned into the multiple cloning site of pJAMA8 to obtain pPgaAwr and pPgaAautr,
respectively. Bacterial strains containing the different reporter plasmids were grown
overnight. The samples were adjusted to an ODggo of 0.05-0.1 in PBS buffer. 20 ul of
this solution was tested for luciferase activity by adding 200 ml PBS containing n-

decanal to a final concentration of 2 nM. Measurement of relative light units (RLU) was
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conducted by a 2 s pre-measurement delay followed by a 3 s measurement after
addition of the substrate in a MicroLumat LB 96 P luminometer (Berthold Technologies).

Results are expressed as RLU per ODgqq of the tested bacterial samples.

Gene expression studies. Real-Time PCR for determination of relative expression
levels was performed on overnight cultures grown in M9Glu/sup medium at 30° C.
Primers for Real- Time PCR are listed in Table 3. RNA extraction and further Reverse
Transcription and cDNA amplification steps were performed as described (Gualdi et al.,
2007), using 16S RNA as reference gene. mRNA stability was measured by Real-Time

PCR experiments in the presence of rifampicin as described (Wang et al., 2005).

Other methods. E. coli MG1655 mutant derivatives were constructed either using the
A Red technique (Datsenko & Wanner 2000) or by bacteriophage P1 transduction
(Miller, 1972), except the AM89 strain (MG1655 ydaM::Tn5-kan) obtained in a
transposon mutagenesis screening for adhesion-deficient MG1655 mutants using the
EZ-Tn5<R6Kyori/KAN-2> transposon (Epicentre; Landini, unpublished data). Primers
used for gene inactivation and for confirmation of target gene disruption by PCR are
listed in Table 3. Bacterial cell motility was evaluated as described (Pesavento et al.,
2008). Determination of intracellular c-di-GMP concentration was performed as

previously described (Antoniani et al., 2010).
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Table 2. E. coli strains and plasmids used in this work.

E. coli strains

Relevant genotype or characteristics

Reference

MG1655 K-12,

AM56
AM70
LG26
AM73
AM89
AM95

AM98
AM109
LT24
LT108
LT110

K-12, F A" rph-1

MG1655ApgaA::cat

MG1655AcsgA: :cat

MG1655AbcsA: :kan

MG1655AcsgA::cat, AbcsA::kan
MG1655ydaM::Tn5-kat
MG1665yddVCTD: :cat (yddVAgsz;-1383: :cat)

MG1655csrA::Kan,yddVAgsz;-1383: :cat
MG1655dos: :tetA1200-2004
MG1655csrA: :kan

MG1655csrA::kan ApgaA::cat
MG1655csrA::kan, dos::tetl;200-2004

Blatter et al., 1997

This work

This work

Gualdi et al., 2008

This work
This work
Tagliabue et
2010

This work
This work
This work
This work

This work

al.,

pGEM-T Easy

pAdrA

pYcdT

pYdaM

pYddv

pYddVeeaar

pJAMAS

pPgaAwr

pPgaAautr

Control vector allowing direct cloning of
PCR products, ampicillin resistance

adrA gene cloned as PCR product into
pGEM-T vector

ycdT gene cloned as PCR product into
pGEM-T vector

ydaM gene cloned as PCR product into
pGEM-T vector

yddV gene cloned as PCR product into
pGEM-T vector

yddV allele carrying mutation resulting in
GGDEF—»GGAAF change in the DGC
catalytic site of the YddV protein

Control vector fo luciferase assays,
ampicillin resistance

pgaA promoter and regulatory region

(-116 to +233 relative to transcription start
site) cloned into the Sphl/Xbal sites of
pJAMAS

pgaAautr (-116 to + 23 relative to
transcription start site) cloned into the
Sphl/Xbal sites of pJAMAS

Promega

This work
This work
This work
Tagliabue et
al., 2010
Tagliabue et
al., 2010
Jaspers et al.,

2000

This work

This work
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Table 3. Primers used in this work.

Primers

Sequence

Utilization

adrA_for
adrA_rev
ydaM_for
ydaM_rev
ycdT_for
ycdT_rev
yddV_for

yddV_rev
ydaM_for

ydaM_rev
EZ-Tn5_for
yddVgeaar_for
yddVgeaar_rev
csgA _cat_for
CcsgA_cat_rev
dos_tet_for
dos_tet _rev
yddV_cat_for
yddV_cat_rev
pgaA_cat_for
pgaA_cat_rev
cat_rev

csgA_for

pgaA_for
pPgaA-delUTR _for
pPgaA-delUTR_rev

pPgaA_wt_for

5-GCTCCGTCTCTATAATTTGGG-3’
5-ATCCTGATGACTTTCGCCGG-3’
5’-GCGATCGGATAGCAACAA-3’
5’-GAAGTCGTTGATCTCGAC-3’
5’-GGGATCTACAACCTACAG-3’
5-CATATTACGTGGGTAGGATC-3’
5’-CCAGCCTTATAAGGGTGTG-3’

5’-TTACCTCTGCATCCTGGC-3’
5’-GCGATCGGATAGCAACAA-3’

5’-GAAGTCGTTGATCTCGAC-3’

5’-CCTCTTTCTCCGCACCCGAC-3’

5-TACGGGGGCGCTGCATTTATCATT-3’

5’-AATGATAAATGCAGCGCCCCCGTA-3’

5-TTTCCATTCGACTTTTAAATCAATCCGATGGGGG
TTTTACTACCTGTGACGGAAGATCAC-3’
5’-AACAGGGCTTGCGCCCTGTTTCTGTAATACAAA
TGATGTAGGGCACCAATAACTGCCTTA-3’
5'CCTGCACAATTACCTCGATGACCTGGTCGACAAA
GCCGTCCTAGACATCATTAATTCCTA-3’
5'GTTAAATGAAAACCCGCGAGTGCGGGCGAGAGG
AATTTGGAAGCTAAATCTTCTTTATCG-3’
5-GGATGTACTGACGAAATTACTTAACCGCCGTTT
CCTACCGTACCTGTGACGGAAGATCAC-3’
5’-CATCGGTTAGCTTCATGATTACCTCTGCATCCTGG
GGAGTAATACAGGTACCTGTGACGGAAGATCAC-3’
5’-ATACAGAGAGAGATTTTGGCAATACATGGAGT
AATACAGGTACCTGTGACGGAAGATCAC-3’
5-ATCAGGAGATATTTATTTCCATTACGTAACATATT
TATCCGGGCACCAATAACTGCCTTA-3’
5’-GGGCACCAATAACTGCCTTA-3’

5’-ACAGTCGCAAATGGCTATTC-3’

5’-TGGACACTCTGCTCATCATTT-3’

5’- GCATGCAACAATTAAATCCGTGAGTGCCG-3’

5- TCTAGAATCTTCAGGAATACGGCATAAAT-3’

5’- AGCATGCCTCAAATAGTCTTTTTCCAT-3’

adrA cloning
adrA cloning
ydaM cloning
ydaM cloning
ycdT cloning
ycdT cloning
yddV cloning and
mutant screening
yddV cloning
ydaM mutant
screening

ydaM mutant
screening

ydaM mutant
screening
Construction of
pYddVegaar
Construction of
pYddVegaar

¢sgA inactivation

¢sgA inactivation
dos inactivation
dos inactivation
yddV inactivation

yddV inactivation

pgaA
inactivation

PgaA
inactivation
Mutant
verification
Mutant
verification
Mutant
verification
pgaA promoter
cloning

pgaA promoter
cloning

pgaA promoter
cloning
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Primers

Sequence

Utilization

pPgaA_wt_rev

16s_for
16s_rev
dos_RT_for
dos_RT_rev
pgaA_RT_for
pgaA_RT_rev

5- ATCTAGATACATCCTGTATTACTCCATG-3’

5-TGTCGTCAGCTCGTGTCGTGA-3’
5’-ATCCCCACCTTCCTCCGGT-3’
5’-CAGAGAAGCTCTGGGGATACA-3’
5 -TTTTTCTCCAGCTGCAGCTCC-3’
5’-CCGCTACCGTCATCAGCAATT-3’
5’-AGCGCCTTTTGCCACAGTGT-3’

pgaA promoter
cloning
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
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CHAPTER 5

STUDY OF PHL1228, A
BIOFILM FORMING MUTANT



INTRODUCTION

In E. coli, several genes coding for extracellular features are involved in
bacterial adhesion to solid surfaces and/or biofilm formation. As I showed in
previous chapters, YddV regulates the expression of different adhesion factors;
in particular, YddV overexpression leads to production of poly-N-
acetylglucosamine (PNAG), an EPS able to promote biofilm formation, by
triggering expression of pgaABCD, the PNAG biosynthetic operon. pgaABCD
expression is very low in MG1655 laboratory strain, in any tested growth
condition. Consistent with this observation, mutations in regulatory genes or in
promoters of biofilm-related genes can lead to reversion to a biofilm-forming
phenotype. In this work, I investigated the PHL1228 strain (coming from a
collaboration with the group of Corinne Dorel), a spontaneous mutant of E. coli
MG1655 showing a strong biofilm-forming phenotype. PHL1228 was obtained
by EB12 strain (a derivative of MG1655 in which the csgA gene, encoding the
main curli subunit (see Chapter II), has been inactivated by a kanamycin
resistance cassette) grown as continuous culture for several hundred
generations; EB12 strain, unable to produce curli, was used in order to identify
possible determinants for biofilm formation different from curli fibers. Cells
appearing to attach to the chemostat glass were isolated and tested for their
adhesion properties. Gene array experiments showed that biofilm-formation by
PHL1228 is mediated by increased expression of the pgaABCD operon; I
performed a molecular characterization of the PHL1228 strain, in order to

investigate the mutation leading to pgaABCD expression.

RESULTS

Global gene expression in PHL1228. PHL1228 strain is a spontaneous
mutant of E. coli MG1655 showing a strong biofilm-forming phenotype (Fig. 1).
Since gene expression regulation in bacteria takes place mostly at the
transcriptional level, I expected that biofilm formation by PHL1228 would be

due to increased transcription of one or more genes encoding biofilm
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determinants. Thus, in order to compare gene expression levels in EB12 and
PHL1228, a gene array experiment was carried out on bacteria grown in M9sup
medium at 28°C in stationary phase, i.e the optimal conditions for biofilm
formation by PHL1228. About 100 genes were found to be up-regulated in
PHL1228, while almost 300 genes were down-regulated. Such a high nhumber of
differentially regulated genes in PHL1228 would be consistent with a mutation
in a global regulatory gene. Among genes differently regulated in PHL1228
(transcriptional regulators, genes involved in general metabolism etc...), I will
focus on genes related to outer membrane and cell surface, in order to identify
possible adhesion factors. Known outer membrane factors taking part in biofilm
formation, such as genes involved in colanic acid synthesis (wcaCG), as well as
flagellar (flhEH, fliFN,flgFH) and fimbrial (fimF) genes, were expressed at lower
levels in PHL1228. Results of microarray analysis also pointed to a strong
transcription activation of ompR-regulated genes (Oshima et al., 2002; Salgado
et al., 2004), such as csgD (10.7), ompF (51), ompC (7.7), nmpC (9.8), fepA
(5.3), osmB (4.7).

EB12

PHL1228 \ Lum

Figure 1. Phenotype of the biofilm forming strain PHL1228. A) Cristal violet stained
biofilm of PHL1228 compared to its parental strain EB12. B) Raster electron
micrographs of EB12 and the biofilm-forming PHL1228.

Interestingly, transcription levels of the pgaABCD genes were
dramatically enhanced in PHL1228 (20- to 200-fold). The pgaABCD operon
defines a single transcriptional unit on the E. coli chromosome; a divergently
transcribed gene, ycdT, encoding a transmembrane GGDEF protein, was also
expressed at high levels (5-fold) in PHL1228. As already mentioned in previous

chapters, pgaABCD genes show a high degree of similarity to the hmsHFRS
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operon of Yersinia pestis, which also displays an identical gene organization,
while the ycdT gene is homologous to the regulator protein hmsT. The hms
genes encode a haemin-binding system and is also involved in biofilm formation
by Y. pestis in the flea midgut (Hinnebusch et al., 1996). The pgaABCD operon
shows weaker similarity with the ica locus, which encodes for polysaccharide
intercellular adhesin (PIA), involved in biofilm formation in Staphylococcus
epidermidis, thus suggesting that it might encode functional biofilm
determinants in E. coli. Indeed, the pgaABCD operon encodes for proteins
responsible for the biosynthesis of poly-N-acetyl-glucosamine (PNAG; Wang et
al., 2004). In order to confirm the results of gene array experiments suggesting
strong stimulation of both pgaABCD and ycdT gene expression, Real-time PCR
experiments were performed. Results showed a very good correlation between

RT-PCR and gene array experiments (data not shown).

Outer membrane protein analysis. Biofilm determinants are usually
exposed on the cell surface, and are often associated to the outer-membrane in
Gram negative bacteria. Thus, we performed analysis of the outer membrane
proteins (OMPs) fraction of PHL1228 in comparison to EB12 (Fig. 2). 40ug of

proteins was loaded onto the gel for either strain.

EB12 PHIL.1228
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Figure 2. SDS-PAGE analysis of outer membrane protein pattern of EB12 and
PHL1228. Proteins identified by mass spectrometry, which differ in expression in
PHL1228, are indicated.
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Proteins differently expressed in PHL1228 were identified by Mass
Spectrometry determination following excision from gel and trypsin digestion.
Expression of ompR-dependent proteins such as OmpC, OmpF and FepA was
much stronger in PHL1228, in agreement with gene array results. Surprisingly,
the DNA-binding protein Dps was found in the OMP fraction of PHL1228. It is
noteworthy that the Dps protein is also present in significant amounts in the
OMP fraction of other biofilm-forming E. coli strains, thus suggesting a possible
secondary role as an outer membrane component (Landini, 2009; Pham et al.,
2010). The PgaA and PgaB proteins were also found in higher amount in the
PHL1228 outer membrane fraction; this suggests that PgaA and PgaB are

surface-exposed proteins, consisting with their role in biofilm formation.

Expression of the pgaABCD operon is responsible for biofilm
phenotype. The results of the experiments presented in the previous sections
clearly show that the pgaABCD operon is strongly expressed in the PHL1228
and the PgaA and PgaB proteins are located in the outer membrane protein
fraction (Fig. 2). To establish if pgaABCD expression is responsible for the
biofilm-forming phenotype of the PHL1228 strain, we targeted the pgaA gene
for insertion mutagenesis with a cloramphenicol resistance cassette, so
obtaining the LT106 strain (PHL1228pgaA). Inactivation of pgaA results in a
sharp decrease in the ability of PHL1228 to form biofilm and to adhere to
microtitre plates (Fig. 3), suggesting that PNAG represents the biofilm
determinant for PHL1228.

10

Relative adhesion units
(%]

R “5

EB12 PHL1228 LT106

Figure 3. Surface adhesion on polystyrene microtitre plates of EB12 (MG1655csgA),
PHL1228 and LT106 (PHL1228pgaA) strains. Surface adhesion values are set to 1 for
EB12. Actual adhesion values were: EB12 (csgA): 0.65; PHL1228: 5.5; LT106 (pgaA):
0.95.
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Study on pgaABCD expression. In order to characterize the
mutation/s leading to biofilm formation in PHL1228, we decided to focus on
csrA (Carbon Storage Regulatory A) gene. CsrA is a small RNA-binding protein
that recognizes sequences located within the leaders of target mRNAs and
alters their translation and stability (Liu et al., 1995; 1997; Wei et al., 2001;
Baker et al., 2002; Dubey et al., 2003). Two untranslated RNAs, CsrB and CsrC,
antagonize CsrA activity by sequestering this protein (Liu et al., 1997;
Weilbacher et al., 2003). CsrA binds to six sites in the pga operon leader
transcript and one of the CsrA binding sites overlaps the cognate SD sequence.

Thus, csrA deletion leads to increased pgaABCD expression.

_ Krebs cycle
weak acids  jntermediates
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Figure 4. Summary of the regulatory interactions of CsrA/B/C, BarA/UvrY. CsrA
activates csrB/csrC transcription indirectly (Gudapaty et al., 2001). This effect of CsrA
requires functional UvrY, which directly activates csrB transcription. UvrY also activates
the expression of barA, in an autoregulatory loop. Finally, CsrB RNA binds to ~18
subunits of CsrA protein and antagonizes its regulatory effects in the cell (Liu et al.,
1997; Romeo, 1998).

First of all we verified if, in PHL1228, regulation of pgaA transcript occurs
at the UTR level performing luciferase assays using two reporter plasmids in
which we cloned either the pgaABCD promoter region including the 233-nt UTR
(-116 to +233 nt relative to the pgaABCD transcription start site, defined as
“pgaAwt” regulatory region) or the pgaABCD promoter region alone (-116 to
+23 nt relative to the pgaABCD transcription start site, defined as “pgaAautr”

regulatory region). pPgaAwr and pPgaAautr plasmids (see Chapter IV) were used
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to transform EB12 strain and its spontaneous mutant PHL1228. Luciferase
assays with pPgaAwr confirmed that pgaA transcript levels are dramatically
higher in PHL1228 compared to EB12 strain; in contrast, high levels of
luciferase activity from the pPgaAautr plasmid were detected both in EB12 and
PHL1228, indicating that the deletion of pgaABCD UTR it's able to by-pass CsrA
regulation and suggesting that the difference between pgaA expression in the

two strains would be due to a negative regulation at the UTR level (Fig. 5).

350 PPgaAsurs
300 pPgayr
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100
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EB12 PHL1228 EB12 PHL1228

Figure 5. Luciferase assays using pPgaAwt (light blue columns) and pPgaAautr (green
columns) plasmids in strains EB12 (csgA) and PHL1228 (EB12pgaA). Samples were
taken from cultures in stationary phase (ODeggonm~1.6). Data are the average of two
independent experiments with very similar results.

Since the behavior of PHL1228 strain resembled a csrA mutant strain
(biofilm formation, high pgaA expression, pgaABCD transcript regulation at
post-transcriptional level), we performed mRNA decay kinetics experiments on
the pgaA transcript, in order to verify CsrA-dependent mRNA destabilization
activity. Cell growth was stopped with rifampicin, samples were taken at
different time points after addition of rifampicin and RT-PCR experiments
measuring pgaA transcript levels were performed. In the EB12 strain the pgaA
transcript is rapidly degraded (similar to pgaA mRNA in the parental strain
MG1655; see Chapter IV, Fig. 10; Wang et al., 2005), while it is very stable

(half-life longer than 8 minutes) in the PHL1228 strain, similar to previous
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results showing pgaA mRNA stabilization in a csrA mutant strain (Chapter 1V,
Fig. 10; Wang et al., 2005; Fig. 6).
1000
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Figure 6. Decay of pgaA mRNA as determined by Real Time PCR. Black line, EB12;
green line, PHL1228. The dotted horizontal line represents the 50% value; the dotted
vertical line shows the time corresponding to the mRNA half-life in EB12. Values are
from three different experiments with very similar results.

We decided to investigate if CsrA pathway was somehow deregulated in
the biofilm-forming mutant. It is known that CsrA activity is antagonized by two
small RNAs, CsrB and CsrC, whose levels are dramatically decreased in a csrA
mutant, because of an autoregulatory loop in which CsrA production leads to
csrB transcription activation. Thus, we performed RT-PCR experiments on csrB
and csrC transcripts in order to verify if their expression was reduced in our
mutant strain. As shown in Fig. 7, values indicate that csrB and csrC are highly
downregulated (about 150 fold) in PHL1228 strain compared to EB12 (like in a
csrA mutant). Since our data strongly suggested that the CsrA protein is not
active in PHL1228, we sequenced the csrA gene from PHL1228, which,
surprisingly, carries a wt csrA allele. Thus, PHL1228 can be defined as a “csrA-
like mutant”, i.e it is mutated in a yet unidentified gene affecting either CsrA
protein activity or csrA stability. To test if the mutation might affect the
expression of the csrA gene, we measured csrA transcript levels in the EB12
and PHL1228 strains, but, again, no difference was observed.

We also tried to restore the EB12 phenotype overexpressing csrA gene in
PHL1228 strain. Interestingly, while in EB12 we succeeded in overexpressing
csrA (about 13000-fold as measured by RT-PCR experiments), in PHL1228 csrA

gene expression levels were always very low (about 30-fold, data not shown).
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Figure 7. Relative expression levels of the csrB/csrD genes in strains EB12 and
PHL1228, as measured by Real-Time PCR.

Iron regulation in PHL1228. In addition to increased expression of the
pga operon, the results of the gene array experiment showed that several iron-
dependent genes, such as fepA, are also up-regulated in PHL1228. FepA is a
protein involved with transport of enterobactin-iron across the outer
membrane. In Yersinia pestis, the hms genes belong to the so-called haemin
storage system. Haemin binding and storage was first thought to constitute an
uptake or storage system for iron, but hms expression regulation by iron is still
not totally clear for Yersinia pestis (Lillard et al., 1999; Perry et al., 2004;
Podladchikova and Rykova, 2006). Thus, it is conceivable that pga and iron
uptake genes might be co-regulated. We tested whether in PHL1228 fepA
transcript was regulated, as well as pgaA, at post-transcriptional level.
Luciferase assay with UTR-deleted construct (data not shown) showed that fepA
regulation occurs at the UTR level, and transcript decay experiment indicated a
stabilization of fepA mRNA in the mutant strain (Fig. 8). So, in PHL1228, iron

regulation seems to be connected to pga expression, possibly via CsrA.
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Figure 8. Decay of fepA mRNA as determined by Real Time PCR. Blue line, EB12; green
line, PHL1228. The dotted horizontal line represents the 50% value; the dotted vertical
line shows the time corresponding to the mRNA half-life in EB12. Values are from three
different experiments with very similar results.

We tested the effect of iron concentration on pgaABCD expression (Fig.
9A); depletion of iron from the growth medium obtained through the addition of
2,2'-dipyridyl, a chelating ligand, resulted in a 2-fold increase of pgaABCD
expression, while growth in the presence of excess of iron had no or little effect.
Thus, lack of iron seems to modulate pgaABCD activity. Effects of iron
concentration were much more dramatic on biofilm formation by PHL1228. Cells
growing in M9sup in the presence of 50 uM FeSO, showed a 50% reduction in
biofilm formation compared to cells grown with no added iron. In contrast, cells
growing under iron depletion, although impaired in growth (Pmax= ca. 50%,
data not shown), showed an increase in biofilm formation (Fig. 9B). Microarray
experiments in a csrA mutant strain of Salmonella typhimurium showed an
increase in expression of a fur-regulated iron transporter (sitABCD; Lawhon et
al., 2003). Interestingly, co-purification experiments with CsrA protein (in which
CsrA was His-tagged and overexpressed in EB12 and PHL1228 strains) showed
the presence of 4 peptides corresponding to the Fur protein co-eluted with CsrA
from PHL1228 (data not shown). Thus, iron dependence of E.coli pgaABCD
expression and co-purification results might implicate involvement of the Fur
protein in PHL1228; however, no differential expression of either fur was
detected in gene array or RT-PCR experiments, nor did sequencing of the fur

gene reveal any mutation (data not shown). Nevertheless, we decided to
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analyze the expression levels of other iron-dependent genes, like tonB, fecA
and entD. TonB is a cytoplasmic membrane protein, which provides the energy
source required for the import of iron-siderophore complexes and vitamin B12
across the outer membrane (Letain, 1997); FecA is the TonB energy
transducing system-dependent ferric citrate uptake receptor, while EntD is a
component of the enterobactin synthase multienzyme complex. Real-Time PCR
experiments (data not shown) highlighted a global deregulation of iron-uptake
pathway in PHL1228. The biological meaning of these data and the possible

binding CsrA-FuR are yet under investigation.
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Figure 9. A) Luciferase reporter experiments testing the activity of the pgaA
promoter using PHL1228 cells grown under different conditions: supplemented with
FeSO, (red bars), no addition (green bars), or in presence of the chelator 2,2’-
Dipyridyl (DP, blue bars). Values are the average of two independent experiments
with very similar results. B) Surface adhesion on polystyrene microtiter plates of
PHL1228 cells grown in different conditions (as described for panel A).

DISCUSSION

Most laboratory strains of Escherichia coli are unable to attach efficiently
to solid surfaces and to form biofilm, although they possess the genes encoding
for biofilm determinants. However, spontaneous mutations can restore the
expression of silenced genes and induce a biofilm-forming phenotype. Curli
fibers are an important biofilm determinant in environmental and in pathogenic
strains of E. coli, and in Salmonella. In this report we selected for mutations
resulting in the activation of biofilm determinants other than curli: to this aim,

we used the EB12 strain, a derivative of MG1655 in which the csgA gene,
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encoding the main subunit of the curli subunit, had been inactivated. We were
able to isolate from a continuous culture of EB12 a spontaneous mutant, the
PHL1228 strain, which displays an adherent phenotype (Fig. 1). We expected
the mutation resulting in the biofilm phenotype of PHL1228 to positively affect
expression of genes encoding biofilm determinants. Thus, we compared gene
expression at the whole genomic level in EB12 and PHL1228 mutant derivative.
Through this genomic approach we found a high number of differentially
expressed genes, consistent with a mutation (or mutations) in regulatory
genes. Several biofilm-related genes were found to be differentially expressed
in PHL1228, such as g/gS, encoding the glycogen biosynthesis protein (Beloin et
al., 2004; Schembri et al., 2003b). Glycogen synthesis provides glucose
polymers used in the synthesis of extracellular substances, and is a biofilm
determinant in Salmonella enteritis (Bonafonte et al., 2000); however, changes
in the expression levels of these proteins might be a result of PHL1228 growth
physiology rather than the main determinant for biofilm formation in this strain.
Interestingly, the pgaABCD locus was among the genes more highly up-
regulated in PHL1228 (Fig. 2). Inactivation of the pgaA gene resulted in loss of
the PHL1228 biofilm-forming phenotype, thus strongly suggesting that
increased expression of the pgaABCD operon is the main biofilm determinant in
PHL1228 (Fig. 3). The pgaABCD locus encodes for proteins responsible for poly-
N-acetylglucosammine biosynthesis (PNAG), an extracellular polysaccharide
involved in biofilm formation and adhesion in several strains, such as Y. pestis,
S. aureus and E. coli. In E. coli strains, pgaABCD operon is regulated at post-
transcriptional level by CsrA, a small protein that binds to the leader of target
mMRNAs, inhibiting their translation and altering their stability. From the
literature it is known that CsrA binds to six sites on pgaA transcript (Wang et
al., 2004). Thus, we tested if pgaA expression could be regulated at the
translation level in the PHL1228 strain as well. Luciferase assays with AUTR
constructs suggest that up-regulation of pgaA transcript takes indeed place at
post-transcriptional level in PHL1228 (Fig. 5). Transcript decay experiments
confirmed that pgaA mRNA is more stable in the PHL1228 strain compared to
its parental strain (Fig. 6). Moreover, Real-Time PCR experiments showed a
strong decrease (more than 100-fold) in csrB and csrC transcripts, as occurs in
a csrA mutant strain (Fig. 7); expression of CsrB and CsrC is indeed positively

regulated by CsrA, in an autoregulatory loop, via UvrY or independently of it.
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Although PHL1228 behaviour (biofilm formation, cell aggregation and gene
expression pattern) would be in line with a mutation in the csrA gene, no
mutation in the csrA gene from PHL1228 could be detected. Thus, PHL1228
seems to be a “csrA-like mutant”, i.e. it is mutated in a yet unidentified gene
affecting either CsrA protein activity or csrA stability.

In addition to the results concerning pgaA stability, gene array results
pointed to an increase in the PHL1228 strain of fepA, a gene involved in iron
uptake. Luciferase assays with UTR-deleted constructs showed that fepA
regulation (like pgaA) occurs at the UTR level, and transcript decay experiments
showed a stabilization of fepA mRNA in the mutant strain (Fig. 8). Starting from
these data we analyzed other iron-dependent genes, like tonB, fecA, entD, fhuA
and RT-PCR experiments showed that there is a global deregulation of iron-
uptake pathway (data not shown). We investigated if this deregulation might be
due to a different expression of the Ferric uptake regulator (fur) gene, but no
differential expression of fur was detected in gene array or RT-PCR experiments
(data not shown). Interestingly, Fur peptides co-eluted with purified CsrA
protein overexpressed in PHL1228 strain but not in EB12 strain (data not
shown), suggesting a possible interaction of these two proteins in our biofilm-
forming mutant. Iron-dependent regulation of biofilm formation varies by
bacterial species, and the exact regulatory pathways that control iron-
dependent biofilm formation are often unknown or only partially characterized.
Iron is a key nutrient that has been shown to regulate biofilm formation in
multiple bacterial species. In some species, such as Legionella pneumophila,
Staphylococcus aureus, and Streptococcus mutans, iron limitation induces
biofilm formation (Berlutti et al., 2004; Hindre et al., 2008; Johnson et al.,
2005). In contrast, iron limitation inhibits biofilm formation in other species
such as Vibrio cholera and Xylella fastidiosa (Cursino et al., 2009; Koh and
Toney, 2005; Banin et al., 2005; Mey et al., 2005). However, iron regulation of
biofilm formation can be quite complex even within the same species. The
complicated relationship between iron availability and biofilm formation has
been most well studied in the opportunistic pathogen, Pseudomonas
aeruginosa. In P. aeruginosa, iron limitation can reduce biofilm formation by
blocking early steps in microcolony formation (Banin et al., 2005). The iron-
chelation activity of human lactoferrin can also diminish P. aeruginosa biofilm

formation, and it has been suggested that this may play a role in limiting
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infection. This suggests that up-regulation of iron-dependent genes in PHL1228
is correlated with pgaABCD expression and consequent biofilm formation and
that adherent phenotype depends on concerted production of different
determinants, whose expression is also affected by iron concentration.
Characterization of the mutation responsible for the PHL1228 biofilm phenotype
is currently being undertaken; an attractive approach could be to sequence the
whole EB12 and PHL1228 genome to identify the mutation responsible for the
PNAG-producing phenotype of PHL1228.

METHODS

Bacterial strains and growth conditions. Bacterial strains used in this work are
listed in Table 1. When not otherwise stated, bacteria were grown in M9Glu/sup (M9
inorganic salts (Smith and Levine, 1964), 5 g/L glucose, 0.25 g/L Peptone, 0.125 g/L
Yeast Extract). When needed, antibiotics were used at the following concentrations:
ampicillin, 100 pg/ml; chloramphenicol, 50 pg/ml; kanamycin 50 ug/ml; rifampicin, 100
Mg/mil.

Biofilm formation assays. Biofilm formation in microtiter plates was determined
essentially as described (Dorel et al., 1999). Bacterial cultures were grown overnight in
MOGlu/sup at 30°C in polystyrene microtiter plates (0.2 ml); cell density of the culture
was determined spectrophotometrically at 600nm (ODgponm). Cells attached to the
microtiter plates were washed gently with water and stained for 20 min with 1% crystal
violet (CV), thoroughly washed with water and dried. For semi-quantitative
determination of biofilms, CV-stained cells were resuspended in 0.2 ml of 95% ethanol
by vigorous pipetting. The ODgoonm Of each sample was determined and normalized to
the ODeggonm Of the corresponding liquid cultures (Adhesion units). Sensitivity of biofilms
to treatment with the PNAG degrading enzyme Dispersin B (Kaplan et al., 2004;
purchased from Kane Biotech Inc., Winnipeg, Canada) was performed by adding 20

Hg/ml of the enzyme to the growth medium.
Plasmid construction. Plasmids used in this work are listed in Table 1.

Luciferase assay. Luciferase assays were performed as described below, using the
vector pJAMAS8 (Jaspers et al., 2000), which carries promoterless /uxAB genes from

Vibrio harveyi. The pgaABCD promoter and regulatory region, ranging from -116 to
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+234 nucleotides relative to the pgaABCD mRNA start site, and the pgaABCD promoter
region in which the untranslated region of the transcript was deleted (AUTR, ranging
from -116 to +23 nucleotides relative to the pgaABCD mRNA start site) were amplified
from the chromosomal DNA using primers including Sphl and the Xbal restriction sites
and cloned into the multiple cloning site of pJAMA8 to obtain pPgaAwr and pPgaAautr,
respectively. Bacterial strains containing the different reporter plasmids were grown
overnight. The samples were adjusted to an ODggo of 0.05-0.1 in PBS buffer. 20 ul of
this solution was tested for luciferase activity by adding 200 ml PBS containing n-
decanal to a final concentration of 2 nM. Measurement of relative light units (RLU) was
conducted by a 2 s pre-measurement delay followed by a 3 s measurement after
addition of the substrate in a MicroLumat LB 96 P luminometer (Berthold Technologies).

Results are expressed as RLU per ODgqg of the tested bacterial samples.

RNA isolation and gene array assay. Total RNA from E. coli cells grown overnight to
stationary phase in M9GIlu/sup at 30°C was isolated with RNeasy mini kit (Qiagen)
including an on-column DNase I treatment. RNA samples were quantified using a
spectrophotometer (260 nm) and checked by gel electrophoresis. For gene array
experiments, fluorescently labeled cDNA from 25 pg total RNA was produced using the
CyScribe First-Strand cDNA Labeling kit (Amersham biosciences) incorporating Cy3- or
Cy5-dCTP respectively. Labeled cDNAs were pooled and purified with the Minielute PCR
purification kit (Quiagen) and concentrated with a Microcon-30 (Millipore) prior to the
addition of the hybridization buffer. For our experiments we used the E. coli K-12 V2

Array (MWG) containing 4286 genes (http://www.mwg-biotech.com/) according to the

manufacturer’s instructions.

Gene array data analaysis. Microarray slides were scanned using the Affimetrix 428™
Array Scanner (High Wycombe, UK). Spots and corresponding background signals of
obtained sixteen-bit TIFF images were quantified using the Affimetrix Jaguar™ software
version 2. Subsequent data analysis was performed using the program GeneSpring 4.1
from Silicon Genetics (Redwood City, USA). Induction factors (PHL1228 compared to
control) were calculated using the Cy3 and Cy5 signal intensities of each spot. Spots
with control signals below a value of 10 were excluded from the analysis and the
minimal treatment to control ratio was set to 0.01. Normalization was performed using
the 50" percentile distribution of remaining spots after background correction. Only
PHL1228 signals values higher than 400 for up-regulated and EB12 signals for down-
regulated genes respectively were considered. Finally, genes having an average
Induction Factor (IF) of at least 4.5, and a signal to control ratio in both of the two

experiments of more than 2.5, were chosen.
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Gene expression studies. Real-Time PCR for determination of relative expression
levels was performed on overnight cultures grown in M9Glu/sup medium at 30° C.
Primers for Real- Time PCR are listed in Table 2. RNA extraction and further Reverse
Transcription and cDNA amplification steps were performed as described (Gualdi et al.,
2007), using 16S RNA as reference gene. mRNA stability was measured by Real-Time

PCR experiments in the presence of rifampicin as described (Wang et al., 2005).

Outer membrane proteins. Isolation of outer membrane proteins (OMPs) was carried
out using the Sarkosyl extraction method as described in Landini & Zehnder, 2002. 40
Mg of OMP were analyzed by sodium dodecyl sulfate-polyacrilamide gel electrophoresis
(SDS-PAGE). Protein bands of interest were extracted from the gel and identified by
mass spectroscopy analysis of trypsin cleavage products as previously described by
Chen et al., 2000.

Electron microscopy. Bacterial cells from overnight liquid cultures were fixed with
2.5% glutaraldehyde and prepared for transmission electron microscopy as described in

Kessi et al., 1999.

Table 1. Strains and plasmids used in this work.

E. coli strains Relevant characteristics Reference

EB12 MG1655 csgA::uidA-Kan; malT54::Tn10  This study

LT106 PHL1228 pgaA::cat This study

MG1655 K-12, F A" rph-1 Blatter et al., 1997
PHL1228 EB12, biofilm-forming mutant This study
Plasmids

pJAMAS8 Control vector for luciferase assays, Jaspers et al., 2000

ampicillin resistance

pPgaAwt pgaA promoter and regulatory region This study
(-116 to +233 relative to transcription
start site) cloned into the Sphil/Xbal sites
of pJAMAS

pPgaAautr pgaAasutr (-116 to + 23 relative to This study
transcription start site) cloned into the
Sphil/Xbal sites of pJAMAS
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Table 2. Primers used in this work.

Primers

pPgaA-delUTR _for
pPgaA-delUTR_rev
pPgaA_wt_for
pPgaA_wt_rev
16s_for

16s_rev
pgaA_RT_for
pgaA_RT_rev
pFepA_for
pFepA_wt_rev
pFepA-delUTR_rev

pgaA_cat_for

pgaA_cat_rev

pgaA_for
fepA_RT_for
fepA_RT_rev
csrB_RT_for
csrB_RT_rev
csrC_RT_for

csrC_RT_rev

Sequence

GCATGCAACAATTAAATCCGTGAGTGCCG
TCTAGAATCTTCAGGAATACGGCATAAAT
AGCATGCCTCAAATAGTCTTTTTCCAT
ATCTAGATACATCCTGTATTACTCCATG
TGTCGTCAGCTCGTGTCGTGA
ATCCCCACCTTCCTCCGGT
CCGCTACCGTCATCAGCAATT
AGCGCCTTTTGCCACAGTGT
CTGCATGCCCATGTTTCGACTGCCACCA
CTTCTAGACAAGGCCAGGGAATGAATCTTC
TTTCTAGACGCGCCATTACGCTATTGC

ATACAGAGAGAGATTTTGGCAATACATGGAGT
AATACAGGTACCTGTGACGGAAGATCAC

ATCAGGAGATATTTATTTCCATTACGTAACATA
TTTATCCGGGCACCAATAACTGCCTTA

TGGACACTCTGCTCATCATTT
ATTCCCTGGCCTTGTTGGTCA
GGCGGTAACGACAATAGTATCG
GGGAGTCAGACAACGAAGTG
CTGACCGGTTCTCATTCTCC
TAGAGCGAGGACGCTAACAG

AACGGGTCTTACAATCCTTGCAG

Utilization

pgaA promoter cloning
pgaA promoter cloning
pgaA promoter cloning
pgaA promoter cloning
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
fepA promoter cloning
fepA promoter cloning
fepA promoter cloning

pgaA inactivation

PgaA inactivation

Mutant verification
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR

qRT-PCR

102



CHAPTER ©

CONCLUDING
REMARKS




CONCLUDING REMARKS

In this PhD thesis work I investigated the expression modulation of the
major adhesion factors in Escherichia coli; in particular I focused on the role of
GGDEF and EAL proteins, on their modulation in E. coli biofilm formation in
response to environmental signals and on regulation of curli fibers, cellulose
and poly-N-acetylglucosamine (PNAG), the most important biofilm determinants
in E. coli.

E. coli is an Enterobacterium, normally living inside the mammalian gut,
at temperature of 37° C and in relatively nutrient-rich environment. Once
outside the host, bacteria usually face much lower temperatures (< 30°C) and
a nutrient-limiting environment. The biofilm determinants studied in this thesis
are all expressed in response to environmental conditions such as low
temperature, low osmolarity and starvation, suggesting that E. coli bacteria
switch to a biofilm mode of growth as part of their adaptation to the natural
environment. In response to reduction in growth rates, E. coli seems to
canalize its energy consumption into production of extracellular features such
as curli or exopolysaccharides. Biofilms can be thus considered as a “resistance
form” of growth able to withstand stress conditions more efficiently than cells
living in a planktonic mode of growth.

The CsgD protein is the master regulator of E. coli biofilm formation. It is
a transcriptional factor necessary for curli genes transcription and, through the
AdrA protein, for cellulose biosynthesis. Gene regulation by CsgD is tightly
connected to production and sensing of cyclic di-GMP, a bacterial second
messenger involved in various cellular processes, including biosynthesis of
extracellular polysaccharides (Simm et al., 2004), biofilm formation (Hickman
et al., 2005), and virulence (Pratt et al., 2007; Tischler and Camilli, 2005), as
well as morphological and physiological differentiation (Paul et al., 2004). The
CsgD-dependent adrA gene, involved in cellulose biosynthesis (Zogaj et al.,
2001), encodes a cyclic di-GMP synthase (Simm et al., 2004). CsgD can also
activate yoaD, whose gene product is a cyclic di-GMP phosphodiesterase,
suggesting that CsgD is directly involved in feedback regulation of cyclic di-GMP

intracellular levels and of cellulose biosynthesis (Brombacher et al., 2006).
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CsgD is also able to activate the iraP gene: IraP acts as a stabilization factor for
the o° protein, an alternative sigma factor of RNA polymerase which directs
transcription of genes involved in adaptation to slow growth and to cellular
stresses. Here I showed that CsgD transcription activation of the jiraP gene does
result in a significant increase of ¢° intracellular concentration by positively
affecting o® protein stability, thus leading to altered expression of o°-dependent
genes. CsgD-mediated increase of o® cellular concentrations via the iraP gene
would trigger an autoactivation loop leading to an increased production of
CsgD-dependent adhesion determinants such as curli fibers and cellulose. This
autoregulatory circuitry might be further fueled by o°*-dependent induction of
genes encoding di-guanylate cyclases, i.e., proteins able to synthesize the
second messenger di-cyclic- GMP, which, in turn, can positively affect csg gene
expression (Kader et al., 2006; Weber et al., 2002).

The yddV-dos operon is the most expressed among c-di-GMP-related
genes showing dependence on o° (Weber et al., 2006; Sommerfeldt et al.,
2009). It encodes, respectively, a protein with DGC activity and a PDE that can
degrade c-di- GMP to pGpG. Both Dos and YddV are heme-binding oxygen
sensors, and interact to form a stable protein complex (Tuckerman et al.,
2009). Although it has been reported that YddV overexpression can stimulate
biofilm formation (Mendez-Ortiz et al., 2006), the targets of yddV-dependent
biofilm induction had not yet been identified. Here I showed that YddV acts
modulating curli and PNAG expression. Control of curli production by yddV-dos
takes place at the level of transcription regulation of the csgBAC operon,
encoding curli structural subunits, and is mediated by the DGC and PDE
activities of YddV and Dos. In contrast, the YddV-Dos protein complex does not
strongly influence csgDEFG expression, nor does it affect the expression of the
CsgD-dependent adrA gene, encoding a positive effector for cellulose
biosynthesis. Regarding PNAG production, we showed that YddV is able to
prevent degradation of pgaABCD transcript in the MG1655csrA background,
thus suggesting that a DGC might regulate gene expression by affecting mRNA
stability in E. coli. YddV regulation of pgaABCD operon in a wild type contest is
still controversial: pgaABCD genes are expressed at low levels in MG1655 (the
standard laboratory strain of E. coli) and their mRNA half-life is lower than two

minutes regardless of the growth conditions tested; thus, possible effects of
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yddV inactivation on destabilization of the pga transcript are not easy to
evaluate in the wt contest.

In the last part of my thesis I tried to characterize a biofilm-forming
mutant of E. coli, able to express pgaABCD genes at high levels. Even if initial
data suggested that a mutation in the csrA gene could be responsible for pga
MRNA stabilization in this mutant, actual the mutation leading to the adhesive
phenotype and to PNAG production is outside the csrA gene and is still
unknown. Moreover my data suggest a connection between pga expression and
iron regulation in E. coli strains: it is conceivable that pgaABCD expression and
consequent biofilm formation and the adherent phenotype depends on
concerted production of different determinants, whose expression is also
affected by iron concentration.

Thus, my research highlighted that biofilm production is the result of
coordinated expression of different adhesion determinants, whose regulation is
complex and not fully understood. In particular, the precise extent and the
molecular mechanism of c-di-GMP adhesion factors regulation remains to be
largely identified and represents an exciting challenge for future research in the
biofilm field.

106



CHAPTER 7

ENC




REFERENCES

Adams, J.L., MclLean, R.J. (1999). Impact of rpoS deletion on Escherichia coli
biofilms. App/ Environ Microbiol. 65(9):4285-7.

Agladze, K., Jackson, D., Romeo, T. (2005). Periodicity of cell attachment patterns
during Escherichia coli biofilm development. J Bacteriol. 187(24):8237-46.

Allignet, 1., Aubert, S., Dyke, K.G., El Solh, N. (2001). Staphylococcus caprae
strains carry determinants known to be involved in pathogenicity: a gene encoding an
autolysin-binding fibronectin and the ica operon involved in biofilm formation. Infect
Immun. 69(2):712-8.

Antoniani, D., Bocci, P., Maciag, A., Raffaelli, N., Landini, P. (2010). Monitoring
of diguanylate cyclase activity and of cyclic-di-GMP biosynthesis by whole-cell assays
suitable for high-throughput screening of biofilm inhibitors. App/ Microbiol Biotechnol.
85(4):1095-104.

Arnqvist, A., Olsén, A., Normark, S. (1994). Sigma S-dependent growth-phase
induction of the csgBA promoter in Escherichia coli can be achieved in vivo by sigma 70
in the absence of the nucleoid-associated protein H-NS. Mo/ Microbiol. 13(6):1021-32.

Babitzke, P., Romeo, T. (2007). CsrB sRNA family: sequestration of RNA-binding
regulatory proteins. Curr Opin Microbiol. 10(2):156-63.

Baker, C.S., Morozov, I., Suzuki, K., Romeo, T., Babitzke, P. (2002). CsrA
regulates glycogen biosynthesis by preventing translation of g/gC in Escherichia coli.
Mol Microbiol. 44(6):1599-610.

Banin, E., Brady, K.M., Greenberg, E.P. (2006). Chelator-induced dispersal and
killing of Pseudomonas aeruginosa cells in a biofilm. Appl/ Environ Microbiol.
72(3):2064-9.

Banin, E., Vasil, M.L., Greenberg, E.P. (2005). Iron and Pseudomonas aeruginosa
biofilm formation. Proc Natl Acad Sci U S A. 102(31):11076-81.

Bassis, C.M., Visick, K.L. (2010). The cyclic-di-GMP phosphodiesterase BinA
negatively regulates cellulose-containing biofilms in Vibrio fischeri. J Bacteriol.
192(5):1269-78

Behlau, I., Gilmore, M.S. Microbial biofilms in ophthalmology and infectious disease.
Arch Ophthalmol. 126(11):1572-81.

Beloin, C., Valle, J., Latour-Lambert, P., Faure, P., Kzreminski, M., Balestrino,
D., Haagensen, J.A., Molin, S., Prensier, G., Arbeille, B., Ghigo, J.M. (2004).
Global impact of mature biofilm lifestyle on Escherichia coli K-12 gene expression. Mol
Microbiol. 51(3):659-74.

Ben Nasr, A., Olsén, A., Sjobring, U., Miiller-Esterl, W., Bjorck, L. (1996).

Assembly of human contact phase proteins and release of bradykinin at the surface of
curli-expressing Escherichia coli. Mol Microbiol. 20(5):927-35.

108



Berlutti, F., Ajello, M., Bosso, P., Morea, C., Petrucca, A., Antonini, G., Valenti,
P. (2004). Both lactoferrin and iron influence aggregation and biofilm formation in
Streptococcus mutans. Biometals. 17(3):271-8.

Blattner, F. R., Plunkett III, G., Bloch, C.A., Perna, N.T., Burland, V., Riley, M.,
Collado-Vides, 1., J. D. Glasner, Rode, C.K., Mayhew, G. F., Gregor, J., Davis,
N.W., Kirkpatrick, H.A, Goeden, M.A., Rose, D.].,, Mau, B., Shao, Y. (1997). The
complete genome sequence of Escherichia coli K- 12. Science 277:1453-1474.

Boddicker, J.D., Ledeboer, N.A., Jagnow, J., Jones, B.D., Clegg, S. (2002).
Differential binding to and biofilm formation on, HEp-2 cells by Salmonella enterica
serovar Typhimurium is dependent upon allelic variation in the fimH gene of the fim
gene cluster. Mol Microbiol. 45(5):1255-65.

Boehm, A., Steiner, S., Zaehringer, F., Casanova, A., Hamburger, F., Ritz, D.,
Keck, W., Ackermann, M., Schirmer, T., Jenal U. (2009). Second messenger
signalling governs Escherichia coli biofilm induction upon ribosomal stress. Mol
Microbiol. 72(6):1500-16.

Bonafonte, M.A., Solano, C., Sesma, B., Alvarez, M., Montuenga, L., Garcia-Ros
D., Gamazo, C. (2000). The relationship between glycogen synthesis, biofilm
formation and virulence in Salmonella enteritidis. FEMS Microbiol Lett. 191(1):31-6.

Borriello, G., Werner, E., Roe, F., Kim, A.M., Ehrlich, G.D., Stewart, P.S. (2004).
Oxygen limitation contributes to antibiotic tolerance of Pseudomonas aeruginosa in
biofilms. Antimicrob Agents Chemother. 48: 2659-2664.

Bougdour, A., Lelong, C., Geiselmann, J. (2004). Crl, a low temperature-induced
protein in Escherichia coli that binds directly to the stationary phase sigma subunit of
RNA polymerase. J Biol Chem. 279(19):19540-50.

Bougdour, A., Wickner, S., Gottesman, S. (2006). Modulating RssB activity: IraP, a
novel regulator of sigma(S) stability in Escherichia coli. Genes Dev. 20(7):884-97.

Branda, S.S., Vik, S., Friedman, L., Kolter, R. (2005). Biofilms: the matrix
revisited. Trends Microbiol. 13(1):20-6.

Brombacher, E., Baratto, A., Dorel, C., Landini, P. (2006). Gene expression
regulation by the Curli activator CsgD protein: modulation of cellulose biosynthesis and
control of negative determinants for microbial adhesion. J Bacteriol. 188(6):2027-37.

Caldwell, D.E. (2002). The calculative nature of microbial biofilms and bioaggregates.
Int Microbiol. 5(3): 107-16.

Castonguay, M.H., van der Schaaf, S., Koester, W., Krooneman, J., van der
Meer, W., Harmsen, H., Landini, P. (2006). Biofilm formation by Escherichia coli is
stimulated by synergistic interactions and co-adhesion mechanisms with adherence-
proficient bacteria. Res Microbiol. 157(5):471-8.

Cerca, N., Jefferson, K.K., Oliveira, R., Pier, G.B., Azeredo, J. (2006).
Comparative antibody-mediated phagocytosis of Staphylococcus epidermidis cells
grown in a biofilm or in the planktonic state. Infect Immun. 74(8):4849-55.

Cerca, N., Oliveira, R., Azeredo, J. (2007). Susceptibility of Staphylococcus
epidermidis planktonic cells and biofilms to the Ilytic action of staphylococcus
bacteriophage K. Lett App! Microbiol. 45(3):313-7.

109



Cerca, N., Jefferson, K.K. (2008). Effect of growth conditions on poly-N-
acetylglucosamine expression and biofilm formation in Escherichia coli. FEMS Microbiol
Lett. 283(1):36-41.

Chan, C., Paul, R., Samoray, D., Amiot, N.C., Giese, B., Jenal, U., Schirmer, T.
(2004). Structural basis of activity and allosteric control of diguanylate cyclase. Proc
Natl Acad Sci U S A. 101(49):17084-9.

Chen, X., Smith, L.M., Bradbury, E.M. (2000). Site-specific mass tagging with stable
isotopes in proteins for accurate and efficient protein identification. Anal Chem.
72(6):1134-43.

Christen, M., Christen, B., Folcher, M., Schauerte, A., Jenal, U. (2005).
Identification and characterization of a cyclic di-GMP-specific phosphodiesterase and its
allosteric control by GTP. J Biol Chem. 280(35):30829-37.

Collinson, S.K., Emddy, L., Miiller, K.H., Trust, T.J., Kay, W.W. (1991).
Purification and characterization of thin, aggregative fimbriae from Salmonella
enteritidis. J Bacteriol. 173(15):4773-81

Conlon, K.M., Humphreys, H., O'Gara, J.P. (2002). Regulation of icaR gene
expression in Staphylococcus epidermidis. FEMS Microbiol Lett. 216(2):171-7.

Costerton, J.M., Ellis, B., Lam, K., Johnson, F., Khoury, A.E. (1994). Mechanism
of electrical enhancement of efficacy of antibiotics in killing biofilm bacteria. Antimicrob
Agents Chemother. 38(12):2803-9.

Costerton, J.M., Lewandowski, Z., Caldwell, D.E., Korber, D.R., Lappin-Scott,
H.M. (1995). Microbial Biofilm. Annu Rev Microbiol. 49: 711-45.

Costerton, J.M., Stewart, P.S., Greenberg, E.P. (1999). Bacterial biofilms: a
common cause of persistent infections. Science 284(5418):1318-22.

Cotter, P.A., Stibitz, S. (2007). c-di-GMP-mediated regulation of virulence and
biofilm formation. Curr Opin Microbiol. 10(1):17-23.

Cramton, S.E., Gerke, C., Schnell, N.F., Nichols, W.W., Goétz, F. (1999). The
intercellular adhesion (ica) locus is present in Staphylococcus aureus and is required for
biofilm formation. Infect Immun. 67(10):5427-33.

Cursino, L., Li, Y., Zaini, P.A., De La Fuente, L., Hoch, H.C., Burr, T.]J. (2009).
Twitching motility and biofilm formation are associated with tonB1 in Xylella fastidiosa.
FEMS Microbiol Lett. 299(2):193-9.

D'Argenio, D.A., Calfee, M.W., Rainey, P.B., Pesci, E.C. (2002). Autolysis and
autoaggregation in Pseudomonas aeruginosa colony morphology mutants. J Bacteriol.
184(23):6481-9.

Danese, P.N., Pratt, L.A., Kolter, R. (2000a). Exopolysaccharide production is
required for development of Escherichia coli K-12. biofilm architecture. J Bacteriol.
182(12):3593-6.

Danese, P.N., Pratt, L.A., Dove, S.L., Kolter, R. (2000b). The outer membrane
protein, antigen 43, mediates cell-to-cell interactions within Escherichia coli biofilms.
Mol Microbiol. 37(2):424-32.

Darby, C., Hsu, J.W., Ghori, N., Falkow, S. (2002). Caenorhabditis elegans: plague
bacteria biofilm blocks food intake. Nature. 417(6886):243-4.

110



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

Davey, M. E., O'Toole, G. A. (2000). Microbial biofilms:from ecology to molecular
genetics. Microbiol Mol Biol Rev. 64(4): 847-67.

Davies, D.G., Chakrabarty, A.M., Geesey, G.G. (1993). Exopolysaccharide
production in biofilms: substratum activation of alginate gene expression by
Pseudomonas aeruginosa. Appl Environ Microbiol. 59(4):1181-6.

Davies, D.G., Geesey, G.G. (1995). Regulation of the alginate biosynthesis gene algC
in Pseudomonas aeruginosa during biofilm development in continuous culture. App/
Environ Microbiol. 61(3):860-7.

Davies, D.G., Parsek, M.R., Pearson, J].P., Iglewski, B.H., Costerton, J.W,,
Greenberg, E.P. (1998). The involvement of cell-to-cell signals in the development of
a bacterial biofilm. Science. 280(5361):295-8.

De, N., Pirruccello, M., Krasteva, P.V., Bae, N., Raghavan, R.V., Sondermann, H.
(2008). Phosphorylation-independent regulation of the diguanylate cyclase WspR. PLoS
Biol. 6: e67.

De Biase, D., Tramonti, A., Bossa, F., Visca, P. (1999). The response to stationary-
phase stress conditions in Escherichia coli: role and regulation of the glutamic acid
decarboxylase system. Mol Microbiol. 32(6):1198-211.

Deflaun, M.F., Marshall, B.M., Kulle, E.P., Levy, S.B. (1994). Tn5 Insertion
Mutants of Pseudomonas fluorescens Defective in Adhesion to Soil and Seeds. App/
Environ Microbiol. 60(7):2637-42.

De Kievit, T.R., Gillis, R., Marx, S., Brown, C., Iglewski, B.H. (2010). Quorum-
sensing genes in Pseudomonas aeruginosa biofilms: their role and expression patterns.
Appl Environ Microbiol. 67(4):1865-73.

Delgado-Nixon, V.M., Gonzalez, G., Gilles-Gonzalez, M.A. (2000). Dos, a heme-
binding PAS protein from Escherichia coli, is a direct oxygen sensor. 39(10):2685-91.

Di Martino, P., Merieau, A., Phillips, R., Orange, N., Hulen, C. (2002). Isolation of
an Escherichia coli strain mutant unable to form biofilm on polystyrene and to adhere to
human pneumocyte cells: involvement of tryptophanase. Can J Microbiol. 48(2):132-7.

Doran, J.L., Collinson, S.K., Burian, J., Sarlés, G., Todd, E.C., Munro, C.K., Kay,
C.M., Banser, P.A., Peterkin, P.I., Kay, W.W. (1993). DNA-based diagnostic tests
for Salmonella species targeting agfA, the structural gene for thin, aggregative fimbriae.
J Clin Microbiol. 31(9):2263-73.

Dorel, C., Vidal, O., Prigent-Combaret, C., Vallet, I., Lejeune, P. (1999).
Involvement of the Cpx signal transduction pathway of E. coli in biofilm formation.
FEMS Microbiol Lett. 178(1):169-75.

Dorman, C.J., Ni Bhriain, N. (1992). Thermal regulation of fimA, the Escherichia coli
gene coding for the type 1 fimbrial subunit protein. FEMS Microbiol Lett. 78(2-3):125-
30.

111



Dorman, C.J. (2004). H-NS: a universal regulator for a dynamic genome. Nat Rev
Microbiol. 2(5):391-400.

Dove, S.L., Smith, S.G., Dorman, C.]J. (1997). Control of Escherichia coli type 1
fimbrial gene expression in stationary phase: a negative role for RpoS. Mol Gen Genet.
254(1):13-20.

Dubey, A.K., Baker, C.S., Suzuki, K., Jones, A.D., Pandit, P.,, Romeo, T.,
Babitzke, P. (2003). CsrA regulates translation of the Escherichia coli carbon
starvation gene, cstA, by blocking ribosome access to the cstA transcript. J Bacteriol.
185(15):4450-60.

Dubey, A.K., Baker, C.S., Romeo, T., Babitzke, P. (2005). RNA sequence and
secondary structure participate in high-affinity CsrA-RNA interaction. RNA.
11(10):1579-87.

Duerig, A., Abel, S., Folcher, M., Nicollier, M., Schwede, T., Amiot, N., Giese, B.,
Jenal, U. (2009). Second messenger-mediated spatiotemporal control of protein
degradation regulates bacterial cell cycle progression. Genes Dev. 23(1):93-104.

Eberl, L. (1999). N-acyl homoserinelactone-mediated gene regulation in gram-
negative bacteria. Syst Appl Microbiol. 22(4):493-506.

Fineran, P.C., Williamson, N.R,, Lilley, K.S., Salmond, G.P. (2007). Virulence and
prodigiosin antibiotic biosynthesis in Serratia are regulated pleiotropically by the
GGDEF/EAL domain protein, PigX. J Bacteriol. 189(21):7653-62.

Finlay, B.B., Falkow, S. (1997). Common themes in microbial pathogenicity
revisited. Microbiol Mol Biol Rev. 61(2):136-69.

Fuqua, W.C., Winans, S.C., Greenberg, E.P. (1994). Quorum sensing in bacteria:
the LuxR-LuxI family of cell density-responsive transcriptional regulators. J Bacteriol.
176(2):269-75.

Galperin, M.Y., Natale, D.A., Aravind, L., Koonin, E.V. (1999). A specialized
version of the HD hydrolase domain implicated in signal transduction. J Mol Microbiol
Biotechnol. 1(2):303-5.

Genevaux, P., Bauda, P., DuBow, M.S., Oudega, B. (1999). Identification of Tn10
insertions in the rfaG, rfaP, and galU genes involved in lipopolysaccharide core
biosynthesis that affect Escherichia coli adhesion. Arch Microbiol. 172(1):1-8.

Gerke, C., Kraft, A., Siissmuth, R., Schweitzer, 0., Gotz, F. (1998).
Characterization of the N-acetylglucosaminyltransferase activity involved in the
biosynthesis of the Staphyl.ococcus epidermidis polysaccharide intercellular adhesin. J
Biol Chem. 273(29):18586-93.

Gerstel, U., Romling, U. (2001). Oxygen tension and nutrient starvation are major
signals that regulate agfD promoter activity and expression of the multicellular
morphotype in Salmonella typhimurium. Environ Microbiol. 3(10):638-48.

Ghigo, J.M. (2001). Natural conjugative plasmids induce bacterial biofilm
development. Nature. 412(6845):442-5.

Ghigo, J.M. (2003). Are there biofilm-specific physiological pathways beyond a
reasonable doubt? Res Microbiol. 154(1):1-8.

112



Gibson, D.L., White, A.P., Snyder, S.D., Martin, S., Heiss, C., Azadi, P., Surette,
M., Kay, W.W. (2006). Sa/lmonella produces an O-antigen capsule regulated by AgfD
and important for environmental persistence. J Bacteriol. 188(22):7722-30.

Gilbert, P., Jones, M.V., Allison, D.G., Heys, S., Maira, T., Wood, P. (1998). The
use of poloxamer hydrogels for the assessment of biofilm susceptibility towards biocide
treatments. J Appl Microbiol. 85(6):985-90.

Goller, C., Wang, X., Itoh, Y., Romeo, T. (2006). The cation-responsive protein
NhaR of Escherichia coli activates pgaABCD transcription, required for production of the
biofilm adhesin poly-beta-1,6-N-acetyl-D-glucosamine. J Bacteriol. 188(23):8022-32.

Grimm, M., Stephan, R., Iversen, C., Manzardo, G.G., Rattei, T., Riedel, K.,
Ruepp, A., Frishman, D., Lehner, A. (2008). Cellulose as an extracellular matrix
component present in Enterobacter sakazakii biofilms. J Food Prot. 71(1):13-8.

Gualdi, L., Tagliabue, L., Landini, P. (2007). Biofilm Formation-Gene Expression
Relay System in Escherichia coli: Modulation of o°>-Dependent Gene Expression by the
CsgD. J. Bacteriol. 189: 8034-8043.

Gualdi, L., Tagliabue, L., Bertagnoli, S., Ierano, T., De Castro, C., Landini, P.
(2008). Cellulose modulates biofilm formation by counteracting curli-mediated
colonization of solid surfaces in Escherichia coli. Microbiology. 154: 2017-2024.

Gudapaty, S., Suzuki, K., Wang, X., Babitzke, P., Romeo, T. (2001). Regulatory
interactions of Csr components: the RNA binding protein CsrA activates csrB
transcription in Escherichia coli. J Bacteriol. 183(20):6017-27. Erratum in: J Bacteriol
184(3):871.

Hagiwara, D., Sugiura, M., Oshima, T., Mori, H., Aiba, H., Yamashino, T.,
Mizuno, T. (2003). Genome-wide analyses revealing a signaling network of the RcsC-
YojN-RcsB phosphorelay system in Escherichia coli. J Bacteriol. 185(19):5735-46.

Hammar, M., Arnqvist, A., Bian, Z., Olsén, A., Normark, S. (1995). Expression of
two csg operons is required for production of fibronectin- and congo red-binding curli
polymers in Escherichia coli K-12. Mol Microbiol. 18(4):661-70.

Hammer, B.K., Bassler, B.L. (2009). Distinct sensory pathways in Vibrio cholerae El
Tor and classical biotypes modulate cyclic dimeric GMP levels to control biofilm
formation. J Bacteriol. 191(1):169-77.

Haugo, A.J, Watnick, P.I. (2002). Vibrio cholerae CytR is a repressor of biofilm
development. Mol Microbiol. 45(2):471-83.

Heilmann, C., Schweitzer, 0., Gerke, C., Vanittanakom, N., Mack, D., Gotz, F.
(1996). Molecular basis of intercellular adhesion in the biofilm-forming Staphylococcus
epidermidis. Mol Microbiol. 20(5):1083-91.

Hengge-Aronis, R. (2002). Recent insights into the general stress response
regulatory network in Escherichia coli. J Mol Microbiol Biotechnol. 4(3):341-6.

Hengge, R. (2009). Principles of c-di-GMP signalling in bacteria. Nat Rev Microbiol.
7(4):263-73.

Heydorn, A., Nielsen, A.T., Hentzer, M., Sternberg, C., Givskov, M., Ersbgll, B.K.,

Molin, S. (2000). Quantification of biofilm structures by the novel computer program
COMSTAT. Microbiology. 146 (Pt 10):2395-407.

113



Hindré, T., Briiggemann, H., Buchrieser, C., Héchard, Y. (2008). Transcriptional
profiling of Legionella pneumophila biofilm cells and the influence of iron on biofilm
formation. Microbiology. 154(Pt 1):30-41.

Hinnebusch, B.]., Erickson, D.L. (2008). Yersinia pestis biofilm in the flea vector
and its role in the transmission of plague. Curr Top Microbiol Immunol. 322:229-48.

Holmqvist, E., Reimegard, J., Sterk, M., Grantcharova, N., Romling, U., Wagner,
E.G. (2010). Two antisense RNAs target the transcriptional regulator CsgD to inhibit
curli synthesis. EMBO J. 29(11):1840-50.

Hommais, F., Krin, E., Laurent-Winter, C., Soutourina, 0., Malpertuy, A., Le
Caer, J.P., Danchin, A., Bertin, P. (2001). Large-scale monitoring of pleiotropic
regulation of gene expression by the prokaryotic nucleoid-associated protein, H-NS. Mo/
Microbiol. 40(1):20-36.

Hoyle, B.D., Costerton, J. W. (1991). Bacterial resistance to antibiotics: the role of
biofilms. Prog Drug Res. 37:91-105.

Hunter, R.C., Beveridge, T.J. (2005). Application of a pH-sensitive fluoroprobe (C-
SNARF-4) for pH microenvironment analysis in Pseudomonas aeruginosa biofilms. Appl/
Environ Microbiol. 71(5):2501-10.

Hughes, K.A, Sutherland, I.W, Jones, M.V. (1998). Biofilm susceptibility to
bacteriophage attack: the role of phage-borne polysaccharide depolymerase.
Microbiology. 144 (Pt 11):3039-47.

Izquierdo, L., Abitiu, N., Coderch, N., Hita, B., Merino, S., Gavin, R., Tomas,
J.M., Regué M. (2002). The inner-core lipopolysaccharide biosynthetic waaE gene:
function and genetic distribution among some Enterobacteriaceae. Microbiology.
148(Pt 11):3485-96.

Jackson, D.W., Suzuki, K., Oakford, L., Simecka, J.W., Hart, M.E., Romeo, T.
(2002). Biofilm formation and dispersal under the influence of the global regulator
CsrA of Escherichia coli. J Bacteriol. 184(1):290-301.

Jaspers, M.C., Suske, W.A., Schmid, A., Goslings, D.A., Kohler, H.P., van der
Meer, J.R. (2000). HbpR, a new member of the XyIR/DmpR subclass within the NtrC
family of bacterial transcriptional activators, regulates expression of 2-hydroxybiphenyl
metabolism in Pseudomonas azelaica HBP1. J Bacteriol. 182(2):405-17.

Johnson, M., Sengupta, M., Purves, 1., Tarrant, E., Williams, P.H., Cockayne, A,,
Muthaiyan, A., Stephenson, R., Ledala, N., Wilkinson, B.]., Jayaswal, R.K,,
Morrissey, J.A. (2010). Fur is required for the activation of virulence gene expression
through the induction of the sae regulatory system in Staphylococcus aureus. FEMS
Microbiol Lett. 309(2):208-16.

Jonas, K., Tomenius, H., Kader, A., Normark, S., Romling, U., Belova, L.M,,
Melefors, O. (2007). Roles of curli, cellulose and BapA in Salmonella biofilm
morphology studied by atomic force microscopy. BMC Microbiol. 24;7:70.

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

Joshua, G.W., Karlyshev, A.V., Smith, M.P., Isherwood, K.E., Titball, R.W,,
Wren, B.W. (2003). A Caenorhabditis elegans model of Yersinia infection: biofilm
formation on a biotic surface. Microbiology. 149(Pt 11):3221-9.

114



Jucker, B.A., Harms, H., Zehnder, A.J. (1996). Adhesion of the positively charged
bacterium Stenotrophomonas (Xanthomonas) maltophilia 70401 to glass and Teflon. J
Bacteriol. 178(18):5472-9.

Kader, A., Simm, R., Gerstel, U., Morr, M., Réomling, U. (2006). Hierarchical
involvement of various GGDEF domain proteins in rdar morphotype development of
Salmonella enterica serovar Typhimurium. Mol Microbiol. 60(3):602-16.

Kaplan, H.B., Greenberg, E.P. (1987). Overproduction and purification of the /uxR
gene product: Transcriptional activator of the Vibrio fischeri luminescence system. Proc
Natl Acad Sci U S A. 84(19):6639-43.

Kaplan, J.B., Velliyagounder, K., Ragunath, C., Rohde, H., Mack, D., Knobloch,
J.K., Ramasubbu, N. (2004). Genes involved in the synthesis and degradation of
matrix polysaccharide in Actinobacillus actinomycetemcomitans and Actinobacillus
pleuropneumoniae biofilms. J Bacteriol. 186(24):8213-20.

Kirillina, O., Fetherston, 1.D., Bobrov, A.G., Abney, J., Perry, R.D. (2004). HmsP,
a putative phosphodiesterase, and HmsT, a putative diguanylate cyclase, control Hms-
dependent biofilm formation in Yersinia pestis. Mol Microbiol. 54(1):75-88.

Kolodkin-Gal I., Romero, D., Cao, S., Clardy, J., Kolter, R., Losick, R. (2010). D-
amino acids trigger biofilm disassembly. Science. 328(5978):627-9.

Kropec, A., Maira-Litran, T., Jefferson, K.K., Grout, M., Cramton, S.E., Gotz, F.,
Goldmann, D.A., Pier, G.B. (2005). Poly-N-acetylglucosamine production in
Staphylococcus aureus is essential for virulence in murine models of systemic infection.
Infect Immun. 73(10):6868-76.

Kulasakara, H., Lee, V., Brencic, A., Liberati, N., Urbach, J., Miyata, S., Lee,
D.G., Neely, A.N., Hyodo, M., Hayakawa, Y., Ausubel, F.M., Lory, S. (2006).
Analysis of Pseudomonas aeruginosa diguanylate cyclases and phosphodiesterases
reveals a role for bis-(3'-5")-cyclic-GMP in virulence. Proc Natl Acad Sci U S A.
103(8):2839-44.

Lacqua, A., Wanner, 0., Colangelo, T., Martinotti, M.G., Landini, P. (2006).
Emergence of biofilm-forming subpopulations upon exposure of Escherichia coli to
environmental bacteriophages. App! Environ Microbiol. 72(1):956-9.

Landini, P., Zehnder, A.J. (2002). The global regulatory hns gene negatively affects
adhesion to solid surfaces by anaerobically grown Escherichia coli by modulating
expression of flagellar genes and lipopolysaccharide production. J Bacteriol.
184(6):1522-9.

Landini, P., Antoniani, D., Burgess, J.G., Nijland, R. (2010). Molecular
mechanisms of compounds affecting bacterial biofilm formation and dispersal. App/
Microbiol Biotechnol. 86(3):813-23.

Landini, P. (2009). Cross-talk mechanisms in biofilm formation and responses to
environmental and physiological stress in Escherichia coli. Res Microbiol. 160(4):259-
66.

Latifi, A., Foglino, M., Tanaka, K., Williams, P., Lazdunski, A. (1996). A
hierarchical quorum-sensing cascade in Pseudomonas aeruginosa links the

115



transcriptional activators LasR and RhIR (VsmR) to expression of the stationary-phase
sigma factor RpoS. Mol Microbiol. 21(6):1137-46.

Lawhon, S.D., Frye, J.G., Suyemoto, M., Porwollik, S., McClelland, M., Altier, C.
(2003). Global regulation by CsrA in Salmonella typhimurium. Mol Microbiol.
48(6):1633-45.

Lawrence, J.R., Korber, D.R., Hoyle, B.D., Costerton, J.W., Caldwell, D.E.
(1991). Optical sectioning of microbial biofilms. J Bacteriol. 173(20):6558-67.

Lelong C, Aguiluz K, Luche S, Kuhn L, Garin J, Rabilloud T, Geiselmann J.
(2007).The Crl-RpoS regulon of Escherichia coli. Mol Cell Proteomics. 6(4):648-59.

Letain, T.E., Postle, K. (1997). TonB protein appears to transduce energy by
shuttling between the cytoplasmic membrane and the outer membrane in Escherichia
coli. Mol Microbiol. 24(2):271-83. Erratum in: Mol Microbiol 25(3):617.

Li, X.M, Shapiro, L.J. (1993). Three step PCR mutagenesis for “linker scanning”.
Nucleic Acids Res 21: 3745-3478.

Li, Y.H., Lau, P.C,, Lee, J.H., Ellen, R.P., Cvitkovitch, D.G. (2002). Natural genetic
transformation of Streptococcus mutans growing in biofilms. J Bacteriol. 183(3):897-
908.

Lillard, J.W. Jr., Bearden, S.W., Fetherston, J.D., Perry, R.D. (1999). The haemin
storage (Hms+) phenotype of Yersinia pestis is not essential for the pathogenesis of
bubonic plague in mammals. Microbiology. 145 ( Pt 8):2117-28.

Lim, B., Beyhan, S., Meir, 1., Yildiz, F.H. (2006). Cyclic-diGMP signal transduction
systems in Vibrio cholerae: modulation of rugosity and biofilm formation. Mol Microbiol.
60(2):331-48

Liu, M.Y., Gui, G., Wei, B., Preston, J.F. 3rd, Oakford, L., Yiiksel, U., Giedroc,
D.P., Romeo, T. (1997). The RNA molecule CsrB binds to the global regulatory protein
CsrA and antagonizes its activity in Escherichia coli. J Biol Chem. 272(28):17502-10.

Livhy, J., Waldor, M.K. (2007). Identification of small RNAs in diverse bacterial
species. Curr Opin Microbiol. 10(2):96 -101.

Loferer, H.,, Hammar, M., Normark, S. (1997). Availability of the fibre subunit CsgA
and the nucleator protein CsgB during assembly of fibronectin-binding curli is limited by
the intracellular concentration of the novel lipoprotein CsgG. Mol Microbiol. 26(1):11-
23.

Loo, C.Y., Corliss, D.A., Ganeshkumar, N. (2000). Streptococcus gordonii biofilm
formation: identification of genes that code for biofilm phenotypes. J Bacteriol.
182(5):1374-82.

Ma, Q., Wood, T.K. (2009). OmpA influences Escherichia coli biofilm formation by
repressing cellulose production through the CpxRA two-component system. Environ
Microbiol. 11(10):2735-46.

Mack, D., Rohde, H., Dobinsky, S., Riedewald, J., Nedelmann, M., Knobloch,
J.K., Elsner, H.A., Feucht, H.H. (2000). Identification of three essential regulatory
gene loci governing expression of Staphylococcus epidermidis polysaccharide
intercellular adhesin and biofilm formation. Infect Immun. 68(7):3799-807.

116



Malone, J.G., Williams, R., Christen, M., Jenal, U., Spiers, A.])., Rainey, P.B.
(2007). The structure-function relationship of WspR, a Pseudomonas fluorescens
response regulator with a GGDEF output domain. Microbiology. 153(Pt 4):980-94.

Martinez, A., Kolter, R. (1997). Protection of DNA during oxidative stress by the
nonspecific DNA-binding protein Dps. J Bacteriol. 179(16):5188-94.

McKenney, D., Hiibner, J., Muller, E., Wang, Y., Goldmann, D.A., Pier, G.B.
(1998). The ica locus of Staphylococcus epidermidis encodes production of the
capsular polysaccharide/adhesin. Infect Immun. 66 (10):4711-20.

Méndez-Ortiz, M.M., Hyodo, M., Hayakawa, Y., Membrillo-Hernandez, 3. (2006).
Genome-wide transcriptional profile of Escherichia coli in response to high levels of the
second messenger 3',5'-cyclic diguanylic acid. J Biol Chem. 281(12):8090-9.

Mey, A.R., Craig, S.A., Payne, S.M. (2005). Characterization of Vibrio cholerae
RyhB: the RyhB regulon and role of ryhB in biofilm formation. Infect Immun.
73(9):5706-19.

Miller, J. H. (1972). Experiments in molecular genetics, 2" ed. Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY.

Molin, S., Tolker-Nielsen, T. Gene transfer occurs with enhanced efficiency in biofilms
and induces enhanced stabilisation of the biofilm structure. Curr Opin Biotechnol.
14(3):255-61.

Mulvey, M.R., Loewen, P.C. (1989). Nucleotide sequence of katF of Escherichia coli
suggests KatF protein is a novel sigma transcription factor. Nucleic Acids Res.
17(23):9979-91.

Natalello, A., Doglia, S.M., Carey, J., Grandori, R. (2007). Role of flavin
mononucleotide in the thermostability and oligomerization of Escherichia coli stress-
defense protein WrbA. Biochemistry. 46(2):543-53.

Nesper, 1., Lauriano, C.M., Klose, K.E., Kapfhammer, D., Kraiss, A., Reidl, J.
(2001). Characterization of Vibrio cholerae O1 El tor galU and galE mutants: influence
on lipopolysaccharide structure, colonization, and biofilm formation. Infect Immun.
69(1):435-45.

Newton, W.A., Snell, E.E. (1964). Catalytic properties of tryptophanase, a
multifunctional pyridoxal phosphate enzyme. Proc Natl Acad Sci U S A. 51:382-9.

Olsén, A., Arnqvist, A., Hammar, M., Normark, S. (1993). Environmental
regulation of curli production in Escherichia coli. Infect Agents Dis. 2(4):272-4.

Olsen, P.B., Schembri, M.A., Gally, D.L., Klemm, P. (1998). Differential
temperature modulation by H-NS of the fimB and fimE recombinase genes which control
the orientation of the type 1 fimbrial phase switch. FEMS Microbiol Lett. 162(1):17-23.

Oshima, T., Aiba, H., Masuda, Y., Kanaya, S., Sugiura, M., Wanner, B.L., Mori,
H., Mizuno, T. (2002). Transcriptome analysis of all two-component regulatory
system mutants of Escherichia coli K-12. Mol Microbiol. 46(1):281-91.

O'Toole, G.A., Kolter, R. (1998a). Initiation of biofilm formation in Pseudomonas
fluorescens WCS365 proceeds via multiple, convergent signalling pathways: a genetic
analysis. Mol Microbiol. 28(3):449-61.

O'Toole, G.A., Kolter, R. (1998b). Flagellar and twitching motility are necessary for
Pseudomonas aeruginosa biofilm development. Mo/ Microbiol. 30(2):295-304.

117



Otto, K., Norbeck, J., Larsson, T., Karlsson, K.A., Hermansson, M. (2001).
Adhesion of type 1-fimbriated Escherichia coli to abiotic surfaces leads to altered
composition of outer membrane proteins. J Bacteriol. 183(8):2445-53.

Otto, K., Silhavy, T.J. (2002). Surface sensing and adhesion of Escherichia coli
controlled by the Cpx-signaling pathway. Proc Nat/ Acad Sci U S A. 99(4):2287-92.

Otto, K., Hermansson, M. (2004). Inactivation of ompX causes increased interactions
of type 1 fimbriated Escherichia coli with abiotic surfaces. J Bacteriol. 186(1):226-34.

Patridge, E.V., Ferry, 1.G. (2006). WrbA from Escherichia coli and Archaeoglobus
fulgidus is an NAD(P)H:quinone oxidoreductase. J Bacteriol. 188(10):3498-506

Perry, R.D., Bobrov, A.G., Kirillina, O., Jones, H.A., Pedersen, L., Abney, J.,
Fetherston, J.D. (2004). Temperature regulation of the hemin storage (Hms+)
phenotype of Yersinia pestis is posttranscriptional. J Bacteriol. 186(6):1638-47.

Persson, K., Russell, W., Mérgelin, M., Herwald, H. (2003). The conversion of
fibrinogen to fibrin at the surface of curliated Escherichia coli bacteria leads to the
generation of proinflammatory fibrinopeptides. J Biol Chem. 278(34):31884-90.

Pesavento, C., Becker, G., Sommerfeldt, N., Possling, A., Tschowri, N., Mehlis,
A., Hengge, R. (2008). Inverse regulatory coordination of motility and curli-mediated
adhesion in Escherichia coli. Genes Dev. 22: 2434-2446.

Pilsl, H., Smajs, D., Braun, V. (1999). Characterization of colicin S4 and its receptor,
OmpW, a minor protein of the Escherichia coli outer membrane. J Bacteriol.
181(11):3578-81.

Plaga, W., Stamm, I., Schairer, H.U. (1998). Intercellular signaling in Stigmatella
aurantiaca: purification and characterization of stigmolone, a myxobacterial pheromone.
Proc Natl Acad Sci U S A. 95(19):11263-7.

Podladchikova, O.N., Rykova, V.A. (2006). Isolation and characterization of
autoagglutination factor of Yersinia pestis Hms- cells. Biochemistry (Mosc).
71(11):1192-9.

Pratt, L.A., Kolter, R. (1998). Genetic analysis of Escherichia coli biofilm formation:
roles of flagella, motility, chemotaxis and type I pili. Mo/ Microbiol. 30(2):285-93.

Pratt, L.A., Kolter, R. (1999). Genetic analyses of bacterial biofilm formation. Curr
Opin Microbiol. 2(6):598-603.

Pratt, L.A., Silhavy, T.J. (1995). Identification of base pairs important for OmpR-DNA
interaction. Mol Microbiol. 17(3):565-73.

Pratt, L.A, Silhavy, T.J. (1998). Crl stimulates RpoS activity during stationary phase.
Mol Microbiol. 29(5):1225-36.

Prigent-Combaret, C., Lejeune, P. (1999). Monitoring gene expression in biofilms.
Methods Enzymol. 310:56-79.

Prigent-Combaret, C., Vidal, O., Dorel, C., Lejeune, P. (1999). Abiotic surface
sensing and biofilm-dependent regulation of gene expression in Escherichia coli. J
Bacteriol. 181(19):5993-6002.

Prigent-Combaret, C., Prensier, G., Le Thi, T.T., Vidal, O., Lejeune, P., Dorel, C.
(2000). Developmental pathway for biofilm formation in curli-producing Escherichia
coli strains: role of flagella, curli and colanic acid. Environ Microbiol. 2(4):450-64.

118



Prigent-Combaret, C., Brombacher, E., Vidal, O., Ambert, A., Lejeune, P.,
Landini, P., Dorel, C. (2001). Complex regulatory network controls initial adhesion
and biofilm formation in Escherichia coli via regulation of the csgD gene. J Bacteriol.
183(24):7213-23

Rachid, S., Ohlsen, K., Witte, W., Hacker, 1., Ziebuhr, W. Effect of subinhibitory
antibiotic concentrations on polysaccharide intercellular adhesin expression in biofilm-
forming Staphylococcus epidermidis. Antimicrob Agents Chemother. 44(12):3357-63.

Rani, S.A, Pitts, B., Beyenal, H., Veluchamy, R.A., Lewandowski, Z., Davison,
W.M, Buckingham-Meyer, K., Stewart, P.S. (2007). Spatial patterns of DNA
replication, protein synthesis, and oxygen concentration within bacterial biofilms reveal
diverse physiological states. J Bacteriol. 189: 4223-4233.

Rao, F., Yang, Y., Qi, Y., Liang, Z.X. (2008). Catalytic mechanism of cyclic di-GMP-
specific phosphodiesterase: a study of the EAL domain-containing RocR from
Pseudomonas aeruginosa. J Bacteriol. 190(10):3622-31.

Regassa, L.B., Novick, R.P., Betley, M.]. (1992). Glucose and nonmaintained pH
decrease expression of the accessory gene regulator (agr) in Staphylococcus aureus.
Infect Immun. 60(8):3381-8.

Ren, D., Bedzyk, L.A., Ye, R.W., Thomas, S.M., Wood, T.K. (2004). Stationary-
phase quorum-sensing signals affect autoinducer-2 and gene expression in Escherichia
coli. App!l Environ Microbiol. 70(4):2038-43.

Reisner, A., Haagensen, J.A., Schembri, M.A., Zechner, E.L., Molin, S. (2003).
Development and maturation of Escherichia coli K-12 biofilms. Mol Microbiol.
48(4):933-46.

Rijnaarts, H.H., Norde, W., Bouwer, E.J., Lyklema, J., Zehnder, A.J. (1993).
Bacterial Adhesion under Static and Dynamic Conditions. App!/ Environ Microbiol.
59(10):3255-65.

Robleto, E.A., Lopez-Hernandez, I., Silby, M.W., Levy, S.B. (2003). Genetic
analysis of the AdnA regulon in Pseudomonas fluorescens: nonessential role of flagella
in adhesion to sand and biofilm formation. J Bacteriol. 185(2):453-60.

Robbe-Saule, V., Lopes, M.D., Kolb, A., Norel, F. (2007). Physiological effects of
Crl in Salmonella are modulated by sigma$S level and promoter specificity. J Bacteriol.
189(8):2976-87.

Romeo, T. (1998). Global regulation by the small RNA-binding protein CsrA and the
non-coding RNA molecule CsrB. Mol Microbiol. 29(6):1321-30.

Romling, U., Bian, Z., Hammar, M., Sierralta, W.D., Normark, S. (1998a). Curli
fibers are highly conserved between Salmonella typhimurium and Escherichia coli with
respect to operon structure and regulation. Bacteriol. 180(3):722-31.

Romling, U., Sierralta, W.D., Eriksson, K., Normark, S. (1998b).

Multicellular and aggregative behaviour of Salmonella typhimurium strains is
controlled by mutations in the agfD promoter. Mol Microbiol. 28(2):249-64.

119



Romling, U., Rohde, M., Olsén, A., Normark, S., Reinkodster, J. (2000). AgfD, the
checkpoint of multicellular and aggregative behaviour in Salmonella typhimurium
regulates at least two independent pathways. Mol Microbiol. 36(1):10-23.

Ross, P., Weinhouse, H., Aloni, Y., Michaeli, D., Weinberger-Ohana, P., Mayer,
R., Braun, S., de Vroom, E., van der Marel, G.A., van Boom, J.H., Benziman, M.
(1987). Regulation of cellulose synthesis in Acetobacter xylinum by cyclic diguanylic
acid. Nature. 325(6101):279-81.

Ryan, R.P., Fouhy, Y., Lucey, J.F., Crossman, L.C., Spiro, S., He, Y.W., Zhang,
L.H., Heeb, S., Camara, M., Williams, P., Dow, J.M. (2006). Cell-cell signaling in
Xanthomonas campestris involves an HD-GYP domain protein that functions in cyclic di-
GMP turnover. Proc Natl/ Acad Sci U S A. 103(17):6712-7.

Sailer, F.C., Meberg, B.M., Young, K.D. beta-Lactam induction of colanic acid gene
expression in Escherichia coli. FEMS Microbiol Lett. 226(2):245-9.

Salgado, H., Gama-Castro, S., Martinez-Antonio, A., Diaz-Peredo, E., Sanchez-
Solano, F., Peralta-Gil, M., Garcia-Alonso, D., Jiménez-Jacinto, V., Santos-
Zavaleta, A., Bonavides-Martinez, C., Collado-Vides, J. (2004). RegulonDB
(version 4.0): transcriptional regulation, operon organization and growth conditions in
Escherichia coli K-12. Nucleic Acids Res. 32(Database issue):D303-6.

Sauer, K., Camper, A.K. (2001). Characterization of phenotypic changes in
Pseudomonas putida in response to surface-associated growth. J Bacteriol.
183(22):6579-89.

Shapiro, J.A. (1998). Thinking about bacterial populations as multicellular organisms.
Annu Rev Microbiol. 52: 81-104.

Schembri, M.A., Klemm, P. (2001). Coordinate gene regulation by fimbriae-induced
signal transduction. EMBO J. 20(12):3074-81.

Schembri ,M.A., Hjerrild, L., Gjermansen, M., Klemm, P. (2003a). Differential
expression of the Escherichia coli autoaggregation factor antigen 43. J Bacteriol.
185(7):2236-42.

Schembri, M.A., Kjaergaard, K., Klemm, P. (2003b). Global gene expression in
Escherichia coli biofilms. Mol Microbiol. 48(1):253-67.

Schmidt, A.]J., Ryjenkov, D.A., Gomelsky, M. (2005). The ubiquitous protein
domain EAL is a cyclic diguanylate-specific phosphodiesterase: enzymatically active and
inactive EAL domains. J Bacteriol. 187(14):4774-81.

Schobert, M., Tielen, P. (2010). Contribution of oxygen-limiting conditions to
persistent infection of Pseudomonas aeruginosa. Future Microbiol. 5(4):603-21.

Sheikh, J., Hicks, S., Dall'Agnol, M., Phillips, A.D., Nataro, J.P. (2001). Roles for
Fis and YafK in biofilm formation by enteroaggregative Escherichia coli. Mol Microbiol.
41(5):983-97.

Shemesh, M., Tam, A., Steinberg, D. (2007). Expression of biofilm-associated genes
of Streptococcus mutans in response to glucose and sucrose. J Med Microbiol. 56(Pt
11):1528-35.

120



Simm, R., Morr, M., Kader, A., Nimtz, M., Romling, U. (2004). GGDEF and EAL
domains inversely regulate cyclic di-GMP levels and transition from sessility to motility.
Mol Microbiol. 53(4):1123-34.

Simm, R., Fetherston, J].D., Kader, A., Romling, U., Perry, R.D. (2005).
Phenotypic convergence mediated by GGDEF-domain-containing proteins. J Bacteriol.
187(19): 6816-23. Erratum in: J Bacteriol. 188(5):2024.

Singh, P.K., Schaefer, A.L., Parsek, M.R., Moninger, T.0., Welsh, M.],,
Greenberg, E.P. (2000). Quorum-sensing signals indicate that cystic fibrosis lungs
are infected with bacterial biofilms. Nature. 407(6805):762-4.

Smith, H.O., Levine, M. (1964). Two sequential repressions of DNA synthesis in the
establishment of lysogeny by phage p22 and its mutants. Proc Natl Acad Sci U S A.
52:356-63.

Smith, D.K., Kassam, T., Singh, B., Elliott, J.F. (1992). Escherichia coli has two
homologous glutamate decarboxylase genes that map to distinct loci. J Bacteriol.
174(18):5820-6.

Sommerfeldt, N., Possling, A., Becker, G., Pesavento, C., Tschowri, N., Hengge,
R. (2009). Gene expression patterns and differential input into curli fimbriae regulation
of all GGDEF/EAL domain proteins in Escherichia coli. Microbiology. 155(Pt 4):1318-
31.

Somogyi, M. (1952). Notes on sugar determination. J Biol Chem. 195: 19-23.

Soutourina, 0., Kolb, A., Krin, E., Laurent-Winter, C., Rimsky, S., Danchin, A,,
Bertin, P. (1999). Multiple control of flagellum biosynthesis in Escherichia coli: role of
H-NS protein and the cyclic AMP-catabolite activator protein complex in transcription of
the fIhDC master operon. J Bacteriol. 181(24):7500-8.

Stevenson, G., Andrianopoulos, K., Hobbs, M., Reeves, P.R. (1996). Organization
of the Escherichia coli K-12 gene cluster responsible for production of the extracellular
polysaccharide colanic acid. J Bacteriol. 178(16):4885-93.

Stoodley, P., Cargo, R., Rupp, C.]., Wilson, S., Klapper, I. (2002) Biofilm material
properties as related to shear-induced deformation and detachment phenomena. J Ind
Microbiol Biotechnol. 29(6):361-7.

Sturgill, G., Toutain, C.M., Komperda, J., O'Toole, G.A., Rather, P.N. (2004).
Role of CysE in production of an extracellular signaling molecule in Providencia stuartii
and Escherichia coli: loss of CysE enhances biofilm formation in Escherichia coli. J
Bacteriol. 186(22):7610-7.

Sudarsan, N., Lee, E.R., Weinberg, Z., Moy, R.H., Kim, J.N., Link, K.H., Breaker,
R.R. (2008). Riboswitches in eubacteria sense the second messenger cyclic di-GMP.
Science. 321(5887):411-3.

Sutherland, I. (2001). Biofilm exopolysaccharides: a strong and sticky framework.
Microbiology. 147 (Pt 1):3-9.

Suzuki, K., Babitzke, P., Kushner, S.R., Romeo, T. (2006). Identification of a novel
regulatory protein (CsrD) that targets the global regulatory RNAs CsrB and CsrC for
degradation by RNase E. Genes Dev. 20(18):2605-17.

121



Tagliabue, L., Maciag, A., Antoniani, D. & Landini, P. (2010a). The yddV-dos
operon controls biofilm formation through the regulation of genes encoding curli fibers’
subunits in aerobically growing Escherichia coli. DOI:10.1111/j.1574-
695X.2010.00702.x.

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

Taguchi, S., Matsui, T., Igarashi, J., Sasakura, Y., Araki, Y., Ito, 0., Sugiyama,
S., Sagami, I., Shimizu, T. (2004). Binding of oxygen and carbon monoxide to a
heme-regulated phosphodiesterase from Escherichia coli. Kinetics and infrared spectra
of the full-length wild type enzyme, isolated PAS domain, and Met-95 mutants. J Biol
Chem 279: 3340- 3347.

Tal, R., Wong, H.C., Calhoon, R., Gelfand, D., Fear, A.L., Volman, G., Mayer, R,,
Ross, P., Amikam, D., Weinhouse, H., Cohen, A., Sapir, S., Ohana, P., Benziman,
M. (1998). Three cdg operons control cellular turnover of cyclic di-GMP in Acetobacter
xylinum: genetic organization and occurrence of conserved domains in isoenzymes. J
Bacteriol. 180(17):4416-25.

Tamayo, R., Tischler, A.D., Camilli, A. (2005). The EAL domain protein VieA is a
cyclic diguanylate phosphodiesterase. J Biol Chem. 280(39):33324-30.

Tamayo, R., Pratt, ].T., Camilli, A. (2007). Roles of cyclic diguanylate in the
regulation of bacterial pathogenesis. Annu Rev Microbiol. 61:131-48.

Teplitski, M., Eberhard, A., Gronquist, M.R., Gao, M., Robinson, J.B., Bauer,
W.D. (2003). Chemical identification of N-acyl homoserine lactone quorum-sensing
signals produced by Sinorhizobium meliloti strains in defined medium. Arch Microbiol.
180(6):494-7.

Tischler, A.D., Camilli, A. (2004). Cyclic diguanylate (c-di-GMP) regulates Vibrio
cholerae biofilm formation. Mol Microbiol. 53(3):857-69.

Tuckerman, J.R., Gonzalez, G., Sousa, E.H., Wan, X., Saito, J.A., Alam, M,,
Gilles-Gonzalez, M.A. (2009). An oxygen-sensing diguanylate cyclase and
phosphodiesterase couple for c-di-GMP control. Biochemistry. 48(41):9764-74.

Van Loosdrecht, M.C,, Lyklema, J., Norde, W., Zehnder, A.J. (1990). Influence of
interfaces on microbial activity. Microbiol Rev. 54(1):75-87.

Vidal, O., Longin, R., Prigent-Combaret, C., Dorel, C., Hooreman, M., Lejeune, P.
(1998). Isolation of an Escherichia coli K-12 mutant strain able to form biofilms on
inert surfaces: involvement of a new ompR allele that increases curli expression. J
Bacteriol. 180(9):2442-9.

Vilain, S., Pretorius, J.M., Theron, 1., Brozel, V.S. (2009). DNA as an adhesin:
Bacillus cereus requires extracellular DNA to form biofilms. Appl/ Environ Microbiol.
75(9):2861-8.

Visick, J.E., Clarke, S. (1997). RpoS- and OxyR-independent induction of HPI
catalase at stationary phase in Escherichia coli and identification of rpoS mutations in
common laboratory strains. J Bacteriol. 179(13):4158-63.

122



Vuong, C., Voyich, J.M., Fischer, E.R., Braughton, K.R., Whitney, A.R., DelLeo,
F.R., Otto, M. (2004) Polysaccharide intercellular adhesin (PIA) protects
Staphylococcus epidermidis against major components of the human innate immune
system. Cell Microbiol. 6(3):269-75.

Walters, M., Sperandio, V. (2006). Quorum sensing in Escherichia coli and
Salmonella. Int J Med Microbiol. 296(2-3):125-31.

Wang, D., Ding, X., Rather, P.N. (2001). Indole can act as an extracellular signal in
Escherichia coli. J Bacteriol. 183(14):4210-6.

Wang, X., Preston, J.F. 3rd, Romeo, T. (2004a). The pgaABCD locus of Escherichia
coli promotes the synthesis of a polysaccharide adhesin required for biofilm formation. J
Bacteriol. 186(9):2724-34.

Wang, Q., Frye, ]J.G., McClelland, M., Harshey, R.M. (2004b). Gene expression
patterns during swarming in Salmonella typhimurium: genes specific to surface growth
and putative new motility and pathogenicity genes. Mol Microbiol. 52(1):169-87.

Wang, X., Dubey, A.K., Suzuki, K., Baker, C.S., Babitzke, P., Romeo, T. (2005).
CsrA post-transcriptionally represses pgaABCD, responsible for synthesis of a biofilm
polysaccharide adhesin of Escherichia coli. Mol Microbiol. 56(6):1648-63.

Wang, X., Rochon, M., Lamprokostopoulou, A., Liinsdorf, H., Nimtz, M.,
Romling, U. (2006). Impact of biofilm matrix components on interaction of
commensal Escherichia coli with the gastrointestinal cell line HT-29. Cell Mol Life Sci.
63(19-20):2352-63.

Watnick, P.I., Fullner, K.J., Kolter, R. (1999). A role for the mannose-sensitive
hemagglutinin in biofilm formation by Vibrio cholerae ElI Tor. J Bacteriol.
181(11):3606-9.

Weber, H., Pesavento, C., Possling, A., Tischendorf, G., Hengge, R. (2006).
Cyclic-di-GMP-mediated signalling within the sigma network of Escherichia coli. Mol
Microbiol. 62(4):1014-34.

Wei, B.L., Brun-Zinkernagel, A.M., Simecka, J.W., Priiss, B.M., Babitzke, P.,
Romeo, T. (2001). Positive regulation of motility and flhDC expression by the RNA-
binding protein CsrA of Escherichia coli. Mol Microbiol. 40(1):245-56.

Weilbacher, T., Suzuki, K., Dubey, A.K., Wang, X., Gudapaty, S., Morozov, 1.,
Baker, C.S., Georgellis, D., Babitzke, P., Romeo, T. (2003). A novel sRNA
component of the carbon storage regulatory system of Escherichia coli. Mol Microbiol.
48(3):657-70.

Whitchurch, C.B., Tolker-Nielsen, T., Ragas, P.C., Mattick, J1.S. (2002).
Extracellular DNA required for bacterial biofilm formation. Science 295(5559):1487.

White, A.P., Gibson, D.L., Kim, W., Kay, W.W., Surette, M.G. (2006). Thin
aggregative fimbriae and cellulose enhance long-term survival and persistence of
Salmonella. J Bacteriol. 188(9):3219-27.

Whiteley M, Parsek MR, Greenberg EP. (2000). Regulation of quorum sensing by
RpoS in Pseudomonas aeruginosa. J Bacteriol. 182(15):4356-60.

Wozniak, D.]J., Wyckoff, T.]J., Starkey, M., Keyser, R., Azadi, P., O'Toole, G.A,,
Parsek, M.R. (2003). Alginate is not a significant component of the extracellular
polysaccharide matrix of PA14 and PAO1 Pseudomonas aeruginosa biofilms. Proc Natl/
Acad Sci U S A. 100(13):7907-12.

123



Yoshida, A., Kuramitsu, H.K. (2002). Streptococcus mutans biofilm formation:
utilization of a gtfB promoter-green fluorescent protein (PgtfB::gfp) construct to
monitor development. Microbiology. 148(Pt 11):3385-94.

Zhang, X.S., Garcia-Contreras, R., Wood, T.K. (2008). Escherichia coli transcription
factor YncC (McbR) regulates colanic acid and biofilm formation by repressing
expression of periplasmic protein YbiM (McbA). ISME J. 2(6):615-31.

Zhao, G., Ceci, P., Ilari, A., Giangiacomo, L., Laue, T.M., Chiancone, E.,
Chasteen, N.D. (2002). Iron and hydrogen peroxide detoxification properties of DNA-
binding protein from starved cells. A ferritin-like DNA-binding protein of Escherichia coli.
J Biol Chem. 277(31):27689-96.

Zogaj, X., Bokranz, W., Nimtz, M., Rémling, U. (2003). Production of cellulose and

curli fimbriae by members of the family Enterobacteriaceae isolated from the human
gastrointestinal tract. Infect Immun. 71(7):4151-8.

124



CHAPTER 8

DIX




	Phd Thesis PDF_last.pdf
	Phd Thesis PDF_last.2.pdf
	Phd Thesis PDF_last.3.pdf
	Phd Thesis PDF_last.4.pdf

