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Abstract

The Gram-negative Vibrio cholerae is native to aquatic environments and an important
human pathogen causing cholera disease. The induction of virulence in this bacterium is
subjected to a wide variety of stimuli including environmental cues and quorum sensing.
In this study, non-bactericidal cationic polymers were designed to capture Vibrio cholerae
into clusters resulting in  physiological changes. Poly(N-(3-aminopropyl)
methacrylamide) (P1), poly(N-[3-dimethylamino)propyl] methacrylamide) (P2) or
poly(acryloyl hydrazide) imidazole (P3) were synthesised via free radical polymerisation
displaying amine groups that cluster cells mediated by electrostatic interactions. This
binding resulted in a forced transition from planktonic to a sessile lifestyle. The clustering
is accompanied by reduced motility, increased biofilm synthesis and repression of
virulence since the expression cholera toxin was down-regulated. This avirulent
phenotype was defective to colonise intestinal epithelial cells and the zebrafish digestive
tract. Since the cell density increases locally as a result of the clustering, a quorum-
sensing-controlled phenotype was observed as the lux operon was actively expressed.
Overall, the bacterial physiology was modulated without genetic modification preventing
virulence as the pathogen adapt its lifestyle during clustered lifestyle. This thesis
highlights the use of polymeric materials as a mean to control pathogens beyond the use

antibiotics.
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Chapter 1: General Introduction
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1.1 Background

Bacterial infections are an increasingly common threat over recent years. Diseases related to
pathogens have a critical impact at an economic level on health systems especially in
developing countries, and directly on the quality of life of the population (Allegranzi et al.,
2011). According to the National Health Service (NHS), in the United Kingdom alone, 44,000
people die from sepsis every year, which are more deaths than from lung or bone cancers
(England, 2015, Shahin et al., 2012), and nearly 17 million around the world (WHO, 1996).
Many of these deaths have in common the presence of multidrug-resistant bacteria as their
cause. The abuse of antibiotics is speeding up the development of so-called “superbugs”
therefore, the development of new strategies to treat bacterial infections is urgently needed.
New approaches are desired that target and intefere with cellular functions that are not essential
to the bacterial physiology, and at the same time, are cheap, to replace or enhance current
treatments and produce no selective pressure. Synthetic polymers appear to be an excellent
alternative to attack this problem as the physical capturing of microorganism can result

bactericidal (Yang et al., 2017) or induce controlled phenotypes (Lui et al., 2013).

1.2 The bacterial cell envelope

In order to understand the dynamics between polymeric materials and bacterial cells, it is
necessary to give an overview of the bacterial cell envelope structures. The cell membrane is
the separation between the extracellular environment with the inner compartment of both
eukaryotic and prokaryotic cells. It’s a complex structure essential to maintain the inner
homeostasis while being selectively permeable to nutrients from the outside and waste from

the inside (Silhavy et al., 2010). An additional layer of phospholipids and polysaccharides
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covering the cell membrane has allowed classifying a vast number of bacteria into two major
groups according to the intensity of the Gram staining. Gram-positives are characterised by the
lack of an outer membrane. Instead, they have a thicker peptidoglycan that retains crystal violet
dye. Gram-negatives present an outer membrane and a thinner peptidoglycan that retain less
crystal violet dye. In Gram-negatives, the envelope is thin with sub-compartments in it. It is
composed of three layers, the outer membrane, the peptidoglycan layer and the inner
membrane; the space between each layer is the periplasm. The cell wall in Gram-positives is
relatively big compared with Gram-negatives as the absence of outer membrane is
compensated with layers of peptidoglycan. The composition of peptidoglycan is similar to
Gram-negatives with linear glycan strands of N-acetylglucosamine and N-acetylmuramic acid
and peptide stems (Silhavy et al., 2010). The Gram-positive cell wall is also composed of
anionic polymers known as teichoic acids that maintain rigidity and regulate the net charge in
the cell wall (Marquis et al., 1976). Many proteins are decorating the cell wall, and while in
Gram-negatives these proteins are assembled in the outer membrane, in Gram-positives
proteins are anchored to the peptidoglycan or teichoic acids by covalent or non-covalent

binding (Dramsi et al., 2008).

1.2.1 Outer membrane

The outer membrane is the most external layer of Gram-negatives and is in contact with the
extracellular environment. It is an asymmetric phospholipid bilayer that in its outer leaflet is
covered with lipopolysaccharide (LPS). The lipopolysaccharide is composed of three main
parts; the most external corresponds to the O-antigen which is highly immunogenic and elicit
a strong innate immune response, followed by the LPS core and finally the lipid A is embedded

in the outer membrane. The core is divided in inner and outer core according to the sugar
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composition and the O-antigen is a variable glycan structure useful to classify strains
(Chatterjee and Chaudhuri, 2003). The lipopolysaccahride plays an important role in defense
against antimicrobial compounds. In V. cholerae, the modification of the lipid A anchoring
complex with glycine and diglycine, modulates the net of charges of the bacterial cell envelope
resulting in reduced susceptibility to cationic compounds such as polymixin B (Hankins et al.,

2012).

Beside the LPS, the outer membrane exhibits different lipoproteins and porins, which allow
selective permeability for small molecules by passive diffusion (Silhavy et al., 2010). An
example of this is the Vibrio cholerae porins OmpU and OmpT that control the passage of
hydrophilic solutes such as deoxycholate when exposed to bile salts which is crucial during
infection. Their expression is dictated by the virulence regulator ToxR, and the ratio between
OmpU/OmpT impacts on the strain virulence, since strains expressing more OmpT instead of
OmpU are deficient to colonise the digestive tract. Conversely, major expression of OmpU
resulted in high tolerance to deoxycholate (Provenzano and Klose, 2000, Wibbenmeyer et al.,

2002). Despite these observations, the role of these porins in virulence remains unclear.

1.2.2 Peptidoglycan and periplasm

The peptidoglycan is a rigid layer composed by long glycan chains consisting of N-acetyl
glucosamine-N-acetyl muramic acid disaccharide cross-linked by peptide stems. This
repetitive array of glycans protects the cell from osmotic shocks while at the same time gives
the bacterial cell its shape. Depending on the glycan chain length and the angle at which these
polymers are crosslinked the cell will be shaped (Gan et al., 2008). V. cholerae cells are
“comma-shaped” which allows an optimum movement when swimming in viscous

environments. The peptidoglycan is located in the aqueous space between the outer and inner
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membranes named periplasm. The periplasm is important for several cellular functions since it
is a space full of enzymes that resemble lysosomal functions as in eukaryotic cell to degrade
potentially harmful molecules. Also, components of the cell wall are synthesised and
translocated from here during envelope biogenesis (Silhavy et al., 2010). Also, periplasmic
elements help to determine the cell shape. V. cholerae expresses a periskeletal element, CrvA,
which assembles into rigid filaments located in the periplasmic space at the inner curvature that

model the curved cell shape (Bartlett et al., 2017).

1.2.3 Inner membrane

Between the periplasm and the cytoplasm is the inner membrane. This phospholipid bilayer
has many of the proteins essential for bacterial physiology, such as energy production, protein

and lipid synthesis and export.

It is well known that the membrane has a negative net charge (Shai, 2002). In Gram-negatives
more than the LPS, is the inner membrane the structure that contributes to maintain a net

negative charge (Silhavy et al., 2010).

The bacterial cell envelope of Gram-positives and Gram-negatives is depicted below (Fig. 1.1).
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Figure 1.1. Diagram of Gram-positive and Gram-negative bacterial cell envelopes. WTA, wall
teichoic acid; CAP, covalently attached protein; LTA, lipoteichoic acid; IMP, integral
membrane protein, LPS, lipopolysaccharide, OMP, outer membrane protein and LP,

lipoprotein (modified from Silhavy et al., 2010).
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1.3 Introduction to synthetic polymers as nanomaterials

Polymers are long repetitions of a monomer (homopolymers) or a combination of usually two
monomers (copolymers); this combination could be statistically or randomly distributed
(statistical or random copolymers), or one type of monomer on each side (block copolymers)
(Wang and Grayson, 2012). The synthesis of these materials is relatively easy, the production
easily scalable, and their length and composition can be precisely controlled (Mduller and
Matyjaszewski, 2009). The polymer carbon-based chemistry allows to rationally design the
molecular structure, adapting the material to different environments and purposes. These
attributes make polymers attractive for biomedical applications. However, polymers are not
new in medicine since they are already the material of choice for sutures, prosthetics and
implants (Maitz, 2015). In this respect, biodegradable materials are used as they could be
soluble or can be enzymatically degraded (Langer, 2000). Further, the development of modern
medicine has opened new possibilities to the use polymers in more specific manners, such as
nanomaterials. As the name implies, nanomaterials are structures with dimensions at the
nanoscale (107°), allowing their interactions with cellular structures at the molecular level. With
this in mind, most of the relevant applications are focused on enhanced drug delivery methods,
regeneration of tissue by tissue engineering, as synthetic vectors for gene therapy, and as

matrices to control bacterial infections (Griffith, 2000).

The use of polymers as drug delivery carriers aims to improve the pharmacokinetics and
biodistribution of drugs used in traditional treatments (Allen and Cullis, 2004). Biodegradable
polymers are often used as the periodic release of the drug can be controlled. The most used
polymers for this application are poly(glycolic acid), poly(lactic acid) and poly(lactic acid-co-
glycolic acid) copolymers. The biological, thermal and mechanical properties can be modulated

by changing the stereochemistry of the material (Pillai and Panchagnula, 2001). Non-

19



degradable polymers are also used to create porous matrices that contain the drug controlling

the release by passive diffusion (Kumar and Kumar, 2013).

Stimuli-responsive nanomaterials take advantage of the environmental conditions such as body
organs or cellular compartments, to react and reshape. In these applications, biologically active
groups are hidden until conditions allow the polymer to expose them. Usually, these conditions
are pH or temperature (Schmaljohann, 2006) but in sophisticated applications can be the
presence of a particular catalytic activity (Hu et al., 2012) or the redox potential (Mathiowitz

etal., 1997).

Polymer design can be challenging but is also flexible; this is relevant to increase the specificity
of the delivery method. Polymers can be coupled to adapters that respond to the triggering
condition. For example, Pseudomonas aeruginosa has been controlled with antimicrobial
particles, consisting of a combination of a polycation complex with a peptide specific for the

bacterial protease LasB, avoiding degradation by human elastase (Insua et al., 2016).

The use of polymers in tissue engineering faces the necessity to develop prosthetics or artificial
tissue that can remain in the body without side effects. This application is particularly
challenging since it is necessary to understand the complexity of the cellular interactions. The
principle here is to use polymeric materials as scaffolds for cells to spatially arrange themselves,
and also control the cell density. Essentially, the control of cellular behaviours is achieved by
coupling the polymer with bioactive ligands such as proteins that mediate cell adhesion
(Wheeldon et al., 2011). Hydrogels are among the most used type of polymers in this
application due to their ability to control ligand concentration and also the movement of these
ligands uniformly (Zahouani et al., 2017). Other approaches to control the concentration of

ligands is by using self-assembly materials to coat surfaces. Here, hydrophobicity controls the
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concentration of polymers to attach to a surface, consequently controlling the concentration of

ligands coupled to polymers (Griffith, 2000).

The application of polymers in gene therapy derives from the drug delivery strategies due to
the importance to cross cellular barriers. Here, polymers are designed to carry DNA and target
cellular compartments where the DNA is processed. Although polymers as synthetic vectors
lack several functions compared to viruses, the uptake occurs through endocytic pathway and
the “proton-sponge” hypothesis may explain how the DNA could be delivered. Once the
material is internalised via endolysosomal vesicles, ATPases pump protons into the vesicle to
compensate the increase in pH as the secondary and tertiary amines in these polymers get
protonated at lysosomal pH. This effect also is accompanied by movement of water which
ultimately causes an osmotic shock, liberating the polyplexes into the cytosol (Pack et al.,
2005). Cationic polymers are especially important in this area as DNA can be coupled by
binding to the phosphate groups. Low molecular weight polymers such as polyethylenimines

useful to couple DNA, however the rate of transfection is low (Moghimi et al., 2005).

1.3.1 Cationic polymers to control bacterial pathogens

Bacteria develop resistance to antibiotics faster than our capacity to develop new antibiotics.
Polymeric materials offer an opportunity to control pathogens by targeting virulence at the
regulatory level, or by competing for attachment sites. Compared with single molecules,
polymers can be multivalent which allows them to target multiple ligands enhancing, tightening
and outcompeting the binding for a particular membrane protein, component of the
lipopolysaccharide or toxin (Van Dongen et al., 2014). Many reports have demonstrated the
potential of polymers in antimicrobial applications (Timofeeva and Kleshcheva, 2011, Mufioz-

Bonilla and Fernandez-Garcia, 2012, Siedenbiedel and Tiller, 2012). Within this group, the
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vast majority are cationic polymers since they are attracted to the negatively charged membrane
phospholipids. These polymers Kill the bacteria upon contact with the membrane in a similar
way as antimicrobial peptides (Tiller et al., 2001). On Gram-negative membranes, the contact
with the material may perturb the membrane, inducing a collapse in the electrolyte gradient
resulting in cell death by osmotic shock (Chen and Cooper, 2002). In Gram-positives it would
follow a similar pathway, facilitated by the absence of the outer membrane. These antimicrobial
polymers are diverse in structure but share similarities in the chemical properties of their
backbone or side groups. Munoz-Bonilla (Mufioz-Bonilla and Fernandez-Garcia, 2012)
grouped several antimicrobial polymers according to their biologically active group as
described below. This type of polymer is mostly used to functionalise surfaces of medical
devices resulting in a reduction in the bacterial burden and the amount of biofilm as well (Tiller

et al., 2002, Tiller et al., 2001).

Polymers with quaternary nitrogen atoms are widely used in antimicrobial applications. The
protonated nitrogen atom confers the biocidal property, and the backbone is modified to
modulate the material solubility (Mufioz-Bonilla and Fernandez-Garcia, 2012). However, the
balance between hydrophobicity from the backbone and the net charge conferred by the lateral

side chains can determine their toxicity.

The easiest cationic polymers to prepare are acrylate and methacrylate derivatives, as many
monomers are commercially available. Polymers prepared from polystyrene or poly(vinyl
pyridine) backbones are also easy to prepare and widely used. Nevertheless, the
biocompatibility of these polymers is a drawback, and most applications are focused on coating
surfaces to prevent bacterial adhesion or other ex vivo applications (Tiller et al., 2002). Other
preparations involve polyelectrolytes to increase the number of double bonds in the backbone,

polysiloxanes which produce flexible backbones, dendrimers, polyoxazolines functionalised
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with quaternary ammonium salts and quaternary nitrogen atoms as part of the backbone

(Mufoz-Bonilla and Fernandez-Garcia, 2012).

At the nanoscale, the mechanisms by which cationic polymers interact with the membrane in
vivo are not well understood. As the binding occurs by electrostatic forces, cationic groups
interact with the phosphate moiety of phospholipids and teichoic acids and the hydrophobicity
induces their intercalation inside the membrane. Studies with proteoliposomes have shown that
binding to the membrane also clusters membrane proteins (Kozlova et al., 2001). Molecular
dynamics studies demonstrated that depending on their hydrophobicity; polymers can easily
enter the membrane bilayer and aggregate (Bochicchio et al., 2017). Once inside the membrane,
cationic groups, especially protonated amines, rearrange the net charge, moving water
molecules to the water/lipid interface due to binding to head groups of anionic lipids slowing
down their lateral movement and increasing the membrane permeability (Kostritskii et al.,

2016).

1.3.2 Not to kill but deceive

Few reports have addressed the use of polycations at non-toxic concentrations to manipulate
bacterial phenotypes. Here, polymers are designed to attack a particular cellular process known

as quorum sensing, which in simple words interferes with the communication between bacteria.

To trigger an infective process, the microbes often rely on environmental conditions such as
pH, temperature, metal key ions or anions, but also more complex triggers such as the hostile
encounter with the immune system (Thomas and Wigneshweraraj, 2014). Nevertheless,
equally important as these conditions are the inter-cellular communication system or quorum
sensing. Microorganisms (bacteria and fungi) are constantly releasing quorum sensing

molecules or autoinducers; when the concentration of these autoinducers surpasses a threshold
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given by the cellular density, microbes start to act collectively (Waters and Bassler, 2005).
Quorum sensing signalling pathways vary between organisms, but similar features are shared.
In Gram-negative organisms, quorum sensing is mediated mainly by acyl-homoserine lactones
(AHL) molecules whereas in Gram-positive species short peptide sequences are used
(Rutherford and Bassler, 2012). Inner membrane receptors sense these molecules with the
potential to start a series of processes resulting in the expression of regulatory molecules. These
regulators can modulate innocuous effects such as the production of bioluminescence,
synthesis of pigments, or virulence-related processes such as the expression of virulence factors
or the production of biofilm (Waters and Bassler, 2005). The quorum sensing cascades will be
discussed in detail in Section 1.5 and Chapter 6.

Mainly, two ways in which polymers interfere with the communication have been used,
arresting/interfering the signalling molecule (quorum quencher), or as an aggregative cell
agent. However, worth to mention that not all the strategies to interfere with quorum sensing
are polymer-based, also nanoparticles have been used successfully. The virulence of V.
cholerae has been modulated by the external addition of controlled quantities of autoinducers
through autoinducer-loaded nanoparticles though a technique called Flash NanoPrecipiation,
where autoinducers are encapsulated with a lipophilic co-core surrounded by amphiphilic PEG
(Lu et al., 2015). Similarly, the quorum quencher quercetin has been encapsulated in chitosan,
sulfo-butyl-ether-B-cyclodextrin and/or pentasodium tripolyphosphate though ionotropic
gelation to produce nanoparticles with the ability to control quorum sensing in Escherichia coli

(Thanh Nguyen and Goycoolea, 2017).

1.3.3 Depletion of autoinducers by synthetic polymers

At early stages of infection, it becomes critical for microbes to form tight and specific
interactions with the host to increase the density of cells. At the same time, quorum sensing
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signalling is still weak due to low concentration and rapid diffusion of signal molecules (Lui
et al., 2013). For some pathogens, such as P. aeruginosa or Staphylococcus aureus, the
induction of virulence is coupled with the activation of quorum sensing (Rutherford and
Bassler, 2012). Polymers have potential to reduce the concentration of autoinducers, by
incorporating functional groups able to interact with and sequester autoinducers. Compared
with small soluble “quorum-quencher” molecules, polymers can be attached to surfaces
interfering with the attachment and ultimately biofilm formation. Together with their intrinsic
multivalence, increase their efficacy in this application compared with small molecules.
Quorum quenchers combined with polymers have been used to inhibit expression of the
quorum-dependent agr-system of S. aureus (Kratochvil et al., 2015). Using a nanoporous
superhydrophobic film to coat surfaces, water-labile peptidic analogue autoinducers can be
coupled and used to compete with the natural signal molecules for their receptors. This
approach has been shown to inhibit quorum sensing, and quorum quenchers were detected after
eight months (Kratochvil et al., 2015). Similarly, dendrimeric scaffolds exposing an antagonist
of Al-2 reduced quorum-sensing in Salmonella enterica Typhimurium in a concentration-
dependent manner by direct interaction with quorum sensing sensors (Garner et al., 2011).
Molecularly imprinted polymers (MIP) have been shown to be effective disrupting effects on
the quorum sensing signal of P. aeruginosa PAQO1, reducing the biofilm formation by around
80% (Piletska et al., 2011). This approach is relevant since P. aeruginosa is commonly found
attached to catheters and medical devices as a biofilm. Interruption of communication by
arresting AHL has been achieved using the marine pathogen Vibrio fischeri, resulting in a
reduction in the emission of bioluminescence (Piletska et al., 2010). Vibrio species use a second
qguorum sensing signal molecule derived from 4,5-dihydroxy-2,3-pentaedione (DPD) and
B(OH)s known as Al-2. Poly(vinyl alcohol)s easily quench Al-2, reducing the natural

luminescence of Vibrio harveyi (Lui et al., 2013). Other types of structures have been used to
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quench quorum sensing signals. AHL from the opportunistic pathogen Serratia marcescens
was sequestered by cyclodextrin molecules, reducing the formation of pigments (Kato et al.,

2006).

1.3.4 Clustering bacterial cells with cationic polymers

Microorganisms have evolved their quorum sensing routes independently, some regulating the
production of virulence factors opposite to the cell density such as V. cholerae. Since virulence
is activated at low cell density, the clustering of cells will increase the local concentration of
autoinducers within the cluster. Few studies have dealt with this idea, observing the induction
of high cell density phenotypes in the bioluminescent bacterium V. harveyi. Polymers exposing
cationic binding groups can cluster bacterial cells and induce the bioluminescence (Lui et al.,
2013, Louzao et al., 2015, Leire et al., 2016). However, electrostatic interactions may present
the challenge of bacterial toxicity since many antimicrobial structures display cationic groups
to damage the membrane. Therefore it is important to explore different binding groups.

As exposed on this work, the polymers used here were designed to capture bacteria in cell
aggregates or clusters. The decision to use this type of polymers was based on previous works
that demonstrate that amine groups were suitable to cluster bacterial cells without
compromising its viability significantly. At physiological pH, the degree of protonation of the
amines exposed by P1, P2 and P3 will differ, therefore the binding to the bacterial cells and the
toxicity will be different as well. Experiences of clustering bacterial cell has been achieved and
characterised for Gram-positive S. aureus and Gram-negatives E. coli, P. aeruginosa and V.
harveyi with P2 (Louzao et al., 2015) whereas the clustering of the primary amine of P1 has
been studied using V. harveyi coupled with a dendrimers scaffold (Leire et al., 2016). Bacteria
quickly form clusters upon contact with the polymer, while physiological response related to a
high cell density phenotype has been observed when clustering V. harveyi (Lui et al., 2013).
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On the other side, P3 or its binding group has not been used against bacterial cells, but the
backbone allows the use of different binding molecules in order to fabricate polymer libraries
by adding aminoaldehydes (Crisan et al., 2017). The interaction at the polymer-membrane

interface is still matter of research and what is known is discussed in chapter 4.

1.3.5 Potential sources of resistance

Modulating virulence though non-essential pathways is still a significant challenge and more
research on the field is required. Bacteria can quickly develop resistance to small antimicrobial
molecules such as antibiotics through overexpressing drug efflux pumps, modifying the
structure of targeted enzymes or by blocking the drug’s biological activity (Clatworthy et al.,
2007). Similar pathways to resistance have been identified in the case of quorum quenchers. In
this respect, multidrug-resistant P. aeruginosa is well known to expose multiple drug efflux
pumps that help to eliminate toxic compounds. An example of this is the efflux pumps MexR
and NalC that move quorum quenchers outside the cell (Contreras et al., 2013). On the other
hand, use of polymeric structures interacting with membranes may elicit less resistance, as they
cannot be subject to efflux and act extracellularly. However, resistance to antimicrobial
peptides has been reported in S. aureus. This occurs through a similar mechanism as mupiricin
resistance, where the anionic moiety of the teichoic acid is chemically modified to result in
physicochemical surface changes (Peschel, 2002). More studies need to address potential
pathways to resistance against these compounds.

There is not yet a clear picture of how these materials interact with bacterial communities in
order to develop potential drugs to treat infections. As discussed above, quorum sensing circuits
are diverse between organisms: while in some bacteria virulence is activated by quorum

sensing in others it is repressed. Therefore, specificity against particular pathogens is critical
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especially when localised in their niche. At the same time, pathogens need to be localised on
specific tissues to initiate attachment and infection, then delivery of the compounds is also a
key factor together with the toxicity against host cells.

Examples of these nanomaterials and relevant applications are summarised below (Fig 1.2).
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Figure 1.2. Examples of synthetic polymer backbones and nanomaterials, and relevant

applications. Al-2 correspond to Autoinducer-2, discussed in detail in section 1.5 and chapter
6.
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1.4 Vibrio cholerae and cholera disease

Cholera disease has been depicted in many forms throughout history. It was the hallmark of
the early days of globalisation associated with the movement of people (Barnett and Collection,
2014). Even today, cholera disease remains a significant public health issue especially in poor
areas and conflict zones around the world. Annually, more than 142,000 people are estimated
to die while several million contract the disease (Lewnard et al., 2016). Cholera disease is
attributable to V. cholerae; a motile “comma-shaped” Gram-negative usually found in tropical
estuaries or associated with aquatic organisms bound to chitinous surfaces (Tarsi and Pruzzo,
1999). Until today, seven pandemics have been recorded, the most recent being associated with
the biotype El Tor (Prouty and Klose, 2006). V. cholerae is an exceptionally successful human
pathogen due to the integration of genetic elements in the control of quorum sensing,

expression of virulence factors, chitin breakdown and DNA exchange.

During the infective cycle, V. cholerae exhibits a wide variety of adhesion molecules and
virulence factors. The expression of these genes is tightly coordinated since virulence overlaps
with other cellular functions such as biofilm synthesis, quorum sensing or chemotaxis (Liu et
al., 2008, Teschler et al., 2015, Matson et al., 2007). V. cholerae, as a free-living cell, is highly
susceptible to environmental conditions. For example, it tolerates a narrow range of pH being
not successful to overcome the low gastric pH (Cash et al., 1974). Nevertheless, there are less
susceptible and more infective phenotypes known as “viable-but not culturable” (VBNC) or
“hyperinfectous” cells which can be found as cells contained within biofilms or cells derived
from microcolonies respectively (Almagro-Moreno et al., 2015a). Usually, virulence in V.
cholerae is expressed when bacterial density is low and is repressed when it reaches high cell

density in response to quorum sensing (Hammer and Bassler, 2003). It is hypothesised that this
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is a dissemination strategy for the expulsion of unattached bacteria through diarrhoea that

maximises the cell number in the environment (Prouty and Klose, 2006).

V. cholerae has two major virulence factors, cholera toxin (CTx) which is responsible for the
characteristic symptom, a rice water stool, and the toxin co-regulated pilus (TCP), a type 1V
bundle-forming pilus. Besides CTx, V. cholerae secretes another toxin named RTX that targets
actin and can form pores on the epithelial cell membrane, although its physiological impact in
vivo is minor (Fullner and Mekalanos, 2000). At the genomic level, these enzymes are grouped
in the Vibrio pathogenicity island (VPI) and the cholera pro-phage (CTx®). Many other
enzymes and extracellular proteins that help during infection are encoded in different loci along
the genome, and their functions are to facilitate the movement across protective mucus layers,
uncover potential attachment sites and establish a tight binding with the epithelial surface. The

most significant ones during infection are discussed below.

The intestinal lumen is covered with a protective layer of a heterogeneous matrix of
polysaccharides and proteins known as mucus, with mucins being the major gel-forming
proteins (Corfield et al, 2000). V. cholerae secretes the metalloprotease
hemagglutinin/protease HapA, which degrades the mucus layer during infection. Mucin serves
as a cue for V. cholerae to induce the expression of hapA and is used as carbon source due to
its high sugar content (Almagro-Moreno and Boyd, 2009b). The solubilised mucin gives the
white colour of cholera associated diarrhoea (Ritchie et al., 2010). Once the mucus layer is
dissolved, V. cholerae uses a second protease known as TagA to remove the remaining mucin
on the cell surface (Szabady et al., 2011). The host surface also contains sialic acid, a family
of nine-carbon ketosugars that few pathogens including V. cholerae can use it as carbon source
(Almagro-Moreno and Boyd, 2009a). Sialic acid is hydrolysed by NanH neuraminidase
encoded in a pathogenicity island (VPI-2) of 57-kb, together with a sialic acid transporter and
catabolism-related genes (Almagro-Moreno and Boyd, 2009b).
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The bacterial adhesion process involves a series of interactions with the host cell surface and
progresses from weak interactions such as electrostatic forces to stronger and specific ones
such as lipid-protein and protein-protein interactions. Membrane proteins are essential to
establish adhesion, especially adhesins that can be specific or non-specific. During infection,
V. cholerae expresses an adhesin known as multivalent adhesion molecule 7 (MAM-7) that
establishes protein-protein interactions with fibronectin and protein-lipid interactions with
phosphatidic acid (Krachler et al., 2011). At the same time, V. cholerae is able to bind
polysaccharides using GbpA, a GIcNAc-binding protein that helps the bacteria to bind both

cell surfaces and chitinous surfaces in aquatic environments (Kirn et al., 2005).

1.4.1 Vibrio cholerae virulence cascade

Most of the virulence factors are encoded in a region known as the Vibrio pathogenicity island
1 (VPI-1) (Fig. 1.3). This region encompasses a section of the chromosome of about 41.2 kb
flanked by phage-like integrase sequences, the transposase-like gene vpiT and the phage-like
attachment site att (Rajanna et al., 2003). As a mobile element, the VPI can be excised,
circularised and transferred to non-toxigenic V. cholerae cells turning them virulent. Within
the island are located the acf genes (accessory colonisation factors), the TCP operon and other
genes with indirect relation to virulence (Rajanna et al., 2003). The acf genes are involved in
the synthesis of the colonisation factor. They are A, B, C and D, all of them regulated by ToxR,
encoded in the TCP operon. An insertion in the acf genes generates a mutant with reduced

colonisation properties (Parsot and Mekalanos, 1992).
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Figure 1.3. Organisation of the Vibrio Pathogenicity Island of V. cholerae. Indicated are genes
related to virulence highlighting the TCP operon (mofidied from Rajanna et al., 2003).

33



The tcp operon comprises a set of 15 genes; some encode membrane proteins with diverse
functions while others are subunits of a type-1V bundle-forming pilus (Brown and Taylor,
1995) important for colonisation. Like the acf genes, these genes are regulated by ToxR. The
genetic network that tcp genes form is key to understanding the regulation of virulence. TcpA
is the main structural subunit of the pilus. The gene encodes a protein of 20.5 kDa that
multimerises to form a filament of 7 nm diameter (Li et al., 2008). Although TcpB shares
similarity with TcpA, its function is not clear, but it most likely interacts with TcpA to form
the filament as a basal component (Manning, 1997). TcpC serves to anchor lipoproteins to the
outer membrane (Ogierman and Manning, 1992) while TcpF is a colonisation factor released
from the TCP pilus during infection (Rajanna et al.,, 2003, Brown and Taylor, 1995).
Accordingly to the sequence of these proteins, tcpD, E, J, P and R are all predicted to be located
in the inner membrane. TcpE helps the ATP-binding protein TcpT to be anchored to the inner
membrane. TcpJ is a signalling peptidase that processes TcpA for its export (Kaufman et al.,
1991, Rajanna et al., 2003). TcpP is also a relevant regulator of virulence as its presence
upregulates the expression of virulence factors through ToxT (Héase and Mekalanos, 1998).
TcpH, Q and S are all predicted to be periplasmic or exported. From this group, TcpH seems
to contribute to activating virulence by preventing the degradation of TcpP (Manning, 1997,
Beck et al., 2004). Tcpl is predicted to be a chemotaxis-related protein. Although its function
is unknown, it is possibly related to the sensing of chemoattractant and transduction of
signalling for the expression of TcpA (Harkey et al., 1994). TcpT is predicted to be an ATP-
binding protein located in the inner membrane. Mutants in this gene are unable to translocate

monomers of TcpA via TcpE (Manning, 1997) (Fig. 1.4).

TCP is the second most important virulence factor of V. cholerae. This structure is synthesised
during infection however its role is unclear as it is not participating directly in host cell

interactions (Childers and Klose, 2007). However, it is necessary for virulence associated
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phenotypes such as the formation of microcolonies (Jude and Taylor, 2011). TCP mediates the
secretion of the colonisation factor TcpF (Kirn et al., 2005). Also, the bacteriophage CTx®
uses TCP as a receptor in non-toxigenic strains to internalise its genome (Waldor and
Mekalanos, 1996). Due to its importance in virulence, this pilus has attracted the attention of
vaccine developers as a functional target. Although vaccines against TCP are protective in
mouse models, it is biotype-restricted as the immunity cannot challenge heterogeneous

biotypes (Attridge et al., 1999).

Another group of virulence associated genes includes the aldA and the ToxR-activated genes
(tag), which are related to diverse cellular processes during infection but most of the functions
are predicted based on sequence homology. The cytoplasmic aldehyde dehydrogenase AldA
may be related to virulence as it is activated during infection by ToxT (Withey and Dirita,
2005). Nonetheless, environmental cues also activate its expression, indicating that other
regulators may be implicated in its transcription and share a divergent promoter with tagA
(Withey and Dirita, 2005). Functions associated with tag genes include an extracellular
protease that cleaves mucin residues (Szabady et al., 2011), a putative-fimbriae structural
protein (Hughes et al., 1994) and tagB which shares a high level of identity with tcpl (Harkey

etal., 1994).

Lastly, toxT encodes an AraC-family transcriptional activator known as the master regulator of
virulence. The presence of this regulator is associated with virulent phenotypes in V. cholerae
since it activates the transcription of acfD, tagD, aldA and most of the TCP operon genes. It
also promotes the transcription of ctxA and ctxB, the structural components of the cholera toxin
(Weber and Klose, 2011). ToxT usually binds directly to the toxboxes, AT rich regions located
at -35 and -10 regions of targeted gene promoters and interacts with the ribosome. Although

the toxboxes are present in virulence-related gene promoters, these regions are not particularly

35



conserved, and it is common to find one or two with different orientations (Withey and DiRita,

2006).

Together with TCP, cholera toxin is considered the major virulence factor of V. cholerae.
Choleratoxin is an ADP-ribosyltransferase associated with the ABs family (Kaper et al., 1995)
composed of a pentamer of B subunits of 12 kDa each and an A subunit of 20 kDa, resulting
in an 80 kDa toxin complex (Prouty and Klose, 2006). During infection, cholera toxin attached
to the host surface undergoes a proteolytic cleavage on the subunit A by HapA protease leading
to the internalising of the cytoplasmic Az subunit that catalyses the ribosylation of Gsa protein,
resulting in uncontrollable high levels of intracellular cAMP (Glineur and Locht, 1994). High
levels of cCAMP are accompanied with the expulsion of CI°, resulting in an osmotic imbalance
as the cell moves water to the lumen. Although the extreme dehydration is the principal cause
of mortality in cholera disease, the tissue damage during infection is minimal (Millet et al.,
2014). During many years, the upregulation of nanH by sialic acid and the presence of sialic
acid on the monosialotetrahexosyl (GM1) ganglioside was believed to be the point of entry for
A1 as cholera toxin interacts with it when added into rabbit ileon (Holmgren et al., 1975).
Moreover, the high affinity for GM1 of the related heat-labile toxin B-subunit from E. coli
(Spangler, 1992) and the enhanced response of cholera toxin when GM1 is exogenously added
to murine and human cell lines (Fishman et al., 1976, Yu et al., 2016) strongly supports this
idea. However, the GM1-deficiency in C6 rat glioma cells exposed to cholera toxin did result
in GM1 ganglioside-independent toxicity with the toxin binding to the fucosylated moiety of
the blood group Lewis*, a histo blood group antigen (HBGA) abundant in the intestinal
epithelium together with other HBGAs (Cervin et al., 2018). Genetically, the cholera toxin
genes are encoded in the genome of CTx® bacteriophage, a lysogenic phage capable of

avoiding superinfection immunity, therefore, some strains can have multiple lysogens (Casas
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and Maloy, 2011) increasing the toxicity of a strain or inducing virulence in non-virulent

populations.
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Figure 1.4. Summary of the virulence regulatory pathway in V. cholerae. Pathway regulators
and virulence factors are indicated together with important pathways that also modulate
virulence. In bold (AphA, ToxT, TcpA and CTx) are key members of which transcription was
analysed in this work. Green arrows indicate induction while red indicates repression (Kanehisa
etal., 2016).
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1.4.2 Vibrio cholerae synthesis of biofilm

Another important aspect of virulence in V. cholerae is the synthesis of biofilm as infective
cells are usually found associated with biofilms. Biofilm, by definition, is a community of
organisms living embedded into a matrix of polysaccharides, proteins and DNA. Compared
with E. coli biofilm, V. cholerae biofilm is mainly composed of sugars termed Vibrio
polysaccharide (VPS) (Reichhardt et al., 2015). Analysis of the matrix composition revealed
that the main component is the polysaccharide -4)-a-GulpNAcAGIy30Ac-(1-4)-B-D-Glcp-(1-
4)-a-Glcp-(1-4)-a-D-Galp-(1- (Yildiz et al., 2014). All the components required for biofilm
synthesis are located in the vps clusters, two arrays of genes divided into six subclasses

depending on the catalytic activity of the encoded enzymes (Fong et al., 2010).

During motility, V. cholerae scans the surface with two distinct patterns of movement, roaming
and orbiting; the bacteria use the mannose-sensitive haemagglutinin (MSHA) pili to find
mannose or mannose derivatives. Theoretical modelling has suggested that surface scanning
occurs by the body rotation of the bacterium with periodic mechanical contact with the surface
to find non-metabolisable mannose derivatives (Utada et al., 2014). This contact is enough to
arrest cell motility and start adhesion, as MSHA pili deficient mutants fail to initiate attachment
(Watnick etal., 1999). The immobilisation of the bacteria through mechanosensing interactions
lead to the loss of flagellar function which has been identified as a cue to initiate biofilm
production. The absence of structural components or the entire polar flagella results in cell

shape and colony morphology differences (Watnick et al., 2001).

At the transcriptional level, biofilm synthesis is not regulated by virulence activators and
virulence, nor by biofilm regulators, but both routes are regulated by the global regulators
histone-like nucleoid-structuring protein (H-NS), cyclic adenosine monophosphate receptor
protein (CAMP-CRP or CRP) PhoB-P and the quorum sensing related regulators HapR and

AphA (Silva and Benitez, 2016). Genes from vps clusters are directly activated by the binding
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of VpsR and VpsT when c-di-GMP is elevated. Both regulators bind to c-di-GMP, yet only

VpsR is affected to activate vpsT and aphA expression (Srivastava et al., 2011) (Fig. 1.5).

During the synthesis of the biofilm matrix, three structural proteins serve as a scaffold to add
the sugar branches; these are RbmA, RomC and Bapl. RbmA is secreted opposite to the polar
flagella and enables cell-cell adhesion; Bapl promotes the adhesion to surfaces as well as the
expansion of the biofilm matrix, while RomC coats the bacteria forming an envelope to start
adding VPS (Berk et al., 2012). RbomA plays a significant role in inciting the process of biofilm
formation since its proteolytic cleavage is the signal to recruit other bacteria and reinforce the
matrix structure (Smith et al., 2015). These structural proteins are all delivered to the external
matrix through a type Il secretion system (Johnson et al., 2014). Within the matrix,

communication between cells is enhanced, and DNA is exchanged.
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Figure 1.5. Summary of the biofilm regulatory pathway in V. cholerae. Pathway regulators
and relevant clusters are indicated together with the main structural components. Also,
important pathways that also modulate biofilm are indicated. In bold (AphA, VpsR, RomC and
RbmA) are key members of which transcription was analysed in this work. Green arrows
indicate induction; red lines indicate repression (Kanehisa et al., 2016).
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1.5 Vibrio cholerae quorum sensing

Recently, quorum sensing has dragged the attention because of its overlap with many cellular
functions and it is a potential target to control virulence. In V. cholerae at least four parallel
quorum sensing routes have been identified (Jung et al., 2015) but the two best characterised
are the major contributors to bacterial communication. One of the ligands, (S)-3-
hydroxytridecan-4-one (CAI-1), is synthesised by CgsA by coupling S-adenosyl methionine
(SAM) with decanoyl-coenzyme A (Rutherford and Bassler, 2012) and is believed to be
responsible for intra-species communication. The second autoinducer, autoinducer-2 (Al-2), is
synthesised by LuxS by converting the S-ribosyl homocysteine cycle from SAM to (S)-4,5-
dihydroxy-2,3-pentadione (DPD) with the release of homocysteine. DPD spontaneously
converts into autoinducer-2 (Al2; (2S,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran-
borate or S-THMF-borate) (Rutherford and Bassler, 2012). As LuxS is present in several other
Gram-negatives and Gram-positives, it is responsible for inter-species communication (Waters
and Bassler, 2005). Receptors for these ligands are in the inner membrane, CgsS for CAI-1 and
LuxPQ for Al-2. Both sensory signalling systems converge in the phosphotransferase LuxU
that phosphorylates LuxO. At low cell density, autoinducers are diluted which reduces the
number of molecules being sensed by CgsS and LuxPQ, resulting in the phosphorylation of
LuxO by LuxU. The phosphorylation of LuxO results in the expression of four small RNAs,
Qrrl-4, that repress the expression of HapR by pairing at the mRNA 5’ untranslated region
(UTR). This is helped by the RNA chaperone Hfq blocking the ribosome binding site (RBS)
(Bardill et al., 2011). Through the same mechanism the RBS from aphA mRNA is exposed,
resulting in accumulation of AphA regulator (Shao and Bassler, 2012). Conversely, during high
cell density, the autoinducers accumulate above the quorum sensing threshold leading to the
LuxO dephosphorylation and the absence of Qrrl-4, resulting in the accumulation of HapR

(Lenz et al., 2004). Footprint analysis of the aphA promoters has revealed that HapR binds to
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a region between -85 and -58 in the promoter region which represses the transcription under
not yet known conditions as HapR was unable to bind to a 360 bp fragment of the aphA
promoter (Jobling and Holmes, 1997, Kovacikova and Skorupski, 2002b). The AphA/HapR
interplay, allows for the regulation of multiple genes including virulence, biofilm, uptake of
nutrients and competence accordingly to the cell density (Lenz et al., 2004, Zhu and Mekalanos,

2003, Suckow et al., 2011) (Fig. 1.6).

The control of virulence through quorum sensing is not yet entirely understood and remains
controversial. Usually pathogens upregulate virulence genes during high cell density however,
in V. cholerae, the opposite happens. AphA can repress the transcription of ToxR and ToxT by
direct interaction with the DNA motif at the promoter. In the same line, other regulators such
as the biofilm-related regulator VpsR, similarly regulate ToxR (Ritchie and Waldor, 2009). On
the other hand, the regulation of virulence in toxigenic and non-toxigenic strains of V. cholerae
in relation to HapR is influenced by the binding affinity to its motif. The toxigenic EIl Tor
biotype has a frameshift mutation in hapR reducing the affinity of HapR. Therefore, virulence
cannot be properly downregulated at high cell density (Joelsson et al., 2006). At the same time,
the release of HapR from the promoter can be mediated by RpoS independent of cell density

(Nielsen et al., 2006).
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Figure 1.6. Summary of the quorum sensing regulatory pathway in V. cholerae during high
and low cell density. Pathway regulators indicated with their functions during high cell density
(HCD) and low cell density (LCD). At low cell density, the reduced content of autoinducers in
the extracellular environment maintains phosphorylated LuxO via the kinase LuxU. The signal
transduction results in the expression of the Qrrl-4 sRNA which dictates the expression of
AphA or HapR. Meanwhile, during high cell density, the accumulation of autoinducers in the
extracellular environment is sensed by LuxPQ, CqgsS, CqsR and intracellularly VpsS resulting
in the dephosphorylation of LuxO, and in the expression of HapR over AphA. In bold (AphA)
is the low cell density regulator of which transcription was analysed in this work. Green arrows
indicate induction; red lines indicate repression; black arrows indicate signal transduction
(Kanehisa et al., 2016).
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1.6 Aims

Our current understanding of the non-bactericidal properties of cationic polymers is limited as
most of the applications are focused on their antimicrobial potential. This work set out to
address key questions regarding the impact on critical cellular functions during polymer-
induced clustering of Vibrio cholerae. If polymers are able to cluster bacteria, then virulence
genes might be downregulated as result of a controlled high cell density phenotype expressed

locally whithin the clusters.
This thesis aims to investigates:

1) Cationic polymers with amines as binding groups to induce the cell clustering via
electrostatic interactions were synthesised .

2) The polymer mediated clustering of V. cholerae as well as their non-bactericidal
properties were evaluated.

3) The switch to a sessile lifestyle during the cell clustering was evaluated.

4) A controlled quorum sensing-phenotype induced by clustering was dissected.

5) The impact of clustering over V. cholerae virulence expression was characterised by

transcriptional and phenotypical assays.
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Chapter 2: Materials and Methods
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2.1 Polymer synthesis

2.1.1 Polymerisation reagents

Monomers used to synthesise P1 and P2 were N-(3-aminopropyl)methacrylamide and N-[3-
(dimethylamino)propy]methacrylamide respectively. Initiator agents were 4,4’-azobis(4-
cyanovaleric acid) (ACVA) for P1 and 2,2'-azobis(2-methylpropionitrile) (AIBN) for P2, while

the chain transfer agent was 2-thioethanol for both polymerisations.

2.1.2 Polymerisation reaction

2.1.2.1 P1 synthesis
N-(3-aminopropyl)methacrylamide hydrochloride (505 mg), 4,4’-azobis(4-cyanovaleric acid)
(ACVA) (12.4 mg) and 2 thioethanol (1 pL) were dissolved in MiliQ water (2.2 mL). The
solution was degassed with argon for 10 minutes and then heated at 70 °C under stirring for 17
hours. The tube was opened, and polymer was precipitated three times with diethyl ether (50

mL). Precipitate was freeze-dried, yielding a white crystalline solid (70 mg) (Fig. 2.1).

2.1.2.2 P2 synthesis

The polymerisation reaction was carried out before this work by L. Moule (an undergraduate
summer student), and the resulting product was characterised as part of the work described
here. N-[3-(dimethylamino)propy]methacrylamide (2.2 mL), 2,2'-azobis(2-
methylpropionitrile) (AIBN) (19.6 mg) and 2 thioethanol (4 pL) were dissolved in toluene (9.5
mL). The solution was degassed with argon for 10 minutes and then heated at 70 °C under

stirring for 17 hours. The tube was opened and polymer was precipitated initially with diethyl
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ether (200 mL) and then into a 1:1 mixture of diethyl ether:hexane (100 mL). The precipitate

was freeze-dried, yielding a white crystalline solid (1.6 g) (Fig. 2.1).

2.1.2.3 P3 synthesis

The polymerisation reaction and characterisation of the poly(acryloyl hydrazide) were carried
out prior to this work by D. Crisan (Crisan et al., 2017), and the resulting material was used as
a backbone to produce P3. For the preparation of P3, one equivalent of backbone (15 mg) was
mixed with two equivalents (33.48 mg) of 4-imidazolecarboxaldehyde in 3 mL H,O and heated

for 2 hours at 60 °C stirring (Fig. 2.1).
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Figure 2.1. Polymerisation reactions for poly(N-(3-aminopropyl) methacrylamide) (P1),
poly(N-[3-dimethylamino)propyl] methacrylamide) (P2) or poly(acryloyl hydrazide) coupled

with imidazolecarboxaldehyde (P3). Synthesis route and conditions for the polymerisation
P1, P2 and P3. In red is indicated the amine group corresponding to the polymer.
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2.1.3 Polymer characterisation - Instrumentation

Characterisation of polymers was done by Nuclear Magnetic Resonance (NMR) and Gel
Permeation Chromatography (GPC). NMR spectra were recorded using a Bruker Avance |11
spectrometer at 300 MHz and fitted with a 5 mm broadband fluorine observation (BBFO) probe.
Chemical shifts are reported in ppm () references to corresponded solvents: DMSO-d6 (6 =
2.50) and D20 (6 =4.79). GPC was done using a Shimadzu Prominence LC-20A, fitted with a
Shodex Asaphipak GF-510 HQ (300 x 7.5 mm, 5 um) and a GF-310 HQ (300 x 7.5 mm, 5 um)
column in series, and equipped with a Thermo Fisher Refractomax 512 detector. Solvents used
with the GPC were 100 mM acetate buffer at pH 2.9 as eluent at 40 °C with a flow rate of 0.6
mL/min. Molecular weights were calculated from a calibration curve made with

polyethyleneglycol oligomers.

2.2 Bacterial culture conditions

V. cholerae El Tor strains used in this study (Table 2.1) were derived from N16961 (Heidelberg
et al., 2000) and E7946 (Miller et al., 1989). El Tor biotype is responsible for the ongoing V.
cholerae pandemic, replacing the Classical biotype. As discussed later (Chapter 8), the
virulence associated to El Tor biotype is different to Classical and not many works have been
done with these strains, which highlights the importance to use this the N16961 strain.
Nevertheless, since genetic modification of N16961 is challenging, used mutant derived from
E7946 and contrasted with the clean background. The E. coli K12 strains JCB387 (Page et al.,
1990), DH5a (Taylor et al., 1993) and SM10 Apir (Simon et al., 1983) were used for general
cloning and conjugation procedures. Strains were propagated at 37 °C in lysogeny broth (LB)
either liquid or agar, supplemented with 10 pg/uL tetracycline or 30 pg/uL kanamycin for
selection when required. Conjugation experiments were done in Brain-Heart Infusion (BHI)

50



agar, while selection in M9 or thiosulfate-citrate-bile salt-sucrose (TCBS) agar with a required

antibiotic. Minimal media Dulbecco’s Modified Eagle’s Medium (DMEM) and artificial

marine water media were used during exposition of V. cholera to polymers. Cultures were

incubated at 37 °C with shaking at 200 rpm. Bacterial stocks were frozen down at -80 °C in

30 % glycerol.

Table 2.1. Showing strains used in this study.

Strain Description or genotype Source or Reference
Vibrio cholerae
N16961  Wildtype: O1 biovar El Tor ggg'(ge'berg etal,
E7946 Wildtype; Ogawa biovar El Tor (Miller et al., 1989)
623-39 non-O1/non-0139
D4TE (Ng and Bassler,
BH1651 luxO 2009)
(Ng and Bassler,
BH1578 AluxSAcqgsA 2009)
(Ng and Bassler,
WN1103 AluxQAcgsA 2009)
(Ng and Bassler,
DH231 AluxSAcqgsS 2009)
E7946 R Gift from D.
Acrp Acrp Kan Grainger
NP5001 N16961 pRW50-oriT promoterless; TetR This study
NP5002 N16961 pRW50-oriT containing upstream region of toxT This stud
promoter; Tet? y
N16961 pRWS50-oriT containing upstream region of ctxAB .
NP5003 promoter: Tet® This study
NP5004 N16961 pRW50-oriT containing upstream region of tcpA This stud
promoter; Tet? y
N16961 pRWS50-oriT containing upstream region of aphA .
NP5005 promoter: Tet® This study
NP5006 N16961 pRW50-oriT containing upstream region of flaA This stud
promoter; Tet? y
NP5007 N16961 pRWH50-oriT containing upstream region of flaE This stud
promoter; Tet? y
N16961 pRWS50-oriT containing upstream region of vpsR .
NP5008 oromoter; Tet® This study
NP5009 N16961 pRW50-oriT containing upstream region of rbomA This stud
promoter; Tet? y
N16961 pRWS50-oriT containing upstream region of romC .
NP5010 promoter: Tet® This study
NP5011 N16961 pRW50-oriT containing upstream region of chiS This stud
promoter; Tet® y
NP5012 N16961 pRWS50-oriT containing upstream region of chiAl This study

promoter; Tet®
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N16961 pRWS50-oriT containing upstream region of chiA2

NP5013 oromoter; Tet® This study

NPMW1 N16961 carrying pMW-gfp plasmid; Spect® (Ritchie et al., 2012)
Escherichia coli

DH5a Donor and maintenance of pBB1 and pMW-gfp (Taylor et al., 1993)

JCB387 Donor and maintenance of pRW50 oriT (Page et al., 1990)

SM10 Helper strain; Apir pRK2013; Kan® (Simon et al., 1983)

2.3 Epithelial cell culture conditions

The epithelial cell line Caco-2 (ATCC® HTB-37™) derived from human colorectal
adenocarcinoma cells was used for cytotoxicity and attachment assays. Cells were kept at 37 °C
under 5 % CO> in low glucose (1 g/L) DMEM with phenol red as pH indicator. The media was
supplemented with 10 % foetal bovine serum (FBS), 100 units/mL streptomycin, 100 units/mL
penicillin and 2 mM L-glutamine. Cells were subcultured after thawing from frozen stocks
successive times until passage 15. Briefly, attached cells were washed once with PBS and 1
mL of trypsin-EDTA solution was added for 3 to 5 minutes at 37 °C. Then, 9 mL of fresh

coloured-DMEM was added, and aliquots were used to seed new flasks.

2.4 Zebrafish culture conditions.

Zebrafish (Danio rerio) wildtype strain AB was kept under a 14 h/10 h light/dark cycle in a
recirculating tank system at 28 °C at the Biomedical Service Unit (BMSU) facility at University
of Birmingham. Zebrafish care, breeding and experiments were done in accordance with the
Animal Scientific Procedure Act 1986, under the Home Office Project License 40/3681. Adult
fish were gathered in groups of 4 females and 3 males in breeding tanks for 16 hours at 26 °C.
After the 16 hours incubation, adult fish were returned to their respective husbandry tanks while

the eggs were washed in E3 media and collected in Petri dishes.
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Zebrafish eggs were kept under a 14 h/10 h light/dark cycle at 33 °C in E3 media. E3 media
composition was 292 mg/L NaCl, 13 mg/L KCI, 44 mg/L CaCl,, 81 mg/L MgSO4 and 477
mg/L HEPES at pH 7.0. To avoid fungal contamination, methylene blue was added at
0.00003 % for 8 hours and then larvae were kept in fresh E3 up to day five post-fertilisation,
the experimental endpoint according to Home Office license requirements. For imaging,
embryos were treated with 26.6 pg/mL 1-phenyl-2-thiourea (PTU) to inhibit melanisation.
Anaesthetising and euthanising were done with buffered tricaine solution at 160 pug/mL and

1.6 mg/mL respectively (Westerfield, 1995).

2.5 Molecular biology

2.5.1 Primer design

Upstream regions of selected genes were retrieved from the V. cholerae N16961 genome

submitted on EnsemblBacteria (www.bacteria.ensembl.org). The genes were aphA (VC_2647),

CtxAB (VC_1457), toxT (VC_0838), tcpA (VC_0828), rbmA (VC_0928), rbomC (VC_0930),
vpsR (VC_0665), flaA (VC_2188), flaE (VC_2144), chiS (VC_0622), chiAl (VC_1952) and
chiA2 (VC_A0027). Primers were designed to amplify a region that contains regulatory
elements and finishing at the transcription starting codon. Primers contained restriction sites
for EcoR1, Hindlll or BamHI for cloning, plus four random nucleotides at the 5’ end to
facilitate digests. The length and GC content were adjusted in order to anneal around 20
nucleotides and achieved melting temperatures between 58 °C to 60 °C. Primers are listed in

Table 2.2.
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Table 2.2. Showing primer sequences used in this study. In red, EcoRI restriction site is
highlighted; in green, Hindlll restriction site is highlighted; in yellow, BamHI restriction site
is highlighted.

Primer Sequence (5’-3°)
PRW50F  GTTCTCGCAAGGACGAGAATTTC
PRW50R  AATCTTCACGCTTGAGATAC
aphApF1 TGCABMBIECTGGTTAACAAATCGCTAAATGTCAG
aphApR1 ATTCAAGCTTIGTGTGGTAATGACATGTCTTCAATC
toxTpF1 TGTABEERIBGATAAGATAACAGCCATATTCGTGG
toxTpR1 GATCAAGCTTTCCCAATCATTGCGTTCTACTC
ctxABpF1l  GCTTBMIBECTGTGGGTAGAAGTGAAACGG
CtxABpR1 ~ TCATAAGCTITATCTTTACCATATAATGCTCCCTTTG
tcpApF1 CTTABBEIEGGTCTTATCATGAGCCGCC
tcpApR1 TGATAAGCTTTGCATATTTATATAACTCCACCATTTGTG
flaApF1 ATCTEEEIRIEG TCAGCGGCAAAATGGATTG
flaApR1 GTCAAAGCTTCATAGTTTGCTCTCCTATCGAGTTC
flaEpF1 ATCTEEBIEGATCACGGCCTACTGTTTATTG
flaEpR1 GTCAAAGCTTATTTACCGTCATGGCCATGG
rbmApF1 TGTABEERIBCTTTGGGTGAAAAAATAAAC
rbomApR2  GATCAAGCTTCCATTTGTTTTTACAACTGGC
rbmCpF1 TGTABEERIB TAGAAAATGCTTCTTGAAAAAGAG
rbomCpR2  GATCAAGCTTITTGTAAGACTCCCTTTACCTTG
vpsRpF1 TGTABBERIEACTGTAGATTGATTAAAAAGCC
VpsRpR2 GATCAAGCTTCCTATATTCCTTATTTTTATTGTTAC
chiAlpF1 ~ TCAGGATCCTTGATTGGTGGTTTGGGTAGC
chiAlpRl  CTTAAGCTICGCTTCATGTTTCTCTCCTGTATTAG
chiA2pF1 ~ TCAGGATCCTATTTCGTTCTGTGACGAGCG
chiA2pR1  CTTAAGCTTAAGTTTTCTCTCTCTTCCTTAGATGTTTC
chiSpF1 CTTGGATCCTCATATTGAGTTAGAGATGACAGACATCAG
chiSpR1 CTGAAGCTTGCAAAAAACGTGAGGAGAATGC

2.5.2 Polymerase chain reaction (PCR)

DNA fragments were amplified using Phusion High-Fidelity DNA polymerase (NEB) and
genomic DNA from V. cholerae N16961 as a template. The PCR mixture contained 0.5 uM of
forward and reverse primers, respectively, 1X Phusion HF Buffer, 3 % DMSO, 200 uM dNTP
mix and 0.02 units of polymerase in a final volume of 50 uL. The temperature program
consisted of a first denaturation round for 2 min at 95 °C, then, 30 cycles of denaturation at
95 °C for 30 seconds followed by annealing at primer-specific temperature for 30 seconds at

temperatures around 60 °C, and extension at 72 °C for 30 to 60 seconds depending on the
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length of the fragment. A final extension step was included at 72 °C for 10 minutes. Fragments

were separated by 1 % agarose gel electrophoresis in Tris/borate/EDTA (TBE) buffer.

2.5.3 pPRW50-oriT plasmids construction.

The amplified fragments were cloned into pPRW50-oriT vector (Gift from D. Grainger) (Lodge
et al., 1992). This vector is a pPRW50-derivative which has been modified by inserting the oriT
sequence from the broad-host plasmid pRK2 (Figurski et al., 1982). Amplified fragments were
digested and ligated into pRW50-oriT specific sites (Fig. 2.2).

The cloning procedure consisted of double digestion of 1 pug of amplified fragments with 10
units of EcoRI, Hindlll or BamHI for 2 hours at 37 °C followed by denaturation at 80 °C for
20 minutes. Digested fragments were purified again to remove short overlapping fragments
and ligation was done by incubating digested vector and fragments with 1 unit of T4 DNA
ligase, incubating at 16 °C 16 hours. The ligation product was used for transformation into E.

coli DH50 or JCB387 by heat-shock method.
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Figure 2.2. pPRW50-oriT vector diagram and cloned fragments. A schematic depiction of the
reporter plasmid and the promoter regions used in this work for virulence (toxT, ctxAB and
tcpA), biofilm (vpsR, rbmA and rbmC), quorum sensing (aphA), flagellum (flaA and flaE) and
chitin utilisation (chiS, chiAl and chiA2). Numbering refers to base number relative to the
transcriptional start site and promoter binding sites for important regulators of virulence,
biofilm and quorum sensing pathway, respectively. Induction of flagellar genes is mediated by
sigma factors, while genes from the chitin utilisation program are induced by chitinous
oligomers. All the regions as indicated were cloned at 5’ through an EcoR1 while the 3’site
was HindlIll, except chiAl, chiA2 and chiS where it was a BamHI site.
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2.5.4 E. coli heat-shock transformation

E. coli strains were transformed by heat-shock transformation. Bacterial competence was
induced by incubating 30 mL of mid-log phase (ODeoo 0.6) cultures on ice replacing the LB
media with the same volume of ice-cold 100 mM CaCly, by centrifuging at 3000 rpm for 10
minutes. During the last washing step, bacteria were resuspended in 3 mL of ice-cold 100 mM
CaCl..

100 uL of bacteria solution was mixed with 5 pL of ligation reaction and incubated 30 minutes
on ice, followed by a heat-shock of 30 seconds at 37 °C and re-incubating on ice for 2 minutes.
1 mL of LB was added and then, the transformed sample was incubated at 37 °C for 45 minutes
with shaking. 100 pL of the transformation sample was plated onto LB agar with antibiotic
while the rest of the reaction was centrifuged at 7000 rpm for 5 minutes and resuspended in
100 pL of LB to be plated onto LB plate with antibiotics. Plates were incubated at 37 °C 16

hours.

2.5.5 pPRW50 oriT and pBB1 plasmid extraction

pRW50-oriT and pBB1 were extracted by Maxiprep following the manufacturer’s instructions
(Qiagen). Briefly, 100 mL of 16 hours culture in LB were centrifuged, and vectors were
extracted by modified alkaline lysis and DNA precipitated with isopropanol and eluted with
Tris-EDTA buffer. The purity of the precipitate was checked by 1 % agarose gel

electrophoresis in TBE buffer.

2.5.6 Vibrio cholerae conjugation by triparental mating

pBB1, pMW-gfp, pRW50-oriT and its derivatives were mobilised into V. cholerae strains by

triparental mating (Goldberg and Ohman, 1984). V. cholerae recipient strains, E. coli SM10
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pRK2013 helper strains and E. coli DH5a carrying pPRW50-oriT or pBB1 donor strain were
propagated 16 hours in LB media with antibiotics. Then, volumetric aliquots were mixed in a
ratio of 1:2:2 of recipient:helper:donor respectively, in 250 pL. The mixture was vortexed and
100 uL was spotted on a BHI plate to be incubated 16 hours at 37 °C. The spot was dislodged
from the plate by adding 3 mL of PBS and helping with a scraper to plate onto M9 or TCBS
agar. GFP fluorescence was checked under UV light and by fluorescence microscopy, while

pRW50-oriT constructs were checked by PCR with external primers.

2.6 GFP-based growth curves

GFP fluorescence was used as a proxy of the bacterial growth instead of ODego. Following 16
hours of growth cultures of GFP-tagged V. cholerae were diluted to an initial ODeggo 0f 0.02 in
DMEM with 50 pg/uL of spectinomycin. Polymers were added at a range of concentrations
starting from 0.00005 mg/mL to 0.5 mg/mL in 200 pL using a 96-well plate. To reduce
evaporation, the plate was covered with a BEM-1 breathe easy gas-permeable membrane
(Sigma) and incubated at 37 °C. GFP fluorescence was recorded every 30 minutes for 24 hours

using a FLUOstar Omega plate reader.

2.7 Membrane Integrity

2.7.1 LIVE/DEAD staining coupled with fluorescent activated cell sorting

V. cholerae membrane integrity was determined by fluorescent activated cell sorting (FACS)
using the LIVE/DEAD BacLight™ kit (Thermo Scientific). Following 16 hours of growth,
cultures of V. cholerae were adjusted to an ODeoo 1.0 in 1 mL of colourless DMEM. Polymers

were added at concentrations of 0.00005 mg/mL to 0.5 mg/mL and cultures were incubated for
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20 hours. Then, bacterial samples were stained following the manufacturer’s instructions.
Readings were taken at a flow of 100 uL/min counting up to 10,000 events using an Attune
Flow Cytometer. As “LIVE” control, bacteria were incubated without polymer, while bacteria
treated with 70 % v/v 2-propanol were used as a “DEAD” control but 2-propanol was replaced

with DMEM after treatment due to the incompatibility of the 2-propanol with the dyes.

2.7.2 Outer membrane permeability — N-Phenyl-1-naphthylamine assay

Permeability of the outer membrane was assessed using N-Phenyl-1-naphthylamine (NPN) as
previously described (Helander and Mattila-Sandholm, 2000). Briefly, V. cholerae 16 hours
culture was diluted to an ODego of 0.5 in 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) pH 7.2 and incubated with P1 and P2 at concentrations from 0.005 mg/mL to
0.5 mg/mL, 16 hours at 30 °C. NPN solution was prepared in acetone and added to 1 mL of
clustered bacteria to give a final concentration of 10 uM. 200 uL aliquots were transferred into
a 96-well glass bottom plate, and fluorescence was measured using a FLUO Star plate reader

exciting at 355 nm and emitting at 460 nm.

2.8 Bacterial clustering

2.8.1 Imaging of bacterial clustering

V. cholerae cultures grown in LB for 16 hours were diluted to an ODggo of 1.0 in clear DMEM
and polymers were added at concentrations of 0.005 mg/mg, 0.05 mg/mL and 0.5 mg/mL.
Images of the clustering were taken after 5, 15, 30 and 60 minutes by mounting 10 pL of sample
on microscopy slides visualising at 60X/1.4 NA oil objective using a Differential Interface

Contrast (DIC) filter on a Nikon TE200-U microscope, and images were acquired with Nikon
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NIS-Elements software. Five pictures per sample were taken and processed with Imagel

software.

2.8.2 Cluster size estimation by laser diffraction

Sizes of P1-induced clusters were measured by laser diffraction using a MasterSizer 3000
(Malvern) laser diffraction size analyser following the manufacturer’s instructions. The size
distribution of bacterial clusters was measured after 5 minutes of P1 addition at concentrations
of 0.005 mg/mL, 0.05 mg/mL and 0.5 mg/mL to a 10 mL chamber with bacteria diluted to 0.1
in ODe0o. Stirring was constant, and particle diffraction was recorded and plotted as diffraction
relative intensity. For clustering kinetics, recorded particle diffraction over time for 10 minutes
was plotted as percentage of the particles with a diameter larger than 2 um. The cutoff size for
clusters versus individual bacteria was determined by the median diameter of particles from a

sample containing no polymer (2 pm).

2.8.3 Motility assay on polymer-captured V. cholerae

Motility assay was done as previously described (Moisi et al., 2009). V. cholerae at an ODegoo
of 1.0 was clustered with P1 and P2 at concentrations from 0.005 mg/mL to 0.5 mg/mL in 1
mL clear DMEM. An aliquot of 1 uL taken from the sample clustered bacteria portion was
used to pierce the agar in a LB 0.4 % agar plate. At the same time, the remaining clustered
bacteria were washed with high salt PBS (200 mM NaCl) and 1 uL was used to pierce semisolid
LB agar plates. Plates were incubated 16 hours at 37 °C and images were taken afterwards

using a Chemidoc MP system (BioRad) and images processed with ImageJ.
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2.9 Biofilm assays

2.9.1 Biofilm measurement by crystal violet assay

Biofilm formation was quantified by crystal violet assay, as previously described (O'Toole,
2011). V. cholerae at an ODgoo of 0.2 in clear DMEM was clustered with P1, P2 or P3 at
concentrations ranging from 0.005 mg/mL to 0.5 mg/mL and incubated in 200 uL using a 96-
well plate at 37°C with shaking at 200 rpm 16 hours. Then, bacteria were removed, and wells
were washed with sterile PBS to remove unattached cells. 200 pL of 1 % crystal violet solution
in water was added to each well and removed after 30 minutes. Wells were rinsed again with
PBS to remove unattached dye; once the PBS was clean, 200 uL of 95 % ethanol was added
and absorbance of the resulting coloured solution was measured at 595 nm using a FLUOstar

Omega plate reader.

2.9.2 Biofilm DNAse | digestion and imaging

GFP-labelled V. cholerae N16961 was incubated in 200 uL using a glass bottom 96-well plate
containing bacteria at an ODegoo 0f 0.2 in DMEM with P1 or P2 at concentrations from 0.005
mg/mL to 0.5 mg/mL, in similar conditions described above. In the case of DNAse | treated
samples, 2 units of DNAse | were added and the plate was incubated again for 2 hours at 37
°C. Then, samples were washed with PBS and fixed with 4 % formaldehyde in PBS for 15
minutes and washed again with PBS. Extracellular DNA was stained with 10 pg/mL Hoechst
for 10 minutes. Samples were visualised with a Zeiss Axio Observer.Z1 microscope using a
Zeiss 40x/1.4 plan Apochromat objective and a Hamamatsu ORCA-Flash 4.0 camera. Images
were captured with ZEN 2.0.0.10 software and processed with ImageJ.

The relative pixel intensity of the blue channel was used to estimate the corresponding amount

of extracellular DNA. Five images per sample were taken using a Nikon-Eclipse TE2000-U
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microscope with a 100x Plan Apo objective and captured with a Digital Sight DS-Qi1lMC
camera. Image acquisition was done using Nikon NIS-Elements software and final images

processed with ImageJ.

2.10 Transcriptional assay: f-galactosidase assay

Reporter strains were used to monitor the expression of relevant genes by measuring the -
galactosidase activity as previously described (Bell et al., 1989). Following 16 hours of growth,
cultures of V. cholerae reporter strains were used to infect Caco-2 cell monolayer at a
multiplicity of infection (MOI) of 10. Prior to the infection bacteria were clustered at sublethal
polymer concentrations and incubated for 30 minutes in 1 mL DMEM at 30 °C. Clustered
bacteria were transferred to the Caco-2 cells and infection was incubated for 7 hours at 37 °C.
Then, cells were washed with 1 mL PBS and homogenised with 1 mL of 0.5 % triton X-100 in
PBS for five minutes. B-galactosidase activity was measured by disrupting cells with a drop of
toluene and a drop of 1 % sodium deoxycholate and tubes were vortexed and left open for 30
minutes to let the toluene evaporate at room temperature. 100 pL of the lysate was added to 2.5
mL of ortho-nitrophenyl-p-galactosidase (ONPG) solution and reactions were stopped when
yellow colour developed, recording the reaction time and the absorbance at 420 nm using a
Jenway 6305/UV Visible spectrophotometer. Transcriptional activity was calculated as

follows:

1000 = 2.5 = total Rx volume * Abs 420nm
4.5 * time * lysis volume * 0D600

Bgalactosidase activity (Miller Units) =

, Where 1000/4.5 is a conversion factor used to convert Absszo into moles of o-nitrophenol

(yellow) and 2.5 correspond to a conversion factor used to convert ODgoo into mg of dry protein

62



based on the assumption that an ODgoo of 1.0 is 0.4 mg/mL of dry bacterial mass. Time is

expressed in minutes and volumes (lysis and Rx — reaction volume) are in mL.

2.10.1 p-galactosidase assay from sessile bacteria

[-galactosidase assay was done in sessile (clustered and attached) bacteria. Cultures of reporter
strains for rbmA, rbmC and vpsR were grown for 16 hours and diluted to an ODgoo 0f 0.2 in
clear DMEM. Small cultures in Petri dishes were set in 3 mL final volume with clear DMEM,
and polymers P1 and P2 added at sublethal concentrations of 0.005 mg/mL and 0.05 mg/mL
and incubated for 16 hours at 37 °C with shaking. Then, samples were assayed for -
galactosidase activity using bacteria from the supernatant and bacteria clustered (formations
on top of plate bottom). Clustered bacteria were washed with high salt PBS (200 mM NaCl) to

disrupt electrostatic bounds and ODsgoo can be measured.

For reporters of chitin utilisation-related genes chiS, chiAl and chiA2, following 16 hours of
growth cultures were adjusted to ODeoo 0.2 and bacteria added to 1 mL of artificial marine
water containing 10 mg of chitin flakes or 100 pL of chitin bead suspension. Two sets of
samples prepared in parallel were incubated at 30 °C for 16 hours without shaking. Then, one
set of samples was thoroughly washed with artificial marine water and plated onto TCBS and
ODsoo Was estimated from CFU counting assuming the relationship that ODeoo Of 1.0 is equal

to 10° CFU/mL, while the other set was used for the B-galactosidase assays.
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2.11 Luminescence assay

2.11.1 Plate-based luminescence assay

Luminescence assays were done using V. cholerae pBB1 transconjugants. The pBB1 cosmid
(Bassler et al., 1993) was introduced into V. cholerae strains by triparental mating in the same
conditions as used for pPRW50-oriT. Following 16 hours of growth, cultures of V. cholerae
pBB1 were adjusted to ODeoo Of 0.5, 0.2 and 0.02 in artificial marine water by dissolving sea
salts at a concentration of 40 g/L (Sigma) with 10 pg/uL of tetracycline. Polymers P1 and P2
were added at concentrations of 0.005 mg/mL, 0.05 mg/mL and 0.5 mg/mL, in 200 uL final
volume using a dark wall clear bottom 96-well plate. The plate was incubated for up to 15
hours at 37 °C with shaking at 200 rpm, while luminescence and ODgoo Were recorded every
30 minutes using a FLUOstar Omega plate reader. The following assays were done with
bacterial cultures with ODeoo adjusted to 0.2. Cells were recovered after the assay and washed
with PBS containing 200 mM NaCl and plated onto LB with tetracycline to determine the
viability. Plates were imaged using a BioRad Gel Doc XR System and images were processed

with ImageJ.

2.11.2 Luminescence assay - time-lapse imaging

Following 16 hours of growth, cultures of V. cholerae N16961 pBB1 were diluted to an ODeoo
of 0.2 in artificial marine water and clear DMEM with 10 pg/uL of tetracycline, and polymers
at concentrations of 0.005 mg/mL, 0.05 mg/mL and 0.5 mg/mL. Samples were prepared in 200
uL using a glass-bottom 96-well plate. Images were taken every 30 minutes with 10 seconds
of exposure at 40X magnification, using an Evolve 512 EMCCD camera mounted on a Nikon-

Eclipse TE2000-U microscope. Image acquisition was done using Nikon NIS-Elements
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software and final images processed with ImageJ. Pixel intensity was determined from several

clusters within frame using ImageJ.

2.11.3 Luminescence assay of V. cholerae BH1578 pBB1 with supernatant and co-

cultured

V. cholerae BH1578 pBB1 was used to determine the effect of polymers on the production of
autoinducers. V. cholerae strains at an ODeoo 0f 0.2 were clustered for 16 hours with polymers
at concentrations of 0.005 mg/mL, 0.05 mg/mL and 0.5 mg/mL in 1 mL artificial marine water.
Supernatants were recovered by centrifuging cells and used to resuspend V. cholerae BH1578
pBB1 previously adjusted at an ODgoo of 0.2 in 200 pL. Luminescence was recorded for 15

hours at 37 °C using a FLUO Star Omega plate reader

Similarly, V. cholerae strains and V. cholerae BH1578 pBB1 were co-cultured in 200 uL final
volume and polymers added at concentrations of 0.005 mg/mL, 0.05 mg/mL and 0.5 mg/mL
in artificial marine water. Both strains were adjusted to a final ODego of 0.1. Incubation was
done at 37 °C with shaking a 200 rpm while luminescence and ODeoo Were measured every 30

minutes.

2.13 Caco-2 infection

2.13.1 Lactate dehydrogenase assay

Cytotoxicity was determined by following the release of lactate dehydrogenase enzyme from
the cytoplasm of host cells using a LDH cytotoxicity detection kit (Takara Clontech). During

the detection, the lactic acid is converted to pyruvate by the LDH with reduction of NAD*. This
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reaction is coupled with a second reaction were a diaphorase converts tetrazolium which is
yellow into formazan which is red, with oxidation of the NADH molecule. The intensity of the
red colour was measured at 420 nm. Epithelial cell line Caco-2 was seeded at a concentration
of 75,000 cells/mL in a 24-well plate. Plates were incubated until confluence was around 80 %
to start the assay. Following 16 hours of growth, a culture of V. cholerae pMW-gfp was diluted

in clear DMEM to end up with an MOI of 10 according to the formula:

0D600
3

To synchronize the infection, the plate was centrifuged at 1000x g for 5 minutes at 20 °C and

MOI 10 (uL) =

incubated for 7 hours. The lysis control was prepared by replacing the DMEM with 1% triton
X-100 for 10 minutes before sampling the supernatant.

At the time of the assay, 200 pL of each sample was transferred to a 96-well plate in triplicate
(600 uL in total) to have technical triplicates for each independent biological replicate. The
plate was centrifuged again, and 100 pL was transferred to a new 96-well plate which was
mixed with 100 pL of the LDH reagent mixture according to the manufacturer’s
recommendation. Absorbance at 490 nm was recorded to calculate the % cytotoxicity following

the equation:

Abs490 experimental release — Abs490spontaneous release

% Cytotoxicity = 100
% Cytotoxicity i Abs490 maximum release — Abs490 spontaneous release

, Where spontaneous release corresponds to untreated conditions and maximum release to triton

X-100 treatment.

2.13.2 Attachment assay — CFU/mL counting

V. cholerae adjusted to an MOI of 10 were clustered with P1, P2 or P3 at concentrations ranging
from 0.005 mg/mL to 0.5 mg/mL in clear DMEM for 1 hour prior to infection of Caco-2 cells,

using similar conditions as described above. Caco-2 cells forming a monolayer were exposed
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to clustered V. cholerae for 7 hours at 37 °C with 5 % CO.. Cells were washed with sterile PBS
to remove unattached bacterial cells and then were treated with 1 mL of 0.5 % triton X-100 in
PBS for 5 minutes. Once the debris was dislodged, serial dilutions were plated onto TCBS

plates and incubated at 37 °C for 16 hours. Colony forming units were expressed as CFU/mL.

2.13.3 Cyclic adenosine monophosphate enzyme-linked immunosorbent assay

(CAMP ELISA)

Following 16 hours of growth, cultures of V. cholerae N16961 were used to infect Caco-2 as
described previously. Cultures adjusted to MOI of 10 were incubated in clear DMEM with P1
or P2 for 1 hour at 30 °C before infection. Caco-2 cells forming a monolayer were infected with
clustered V. cholerae for 7 hours at 37 °C. Cells were washed and disrupted with 50 pL of 100
mM HCI to measure the intracellular cyclic adenosine monophosphate (CAMP) concentration
by enzyme-linked immunosorbent assay (ELISA) following manufacturer’s instructions
(Thermo Scientific). Concentration of cCAMP was estimated in pmol/mL from a calibration

curve made with pure CAMP.

2.13.4 Imaging V. cholerae pMW-gfp infection on Caco-2 cells.

Visualization of V. cholerae infection on epithelial cells was performed by placing coverslips
on the bottom of the 24-well plate before seeding cells for the LDH assay. After taking the
supernatant, cells were washed gently with 1 mL of PBS twice to remove any unattached cells.
Then, 500 pL of 4 % formaldehyde solution in PBS was added and incubated for 15 minutes
at room temperature. Fixed cells were washed twice with 1 mL PBS and permeabilization was

done with 1 mL of 0.1 % Triton X-100 no more than 5 minutes. Caco-2 staining was done by
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adding 250 uL of each dye, rhodamine-phalloidin (66 ng/mL) to stain actin, and Hoechst (10
pg/mL) to stain the nuclei and to incubate for 10 minutes at room temperature in the dark. The
coverslips were placed onto a drop of ProLong Gold Antifade Mountant on microscope slides,
with the cells facing downwards. Samples were incubated at room temperature for 16 hours in
the dark to cure the mountant, and visualisation was done under a Zeiss Axio Observer.Z1
microscope with 63X/1.4 Plan Apocromat objective coupled with Apotome2 (Zeiss). Image

acquisition was done with Zen Pro Software (Zeiss) and processed with ImageJ.

2.14 Zebrafish colonisation

2.14.1 Zebrafish infection by submersion and colony forming units counts.

Five days post fertilisation (d.p.f.) zebrafish embryos were exposed to V. cholerae. In order to
estimate the number of bacteria per ODsoo, cultures at different ODsoo Were plated out onto
TCBS and CFU/mL were estimated. Before the infection, V. cholerae 16 hours cultures were
adjusted to 10° and 10" CFU/mL in 2 mL of E3 media. At the same time, V. cholerae at this
CFU/ mL were clustered with sublethal concentrations of P1 and P2 for 1 hour at 30 °C before
infection. Supernatant was removed not disturbing any precipitate formed, and the volume was
replaced with E3. Groups of 5 larvae were added to each sample, incubating them at 25 °C with
constant rotation. Larvae were euthanised with an overdose of Tricaine (1600 pg/mL) and
homogenised by washing with PBS and incubating them with 1 % triton X-100 for 30 minutes.
Lysate was passed through a needle several times, and serial dilutions were plated onto TCBS

agar, incubating 16 hours at 37 °C and counting the colonies afterwards.
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2.14.2 Zebrafish imaging

Under similar infection conditions as described above, larvae were imaged. After 6 hours of
exposure to V. cholerae, zebrafish embryos were mounted directly into 0.4 % low melting point
agarose containing tricaine at a concentration of 160 pug/mL for immobilisation. Samples were
visualised at 32 °C and in 80% humidity, using a Zeiss Axio Observer.Z1 microscope with
10X/1.4 Plan Apocromat objective. Image acquisition was done with Zen Pro Software (Zeiss)
and processed with ImageJ. After imaging, embryos were euthanised by putting them in a Petri
dish with 20 mL of E3 media buffered with 2 mL of 0.1 M sodium bicarbonate and 1.6 mg/mL
of tricaine. Rigor mortis was determined by cessation of the heat beat checked under the

microscope.

2.15 Statistical analysis.

Statistical analysis of data was completed using GraphPad Prism version 6. Data were analysed
for statistical significance with a 2-way analysis of variance (ANOVA) using Tukey’s multiple
comparison test. Data are presented as means * standard error of the mean (s.e.m.) of three

biologicals replicates. p values for significance are indicated in each case.
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Chapter 3: Synthesis and characterization of
polymers poly(/NV-(3-aminopropyl)
methacrylamide) (P1), poly(/V-]3-

dimethylamino)propyl] methacrylamide) (P2)

and poly(acryloyl hydrazide) imidazole (P3)

Part of the results of this chapter has been published as part of a paper (Perez-Soto et al.,

2017).

70



3.1 Background

Polymers are used in many different industries and many applications. The annual production
of synthetic polymers rose to 299 million tonnes in 2013 and half of it was produced by free
radical polymerisation reaction (PlasticEurope, 2015). Many of these materials are
characterised by their strong resistance to environmental degradation, which can be a drawback

or an advantage depending on the application.

Polymerisation reactions of carbon-carbon backbone polymers such as polyacrylates
commonly occurs by a chain-growth mechanism (Reimschuessel, 1975). Here, the addition of
monomers takes place at the chain active end by transfer of free radicals, ions or transition
metals (Hacker and Mikos, 2011). The reaction involves three necessary steps; initiation,
propagation and termination. During initiation, an initiator agent collapses, leaving behind free
radicals that mediate the addition of monomers in a chain reaction during the propagation step.
The reaction ceases when free radicals pair on terminal carbons, or by removing a proton from
the chain. By doing so, there is poor control over the reaction and chains can grow
uncontrollably in length and branching. Therefore, “controlled/living radical polymerisation”
techniques have been developed to control the composition, length, and polymer structure, at
the same time increasing polymerisation yield and lowering polydispersity of the resulting
materials (Braunecker and Matyjaszewski, 2007). In order to control the polymerisation
process, these controlled reactions adjust the equilibrium between a low concentration of active
propagating chains and “dormant” chains which are unable to propagate, neither terminate

(Fischer, 2001).
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3.1.1 Free Radical Polymerisation

As the name suggests, Free Radical Polymerisation (FRP) involves the formation of free
radicals that catalyse the reaction. Free radical formation is achieved by the decomposition of
an initiation molecule through the application of an external source of energy such a
temperature, ultrasound or radiation, or chemically, for example through the reduction of H>O>
by transition metals (Nesvadba, 2012). Free radicals attack carbon-carbon double bonds of the
monomer and form a new bond with the fragmented initiator. The free radical at the chain end
reacts with the next monomer during the propagation phase. Finally, during termination phase,
free radicals at the end of a growing chain can pair with another growing chain, terminating
the reaction. The reaction can go through a second mechanism of termination known as
disproportionation, where free radical attacks the bond between the hydrogen and the carbon
right next to the active end. By doing so, one polymer ends with a CH3z while the other, free
radicals pair and form a double bond at the end of the chain (Fig. 3.1A). In the same manner,
free radicals can react with another C-H bond on the structure and branching can occur (Fig.
3.1B). Non-biodegradable C-C backbone polymers synthetized by this method include
poly(ethylene), poly(propylene), poly(styrene), and poly(acrylate) derivatives (Tokiwa et al.,
2009). However, the inclusion of degradable groups joining chains can improve the backbone
degradation. Among these groups disulphides, hemiacetal esters or o-nitrobenzyl esters have

been used for a controlled breakdown (Delplace and Nicolas, 2015).

Free radical polymerisation is highly versatile, and allows the engineering of numerous
polymer architectures including block (Raether et al., 2002), star-shaped with tri- to multi-arms
(Matyjaszewski, 2003) or grafted polymers (Shinoda and Matyjaszewski, 2001) with inorganic
or natural components, coating of surfaces or formation of nanoparticles (Zhao and Brittain,
2000, Pyun et al., 2003). Early free radical polymerisation reactions were restricted to the

monomer compatibility with solvents. Polymerisation reactions have been adapted to be
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performed in water, where the critical factor is the solubility and stability of the initiator or
control agent such as RAFT (reversible addition-fragmentation chain-transfer) agent or chain
transfer agent, discussed later (Qiu et al., 2001). Other solvents include ionic liquids such as 1-
butyl-3-methylimidazolium hexafluorophosphate used for room temperature transition metal
mediated living polymerisation of vinyl monomers (Carmichael et al., 2000). Also, free radical
polymerisation techniques have been adapted to be used in CO; saturated environments with
high dispersity (Clark and DeSimone, 1994) while supercritical CO. environments have been
used to enhance dispersity. The advantage is that there is no chain termination with the solvent,

the solvent is of low viscosity, and is environmentally benign.
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Figure 3.1. Free radical polymerisation reaction. A) Example of free radical polymerisation of
substituted ethylene with azobisisobutyronitrile (AIBN) as initiator agent. Reaction steps and
two possible termination processes. B) Branching event. Disproportionation but, in another
region of the linear chain produce branched structures as monomers can propagate. Normally,
FRP does not control the termination rate, therefore new polymerisation techniques apply
additional steps to control this rate such as the transference of the free radical to another
molecule.
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3.1.2 Controlled/Living polymerisation - Chain transfer

The polymerisation reaction can be controlled by controlling the active centre of the growing
chain, in other words, the free radical is transferred to another molecule or site in the polymer,
and the reaction terminates (Colombani, 1997). By doing so, the contribution of chain breaking
processes is low compared to the propagating chains when reaction conditions are favourable,
the propagation rate is uniform and the molecular weight, the dispersity and the addition of
monomers or specific functional groups are controlled (Qiu et al., 2001). A chain transfer event
can occur by removal of the free radical by virtually any C-H bond in the reaction mixture such
as the solvent, monomers or polymer. However, molecules with a weaker C-H bond simplify
the chain transfer reaction and are known as chain transfer agents. A common chain transfer
agent is thiol, since the CHsS-H bond has a bond enthalpy of 368 kJ/mol compared to 431 kJ/
mol for CHs-H (Dean and Lange, 1973). A variation of this technique is RAFT polymerisation
which allows designing different polymeric architectures while being compatible with
polymerisation of most of the monomers polymerisable by radical polymerisation. The
difference is that a molecule containing a dithioester group, known as RAFT agent, meditates
the free radical transfer. The reaction starts with the formation of free radicals by the initiator
molecules and propagating rapidly just attacking the monomer. By chance, the active centre of
the chain will attack a RAFT agent, and a new type of initiator is generated. Since the RAFT
agent is in excess compared with the initiator, the rest of the reaction is driven by this new
initiator. A re-initiation step begins, and the RAFT main equilibrium is reached when the
dithioester group binds two chains by weak single bonds that can dissociate, forming an active
chain and a chain coupled with the thioester. Addition of external energy such as heat can
control the dissociation. Finally, “dead” chains are formed by chains that undergo termination,

but the vast majority are “dormant” chains that in the presence of monomer and optimal
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reaction conditions can start another living polymerisation reaction (Fig. 3.2) (Chiefari et al.,

1998).

Other examples of controlled living polymerisation are nitroxide-mediated radical
polymerisation and atom transfer radical polymerisation (ATRP). In the first, a nitroxide jumps
in and jumps out the chain, generating an active centre in the chain where propagation occurs.
However, the reaction has important limitations, such as slow polymerisation Kkinetics, side
reactions when polymerising methacrylate monomers, and the difficulty of synthesising the
nitroxide group, resulting in few commercially available options (Grubbs, 2011). The ATRP
mechanism is similar to nitroxide-mediated radical polymerisation but is more versatile due to
the reactant chemistry. During the “dormant” state, polymers have attached a halogen group,
commonly bromide, and a copper catalyst. The capturing of the bromide generates a free
radical at the end of the chain where monomers can be added. However, the balance of the
reaction tends to go to the reactants or “dormant” species, preparing the chain for the next
monomer addition (Tang et al., 2006). In summary, the overall aim of living free radical
polymerisation techniques is to control the polymerisation rate by favouring a dormant state of

the chain by reversible deactivation.
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Figure 3.2. Scheme of the Controlled Radical Polymerisation RAFT mechanism. In step |
the radical is formed by dissociation of the initiator (I). During step Il, the radical is
transferred to a monomer (M) forming an activate polymer chain (P°,). In step Ill, the
radical from P*, specie is transferred to the RAFT agent allowing to form an equilibrium
between active and dormant species, this is noted as the RAFT pre-equilibrium. A new
specie Py is formed by the fragmentation of the RAFT agent and activating a new
monomer during step IV and the main equilibrium of the reaction is reached in step V. As
the RAFT agent is in excess compared with the initiator, P*, will be the main chain transfer
agent. Finally, termination occurs when two radicals encounter in step VI (Perrier, 2017).
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3.2 Results

3.2.1 Polymerisation of P1 and P2 by free radical polymerisation

Poly(aminopropyl) methacrylamide (P1) and poly(dimethyl)propyl methacrylamide (P2) were
synthesised from the commercially available monomers N-(3-aminopropyl)methacrylamide
hydrochloride and N-[3-(dimethylamino)propyl] methacrylamide, respectively. At
physiological pH, the overall charge of P1 and P2 should be cationic as P1 exposes a primary
amine (pKa 10.4 (Perrin et al., 1981)) and P2 exposes tertiary amine residues (pKa 9.61 (Perrin

et al., 1981)).

3.2.1.1 Synthesis and characterisation of P1

P1 was polymerised from N-(3-aminopropyl)methacrylamide and initiator agent was 4-4’-
azobis(4-cyanovaleric acid) (ACVA) in water as a solvent. The reaction was kept 18 h at 70 °C
with stirring in a Argon-degased environment. The reaction resulted in proton nuclear magnetic
resonance (*H NMR) spectrum shifts between monomer and polymer. Clearly, peaks
corresponding to the double bond environment disappeared from the 5.5 ppm region, and a
new peak appeared at nearly 0.5 ppm region for the polymer (Fig. 3.3A). Other peaks did not
change between monomer and polymer and remained in the same areas but changed in intensity.
Of note that broadening of the peaks base in polymer H NMR spectra resulted from the
overlapping of the proton environment which is characteristic of polymeric structures. The
integration of peaks resulted in the following as predicted locations were determined using

ChemDraw:
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Table 3.1. *H NMR integrations for P1.

6 ppm Environment Predicted region
3.11 3H CH3 backbone
2.93 2H CO-NH-CH
1.78 2H -CH2-NH>
1.63 2H -CH,-CH2-NH:2
0.98 1H CH2 backbone
0.83 1H CH2 backbone

Gel permeation chromatography (GPC) analysis was done at a flow of 0.6 mL/min at 40 °C
using 100 mM acetate buffer at pH 2.9. Two hydrophilic interaction column in tandem
separated the samples, a Shodex Asahipak GF-510 HQ and a GF-310 HQ. The analysis
demonstrated that the retention times for monomer and polymer were different. The GPC
profile showed the monomer eluting at 28.4 minutes, while reaction product eluted at 17.4
minutes (Fig. 3.3B). The theoretical molecular weight (Mn) of the polymer was determined as

46,997 g/mol, and the calculated dispersity (Bm) was 1.16.

The yield of the reaction was 14%, as from 500 mg of monomer only 70 mg of product was

recovered after precipitation with diethyl ether and freeze-drying.

Together, these results suggest that N-(3-aminopropyl)methacrylamide polymerised into P1.
'H NMR analysis showed a shift in the peak pattern suggesting a new molecule and GPC show

that this new molecule is larger compared with the monomer with a low yield for the reaction.

79



B u-|

aqt

gyl L

T T Y



B) T8 _m!-'!l:..'P -NP-GRC-Buffer 53 AP ae ELSD
e i 04T

| Monomer
|
0.0 |
SO0
1 1
400 o~
:-l:ll:l 1 ;. r".-r'!
oo 100 00 0.0 400 0.0 0.0
365 20141028 NP-GPC-Bufter 4 MNEO 0 ELSD
!
3001 | Polymer
| Il
260
1 f
4 II
200+ [
150-] |
1001
50
1
1 L S _ ey
0.0 0.0 200 0.0 a0 00 0.0

Figure 3.3. 'H NMR spectrum and GPC for N-(3-aminopropyl)methacrylamide and P1. A) *H
NMR spectrum for monomer and polymer; NMR was operating at 300 MHz and samples
dissolved in D2O (6 4.79), and characterisation was done by predicting the shifts with
ChemDraw and integration with MestreNova. In red letters are indicated the predicted
environments of the molecule that change from monomer to polymer. In green proton
environments that do not change from monomer to polymer. B) GPC was done in 100 mM
acetate buffer pH 2.9 at 40 °C and a flowrate of 0.6 ml/min. Samples were detected using an
evaporative light scattering detector (ELSD). Upper panel corresponds to the monomer while
the bottom panel corresponds to the resulted polymer.
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3.2.1.2 Synthesis and characterisation of P2

P2 was polymerised from N-[3-(dimethylamino)propyl] methacrylamide, with
azobisisobutyronitrile (AIBN) as an initiator and toluene as a solvent. The polymerisation
reaction was carried out prior to this work by L. Moule, and the resulting product was
characterised as part of the work described here. The reaction resulted in proton nuclear
magnetic resonance (*H NMR) spectrum shifts between monomer and polymer. Peaks
corresponding to the double bond environment disappeared from the 5.5 ppm region similarly
as the P1 reaction, and a new peak appeared at nearly 0.5 ppm region for the polymer (Fig.

3.4A)

According to the prediction by ChemDraw, the peaks corresponding to P2 and their

integrations were the following:

Table 3.2. *H NMR integrations for P2.

6 ppm  Environment Predicted region
7.51 1H CO-NH
2.96 2H CO-NH-CH
2.19 SH CH2-N-(CHz3)2 + CH3 backbone
211 6H N-(CHa)2

1.50 2H CH2-CH2-N
0.78 2H CH2 backbone

For GPC, the retention time of the reaction product was 20 minutes (Fig. 3.4B), with an average
molecular weight of 46,331 g/mol and a calculated Bwm of 1.14. The yield of the reaction was
87 %, as 1.66 g of product was recovered from 2 g (p 0.94 g/mL) of monomer. Together, these
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results suggest that N-[3-(dimethylamino)propyl] methacrylamide polymerised into P2. 'H
NMR analysis and prediction of proton environment peaks suggest the formation of a new
molecule as broad bases were observed in the *H NMR spectra, at the same time that GPC
analysis resulted in the synthesis of a large molecule with a high reaction yield compared with

P1.
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Figure 3.4. 'H NMR spectrum and GPC for N-[3-(dimethylamino)propyl] methacrylamide and
P2. A) H NMR spectrum for monomer and polymer; NMR was operating at 300 MHz and
samples dissolved in D20 (6 4.79), and characterisation was done by predicting the shifts with
ChemDraw and integration with MestreNova. In red letters are indicated the predicted
environments of the molecule that change from monomer to polymer. In green proton
environments that do not change from monomer to polymer. B) GPC was done in 100 mM
acetate buffer pH 2.9 at 40 °C and a flowrate of 0.6 ml/min. Monomer sample (Upper panel)
was detected using a UV/VIS detector at 254 nm while polymer sample (bottom panel) was
detected by refractive index (RI) detector.
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3.2.2 Synthesis and characterization of P3

The synthesis and characterisation of the P3 backbone, poly(acryloyl hydrazide), was reported
previously together with the conjugation of soluble and insoluble aldehydes (Crisan et al.,
2017). P3 backbone was produced by reverse addition-fragmentation chain transfer (RAFT)
which can be conjugated with soluble aldehydes in aqueous conditions. Taking advantage of
this, P3 was generated by conjugating 2-imidazolecarboxaldehyde (pKa 6.95 (Perrin et al.,
1981)) with the existing poly(acryloyl hydrazide) backbone at a ratio of 2:1, and the reaction
was incubated for 2 hours at 60 °C. Crisan et al. reported 74 % of aldehyde coupling in aqueous
conditions. P3 was prepared immediately prior to experiments and used without further
purification, to avoid spontaneous decoupling of the aldehyde during prolonged storage (Fig.

2.1).
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3.3 Discussion

This chapter discusses the synthesis and characterisation of the polymers poly(N-(3-
aminopropyl) methacrylamide) (P1), poly(N-[3-dimethylamino)propyl] methacrylamide) (P2)
or poly(acryloyl hydrazide) imidazole (P3) which were subsequently used to cluster bacteria.
All of these polymers expose different amines that should be protonated at physiological pH,
resulting in a cationic net charge. According to the amine structure, polymer polarity could be
classified as P1>P2>P3. Although their synthesis route is different, all three polymers share
features at their backbones. Therefore, any differences in effects they exert over bacterial cells
will be due to differences in the interactions between the bacterial surface and the polymer’s
lateral groups. P1 and P2 differ in the amine exposed at the end of the side group whereas P3
differ in the amine group and a double bond resulted from the imidazole ring coupling (Fig.
2.1). This structure could potentially be an issue for long-term stability of the material, as P3
imidazole group could be decoupled after longer periods. When preparing polymer solutions,
P1 was readily solubilised in any of the tested media, P2 was soluble as well, but it took longer
to be completely dissolved. In the case of P3, after the coupling and for almost 48 hours the
solution was translucid, and after that white precipitates were formed at the bottom of the tube
when it was prepared in DMEM media. For this reason, P3 was prepared and used immediately

before each experiment.

The final yields for P1 and P2 polymerisation differed which can be the result of a poor
performance of the material under the reaction conditions, or material was lost during post-
reaction processing such as dialysis steps. Polymerisation is expected to yield molecules with
different physicochemical properties as their monomers. Therefore the behaviour of the
molecule in the reaction or the purification solvent might be different (Taylor and Nasr-El-Din,

1998). A typical change from monomer to polymer is the increase in viscosity of the final
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product, as multiple factors including temperature, pressure, molecular structure or the

auxiliary processing additives affect polymer viscosity (Burow et al., 1964).

Despite the low yield for P1, both polymers in aqueous solutions exhibit patterns on the *H
NMR spectrum associated to polymers. For both materials, 'H NMR peaks corresponding to
backbone or side chain protons are broad in their bases as environments overlap (Fig. 3.3A and
3.4A bottom panels). Despite this overlap, the estimation of proton per environments can be
done under the conditions used in this study. The study of polymers through NMR is
challenging, but some strategies have been developed to distinguish changes in the structure of
polymer. High-resolution NMR can identify head to tail arrangement from head to head units
which are...-CH2-CHR’-CH2-CHR-... to ...-CH>-CHR-CHR-CHa-... when polymerising
vinyl monomer of the type Ho.C=CHR (Saalwachter and Reichert, 2010). Also, the kinetics of
monomer-to-polymer transition helps to study the rate of monomer conversion (Colombani et

al., 2010)

The GPC analysis showed the shift in retention time between monomer and polymer (Fig 3.3B
and 3.4B). Estimated values for the Mn and dispersity were calculated against
polyethyleneglycol oligomers standard curve. Since the monomers for P1 and P2 differ just in
the amine groups, under similar reaction conditions, the product is similar as well. Both
polymers exhibit similar Mn (46,000-47,000) and similar calculated Pm (1.16 and 1.14,
respectively) resulting in a calculated molecular weight of around 50000, estimated from the
relation Bm=Mw/Mn. However, these values are calculated, and Bwm close to 1 is unrealistic for
FRP reactions since many terminations occur and chains do not elongate at the same rate.
During a controlled radical polimerisation reaction, the control over the elongation rate could
result in values close to 1. Nevertheless, under the reaction conditions used in this study, is
expected to have values larger than 1. Possibly, this could be a result of a poor separation of
the polymer sample under the flow conditions that resulted in a fast and low resolutive elution,
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as peaks, especially in P1, are narrow. Poor control over the reaction results in broad-base peaks

as many terminations occur, in other words polymers of different lengths are formed.

The synthesis of P3 was different from P1 and P2. Here, the polymer backbone was synthesised
by RAFT, having in mind the capacity to be coupled with different binding groups though a
modulator group at the side chain composed by a hydrazide group. These groups can be stably
conjugated with aldehydes at neutral pH which allows developing polymer libraries. This
approximation allows screening different groups with relevance in biomedical applications. In
this work, P3 was included in some experiments to explore the potential to cluster bacteria after
the coupling of an imidazole ring which shows a pKa of 6.95, lower than the other two polymers.
However, although P3 was able to cluster bacterial cells without compromising the cell
integrity (as discussed later in chapter 4), its use was restricted to some experiments mainly
due to the limited impact on cellular functions described in the following chapters when

compared with P1 or P2.
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Chapter 4: Vibrio cholerae cells are captured by
cationic polymers and form clusters.

Part of the results of this chapter has been published as part of a paper (Perez-Soto et al.,

2017).
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4.1 Background

Numerous studies have been focused on maximising the antimicrobial properties of cationic
polymers (Kuroda and Caputo, 2013, Scott et al., 2008, Som et al., 2008). Recent articles have
explored the capacity to capture bacterial cells into clusters and immobilizing them while they
are still viable (Lui et al., 2013, Xue et al., 2011, Louzao et al., 2015). By displaying cationic
groups on polymers, binding occurs though non-specific electrostatic interactions with the
bacterial cell envelope, possibly to teichoic acid in Gram-positives and phospholipids along
with the LPS in Gram-negatives (Louzao et al., 2015). Polymers have been used as antifouling
surfaces inhibiting the adhesion of pathogens directly or displaying ligands to compete for the
site of attachment disrupting bacterial adhesion (Hook et al., 2012). However, poly(N-(3-
aminopropyl) methacrylamide) (P1), poly(N-[3-dimethylamino)propyl] methacrylamide) (P2)
or poly(acryloyl hydrazide) imidazole (P3) fall into a third group; materials that induce a
specific microenvironment for the bacterial cell through clustering. The polymer-mediated
immobilisation of bacterial cells into clusters has been studied in species such as the Gram-
positive S. aureus and the Gram-negatives E. coli, P. aeruginosa and V. harveyi (Louzao et
al., 2015). The multivalence of the materials plays an important role in these applications to
tighten the binding when bacteria are immobilised into clusters. However, the aggregation of
cells into clusters has suggested that diffusion of nutrients and other relevant molecules, such

as quorum sensing autoinducers, could be affected (Lui et al., 2013).

The clustering of V. harveyi induces controlled phenotypes as polymers are designed to have
dual action over quorum sensing signal molecules; on one hand autoinducer-2 (Al-2) was
arrested through a poly(vinyl alcohol) and on the other, clustering was achieved with
poly(dimethyl)propyl methacrylamide (Lui et al., 2013). Similarly, multibranched dendrimers

have been used to capture V. harveyi into clusters, inducing a quorum sensing-controlled
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phenotype as bioluminescence is increased while viability is maintained. Here, the dendrimer
exposes primary amines similar to P1 (Leire et al., 2016). The physical capturing of the
bacterial cell also implies a transition from a planktonic to sessile-like lifestyle, interfering with

cellular processes such as motility.

4.1.2 Motility as virulence factor in pathogenic Vibrio species.

Motility is often related to chemotaxis as bacteria moves toward nutrients or chemical gradients.
The movement is mediated by specialised surface appendices where the flagellum is an
essential structure. The flagellum is a rotatory organelle consisting of a molecular motor
anchored to the inner membrane, a basal hook complex where the self-assembled rotatory
filament protrudes (Josenhans and Suerbaum, 2002). The direction of the rotation dictates
repulsion or attraction since the machinery is linked to the chemotactic signalling cascade
(Moisi et al., 2009). In E. coli the power to move the flagella comes from the H* gradient across
the membrane when H* from outside moves inside the cells through specialised proteins MotA
and MotB that move a protein rotor (Kojima and Blair, 2004). In V. cholerae, the force to rotate
the polar flagella is driven by a Na* motor allowing a maximum speed of 100 um/s (36 cm/h)
(Utada et al., 2014). During motility, V. cholerae mechanically scans the surface where
adhesion will be established by exhibiting two patterns of movement; roaming, where the cell
rotates following wavy trajectories leading to skim large areas, and orbiting, where the cell
moves in tightly curved trajectories to scan small surfaces (Teschler et al.,, 2015). The
movement is accompanied by the extension of pili from the surface to detect substrates where
to initiate adhesion. A theoretical model of V. cholerae motility demonstrated a synergistic
effect between the flagella and pili during motility as the friction expected by the movement

over a surface favours the action of sensory pili (Utada et al., 2014). The relationship between
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pattern of movement and induction of genes has been extensively studied in the important
human pathogen and related Vibrio species Vibrio parahaemolyticus. This pathogen possesses
a dual flagellar system that helps the bacteria to “swim” or “swarm”. A Na'-driven polar
flagellum similar to V. cholerae, is continually produced while H*-driven lateral flagella is
induced when growing over surfaces. The lateral flagella system laf is encoded in 38 genes
located in two loci with a biphasic type of expression. The transcription of early laf genes is
mainly controlled by LafK, a 6>*-dependent regulator, while the transcription of late laf genes
is controlled by a lateral-specific 6?® regulator (Stewart and McCarter, 2003). Although V.
cholerae lacks homologous laf genes, it is interesting to see that induction of pathogenicity in
V. parahameolyticus responds to impediment to polar flagella movement as virulent trait are
co-regulated with swarming rather than swimming. In addition, the absence of the lateral
flagella regulator LafK not only resulted in defective growth over surface but cytotoxicity was
diminished (Gode-Potratz et al., 2011). Although motility has been pointed out to be important
for V. cholerae pathogenicity, the direct implication in the virulence induction remains unclear
(Gardel and Mekalanos, 1996). Unlike previous reports that non-motile V. cholerae were
unable to colonise the host tissue, Millet et al. demonstrate that non-motile bacteria cannot
colonise the proximal section of the small intestine, but colonisation occurs at the distal portion
(Millet et al., 2014). Moreover, the change in the colonisation patter is not due by the lack of
FlaA, but the absence of MotB from the flagellar rotatory machinery. An article has pointed
out that the ¢>* factor RpoN is a central regulator of the flagellar genes ensuring the balance
between flagella biosynthesis and expression of colonisation factors during infection. The
absence of RpoN or its constitutive expression resulted in deficient colonisation of the small

intestine in mice (Prouty et al., 2001).

In this chapter, the cationic polymers poly(N-(3-aminopropyl) methacrylamide) (P1), poly(N-

[3-dimethylamino)propyl] methacrylamide) (P2) or poly(acryloyl hydrazide) imidazole (P3)
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were tested to determine if the polymers are able to form bacterial clusters, and if this
interaction is not cytotoxic. Moreover, the interaction mediated by electrostatic forces, it was
determine if this binding can be disrupted by increasing the ionic force to determine how the

clustering impacts on motility.
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4.2 Results

4.2.1 Cationic polymers form clusters upon contact with V. cholerae.

Bacterial clustering induced by cationic polymers was described previously in V. harveyi, S.
aureus, E. coli and P. aeruginosa (Louzao et al., 2015, Lui et al., 2013). In order to investigate
the potential of  poly(N-(3-aminopropyl)  methacrylamide)  (P1), poly(N-[3-
dimethylamino)propyl] methacrylamide) (P2) or poly(acryloyl hydrazide) imidazole (P3) to
capture V. cholerae cells, these cationic polymers were added in solution and the clustering
was followed over time. V. cholerae cells were adjusted to an ODeoo 1.0 in 1 mL of clear
DMEM media with polymers at concentrations of 0.005 mg/mL, 0.05 mg/mL and 0.5 mg/mL.
At different time points (15 and 60 minutes) an aliquot of 10 pL was mounted onto a
microscope slide and visualised under a microscope using a differential interference contrast
filter at 60x. Cluster formation progressed by immobilisation of an initial group of cells and
increased in size as more bacteria were added. No significant differences were observed in the
clustering using P1, P2 or P3. Clusters were formed over the 15 minutes and remained stable
over the time the experiment took (Fig. 4.1A). Similarly, V. cholerae GFP-labelled was
clustered with P1 or P2 at 0.5 mg/mL in clear DMEM and clusters were visualised under a
spinning disc fluorescence microscope after 15 minutes of incubation. Rendering the Z-
projection of the sample, the volume of clusters was observed showing the three-dimensional

shape of clusters. No significant differences were observed between using P1 or P2 (Fig. 4.1B).

These results suggest that the clustering is mediated by electrostatic interactions between the
positively charged amine and the negatively charged bacteria. V. cholerae is captured by the

polymer and motility is not observed from the cluster members.
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Figure 4.1. Micrographs of V. cholerae N16961 in PBS (pH 7.4) with polymers. A) Optical
microscopy with DIC filter at 60x of magnification. Poly(N-(3-aminopropyl) methacrylamide)
(P1), poly(N-[3-dimethylamino)propyl] methacrylamide) (P2) or poly(acryloyl hydrazide)
imidazole (P3) were added at 0.05 or 0.5 mg/mL and pictures were taken after 15 or 60 minutes
of incubation. Scale bar corresponds to 5 um. B) GFP-labelled V. cholerae incubated with P1
or P2 at 0.5 mg/mL for 15 minutes. Images were taken using a spinning disc microscope and
z-projection of maximum intensities is shown in different colours according to the z-depth, 17
pum in the P1 sample, and 27 pm in the P2 sample.
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4.2.2 P1 clusters V. cholerae in a concentration-dependent manner.
Upon contact poly(N-(3-aminopropyl) methacrylamide) (P1), poly(N-[3-
dimethylamino)propyl] methacrylamide) (P2) or poly(acryloyl hydrazide) imidazole (P3)
clustered V. cholerae rapidly, and no gross differences were observed after 15 minutes (Fig.
4.1A). In order to determine if the polymer concentration is a critical factor to determine the
cluster size as well as the speed that the phenomenon occurs, a kinetic clustering analysis was
done. The size distribution of bacterial clusters was measured at different concentrations of P1
ranging from 0.005 mg/mL to 0.5 mg/mL in 5.6 mL clear DMEM with V. cholerae adjusted to
an ODeoo of 0.5 under stirring. The light diffraction of the clusters was variable depending on
the concentration of polymer going from 1 um when polymer was absence to nearly 10 um at
0.5 mg/mL with a low proportion of bigger particles (Fig. 4.2A). Similarly, clustering kinetics
were followed through the measuring of the size particle for 10 minutes each 30 seconds. V.
cholerae adjusted to an ODsoo 0f 0.5 was exposed to 0.0 mg/mL and 0.5 mg/mL in 5.6 mL of
clear DMEM with stirring. In order to determine whether bacteria were clustered, particle
diffraction was plotted as a percentage of the particles with a diameter larger than 2 um
(corresponding to the average cell length of V. cholerae). The clustering proceeded quickly and
reached equilibrium a few minutes after the polymer was added. At 0.05 mg/mL, the
equilibrium was reached after nearly 3 minutes while with 0.5 mg/mL it was reached almost

immediately (Fig. 4.2B).

These results suggest that the concentration of cationic polymer P1 is a limiting factor of the
cluster size and the timing of the clustering process, demonstrating that clustering occurs within

minutes of polymer exposure.
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Figure 4.2. Analysis of clustering kinetics and polydispersity by laser diffraction of V. cholerae
clusters with P1. Analysis was done using a MasterSizer 3000 laser diffractor and data collected
by using its proprietary software. A) Average diameter of clusters induced by P1 at
concentrations of 0.005 mg/mL, 0.05 mg/mL and 0.5 mg/mL in clear DMEM and bacteria at
ODsoo of 0.5. B) Concentration-dependent kinetics analysis of particle size distribution for P1
induced clustering. Clusters are defined as particles of a mean diameter larger than that of
individual bacteria (2 pm).
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4.2.3 V. cholerae motility is inhibited by clustering but restored by increasing the

ionic strength of the medium.

The physical capturing of V. cholerae suggests a detrimental effect on motility as clustering
leads to immobilisation. In order to determine if clustering prevents V. cholerae to swim in
aqueous media a motility assay was done in semisolid LB agar plate. LB plates were prepared
with 0.4 % of agar in order to partially restrict the motility of V. cholerae to observe
impediment of movement as result of the clustering. Bacteria at an ODegoo 0f 1.0 were clustered
for 16 hours with P1 or P2 at concentrations of 0.005 mg/mL, 0.05 mg/mL and 0.5 mg/mL in
1 mL clear DMEM at 30 °C with no shaking. Clusters flocculated at the bottom of the tube and
1 uL aliquots from there were used to pierce the agar and deposit the bacteria. The remaining
sample was washed with 200 mM NaCl PBS to disrupt electrostatic interactions, and 1 puL was
used to pierce another soft agar plate. Both sets of plates were incubated 16 hours at 37 °C.
Images of plates were taken using a ChemiDoc MP System (Bio-Rad) with a ruler as scale. As
expected, V. cholerae motility was prevented significantly at higher concentrations of P1 and
P2, and the effect was concentration-dependent. The disruption of the polymer-bacteria binding
resulted in the liberation of bacterial cells, and motility was restored (Fig. 4.3A).
Transcriptional analysis of the induction of selected flagellar genes was done in order to detect
differences due to the impact of the clustering. V. cholerae N16961 was carrying the pRW50-
oriT vector. This vector contains the genes from the lac operon, a tetracycline resistance and
an oriT sequence that was inserted from a broad host plasmid pRK2. Fragments from the
upstream region of flaA (298 bp upstream from the transcription initiation site) and flaE (332
bp upstream from the transcription initiation site), both related to the synthesis of the flagella,
were cloned upstream of the lac operon. FlaA corresponds to the subunit of the polar flagella
whereas FlaE is a component of the basal structure of the flagella (Syed et al., 2009). Aftera 7

hours incubation with P1 at 0.05 mg/mL or P2 and P3 at 0.5 mg/mL the induction of lacZ
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reporters was measured from bacteria washed with 200 mM NaCl. There were no large
differences at the same time the sample showed variability. In general, P1 down-regulated flaA-

lacZ and flaE-lacZ whereas P3 down-regulated flaE-lacZ (Fig. 4.3B-C)

These results suggest that motility of V. cholerae is limited upon clustering with cationic
polymers while by increasing the ionic strength in the media, the motility is restored confirming
that clustering is mediated by electrostatic interactions that can be broken in the presence of
competing electrolytes. Polymers showed a mild down-regulation of fla genes, especially P1

at 0.05 mg/mL

100



A) P1 (mg/mL) P2 (mg/mL)

Untreated

NaCl 200 mM

B) flaA promoter C) flaE promoter
2500+ 2500-
,, 2000 ,, 2000
§1500- §1500-
2 10001 3 1000-
= s00- , s T = 500- LM
\*@e‘ AL \*@e* SR AR
ePQO -sPQO

Figure 4.3. Motility of V. cholerae in 0.4% agar LB plates and transcription of fla-lacZ
reporters. A) Polymers were added at indicated concentrations, and clustering was done with
bacteria at 1.0 in ODggo in clear DMEM and incubated 16 hours at 30 °C. 1 pL from flocculated
bacteria was used to pierce the agar. The rest of the sample was washed with 200 mM NacCl
PBS, and 1 uL used to pierce another soft LB plate. After 16 hours incubation at 37 °C pictures
were taken using a ChemiDoc MP System (Bio-Rad). fla-lacZ reporters were used to
measuring levels of transcription with P1 at 0.05 mg/mL while P2 and P3 were added at 0.5
mg/mL. B) flaA-lacZ and C) flaE-lacZ were incubated at sublethal concentrations to induce
clustering of bacteria at ODsoo of 0.2. After 7 hours, B-galactosidase activity was measured
(section 2.10.1). Each bar corresponds to the mean + s.e.m. of three biological repetitions.
Analysis of variance (ANOVA), followed by Tukey’s post hoc test, was used to test for
significance. Statistical significance was defined as p<0.05 (*) and p<0.005 (***). For
consistency, the Miller Units axis (y-axis) is the same as in virulence f-galactosidase assays.
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4.2.4 Polymer-induced clustering does not affect bacterial growth

The effect of cationic polymer on bacterial viability differs significantly according to the charge,
hydrophobicity, concentration of material and the bacterial species used (Louzao et al., 2015).
Such differences may result in bactericidal activity or merely clustering, as seen with poly(N-
(3-aminopropyl) methacrylamide) (P1), poly(N-[3-dimethylamino)propyl] methacrylamide)
(P2) or poly(acryloyl hydrazide) imidazole (P3). To determine if the clustering negatively
impacts the bacterial proliferation, growth curves were done. Since ODgoo measurement relies
on light scattering, the formation of clusters may interfere with the measurements. In order to
overcome this drawback, fluorescence was used as a proxy of bacterial propagation. GFP-
labelled V. cholerae carrying pMW-gfp was diluted to an ODegoo of 0.02 in clear DMEM and
P1, P2 or P3 were added at a concentration ranging from 0.00005 mg/mL to 0.5 mg/mL in 200
uL using a 96-well plate. The plate was incubated at 37 °C with 200 rpm shaking, covered with
a membrane to avoid evaporation. GFP fluorescence (Excitation 488 nm Emission 509 nm)
was recorded every 30 minutes for 25 hours. Bacterial growth was unaffected by clustering,
except at 0.5 mg/mL of P1. Moreover, despite 0.5 mg/mL of P1, growth was similar in all the

other conditions (Fig. 4.4).

In conclusion, this experiment suggests that the interaction of polymers with the bacteria did
not affect the growth significantly. Nevertheless, the GFP signal increases slowly nearly after
5 hours which could be due to another effect of polymers such increase in media viscosity or

residual cell damage.
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Figure 4.4. Effect of clustering on bacterial growth. GFP-labelled V. cholerae carrying pMW-
gfp was adjusted to an initial ODeyo of 0.02 and exposed to poly(N-(3-aminopropyl)
methacrylamide) (P1), poly(N-[3-dimethylamino)propyl] methacrylamide) (P2) or
poly(acryloyl hydrazide) imidazole (P3) at concentration ranging from 0.00005 mg/mL to 0.5
mg/mL in 200 pL using a 96-well plate. GFP fluorescence, in relative fluorescence units (RFU)
was recorded every 30 minutes for 25 hours. Results are plotted as means + s.e.m. of three
independent experiments.
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4.2.5 Membrane integrity is not significantly compromised by polymer-induced

clustering

Polymers interact directly with the bacterial cell envelope; this interaction may lead to piercing
of the bacterial surface (Palermo et al., 2010). Although bacterial propagation is not
compromised at most of the tested concentration, it is unclear if there is cellular damage which
is commonly associated with cationic polymers. Fluorescent-activated cell sorting (FACS) was
used to determine the population of cells that present increased membrane permeability using
a differential fluorescent staining. LIVE/DEAD® cell viability staining uses lipophilic SYTO9®
which emits green fluorescence and lipophobic propidium iodide (PPi) which emits red
fluorescence; both stains bind to bacterial DNA. Every cell will stain with SYTO9® but,
membrane perforation allows PPi to reach the bacterial DNA located in internal compartments,
displacing the green signal. V. cholerae cells were adjusted to an ODgoo of 1.0 in PBS and
incubated with P1, P2 or P3 at concentrations ranging from 0.00005 mg/mL to 0.5 mg/mL, in
1 mL. Samples were kept at 30 °C for 16 hours without shaking. 1 pL of 1:1 mixture of dyes
was added to 300 pL of clustered bacteria and loaded into FACS. A total of 10,000 events were
counted to determine the red and green fluorescence. Gates were adjusted according to “live”
population (untreated cells) and “dead” population (cells treated with 70% 2-propanol).
Membrane integrity was largely uncompromised except at high concentrations of P1 which is

in accordance with the growth curves (Fig. 4.5A).

The interaction at molecular level between cationic polymers with the membrane is not well
understood. Studies done on liposomes and molecular dynamics approximations have
suggested that the binding of polymers may affect the integrity of the outer membrane (Kozlova
et al., 2001). An NPN (N-phenyl-1-naphtylamine) assay was done with V. cholerae adjusted
to an ODgoo 0f 0.5 and clustered with P1 or P2 at 0.005 mg/mL, 0.05 mg/mL or 0.5 mg/mL in

1 mL of 5 mM HEPES pH 7.2. Samples were incubated for 16 hours. NPN was loaded to a
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final concentration of 10 uM and end-point fluorescence was measured exciting at 355 nm and
emitting at 460 nm. Cells clustered with P1 showed increasing amounts of NPN loaded as the
concentration of polymer increased, but this effect was not as clear with P2, where only 0.05

mg/mL showed a significant difference with untreated bacteria (Fig. 4.5B).

These results suggest clustering by poly(N-(3-aminopropyl) methacrylamide) (P1), poly(N-[3-
dimethylamino)propyl] methacrylamide) (P2) or poly(acryloyl hydrazide) imidazole (P3) is
largely not detrimental to the membrane integrity as at the concentrations tested the bacterial
cell membrane was not compromised except at 0.5 mg/mL of P1. However, the outer
membrane is affected to an extent where lipophilic NPN was loaded as result of the clustering
which was evident when using P1 as loading was concentration-dependent. Although P1, P2
or P3 are not antimicrobial polymers, it is not possible to rule out if the disruption of the outer

membrane may resemble the effect of an actual antimicrobial material.
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Figure 4.5. Effect of clustering on the bacterial cell wall. A) V. cholerae N16961 was incubated
for 16 hours with P1, P2 or P3 in serial dilutions. ODeoo Was adjusted at 1.0 and then stained
with LIVE/DEAD cell viability kit. The population of “live” bacteria (solid bars) have the
membrane intact while “dead” bacteria (dashed bar) allows membrane permeation and DNA
binding of the red dye. b) Cells of V. cholerae N16961 at an ODeoo of 0.5 treated with P1 and
P2 at different concentrations 16 hours. When outer membrane is disrupted, NPN loads the
membrane and fluorescence were recorded at 460 nm. Analysis of variance (ANOVA),
followed by Tukey’s post hoc test, was used to test for significance. Statistical significance is
defined as p<0.05 (*), p<0.002 (**) from three independent measurements.
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4.3 Discussion

This chapter describes the effect of physical contact between cationic polymers and the V.
cholerae cell wall and how this interaction impacts cell viability. Cationic polymers have been
reviewed for their antimicrobial properties as an alternative to the use of traditional antibiotics
(Mufioz-Bonilla and Fernandez-Garcia, 2012, Yang et al., 2017). Their synthesis is cheap and
allows to fine-tune features such as charge or hydrophobicity, resulting in changes in their
toxicity. Such properties have been highlighted previously for the potential to manipulate
bacterial behaviour without compromising the physiology (Lui et al., 2013, Xue et al., 2011).
In this line, polymers P1, P2 and P3 were tested to determine their ability to capture bacterial

cells into clusters and determine if this clustering affects bacterial viability.

The polymers shared the same backbone but different amines as decorating groups. These
amine groups are partially or entirely protonated at physiological pH, driving cellular
sequestration by targeting the phosphate moiety of the lipopolysaccharide. Similar to previous
studies done in V. harveyi (Lui et al., 2013), V. cholerae was quickly clustered by all three
polymers used (Fig. 4.1A), producing a precipitate. The clustering kinetics by P1 demonstrate
the dose-dependence of cluster formation/clustering kinetics as well as cluster size (Fig. 4.2).
Since clustering reaches an equilibrium after a few minutes, the clustering may start with the

formation of a core that increases in size as more bacteria are being captured.

The capacity of polymers to capture V. cholerae into clusters is indicative of the impairment in
motility. Since the interaction of cationic groups with the membrane occurs through
electrostatic interactions, the motility was fully restored once these bonds were disrupted by
increasing the ionic strength of the buffer (Fig. 4.3A). Also, the force transition to a sessile
lifestyle impacts the expression of fla genes, especially during clustering with P1 (Fig. 4.3B-

C). During movement, the bacteria are avid to find sugar-rich surfaces especially ones rich in
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mannose, to adhere. Then, once sessile, processes such as infection or production of biofilms
are triggered (Silva and Benitez, 2016). Details of the attachment process and biofilm synthesis

will be discussed in Chapter 5.

The antimicrobial properties of cationic polymers are mainly due to the interactions established
with negatively charged components of the bacterial cell envelope, phospholipid bilayer and
anionic sugars of the LPS, followed by intercalation due to the amphiphilic polymer backbone.
These dynamics result in critical perturbations of the membrane compromising its integrity
(Palermo et al., 2010, Palermo and Kuroda, 2009, Siedenbiedel and Tiller, 2012). Nonetheless,
the toxicity of the materials can be balanced by modulating the hydrophobicity and the cationic
strength. It has been reported that a low degree of polymerisation and/or adding a hydrophobic
tail increases the antimicrobial properties (Grace et al., 2016). Polymers presented here are
long and completely substituted, which might be reflected in the little impact on the V. cholerae
physiology such as growth and cell viability, as they were not affected at most of the tested

concentrations.

Since optical density relies on light scattering, following the bacterial growth by ODsoo during
clustering might result in misreading of the growth. For this reason, GFP fluorescence was used
as a proxy of growth instead. Growth curves show that only 0.5 mg/mL of P1 have a
bactericidal effect while with P2 and P3 the effect is minimal (Fig. 4.4). Although the growth
was mostly unaffected by the clustering, this method does not indicate whether bacterial
damage is produced which is common when using cationic polymers (Phillips et al., 2017).
LIVE/DEAD staining demonstrated that the clustering upon contact with cationic poly(N-(3-
aminopropyl) methacrylamide) (P1), poly(N-[3-dimethylamino)propyl] methacrylamide) (P2)
or poly(acryloyl hydrazide) imidazole (P3) had little impact on inner membrane permeability
as is not enough to pierce it, except a 0.5 mg/mL of P1 (Fig. 4.5A). Nevertheless, the outer
membrane seems to be disturbed as a dose-dependency in the load of NPN is observed when
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clustering with P1 (Fig. 4.5B). This dose-dependency was not clear when clustering with P2 as
values were variable. Since the binding of the polymers is charge-mediated, the clustering
mediated by a net positive charge will be different for each polymer at physiological pH, not
considering that the scaffold of P3 is 60 % shorter than the other two polymers. This reduced

length might also affect the strength of the binding as well as the effect over the membrane.

This chapter describes the interaction between V. cholerae cells with cationic polymers, leading
to the formation of clusters with little impact on cell integrity. Since clustering occurs through
electrostatic interactions, charge plays a key role in binding to membrane structures. In the case
of V. cholerae, this binding does not appear to cause significant permeabilisation of the cell
envelope, except at a higher concentration of P1 which is the most polar polymer of the group,
and to a lesser extent P3. In the next chapter, the effect of clustering on the expression of
quorum sensing phenotype of V. cholerae is characterised. At the same time polymers can
induce phenotypic changes due to signalling tied to sensing of polymers, or due to polymer

induced impaired motility, some of which will be discussed in the following chapters.
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Chapter 5: Clustering by cationic polymers
induces Vibrio cholerae biofilm formation

Part of the results of this chapter has been published as part of a paper (Perez-Soto et al.,

2017).
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5.1 Background

Biofilm communities are associated with numerous species of bacteria embedded in a self-
produced exopolysaccharide. Such communities have a large impact on virulence as infection
can be developed by few bacteria. At the same time, the extracellular polysaccharide layer
protects the community from harsh environments increasing the tolerance of pathogens to
antimicrobial compounds (Flemming et al., 2016). During a sessile lifestyle, attached bacteria
are allocated within the matrix at different depths depending on their physiological
requirements. In a mature biofilm, anaerobes prevail deeper in the matrix where the
concentration of oxygen is low, while aerobes are located near the biofilm surface. Between
these two groups, fermentative and facultative anaerobes are located. Besides the oxygen
gradient, a nutrient gradient dictates the environmental conditions that members of the biofilm
community are exposed to where in nutrient-rich areas, cells are metabolically active while in
nutrient-poor areas cells are dormant, starving or dead (Flemming et al., 2016). Another
phenotype usually associated with biofilms is the “viable-but-not-culturable” (VBNC) state
which is characterised by alive bacteria that are not growing or dividing as the metabolic
activity is low, and bacteria can remain in this state for long periods (Oliver, 2005). The VBNC
phenotype is associated with hypervirulent phenotypes in V. cholerae as fewer VBNC cells can
start an infection which is critical when a portion of biofilm is ingested by the host (Almagro-
Moreno et al., 2015a). Interestingly, the co-culturing of V. cholerae O1 or 0395 VNBC with
eukaryotic cells HT-29, promotes the transition to culturables when human catalase activity is

present (Senoh et al., 2015).

Within the biofilm other gradients such as pH, ions or secondary metabolites, help to support
the variety of habitats within the biofilm. Biofilm heterogenicity determines the localisation of

different physiological states of cells. In monospecies biofilms, different phenotypes are
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associated with different depths which also reflects the differential gene expression (Boles et
al., 2004). These metabolic interactions organise the biofilm structure to optimise the cellular
functions of the members. The highly packed environment helps to increase the efficiency of
degradative enzymes. During planktonic lifestyle, extracellular enzymes diffuse rapidly
whereas in a biofilm they can accumulate and form external digestive systems that can reutilise
matured biofilm components such as extracellular DNA, or digest complex molecules absorbed

through the matrix interface (Seper et al., 2011, Tielen et al., 2013).

All of these interactions are favoured by the flexible structure of the biofilm matrix which is
constantly reorganised to allow the bacteria to move inside and to reallocate biomass to
different layers. The remodelling is essential for biofilm maintenance when members need to

disperse or to overcome hydrodynamic shear (Hall-Stoodley and Stoodley, 2005).

5.1.1 Associations between biofilm members

Since several bacterial species can be members of a biofilm, diverse types of interactions and
exchange of molecules can occur within a biofilm. Although polymicrobial communities are
prevalent in nature, the vast majority of publications on biofilms are on monospecies
communities. The proximity between cells and the low diffusion of molecules reinforce the
idea that high cell density phenotypes are important during biofilm formation and maintenance.
The stratification of the members can be beneficial as metabolic functions associated with
bacterial species can be coupled in a food-chain-like manner. An example of this is the nitrite
oxidizer bacteria Nitrospira moscoviensis that supply ammonia to ammonia oxidiser bacteria
through an extracellular urease. Ammonia is transformed into nitrite by these microorganisms,
and N. moscoviensis receives this nitrite, while at the same time the bacteria couple the formate

oxidation reaction with reduction of the nitrite to survive in anaerobic environments as nitrate
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is used as a terminal electron acceptor (Koch et al., 2015). As N. moscoviensis uses O, and
nitrate as terminal electron acceptor it can survive where oxygen is much depleted such as in
deeper layers of the biofilm (Flemming et al., 2016). Co-evolution has been observed in
Pseudomonas putida and Acinetobacter sp. biofilms. Studying the interaction of both
microorganisms revealed that point mutations appear in the genome of P. putida, specifically
the LPS core biosynthesis-related gene wapH when growing in the presence of Acinetobacter
and the production of exopolysaccharide is enhanced (Hansen et al., 2007). Although the
function of the deletion is unclear, a similar phenotype has been observed in Azospirillum
brasilense where a deletion that resulted in lipopolysaccharide (LPS) core modification also

enhanced the production of calcofluor white-stainable polysaccharide (Jofre et al., 2004).

Cooperation and mutualism are essential relations within a biofilm, but also inter-species
competition that can be fatal as competition is important to control invaders. For example, P.
aeruginosa inhibits the attachment and stimulates the dispersion of Agrobacterium tumefaciens
biofilm using a yet unknown exoproduct (Hibbing and Fuqua, 2012). Another example of
competition is the fight for resources or DNA as in the case of V. cholerae which is capable of
‘stabbing’ other bacteria with a type VI secretion system and of taking up their DNA when

growing on a chitinous surface (Borgeaud et al., 2015).

5.1.2 Exchange of “information” within a biofilm.

The proximity between cells inside a biofilm favours the exchange of information such as
nucleic acids or secondary metabolites such as signalling molecules. Horizontal transfer of
DNA is especially predominant in such environments as the cells can be aligned closely enough
for the conjugative machinery to move plasmids with high efficiency. At the same time, natural

competence has been observed during growth in a biofilm. For Acinetobacter biofilms it has
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been reported that 15 minutes after addition of the plasmid pGAR1, bacterial cells were
transformed. Moreover, small amounts of DNA were enough to detect transformed cells
(Hendrickx et al., 2003). The establishment of conjugative machinery also has direct effects on
biofilm formation, as the conjugative pili help to stabilise the structure of a newly formed a
biofilm. Studies in E. coli biofilms have also demonstrated a dual function of the conjugative
pili where it is not only used to transfer DNA, but also as an adhesion factor to help bacterial

surface attachment (Ghigo, 2001).

5.1.3 Associations between V. cholerae and chitin

Chitin is the second most abundant polysaccharide on earth and the most abundant
polysaccharide of animal origin (Sahariah et al., 2015a). It is composed of long chains of N-
acetylglucosamine and differs from cellulose by a NHCOCH;3 group instead of an OH group at
the C2 carbon. Chitin is insoluble in water while the derivative chitosan is soluble when it is
partially acetylated (Fig. 5.1), (Kubota et al., 2000). Aquatic microorganisms use chitin as
carbon and nitrogen source when using chitin to adhere, followed by the breaking down and
transporting of the oligomers. Chitin oligomers are then catabolised to produce fructose-6-
phosphate, acetate and ammonia (Keyhani and Roseman, 1999). In V. cholerae these functions
are mediated by chitin-inducible genes under the control of the sensor histidine kinase ChiS.
Profiling the expression of the ChiS-regulon by microarray with simple chitin oligomers has
shown the coordinated expression of extracellular chitinases, a chitoporin and a PilA-
containing type IV pilus, ChiRP, that helps to adhere onto chitin surfaces; N-acetylglucosamine
induced the expression of genes related to chemotaxis, adherence, transport and assimilation
in order to use N-acetylglucosamine, while dimers of D-glucosamine induced transport and

catabolism of non-acetylated chitin. This array of genes are named as the chitin utilisation
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program of V. cholerae (Meibom et al., 2004). During infection ChiRP pili have a role in
colonisation as a deletion in pilA prevents V. cholerae from colonising the infant mouse
intestine (Fullner and Mekalanos, 2000). Moreover, it has been reported that pilA is expressed
during infection in humans possibly due to the encounter with chitin-derived oligomers but the
significance of this during infection remains unclear (Hang et al., 2003). Likewise, the
mannose-sensitive haemagglutinin (MSHA) pilus, a type 1V pilus, also contributes to chitin
binding as mutants in mshA are unable to bind to chitin coated beads. This pilus also mediates
the attachment to other surfaces, such as silica, to initiate the synthesis of biofilm, suggesting
no direct induction by chitin (Watnick et al., 1999, Meibom et al., 2004). Besides this MSHA
pili, the N-acetylglucosamine binding protein GbpA plays an important role in V. cholerae
chitin adherence when is in the environment. At the same time, it mediates the attachment of
bacteria to mammalian intestinal mucin during infection. GpbA consists of 4 domains; one
strictly binds to chitin while a second one binds to chitin and intestinal mucus. The remaining
two domains interact with the bacterial cell envelope (Wong et al., 2012). Comparing the
adhesion mediated by MSHA and GbpA, MSHA is far more effective than GbpA to bind to

chitinous surfaces and other inorganic surfaces (Stauder et al., 2012).

The sessile growth of V. cholerae over chitin also induces the competence proteins ComEA
via the competence activator protein TfoX. Although TfoX is the major competence regulator,
its presence is insufficient to induce comEA transcription. The additional presence of the high
cell density regulator HapR promotes the horizontal gene transfer (Ng and Bassler, 20009,

Antonova and Hammer, 2011, Meibom et al., 2005).

In this chapter, polymers P1, P2 and P3 were tested to determine whether the immobilisation
the bacterial cell leads to the formation of a biofilm structure by inducing the VPS pathway.
Additionally, since V. cholerae uses chitinous surfaces to adhere when living environmentally,
chitinous materials were tested as potential groups to improve selectivity toward Vibrio species.
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Figure 5.1 Chitin and chitosan. Both materials are insoluble in water but, chitin de-acetylation
(or chitosan acetylation) increase the solubility. Soluble chitinous material can be incorporated

into polymers to explore sugars as binding groups for V. cholerae (Kubota et al., 2000).
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5.2 Results

5.2.1 Sequestration of V. cholerae in clusters promotes a biofilm-like state with enhanced

biofilm production.

Immobilisation by cationic polymers forces a transition from planktonic to sessile bacterial
state which resembles the growth in a biofilm. During biofilm synthesis, V. cholerae secretes
an exopolysaccharide named Vibrio polysaccharide (VPS) that is organised by structural
proteins and extracellular DNA (See section 1.4.2). These components are building blocks of
the external matrix. In order to determine if the clustering with P1, P2 or P3 resulted in an
enhancement of biofilm production, a crystal violet assay was done to measure the amount of
biofilm accumulated during clustering. V. cholerae N16961 exposed to polymers at
concentrations ranging from 0.005 mg/mL to 0.5 mg/mL in 200 pl of clear DMEM were
incubated at 37 °C for 16 hours to promote the formation of biofilm. Crystal violet assay
determine that polymer-induced clustering led to significant production of biofilm in V.
cholerae, about 3-fold increased (from 0.5 to 1.5 in average, at 595nm) at any concentration of
P1 and similarly with P2 at 0.05 mg/mL and 0.5 mg/mL (Fig. 5.2A). The biofilm-induced by
cationic polymers was visualised under the microscope. GFP-labelled V. cholerae carrying
pMW-gfp was clustered at 0.05 mg/mL of P1 and 0.5 mg/mL of P2 and P3 under similar
conditions indicated above. After 16 hours samples were washed with PBS and fixed with 1
mL of 4% paraformaldehyde for 15 minutes. Then extracellular DNA was stained with Hoechst.
The biofilm-induced by clustering was accompanied by release of high levels of extracellular
DNA into the biofilm compared with untreated V. cholerae. Microscopic sections were
acquired throughout the depth of the biofilm in order to render an orthogonal view of the
biofilm. When polymers were not present, a uniform layer of bacteria attached to the bottom

of the well. The presence of polymers increased the surface-deposition of bacteria at the bottom
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into non-defined structures (Fig. 5.2B). Upon clustering with P2, groups of bacteria were
scattered across the field of view, and with P1 and P3 larger aggregates were observed. The
blue signal of the extracellular DNA was observed outside the bacteria where the groups were

located.

These results suggest that clustering V. cholerae triggers the productions of biofilm
significantly compared with untreated bacteria. The production of biofilm is accompanied by
deposition of extracellular DNA surrounding the bacterial cells as Hoechst is mainly located in

the biofilm matrix.
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Figure 5.2. Biofilm is accumulated during clustering with polymers. V. cholerae N16961
incubated with P1, P2 or P3 increases the synthesis of biofilm. A) Crystal violet assay from 16
hours cultures in clear DMEM with polymers at concentrations ranging from 0.005 - 0.5
mg/mL. Analysis of variance (ANOVA), followed by Tukey’s post hoc test, was used to test
for significance. Statistical significance was defined as p<0.05 (*), p<0.01 (**) or p< 0.001
(***). B) Micrographs and Z-projections of biofilms formed after clustering of GFP-labelled
V. cholerae with a sublethal concentration of P1, P2 or P3. Orthogonal views were obtained by
taking 30 images in the Z-axis using a range between 8 - 10 um from the bottom of the well.
Extracellular DNA was stained with Hoechst.
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5.1.2 Extracellular DNA associated to polymers-induced biofilm is digested by DNAse |

Nucleic acids are structural components of biofilms, but their specific role in biofilm
communities is unclear. Studies have assigned them to be important for the early stages of
biofilm formation, for bacterial adhesion to surfaces and for controlling the diffusion of cations
by chelating them (Okshevsky and Meyer, 2015). Additionally, extracellular DNA has been
reported to be a source of phosphate and a dynamic pool of genes for horizontal gene transfer
(Vlassov et al., 2007). During the assembly of V. cholerae biofilm the nucleases Dns and Xds
allow a coordinated accumulation of the biofilm reinforcing the structural role of DNA (Seper

etal., 2011).

GFP-labelled V. cholerae carrying pMW-gfp clustered with P1 or P2 at concentrations ranging
from 0.005 mg/mL to 0.5 mg/mL were grown in order to promote clustering and biofilm
formation and determine the amount of eDNA present in the biofilm matrix. After 16-hour
incubation at 37 °C, biofilm was washed, and extracellular DNA digested with 2 units of
DNAse |I. Extracellular DNA was stained with Hoechst and images at 100X were taken
detecting fluorescence in green and blue channels. Pixel intensity of different pictures was
plotted as pixel intensity versus concentration of polymer. An increase of the blue channel
intensity was observed for samples exposed to P1 while with P2 the effect was minor. However,
the variability of the samples prevented a more precise quantification of the eDNA produced
especially in the samples treated with P2. DNAse | digested the eDNA as treated samples
displayed less intensity of the blue channel (Fig. 5.3 upper panels). Also, intensities in the green
channel corresponding to the bacterial cells were almost invariable during the experiment.
Variations in GFP were only detected between 0.5 mg/mL of P1 in the undigested sample and
0.05 mg/mL of P2 at digested sample (Fig. 5.3 bottom panels). These results suggest that eEDNA

is a structural component of the biofilm-induced by clustering. However, the addition of
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extracellular DNAse activity did not result in biofilm dispersion as suggested for other biofilms

(Klare et al., 2016, Harmsen et al., 2010).
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Figure 5.3. Digestion of extracellular DNA with DNAse I. The nuclease DNAse | digest
extracellular DNA. GFP -expressing V. cholerae was clustered with a sublethal concentration
of P1 or P2 and incubated 16 hours in clear DMEM at 37 °C. Once the biofilm was formed the
well was washed digestion reaction was done with 2 units of DNAse |. The remaining
extracellular DNA was stained with Hoechst and several pictures were taken. The pixel
intensity of both channels, blue (DAPI) and green (eGFP) was measured using ImageJ.
Analysis of variance (ANOVA), followed by Tukey’s post hoc test, was used to test for
significance. Statistical significance was defined as p<0.05 (*) or p< 0.001 (***).
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5.1.3 Transcription of genes encoding for structural proteins RomA, RomC and the

biofilm regulator VpsR is affected by clustering.

The assembly of Vibrio polysaccharide (VPS) is organised by structural proteins RomA, RomC
and Bapl. The orchestrated function of these proteins is to serve as a scaffold for the sugar
matrix, and changes in the expression of any of these proteins resulted in different macroscopic

features of the biofilm (Teschler et al., 2015).

Since the polymer-induced clustering stimulates the biofilm formation, transcription of biofilm
structural proteins was followed by B-galactosidase assays from planktonic and clustered cells.
Reporter strains containing the pRW50-oriT vector containing upstream promoter regions from
vpsR (273 bp upstream from the transcription initiation site), romA (195 bp upstream from the
transcription initiation site) and rbomC (263 bp upstream from the transcription initiation site)
(Fig. 2.2) were grown and diluted to an ODsgo of 0.2 in DMEM with P1 and P2 clustering at
sublethal concentrations of 0.005 mg/mL and 0.05 mg/mL during 16 hours at 37 °C. Then
clustered and planktonic cells were separated by removing the supernatant and not disturbing
any precipitate formed. ODeoo Was estimated from planktonic cells as well as clustered cells by
disrupting the electrostatic interactions with PBS supplemented with 200 mM NaCl. There
were differences in the transcription of vpsR, rbmA, and rbmC depending on the bacterial
lifestyle (Fig. 5.4). The regulator vpsR-lacZ was mostly transcribed when polymers were
present, but there were no notable differences between planktonic and clustered bacteria
recovered after polymer treatment. However, transcription of rbomA-lacZ and rbomC-lacZ was
high during clustering, especially with P1. The vps-lacZ reporter had almost 1-fold increase,
rbmC-lacZ almost 1.5-fold and rbomA-lacZ around 5-fold change with P1 at any concentrations.
In contrast, the transcription of these genes was not significantly induced in planktonic cells in

the presence of polymers.

123



These results suggest that induction of biofilm by clustering results in expression of biofilm
structural proteins and may do so in a vps-dependent manner, as levels of vpsR are higher in
both planktonic and clustered polymer-treated cells compared to untreated controls. Also,
results indicate a strong tendency to the expression of biofilm structural proteins that are under

the regulation of VpsR (Fig. 1.5).
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Figure 5.4. Transcription of biofilm-related genes is affected by clustering. V. cholerae
reporter strains for rbomA-lacZ, rbomC-lacZ and vpsR-lacZ were clustered with P1 and P2 at
sublethal concentrations of 0.005 mg/mL and 0.05 mg/mL in DMEM after a 26 hours
incubation. Clustered and planktonic cells were separated from each other and clustered cells
were washed with 200 mM NaCl PBS to disrupt electrostatics bonds. Activity was measured
and calculated in Miller units (Section 2.10.1). Results were expressed in relative fold-changed
compared to no polymer condition (O mg/mL). Analysis of variance, followed by Tukey’s post
hoc test, was used to test for significance. Statistical significance was defined as p<0.05 (*),

p<0.01 (**), p< 0.001 (***) or p<0.0001 (****).
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5.1.4 Chitinous materials promote attachment and induce chitinases of V. cholerae

V. cholerae is commonly found attached to chitinous surfaces of crustacean exoskeletons. The
adhesion is mediated by hydrophobic forces, ionic bonds and lectin-like interactions that
enhance the binding specificity (Tarsi and Pruzzo, 1999). Such interactions through chitin-
binding-proteins (CBP) could be exploited to develop Vibrio-specific polymers. Since
polymers arrest bacterial cells through electrostatic interactions mediated by amine groups,

chitin seems to be a good candidate to increase the specificity of polymers in the future.

Transcription of V. cholerae chitin utilisation genes, encoding sensor histidine kinase (chiS)
and chitinases (chiAl and chiA2), was followed during a longer incubation (40 h) to monitor
the response to these materials. V. cholerae reporter strains carrying pRW50-oriT with
upstream promoter regions of chiS (498 bp upstream from the transcription initiation site),
chiAl (488 bp upstream from the transcription initiation site) and chiA2 (494 bp upstream from
the transcription initiation site) (Fig. 2.2) were tested. There was differential expression of the
chitin utilization genes according to the material used for incubation (Fig. 5.5A). A 3-fold
induction of chiAl-lacZ was observed with both chitin flakes and chitin beads in the first 8
hours (50 MU to 150 MU approximately) and increased to 4-fold at 40 h (about 200 MU),
compared with the initial activity. chiA2-lacZ was strongly transcribed in the presence of chitin
flakes and reached a nearly 3-fold change at 20 hours (50 MU to 150 MU). The chiS-lacZ
reporter showed a small induction with chitin flakes and chitin beads as a 2-fold change was

observed after 40 hours of incubation (50 MU to 100 MU).

Then, in order to determine if a sessile state of V. cholerae may have an impact on the
transcription of chiS-lacZ, chiAl-lacZ and chiA2-lacZ during interaction with a chitinous
surface, reporter strains were clustered at sub-lethal concentrations of polymers, P1 at 0.05
mg/mL and P2 at 0.5 mg/mL in 1 mL of artificial marine water with 10 mg/mL of chitin flakes

and incubated for 7 hours at 30 °C without shaking. Then, bacteria were washed with 200 mM
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NaCl PBS, one set of samples were plated onto TCBS while the second set was used for -
galactosidase assays. Overall, there was no significant difference in the expression of chi-lacZ

reporters during clustering (Fig. 5.5B)

The interaction of GFP-labelled V. cholerae carrying pMW-gfp was monitored in the presence
of chitin flakes and chitin beads. Under conditions explained above, aliquots of 10 puL were
mounted on microscope slides directly from the sample and visualised under the fluorescence
microscope after 5 minutes and 60 minutes of incubation. Images showed that V. cholerae
rapidly colonised the surface of this material and the attachment remained stable over the

duration of the experiment. (Fig. 5.5C).

Together these results suggest that chitinous materials have the potential to be used as specific-
V. cholerae binding groups. V. cholerae showed induction of genes chiS, chiAl and chiA2
which are related to the chitin utilisation program indicating a normal physiological response.
Along the same lines, induction of these genes and characterisation of the physiological
response has been reported previously with V. cholerae in contact with chitin oligomers, and
more complex chitinous materials (Meibom et al., 2004). The bacterial clustering with P1 or
P2 did not present a challenge for the interaction with chitin as chitin inducible genes were
normally transcribed. The adhesion is quick since after 5 minutes a significant bacterial burden

is observed attached to chitin flakes and chitin resin.
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C) V. cholerae 1 % Chitin flakes Chitin beads

Figure 5.5. Transcription of chiS-lacZ, chiAl-lacZ and chiA2-lacZ in the presence of chitinous
materials. A) Promoter regions of chiS, chiAl and chiA2 were inserted into pRW50-oriT to
determine transcription when reporter V. cholerae N16961 strains was exposed to chitinous
materials over time. Black line corresponds to chiS-lacz, blue line corresponds to chiAl-lacZ,
and red line corresponds to chiA2-lacZ. Time points were 2, 4, 8, 15, 24 and 48 hours incubated
at 30 °C with no shaking in artificial marine water. Each point corresponds to the mean £ s.e.m.
of three independent assays. B) Chitin-utilisation reporter strains were clustered with P1 and
P2 at 0.05 mg/mL and 0.5 mg/mL respectively and exposed to 10 mg/mL of chitin flakes for 7
hours in artificial marine water. Activity was measured afterwards; Green chiAl-lacZ, red
chiA2-lacZ and blue chiS-lacZ. Each point represents the mean + s.e.m. of three independent
replicates. Analysis of variance, followed by Tukey’s post hoc test, was used to test for
significance. C) Micrographs of the colonisation of chitin flakes (10 mg/mL) and chitin beads
(10-fold diluted from saturated solution) by GFP-labelled V. cholerae (ODegoo 0.2). Images were
taken after 5 and 60 minutes of incubation in artificial marine water at 63X magnification.
Scale bar corresponds to 10 um. Images were taken using a Zeiss Axio.Observer microscope,
image acquisition on ZenPro (Zeiss) and processing in ImageJ.
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5.3 Discussion

In this chapter, the induction of biofilm production upon contact with polymers was tested.
Microbes tend to produce biofilm to persist against hydrodynamic forces, to increase the
tolerance to toxic compounds or as a response to high cell density. Although
exopolysaccharides (EPS) are an important component of biofilms, deletion of components of
the EPS synthesis machinery still allows for the formation of EPS-independent biofilm with
different structural features and less protective capacity (Davies et al., 1998, Danese et al.,
2000). Here, it was observed that V. cholerae is organised in a biofilm-like structure during
clustering with sub-lethal concentrations of polymers. Possibly, biofilm structural components
are allocated alongside the polymers while these are immobilising the cell. Also, the net charge
of the polymers impacts the quantity of biofilm as P1 led to higher levels of biofilm at lower

concentrations compared with P2 (Fig. 5.2A).

Staining the clusters with Hoechst, extracellular DNA was appreciably surrounding the bacteria.
The synthesis and role of eDNA within a biofilm is a matter of ongoing research, but some
articles have explored its production, identifying both cell lysis and active secretion as potential
sources. Biofilms from different species have been associated with phage-mediated lysis,
elevated hydrogen peroxide species, autolysis or lysis induced by subpopulations (Okshevsky
and Meyer, 2015). Likewise, when natural competence is induced, Neisseria gonorrhoeae
actively secretes DNA in coordination with its type IV pili. Mutations in the gene encoding the
pili resulted in less eDNA within a biofilm (Salgado-Pabon et al., 2010). These interactions are

favoured during high cell density which is a feature associated with the clustering.

The addition of external DNAse activity to biofilm has shown dispersal of the members
mediated by the eDNA breakdown. For studies in Listeria moncytogenes biofilms, the dispersal

was mediated by external addition of DNAse | in microtiter and in flow cell biofilms (Harmsen
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et al., 2010). Moreover, studies done on P. aeruginosa biofilms reported that DNAse |
treatment dispersed immature biofilm ( >24 hours) (Klare et al., 2016) but not when growing
in flow cells, as more EPS was detectable (Whitchurch et al., 2002). The enzymatic removal
of the eDNA showed a significant reduction of the eDNA levels, especially when clustering
with P1 (Fig. 5.3 upper panels). Although there was a high level of the eDNA signal at higher
concentration of P2, the difference was not significant since individual values had a significant
variation making the estimation less accurate. On the other hand, the level of bacterial cells
(Fig. 5.3 bottom panels) remained similar across samples suggesting no biofilm dispersion
mediated by the external addition of a nuclease. It seems that the addition of DNAse I is not
enough to disperse the V. cholerae biofilm-induced by the clustering, suggesting that polymers
might tighten the structure of the biofilm. In V. cholerae, it is known that the breakdown of
eDNA helped by Xds and Dns nucleases is involved in dispersion (Seper et al., 2011) but other
enzymes may complete the process. Although the presence of eDNA in the V. cholerae biofilm
matrix is expected, an increased amount of it might help to neutralise the effect of the cationic
groups of polymers in a chelator-like manner. An eDNA chelator function has been observed
in P. aeruginosa biofilm to capture cations that resulted to be cue to modify components of the
lipopolysaccharide. Physical alteration of the outer membrane follows, which result in

increased tolerance to polymyxin B and aminoglycosides (Mulcahy et al., 2008).

The vps operon regulation is remarkably complex as the major regulators VpsR and VpsT are
autoregulated, positively regulate each other’s expression, and modulate the transcription of
the operon by directly binding promoter motifs (Fig. 1.5), but also, indirectly through CdgA, a
predicted diguanylate cyclase (Beyhan et al., 2008). During biofilm formation, diguanylate
cyclase activity is high, resulting in accumulation of c-di-GMP which interacts with VpsR and
VpsT. However, only VpsT needs this interaction to bind with its DNA motif. Instead, VpsR

function occurs by the phosphorylation of a conserved aspartate residue (Krasteva et al., 2010,
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Teschler et al., 2015). Transcriptional activation targets structural proteins and the vps

synthesis machinery.

The conditions where clustering was done resemble those of a marine environment, the
induction of biofilm observed here seems to be through a vps-activation pathway. There is a
differential expression between clustered and planktonic cells after 7 hours of incubation
especially of the structural proteins. The presence of polymers results in high levels of vpsR
transcription in both clustered and planktonic cells exposed to the polymers. However, genes
encoding for structural proteins, especially romA, are highly transcribed only in clustered cells
(Fig. 5.4 rbmA section). RbomA is important for the structure of the biofilm since its dual action
involves the direct binding to the VPS reinforcing the matrix structure and recruitment of new
cells through its proteolytic cleavage, key events during early stages of biofilm formation
(Smith et al., 2015). Although the enhanced expression of vpsR may explain the high levels of
rbmA and rbmC, due to its mode of action it would be optimal to measure the expression of
vpsT as well. By doing so, the hypothesis of activation in a vps-dependent manner could be
tested more thoroughly. Unfortunately, the construction of vpsT (and bapl) lacZ transcriptional

reporters was unsuccessful.

Chitin is a preferred substrate for adhesion during environmental growth of V. cholerae,
mediated by specific chitin binding proteins (CBP). Chitin coordinates the induction of
important cell functions in V. cholerae regarding the utilisation of chitin as carbon source, the
natural competence or the growth in biofilm (Meibom et al., 2004). The binding to chitin is
established by hydrophobic, ionic and lectin-like interactions to the zooplankton surfaces (Tarsi
and Pruzzo, 1999). Since chitin is an insoluble polysaccharide, its soluble form chitosan, has
been used to produce polymer backbones with cationic groups with a focus on their

antimicrobial properties. The structure of the polymers resulted in changes in the antimicrobial
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effect, which increased with increased degree of substitution and decreased with the length of

polymers (Sahariah et al., 2015b).

V. cholerae exposed to chitinous materials showed differential expression of the histidine
kinase ChiS, and the two extracellular chitinases ChiAl and ChiA2 when followed over 48
hours. Using chitin beads the induction of chiAl-lacZ was predominant compared with chiA2-
lacZ and chiS-lacZ. Unfortunately, neither the composition nor the concentration of the chitin
beads is available as it is a secret of trade (NEB), but this difference presumably is related to
the complexity of the chitin residues exposed by both materials (Fig. 5.5A). The clustering with
P1 and P2 did not result in significant changes regarding the chitinases or the regulator

transcription (Fig. 5.5B).

According to Meibom et al. (Meibom et al., 2005), chiAl and chiA2 are inducible by the
activation of ChiS located in the inner membrane. ChiS is encoded in a 10-gene cluster together
with the cognate periplasmic chitin binding protein (CBP) which senses GIcNAc dimers. The
expression of chiS requires CBP but not the transport of the (GIcNACc)2 (Li and Roseman, 2004).
Under this scheme it seems that the activation of the chitin-inducible genes is independent of
the clustering as bacteria can still sense and presumably use chitin as source of nutrients as
planktonic cells. Possibly, clustering may not affect important metabolic functions as growth
and biofilm formation are not impeded. The quick binding and the innocuous effect of the
clustering on the transcription of these genes may suggest that despite the immobilisation

bacteria can establish interactions with chitinous surfaces.

The interaction between V. cholerae and chitin has been widely investigated (Keyhani and
Roseman, 1999, Meibom et al., 2005, Tarsi and Pruzzo, 1999). Along the same lines, these
investigations have served to shed light on other Vibrio species that develop similar interactions

as well. Attachment of the important human pathogen V. parahaemolyticus to diatom derived
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chitin is mediated by the type IV pili MSHA and PilA (GbpA) similarly as V. cholerae
(Frischkorn et al., 2013). The opportunistic human pathogen Vibrio vulnificus is also associated
to chitin through similar structures as V. parahaemolyticus and V. cholerae (Williams et al.,
2014). Similarly, the non-pathogenic V. harveyi use extracellular chitinases to degrade the
chitinous surfaces where is attached (Svitil et al., 1997). Considering the dynamic interactions
that Vibrio species establish with chitinous surfaces, chitin not only seems to be a good
candidate to enhance the specificity of polymers for V. cholerae clustering, but for other Vibrio
species with relevance in human health. Polymers with chitosan-derived backbones and with
no antimicrobial activities seem not to be used as carbon source by pathogens when in contact
(Sahariah et al., 2015b). However, it is unclear if in the case of V. cholerae, chitinous residues
attached to the polymer may activate metabolic processes to facilitate degradation or serve as

a carbon source for bacterial growth and this should be subject to further studies.
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Chapter 6: Clustering Vibrio cholerae induces a
quorum sensing controlled phenotype.
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6.1 Background

Bacterial cell to cell communication, termed quorum sensing, allows microorganisms to
express collective-type behaviours. By releasing small amounts of signalling molecules called
autoinducers, cells can analyse the external environment and sense how many of their kind and
other kinds of bacteria are around. However, from an evolutionary point of view
communication is a drawback as organisms displaying cooperative behaviours can be exploited
(Diggle et al., 2007). This dilemma has also raised questions about the nature of this
communication mechanism and debate exists around whether secretion of the signalling
molecules reflects diffusion of a metabolite without a real communication purpose (West et al.,
2012). When talking about quorum sensing, the terminology is fundamental as the empiric
definition of signal implies that one organism is trying to share information with another
organism through a “signal”, in this case, a molecule. Diggle et al. (Diggle et al., 2007)
postulate that to be a signal, the production of autoinducer should evolve to elicit a response in
another organism and not a molecules that elicit a response in the organism that sense it, such

as a waste product.

6.1.1 Quorum system circuits overview

Microorganisms, both bacteria and fungi, have evolved different communication
systems using several types of signalling molecules. Usually, quorum sensing systems in
Gram-positive bacteria use short peptides and amino acids for communication, while Gram-
negatives use fatty acid derivatives (Whitehead et al., 2001). These autoinducer molecules are
small and can be exported or diffuse freely to accumulate outside the bacteria. Once their

concentration is high enough, the quorum sensing threshold is reached, and different cellular
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functions are activated while some are repressed according to the cell density phenotype

associated.

In most Gram-positives, quorum sensing pathways are mediated by peptidic autoinducers that
are synthesized in the cytoplasm as propeptides, becoming biologically active after post-
translational processing. This modification can occur either before being secreted or in the
extracellular environment. The extracellular peptide is sensed by histidine kinases located at
the inner membrane or re-enters the cytoplasm through specialised membrane transporters to
reach internal receptors activating the QS regulon (Rutherford and Bassler, 2012). An example
of this is the Gram-positive Bacillus cereus, where this import is mediated by the oligopeptide

permease Opp (Slamti and Lereclus, 2002).

In Gram-negatives, autoinducers are synthesised and diffuse freely through the inner and outer
membranes. Then, the autoinducer can diffuse back again to reach cytoplasmic receptors, as in
the case of N-acyl homoserine lactone (AHL) or can be sensed by inner membrane histidine
kinases that will activate regulators of the quorum sensing regulon as in the case of autoinducer-
2 (Al-2; (2S,4S)-2-methyl-2,3,3,4-tetrahydroxytetranydrofuran-borate or S-THMF-borate)
(Rutherford and Bassler, 2012). In Vibrio species, the Lux and Cgs pathways have been
extensively studied through the bioluminescence response of Vibrio harveyi and Vibrio fischeri
(Lui et al., 2013, Xue et al., 2011). In V. cholerae at least four quorum sensing cascades
responding to different autoinducers are working in parallel but merge at the LuxU kinase.
Traditionally, Lux and Cqgs have been described extensively due to the homology with the V.
harveyi pathways. Together with CgsS and LuxPQ, are CgsR and VpsS histidine kinases that

also converge in LuxU (Jung et al., 2015).
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6.1.2 Quorum sensing phenotype through the lux operon.

The lux operon is a collection of five genes luxCDABE, where luxAB encode for a luciferase
while luxCDE encode a fatty acid reductase complex. The reaction of light production occurs
with the oxidation of long fatty aldehyde chain and reduction of flavin mononucleotide by the
luciferase. Fatty acids are taken from the fatty acid synthesis by LuxD, then the acyl group is
activated with AMP by LuxC, and finally, reduced to an aldehyde chain by LuxE (Miyashiro
and Ruby, 2012). In V. fischeri, another three genes are relevant in the Lux operon which are
the luxG that encodes a FMN reductase (Nijvipakul et al., 2008), and the pair luxR-luxI that
encodes the operon regulatory proteins; luxl encodes the autoinducer synthetase and luxR
encodes an autoinducer-dependent transcription factor, and is homologous to HapR in V.
cholerae (Miyashiro and Ruby, 2012) (Fig. 6.1). HapR actively regulates the lux operon during
high cell density, which will maintain the bioluminescence until the density is decreased. The
entire lux operon or enzymes are used as reporters. The pBB1 plasmid developed by B. Bassler
(Bassler et al., 1993), contains the V. harveyi luxCDABE luciferase operon and tetracycline
resistance and is used to trace the different stimuli experienced by the bacterial population and

as a read-out of quorum activation through the emission of visible blue light of 490 nm.
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Figure 6.1. V. fischeri lux operon and light production mechanism. A) V. fischeri lux locus
consisting in the lux operon (luxCDABE), luxG and regulatory proteins luxR and luxl. B)
Mechanism of light production by the lux operon enzymes. The luciferase emits blue light at
490 nm by oxidising long-chain aldehydes and reducing flavin mononucleotide (FMNH>)

(Miyashiro and Ruby, 2012).
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6.1.3 Conditions that stimulate quorum sensing dependent phenotypes.

Quorum activation is associated with high cell density as autoinducers are accumulated in the
extracellular environment. During stationary phase, where the growth has reached its maximum,
the quorum sensing threshold is also surpassed by the accumulation of autoinducers.
Simultaneously, bacteria that enter into stationary phase undergoes stress-related processes,
especially the lack of nutrients. Starvation activates stress-related repair systems such as the
RNA polymerase sigma S factor RpoS (Schellhorn and Stones, 1992) that results in modulation
of quorum sensing. Starvation signals are important for quorum sensing activation since
integration of the pathways results in an adjustment of the quorum sensing threshold, reaching

the quorum with fewer cells (Lazazzera, 2000).

Quorum activation can also be modified by changing the local concentration of autoinducer,
either by external addition of autoinducer to a low-density population or by reducing the
volume of the bacterial population while maintaining bacterial numbers. V. cholerae has been
controlled by addition of external S-3-hydroxytridecan-4-one (CAI-1) encapsulated into
nanoparticles; the release of the autoinducer resulted in inhibition of biofilm and activation of
a lux operon reporter (Lu et al., 2015). Induction of quorum sensing in P. aeruginosa has been
achieved by microencapsulating a single cell in a small volume of media, where autoinducer

accumulates quickly (Boedicker et al., 2009).

In this chapter, the quorum sensing was dissected to determine if the clustering results in the
activation of the quorum sensing route. For this, mutant strains that fail to produce or sense

autoinducers were clustered and luminescence was followed as a read out of quorum sensing.
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6.2 Results.

6.2.1 Clustering of V. cholerae by polymers initiates transcription of the lux operon in

response to quorum sensing.

Cationic groups attached to linear polymers and dendrimers, have been shown to activate and
enhance bioluminescence in V. harveyi (Lui et al., 2013, Leire et al., 2016, Xue et al., 2011).
Here, cationic polymers were used to determine if clustering resulted in the induction of
bioluminescence in V. cholerae strain bearing the pBB1 vector as quorum sensing reporter.
Initially, ODeoo Of the strain was measured to determine if artificial marine water could serve
as a source of nutrients, to determine if changes in bioluminescence could be due to changes in
bacterial biomass and/or growth. Compared with DMEM, there was no growth in artificial
marine water over 20 hours of incubation at 37 °C (Fig. 6.2A). As the induction of luminescence
is a quorum sensing dependent phenotype, the luminescence was measured during clustering,
starting at different ODegoo. Polymers at concentration ranging from 0.005 mg/mL to 0.5 mg/mL
were added to dilutions of an overnight culture at ODsoo 0f 0.5, 0.2 and 0.02 reflecting cells in
lag, early and mid-log phase, respectively. The plate was incubated for 20 h at 37 °C, and
luminescence was recorded every 30 minutes. Luminescence induction by polymers presented
as a sharp peak during the early hours of incubation which was more pronounced at 0.5 mg/mL
of polymers, while lower concentrations did cause a significant increase in luminescence.
These peaks in luminescence shifted accordingly as cultures were more diluted: at an ODsgoo Of
0.5 the peak appears approximately after an hour of incubation, at an ODego of 0.2 the peak
appears at around 4 hours, while at ODgoo 0f 0.02 the peak was delayed until 6 hours (Fig. 6.2
B-C). After the peak, bacteria progressively lost luminescence, eventually reaching
undetectable levels after 8 hours in the case of high luminescence induction or 6 hours when

the induction was low.
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The clustering and luminescence enhancement were visualised by clustering V. cholerae
N16961 bearing pBB1 vector at an ODegoo 0f 0.2 and polymers were added to concentrations of
0.005 mg/mL, 0.05 mg/mL and 0.5 mg/mL in 200 uL of artificial marine water. Luminescence
was recorded every 30 minutes for 15 hours where each still image was taken with 10 seconds
exposure time. Clusters increased the luminescence simultaneously with high intensity at
higher concentration of polymer. A pixel intensity analysis from the luminescence on
individual clusters showed a correlation with the plate reader assay, where luminescence
peaked at nearly 5 hours, and clusters enhanced their luminescence simultaneously (Fig. 6.2H
and 21J). The same experiment was done in DMEM as media, which resulted in almost
undetectable levels of luminescence as observed from the pictures (Fig. 6.21). The brightfield
images showed no evident increase in the cell density, suggesting that luminescence is not

result of more cells per field. Moreover, clusters can be observed (Appendix 1).

These results suggest that polymers induce a quorum sensing controlled phenotype in V.
cholerae N16961 since luminescence from the lux operon reporter is enhanced 100-fold (102
RLU to 10* RLU) when comparing 0.5 mg/mL of P1 or P2 with the untreated conditions with
bacteria at ODsoo 0f 0.2. This luminescence induction was not as a result of increased total cell
number as no growth was observed in artificial marine. Although artificial marine water is
scarce from nutrients, it is rich in salts compared with minimal media DMEM. The production

of Al-2 is tied to boron which is absent in DMEM.
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Figure 6.2. Luminescence assay of V. cholerae N16961 pBBL1 in artificial marine water
clustered with P1 or P2. A) Cultures were diluted to an ODegoo of 0.02 in 200 uL and
incubated for 30 hours at 37 °C with shaking. Optical density was measured every 30
minutes. Minimal media DMEM stimulates a mild increase in cell density (blue) while no
growth was observed in artificial marine water (red). Each point is the means * s.e.m. of three
biological replicates. B-C) 16 hours cultures diluted to an ODsoo of 0.5 with P1 and P2 at
concentrations from 0.005 mg/mL to 0.5 mg/mL, D-E) 16 hours cultures diluted to an ODeoo
of 0.2 with P1 and P2 at concentrations from 0.005 mg/mL to 0.5 mg/mL, F-G) 16 hours
cultures diluted to an ODeoo 0f 0.02 with P1 and P2 at concentrations from 0.005 mg/mL to
0.5 mg/mL in 200 pL final volume in a 96-well plate. Luminescence was followed every 30
minutes incubating the plate at 37 °C. Time-lapse of the luminescence assay in artificial
marine water (H) and DMEM (1) with polymers at concentrations from 0.005 mg/mL to 0.5
mg/mL, with bacteria diluted to an ODego 0f 0.2, pictures were taken with a Nikon-Eclipse
TE2000-U microscope using an EMCCD camera Evolve 512 at 40X magnification. Each
frame corresponds to 10 seconds time of exposure. J) Pixel intensity of single clusters from
the time-lapse. Intensity was measured from individual clusters on each frame with ImageJ.
Each point corresponds to the mean * s.e.m. of three individual clusters that were followed
throughout the images.
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6.2.2 Polymers and amino acids activate bioluminescence in a similar manner.

The induction of luminescence was enhanced when polymers clustered V. cholerae in nutrient-
poor media. The nutrient limitation enhances the activity of adenylate cyclases leading to the
accumulation of cyclic AMP, which in turn is reflected in the activation of the cCAMP receptor
proteins (CRP) (Lazazzera, 2000). CRP and the quorum sensing route merge during starvation
leading to control of the activation of LuxO via modulation of autoinducers synthesis (Liang

et al., 2007).

In order to determine if the micro-environment within the cluster resembles a low-nutrient
condition that leads CRP to modulate the luminescence, a Acrp background was tested. Since
genetic engineering is methods are restricted when using N16961, the El Tor strain E7946 has
been modified deleting crp open reading frame usign MUGENT method (gift from D. Grainger).
The mutant carrying pBB1 at an ODego 0f 0.2 was clustered with P1 and P2 at concentrations
of 0.005 mg/mL, 0.05 mg/mL and 0.5 mg/mL and luminescence was recorded in 200 pL of
artificial marine water. No induction of luminescence was observed from E7946 Acrp at any
of the tested concentrations with any of the polymers, which is opposite to the effect over the

isogenic wildtype strain (E7946) (Fig. 6.3 A-D).

Next, in order to determine if the clustering affects the diffusion of nutrients impacting the
activation of quorum sensing, luminescence was measured from clustered bacteria. V. cholerae
N16961 carrying pBB1 was diluted to an ODeoo 0f 0.2 and incubated with P1 and P2 at 0.5
mg/mL respectively in 200 pL of artificial marine water supplemented with 1 % glucose, 1 %
peptone or a combination of both. The presence of nutrients resulted in induction of
luminescence at higher levels. Of note was that clustering in the presence of peptone resulted
in a very significant enhancement of the luminescence compared with the other conditions (Fig.

6.3E-H).
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These results indicate that bioluminescence induction is not driven by the limitation of nutrients
since the addition of glucose and peptone resulted in even higher luminescence during
clustering. At the same time, a Acrp background failed to induce luminescence during
clustering which highlights the importance of CRP in modulating the quorum sensing regulon.
Also, the induction of luminescence was significant especially in the presence of peptone as
the luminescence reached similar levels as without polymers suggesting that amino acids and

polymer may share quorum sensing-inducing properties.
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Figure 6.3. Influence of CRP and nutrients on the induction of luminescence in V. cholerae
E7946 and N16961 pBB1. A-B) V. cholerae E7646 Acrp at ODsoo of 0.2 and polymers added
at concentrations ranging from 0.005 to 0.5 mg/mL. C-D) V. cholerae E7946 at ODggo Of 0.2
and polymers added at concentrations ranging from 0.005 to 0.5 mg/mL. During clustering, the
availability of nutrients enhanced the luminescence in a clustering-independent manner. V.
cholerae N16961 in E) artificial marine water, F) artificial marine water supplemented with
1 % glucose, G) artificial marine water supplemented with 1 % peptone and H) artificial marine
water with a combination of 1 % glucose and 1 % peptone. The luminescence was recorded
every 30 minutes and ODego in the case of E-H. Each point is the mean + s.e.m. of three

independent replicates.
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6.2.3 Polymer clustering enhances the production of quorum sensing autoinducers

Previous experiments showed that the clustering increased luminescence as a result of quorum
sensing activation in V. cholerae. The activation of quorum sensing has a positive feedback in
V. fischeri as the synthesis of autoinducers is enhanced (Engebrecht et al., 1983). In order to
determine if enhancement of autoinducer production is mediated by clustering, a set of strains
with mutations in the quorum sensing pathway enzymes were tested. The contribution of
autoinducers after clustering was detected using BH1578 (AluxSAcgsA) which lacks both
autoinducer synthetases LuxS and CgsA, meaning that it can only sense the autoinducers
produced by other species (Ng et al., 2012). V. cholerae wildtype at an ODesgo of 0.2 was
clustered with P1 or P2 at concentrations from 0.005 mg/mL to 0.5 mg/mL in 1 mL of artificial
marine water for 16 hours at 30 °C. After that, the filtered supernatant was transferred to
BH1578 previously adjusted to ODego 0f 0.2 and the luminescence was recorded. Similar to the
behaviour of wildtype bacteria, luminescence was induced at higher concentrations of
polymers about 3-fold (50 RLU to 150 RLU) compared with the untreated condition for both
polymers (Fig. 6.4A-B). To compare the involvement of either CAI-1 or Al-2 pathways in the
induction of luminescence, BH1578 was incubated with supernatant from quorum sensing
mutant WN1103 AluxQAcqgsA which is defective in producing CAI-1, and DH231 AluxSAcqsS
which is defective in producing Al-2. Strains were incubated in LB media at a starting ODsoo
of 0.2, and then the filtered media was transferred to BH1578 at an ODeoo 0f 0.2 as well. The
induction of luminescence was stronger than the previous assay, by almost 100-fold (Fig. 6.4C-
F). However, the induction of quorum sensing is dominated by CAI-1 as reported before

(Rutherford and Bassler, 2012).

In order to determine if during the clustering the production of autoinducers is enhanced,
guorum sensing mutants WN1103 and DH231 carrying pBB1 plasmid were co-incubated with

wildtype N16961 in a ratio 1:1 to have an ODesoo of 0.2 and were clustered with P1 at
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concentrations from 0.005 mg/mL to 0.5 mg/mL in artificial marine water. The induction of
luminescence was higher in response to CAI-1 (being sensed by DH231) by about 100-fold

(10! RLU to 10° RLU) in line with previous assays (Fig. 6.4G-H).

Together these results suggest that the clustering induced the positive feedback of the quorum
sensing circuit as autoinducer synthetases produced more autoinducer when bacteria were
clustered with P1 and P2. Also, the contribution of CAI-1 and Al-2 was determined by using
quorum sensing mutants WN1103 and DH231 and demonstrated that the induction of quorum
sensing by clustering followed a similar pattern as in nature, where CAIl-1 dominates the

activation compared with Al-2 by about 10?-fold.
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Figure 6.4. Polymer clustering enhances the synthesis of autoinducers. V. cholerae BH1578
(AluxSAcgsA) was exposed to supernatant from V. cholerae N16961 clustered 16-hours with
different concentrations of A) P1 and B) P2 in artificial marine water. The two-main route of
qguorum sensing was tested by exposing supernatant from C) DH231 (AluxSAcgsS), D)
WN1103 (AluxQAcqgsA), E) BH1578 and F) wildtype N16961 incubated in LB against BH1578.
Co-cultures of V. cholerae N16961 with quorum sensing mutant under clustering with P1 were
followed to determine the contribution of each route during activation of luminescence in
artificial marine water. G) N16961+ WN1103 and H) N16961 + DH231. Luminescence was
recorded every 30 minutes incubating at 37 °C with shaking at 200 rpm on the plate reader for
16-18 hours. C to F Luminescence and ODeoo Were recorded.
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6.3 Discussion

This chapter investigated a quorum-dependent effect of bacterial clustering which is the
induction of bioluminescence as a result of the expression of the luxCDABE operon. This type
of quorum sensing phenotype has been described before in the naturally luminescent V. harveyi
during clustering (Lui et al., 2013). Considering that the components of the quorum sensing
pathway are highly conserved in Vibrio species, the lux operon was expressed from the pBB1
cosmid in V. cholerae to follow induction of luminescence as quorum sensing response during
clustering. The activation of luminescence likely occurs through a similar mechanism between
Vibrio species. However, how the clustering induces the quorum sensing phenotype is not

entirely understood.

The cluster-induced luminescence effect occurred predominantly when bacteria were
incubated in artificial marine water that mimics the concentration of salts dissolved in marine
environments, lacking any nutrients. In fact, V. cholerae was unable to proliferate in this media
(Fig. 6.2A) which simplified the interpretation of luminescence data. The incubation with P1
or P2 resulted in an enhanced luminescence, clearly at 0.5 mg/mL at the first 4-5 hours of
incubation when using a bacterial density of 0.2 (Fig. 6.2 D-E, Fig. 6.2H and 6.2J, Fig. 6.3C-
H, Fig. 6.3G-H). After that, the luminescence decayed to undetectable levels. This strong
induction of quorum sensing suggests that the clustering creates a micro-environment where
the concentration of quorum sensing molecules is high enough to induce related phenotype.
Since quorum sensing is dominated by cell density, the dilution of the bacterial density delayed
the luminescence peak during clustering, which suggests that before induction of quorum
sensing, polymers need to capture bacteria in order to trigger the related phenotype (Fig. 6.2B-
G). Interestingly, the diluted culture also had reduced intensity of the luminesce peak that may

be related to the fact that fewer bacteria resulted in smaller clusters where quorum sensing
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molecules can more readily diffuse. However, opposite to the effect in artificial marine water,
in minimal media DMEM the effect was abolished, and no luminescence was appreciable (Fig.
6.21). The poor/non-boron content of DMEM maybe impacts the production of Al-2 since DPD
and B(OH)z are essential during its synthesis (Lui et al., 2013). Artificial marine water boron

content is 5.6 mg/mL whereas DMEM does not contain boron (Sigma).

The induction of luminescence was also observed through a time-lapse experiment, where the
luminescence of clusters was activated simultaneously and at nearly 4 hours which was also
measured by the pixel intensity of individual clusters, replicating the plate reader experiments.
Since luminescence was induced during clustering in artificial marine water but not in DMEM,
starvation seems to be a cue for the luminescence burst. Limited diffusion of nutrients
stimulates cCAMP-CRP (cAMP receptor protein) which is capable of modulating the lux operon
in V. fischeri (Friedrich and Greenberg, 1983). Here, the presence of CRP in strains during
incubation and clustering in artificial marine water was important to activate the luminescence.
In addition, by supplementing artificial marine water with external nutrients glucose and
peptone, the luminescence was enhanced 10-fold with glucose (10° RLU to 10* RLU) without
polymers and almost 100-fold (10° RLU to 10° RLU) with peptone. This induction challenges

the idea that within clusters the diffusion of nutrients is limited.

In order to determine if the quorum sensing phenotype observed resulted in increased synthesis
of autoinducers, the strain BH1578 which lacks both autoinducer synthetases LuxS and CgsA
and can only sense external autoinducers was used. The clustering with P1 and P2 showed an
increase of about 10-fold at higher concentration of polymers. This positive feedback in the
quorum sensing circuit that controls autoinducer production has been observed in V. fischeri
where high cell density modulates the expression of luxl, which is responsible for the synthesis

of autoinducer homoserine lactone (HSL), (Engebrecht et al., 1983).
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At least four cascades have been identified in the V. cholerae quorum sensing pathway
converging in LuxU (Jung et al., 2015), where the two most studied are CAI-1 and Al-2.
Considering that the activation of quorum sensing has an impact on the production of
autoinducers, the contribution of CAI-1 and Al-2 was determined during clustering. The
contribution of CAI-1 to the induction of quorum sensing phenotype was considerably higher
than Al-2 (Fig. 6.4C-D, 6.4G-H) which is in agreement with previous reports (Rutherford and
Bassler, 2012, Ng and Bassler, 2009). CAI-1 is responsible for the Vibrio-specific

communication which might be favoured since the system is mono-species.

These experiments shed light on the induction of quorum sensing as result of the clustering,
but open questions remain regarding the mechanism by which polymers enhance this
phenotype. Specifically, if the binding with the bacterial cell wall and the perturbation of the
outer membrane can contribute to this quorum sensing-controlled phenotype. Immediately, a
hypothesis appears suggesting that the interaction with cationic polymers increases the
permeability of the outer membrane due to mild permeabilisation induced by P1 and P2. This
idea is supported by the fact that these polymers do not compromise the bacterial viability as
shown in Chapter 4. Additionally, these results are in agreement with work done with similar
materials that expose similar cationic groups (primary amine), as materials with higher toxicity

also increase the luminescence in V. harveyi (Leire et al., 2016).

Another interesting observation was the effect of nutrients on the induction of luminescence
without polymers. In this sense, peptone which is rich in amino acids elevates the luminescence
to similar levels as during clustering suggesting a shared feature between both molecules (Fig.
6.3E-H). Cationic polymers share features with naturally occurring small cationic peptides that
can induce different phenotypes such as polyamines. Polyamines are small cationic peptides
commonly found in nature that help the innate immune system to control pathogens (Shah and
Swiatlo, 2008). These molecules coat the pathogen’s surface by electrostatic binding with the
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membrane in a similar fashion as polymers. This binding results in different responses
regarding quorum sensing phenotypes, including the inhibition of tcpA expression or biofilm

enhancement or inhibition (Goforth et al., 2013, Sobe et al., 2017).

155



Chapter 7: Polymer sequestration abolishes
Vibrio cholerae virulence at the transcriptional
level and infection in vitro and in vivo

Part of the results of this chapter has been published as part of a paper (Perez-Soto et al.,

2017).
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7.1 Background

V. cholerae is an important human pathogen that causes watery diarrhoea, the characteristic
symptom of the cholera disease. In nature, the bacteria are commonly associated with
chitinous surfaces forming a biofilm or are found as planktonic cells. The ingestion of biofilm
leads to bacterial dispersion prior to rapid colonisation and infection since virulent
phenotypes are associated with a sessile lifestyle. However, the control of virulence is a
complex network of positive and negative regulators that not only impact on virulence but
many other cellular functions such as biofilm formation, quorum sensing or stress (Fong et
al., 2010, Acosta et al., 2015). Within the regulation of virulence, the ToxR regulon is

highlighted below as it controls most of the virulence factors of V. cholerae.

7.1.1 Activation of virulence through ToxR regulon in V. cholerae.

In V. cholerae, virulence-related genes are under the control of ToxT, which in turn is
controlled by ToxR and TcpP in a cascade mode (DiRita et al., 1991, Hase and Mekalanos,
1998). The interaction of ToxR with the promoter is not sufficient to trigger toxT transcription,
and this only happens when TcpP is recruited and promotes a tight interaction with the
promoter (Krukonis et al., 2000). Further accessory proteins are needed to stabilise the
ToxR/TcpP complex at the promoter and to recruit the RNA polymerase. ToxR is accompanied
by ToxS, an intramembrane protein that stabilises the transcriptionally active conformation of
ToxR, and prevents premature intramembrane proteolysis under starvation, alkaline pH or late
stationary phase (Almagro-Moreno et al., 2015b). Meanwhile, TcpH acts as a chaperone to
stabilise TcpP, and its expression is highly dependent on pH and temperature (Beck et al.,
2004). The active complex comprises two ToxR/ToxS dimers, covering between -100 until -
69 and TcpP/TcpH covering from -51 to -32 at toxT promoter relative to the transcription
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initiation site (Krukonis et al., 2000) (Fig. 7.1). Also, environmental signals play an essential
role in the modulation of virulence factor expression as they can control ToxT activity. Bile
concentration and temperature play an important role in inhibiting the activity of ToxT but not
its expression. High levels of CTx and TCP expression are observed at 30 °C, while at 37 °C
or in the presence of 0.4% of bile they are reduced even though the expression of toxT under
these conditions is unchanged (Schuhmacher and Klose, 1999). At the same time, ToxR
function can be affected by low or high osmolarity as these affect the conformation of
membrane proteins. Optimal conditions for the expression of ToxR in the classical biotype are
not affected in the same manner as in strains of the El Tor biotype; both biotypes express ToxR
but only classical strain express ToxT in rich media (DiRita et al., 1996). Nevertheless, V.
cholerae El Tor strains incubated in high-salt LB supplemented with 0.3% NaHCO3, known as
AKI media, produce high levels of CTx and TCP when incubated at 37 °C in stationary tubes
for 4 hours and then with shaking for 16 hours (lwanaga and Yamamoto, 1985). The amino
acids asparagine, serine, glutamate and arginine have been shown to modulate the expression
of CTx and TCP inhibiting them and changing the ratio between OmpU and OmpT (Miller and
Mekalanos, 1988). Also, early studies determined that the presence of carbon dioxide also
regulates the expression of virulence factors as at 10% CO, atmosphere, the expression of the
cholera toxin is at a maximum (Shimamura et al., 1985). Although under these conditions the
expression of virulence factors is affected, only temperature has a high impact on the

transcription of toxT (Skorupski and Taylor, 1997).
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Figure 7.1. Regulatory proteins of the ToxR regulon. The ToxR/ToxS together with TcpP and
TcpH control the expression for virulence master regulator ToxT by dimerising at the DNA
binding site. When in position at the DNA binding site, the conformational changes of the
promoter expose the ribosome binding site, and virulence factors are expressed accordingly
(Haas et al., 2014).
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Global regulators also play a role in controlling the ToxR regulon. The cCAMP-CRP system can
repress the ToxR regulon, binding to a -35 motif in TCP and CTx promoters preventing the
RNA polymerase or other transcriptional factors from binding (Skorupski and Taylor, 1997).
Environmental cues that lead to accumulation of cAMP downregulate virulence via the CAMP-
CRP system. For example, under glucose starvation, the activity of the adenylate cyclase CyaA
is enhanced leading to accumulation of cAMP during biofilm formation (Fong and Yildiz,
2008). Similarly, the histone-like nucleoid-structuring (H-NS) protein represses virulence by
blocking transcription of the ToxR regulon. Signals that promote the accumulation of H-NS
include elevated osmolarity, temperature, anaerobiosis, pH and stationary phase (Nye et al.,
2000). The aminopeptidase PepA controls virulence according to the environmental pH,
possibly by modifying the exopeptidase activity on regulators such as AphA and AphB, or by

targeting the intergenic site between tcpPH (Behari et al., 2001).

7.1.2 Cell envelope stress and the control of virulence

In Gram-negatives, cell envelope stress plays a key role in controlling pathogenesis. Studies in
E. coli have shown the relationship between the expression of virulence factors with the Cpx
pathway implicated in the synthesis of type IV secretion systems and expression of virulence
regulators, and sigmaE which is key for intracellular survival and protection against oxidative

stress (Raivio, 2005). The most reviewed pathways are Cpx and o discussed below.

7.1.2.1 Vibrio cholerae Cpx pathway

The CpxRA is a two-component system to detect membrane perturbations. Activation of this
pathway occurs when a disruption is sensed by the periplasmic protein CpxP which will

transduce a signal by a yet unknown process to the inner membrane sensor kinase CpxA. The

160



kinase activity of CpxA sequentially will phosphorylate the response regulator CpxR, leading
to transcription of cell wall maintenance genes (Slamti and Waldor, 2009). Phosphorylated
CpxR has a dual function on the ToxR regulon; on one side it promotes the transcription of
toxRS while on the other inhibits the expression of TcpPH and ultimately TCP and CTx through
an unknown mechanism. Moreover, virulence may be regulated through indirect routes via
CRP due to the CpxR-dependent repression of OmpT, and in a similar fashion to AphB (Acosta

etal., 2015).

7.1.2.2 Vibrio cholerae oF.

The alternative sigma factor oF is also important during cell envelope stress as well as virulence
and host survival. The function of this sigma factor has been observed in E. coli as a response
to conditions such as high temperature or exposure to ethanol and the accumulation of
immature outer membrane proteins in the periplasm (Mecsas et al., 1993). Although the
response of ot to temperature and ethanol works differently in V. cholerae, ArpoE mutants

were unable to colonise the digestive tract of infant mice (Kovacikova and Skorupski, 2002a).

7.1.3 The role of cell density in the expression of virulence

Cell density plays an important role controlling the expression of virulence. Virulence and
guorum sensing networks share regulatory proteins which allow this crosstalk. The expression
of the regulatory protein HapR, which is homologous with LuxR from V. harveyi, is enhanced
during high cell density (Jobling and Holmes, 1997). Although HapR acts as an activator of
the quorum sensing pathway, it is a repressor for virulence, inhibiting the expression of the
tcpPH locus (Zhu et al., 2002). During low cell density, the opposing quorum sensing regulator

AphA helped by its cognate protein AphB enhances the transcription of the tcpPH locus by

161



binding to the promoter motif (Kovacikova et al., 2004) (Fig. 7.2). The expression of secretion
systems is also essential during virulence and is controlled by cell density. Especially, type Il
and type IV secretion systems, which are highly conserved across Vibrio species, can be

induced when the quorum sensing route is stopped (Zheng et al., 2010)
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Figure 7.2. Quorum sensing circuit at low cell density. All four QS pathways are not detecting
autoinducer, so LuxO remains phosphorylated and AphA accumulates. Other pathways that
interact with the quorum sensing circuit, RpoN and RpoS have opposite effects, inducing Qrrl-
4 and inhibiting HapR. Interestingly, CRP induces quorum sensing phenotypes in V. fischeri,
but the opposite effect has been observed in E. coli (Dunlap and Greenberg, 1988). CRP
prevents the action of Fis and enhances the activity of CgsA. VarA/VarS system contributes to
induce the LuxO-P through CrsA.
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7.1.4 The zebrafish as a model host for V. cholerae

The study of V. cholerae infection in animal models started back in 1884 when Nicati and
Rietsch reproduced a cholera-like disease by inoculating bacterial cells into the duodenum of
guinea pigs since oral inoculation did not result in illness; then, in 1894 Metchnikoff proved
that oral infection was achieved with newborn rabbits without a mature intestinal flora (Ritchie
and Waldor, 2009). After that until today, numerous reports have used primarily rabbits and
mice to describe the disease and the dynamics of the bacteria within the host. In this regard,
many genes required during colonisation such as those encoding for cell surface structures,
transport, motility, metabolism gene regulation and others with yet not known function have
been characterised from suckling mouse intestine (Ritchie and Waldor, 2009). However,
mammalian models are expensive as they need intensive care, and at the same time sample
processing is complex. The zebrafish (Danio rerio) has emerged as a powerful tool to study
developmental biology as well as human diseases (Dooley and Zon, 2000). This model presents
many advantages compared to traditional models, such as a large number of offspring and short
generation time, relative ease of maintenance, and its transparency during larval and infant life
stages, which is ideal for microscopy. At the same time, as a vertebrate, it shares many
physiological features with humans. Foodborne diseases, including Vibrio species, P.
aeruginosa and opportunistic fungi, have been studied using this model to monitor the
colonisation, pathogenicity and transmission (Runft et al., 2014, Mitchell et al., 2017, Engeszer

et al., 2007).

Vibrio infections have been studied using the zebrafish model. These two organisms overlap
in their endemic geographical zone, which suggests a close evolutionary relationship (Engeszer
et al., 2007). Infection of zebrafish with the fish pathogen Vibrio anguillarum showed the
possibility to trace the pathogen during its infective cycle by fluorescent microscopy in live

fish (O'Toole et al., 2004). More recent studies using the human pathogen V. parahaemolyticus,
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demonstrate that bacteria can infect similarly as in humans and fish develop a similar immune
response to humans with activation of proinflammatory cytokines Tnfa and I1-1p during sepsis
(Zhang et al., 2016). Likewise, V. cholerae can infect zebrafish and be transmitted to naive
hosts achieving a normal infection cycle (Runft et al., 2014). Further, the enterotoxicity due to
cholera toxin can be quantified by measuring the volume of diarrhoea in infected fish (Mitchell

etal., 2017).

Since the clustering resulted in the induction of a controlled quorum sensing activated
phenotype, virulence repression was determined. For this aim, V. cholerae virulence was

characterised using phenotypical and transcriptional assays.
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7.2 Results

7.2.1 Transcription of virulence factors is reduced in sessile V. cholerae.

The sequestration into polymers induces a sessile lifestyle where motility stops and a biofilm-
like state is induced (Chapter 4 and Chapter 5). Also, it has been reported that the clustering
activates a quorum sensing controlled phenotype as activation of bioluminescence in V. harveyi
is achieved (Lui et al., 2013). Since virulence in largely affected by cell density, key virulence
factor genes were investigated in order to shed light on the virulence regulation during
clustering. To achieve this aim, B-galactosidase assays were done using strains expressing
pPRW50-oriT vector containing specific promoter regions of selected virulence-related genes
transcriptionally fused to lacZ. The promoter regions were derived from the virulence regulator
toxT (202 bp upstream from the transcription initiation site), virulence factors ctxAB (cholera
toxin; 173 bp upstream from the transcription initiation site) and tcpA (subunit of the Toxin
Co-regulated Pilus TCP; 542 bp upstream from the transcription initiation site), and low cell
density-related quorum sensing regulator aphA (366 bp upstream from the transcription
initiation site). These regions contained important regulatory elements related to infection:
ToxR boxes in toxT promoter, ToxT boxes in ctxAB and tcpA promoters, and HapR binding
motif on aphA promoter (Fig. 7.2). Since virulence is strongly induced during attachment (Dey
et al., 2013), B-galactosidase assays were done from reporter strains infecting Caco-2 cells. V.
cholerae at a multiplicity of infection (MOI) of 10 were incubated with polymers for 1 hour
prior to infection at 30 °C in 1 mL of clear DMEM. Then the bacterial solution was added to a
monolayer of Caco-2 epithelial cells and incubated 7 hours at 37 °C with 5 % CO.. After that
cells were washed with PBS and 1 mL of triton 0.5 % triton X-100 was added to recover
attached cells, the solution of cells was then treated with toluene and 1 % sodium deoxycholate

and then enzymatic assays were done with 0.2 mM ortho-nitrophenyl-B-galactoside as substrate
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in buffer. Genes were actively downregulated when clusters were used for infection (Fig. 7.3).
toxT-lacZ was reduced almost 4-fold with P1 or P2 compared with vector control. Similarly,
transcription of ctxAB-lacZ was reduced 3-fold upon clustering with P1 or P2 respectively
compared with control vector. The down-regulation effect was less pronounced with tcpA as
P1 showed a mild suppression of hardly 0.5-fold compared with control vector. Oddly, with
P2, there seems to be an induction of nearly 2-fold. Finally, the quorum sensing regulator aphA
showed a reduction of nearly 2-fold and 4-fold when clustering with P1 and P2 respectively,
compared with empty vector. Induction of the reporter was followed overtime in absence of
epithelial cells with similar results obtained. Interestingly, the peak of induction for the
reporters seems to be around 4 hours until 7 hours (Appendix 2), in line with results with the

cytotoxicity assays in section 7.2.4.

These results suggest that clustering inhibit the expression of virulence factors as their
transcription is down-regulated. Similarly, the low cell density regulator aphA is
downregulated upon clustering supporting the hypothesis that clustering induces a controlled-

quorum sensing phenotype that resembles high cell density.
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Figure 7.3. Transcriptional expression of virulence-related genes. The activity of promoter
regions from toxT, ctxAB, tcpA and aphA were cloned into pPRW50-oriT. The activity was
measured from bacteria recovered from infected epithelial cells. N16961 bearing constructs of
pRW50-oriT were incubated with P1 at 0.05 mg/mL or 0.5 mg/mL for P2 and P3 for 1 hour
prior to infection and then added to a monolayer of Caco-2 cells at an MOI of 10. After 7 hours,
bacterial cells were recovered and B-galactosidase activity measured. Enzymatic activity was
adjusted to the number of attached bacteria using serial dilution plating and colony counts.
Results are presented as means + s.e.m. of triplicates. Analysis of variance (ANOVA), followed
by Tukey’s post hoc test, was used to test for significance. Statistical significance was defined
as p<0.05 (*), p<0.001 (**), p<0.001 (***), or p<0.0001(****).

168



7.2.2 Clustered V. cholerae cells are defective in infecting Caco-2 cells.

Sequestration of V. cholerae cells into clusters by polymers induces a switching from
planktonic to a sessile lifestyle that we hypothesized, would interfere with the normal course
of infection. Moreover, the immobilisation of V. cholerae cells resulted in down-regulation of
key genes related to virulence and cell density. Going further, the impact of the clustering was
assessed upon infection of epithelial cells Caco-2. Here, three key events of V. cholerae
pathogenesis were tested: attachment, cytotoxicity and induction of intracellular cCAMP in
response to the cholera toxin. It is worth to mention that conditions used for infection were
optimised after several experiments. A pre-incubation at 30 °C without shaking improved the
virulence of V. cholerae, similarly to the induction through AKI media (Iwanaga and
Yamamoto, 1985). Also, a 7 hours timeframe for infection was optimum to detect differences

in cytotoxicity and attachment between treated and untreated cells.

7.2.2.1 Polymers interfere with attachment of Vibrio cholerae.

The first contact between pathogen and host is through adhesion, which is key to stablish an
initial colonisation and infection (Almagro-Moreno et al., 2015a). In order to determine if the
clustering is detrimental to the attachment to epithelial cell, a monolayer of Caco-2 cells was
infected with clustered V. cholerae. Bacterial cells were adjusted to an MOI of 10 and clustered
with  poly(N-(3-aminopropyl) methacrylamide) (P1), poly(N-[3-dimethylamino)propyl]
methacrylamide) (P2) or poly(acryloyl hydrazide) imidazole (P3) at concentrations ranging
from 0.005 mg/mL to 0.5 mg/mL in 1 mL of clear DMEM prior the infection. Samples were
incubated for 1 h at 30 °C and then were added to Caco-2 monolayer using a 24-well plate. The
plate was incubated for 7 hours at 37 °C with 5% CO2. Following that, cells were washed to
remove unattached cells and Caco-2 were disrupted with 1 mL of 0.5 % triton X-100 to release

attached cells. Once the debris was dislodged from the bottom of the well, bacterial cells were
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vortexed, and serially diluted in PBS. 100 pL aliquots of each dilution were plated onto TCBS
agar and incubated for 16 hours at 37 °C. Then, colony forming units were counted and plotted
as CFU/mL versus polymer concentration. Sequestration of V. cholerae mediated by polymers
resulted in significantly less CFU counted as the concentration of polymers increased. The
abolition of attachment was particularly apparent when using P1 at concentrations low as 0.005
mg/mL were sufficient to prevent attachment almost 100-fold. P2 and P3 had a mild

detrimental effect on attachment the reduction was small but still significant (Fig. 7.4B).

To visualise the infection, imaging of infected Caco-2 cells with either planktonic cells of
clustered bacterial was done. GFP-labelled V. cholerae carrying the pMW-gfp vector were used
to infect a monolayer of Caco-2 at a MOI of 10 in similar conditions as for the attachment
assay. After 7 hours unattached cells were removed, and samples were washed with PBS. The
0.5 mL of 4 % paraformaldehyde (PFA) was added for fixation incubating at room temperature
for 15 minutes. After that PFA was removed, cells washed, and permeabilisation was done by
adding 1 mL of 0.1 % triton X-100 and incubated for 5 minutes, then staining was done adding
66 ng/mL rhodamine-phalloidin and 10 pg/mL Hoechst to stain the actin filaments and the
nuclei respectively. After 10 minutes, samples were washed with PBS and mounted into
microscope slides with a drop of antifade gold with the cells facing downwards. After 16 hours
of curing, imaging was done using an epifluorescence microscope (Zeiss) at 63x magnification
and Apotome grid to enhance resolution. The images support the results obtained for the CFU
counting as using a higher concentration of polymer, fewer bacteria were observed per field.
Moreover, the exposure to polymers affected the epithelial cells similar as with unclustered
bacteria. At higher concentrations of polymers, cell shape changed turning into rounded and
compact nuclei with strong red patches suggesting morphological changes of the cytoskeleton

(Fig. 7.4A and Appendix 3).
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Taken together, these results suggest that clustering has a detrimental effect on attachment,
preventing V. cholerae from colonising the surface of epithelial cells as less CFU were counted
when infected with clustered bacteria. These results were supported by images showing fewer
bacteria when polymer concentration increased. Since virulence is tightly coordinated with cell
density, these results were contrasted using a mutant strain of V. cholerae (BH1651) with a
mutation in the quorum sensing integrator LuxO mimicking a permanent phosphorylated state
(luxOP48), (Ng and Bassler, 2009). Even though it has been reported that BH1651 is slightly
more toxic than wild type (Jung et al., 2015), the clustering resulted in slightly less counts
when increasing the concentration of polymers. In the same sense, images of the infection

polymers were slightly less effective as with wild type (Fig. 7.4C-D).
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Figure 7.4. Impairment of attachment due to the clustering of V. cholerae. V. cholerae at a
MOI of 10 was incubated with different concentrations of polymers for one hour prior to
infection of a monolayer of Caco-2 cells. A) Visualisation of attachment of GFP-labelled V.
cholerae N16961. Caco-2 cells were stained with Hoechst (blue) and rhodamine-phalloidin
(red). B) Attachment assay of V. cholerae N16961 clustered with different concentrations of
P1, P2 or P3. C) Visualisation of the attachment of GFP-labelled V. cholerae BH1651. Caco-2
cells were stained under the same conditions as for N16961. D) Attachment assay of V.
cholerae BH1651 clustered with different concentrations of P1 or P2. Results are presented as
means + s.e.m. of triplicates. Analysis of variance, followed by Tukey’s post hoc test was used
to test significance. Statistical significance was defined as p<0.05 (*), or p<0.01 (**).

172



7.2.4 Protective effect of polymers against V. cholerae cytotoxicity in epithelial cells

Since clustering of V. cholerae cells induced repression of key virulence factor genes and
interfered with adhesion of the pathogen to the host, the toxicity against Caco-2 cells was
determined by measuring the release of lactate dehydrogenase (LDH) after infection. Also, the
cytotoxicity of the materials was assessed since micrographs of infection suggested a
detrimental effect on the epithelial cell shape. Cytotoxicity was determined by clustering V.
cholerae N16961 with P1, P2 or P3 at concentrations of 0.00005 mg/mL to 0.5 mg/mL in 1
mL of clear DMEM and incubating for 1 hour prior to the infection at 30 °C without shaking.
At the same time, polymers were diluted to the same concentrations in 1 mL of clear DMEM
using 24-well plates. Samples were added to wells with monolayers of Caco-2 cells. After 7
hours of incubation at 37 °C with 5 % CO», plates were centrifuged, and clear supernatant was
transferred into a 96-well plate dividing each sample volume into 3 wells of 200 pL in order to
have three independent and three technical replicates for each sample. The plates were
centrifuged again and 100 uL were used for the assay. 100 % cytotoxicity control was Caco-2
cells treated with 1 % triton X-100. Firstly, exposing the Caco-2 cells to each polymer at
different concentrations resulted in cytotoxicity at higher concentrations of P1 and P2 in a
concentration-dependent manner, while P3 did not cause membrane disruption (Fig. 7.5A-C
upper pannels). Once polymers cluster V. cholerae, there is a protective effect on host cells, as
cytotoxicity is reduced by about 50% at 0.05 mg/mL for P1 and 0.5 mg/mL for P2 and P3.
Below these concentrations, or above in the case of P1, the cytotoxicity was high at similar
levels as untreated bacteria (Fig. 7.5A-C middle row). V. cholerae BH1651 was used to contrast
these results in order to determine if the protective effect of polymers can prevent BH1651
cytotoxicity. Under similar conditions for infections as for wildtype and with P1 and P2 at
concentration ranging from 0.00005 mg/mL to 0.5 mg/mL, clustered BH1651 was used to

infect Caco-2 cells. The protective effect of P1 was observed at 0.05 mg/mL similarly as with
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the wild type. However, no significant differences were obtained when using P2 at any
concentration (Fig. 7.5A-B bottom row). Moreover, the infection performed by wildtype and
BH15651 were different as wildtype reached nearly 75 % of cytotoxicity while under the same
conditions BH1651 reached nearly 50 % cytotoxicity. In order to rule out if this difference
might be related to the physiology of the bacteria in a minimal media such a DMEM, the growth
of both bacteria was compared. GFP-labelled BH1651 and N16961 carrying pMW-gfp plasmid
were diluted to an ODegoo 0f 0.02 in clear DMEM in a total volume of 200 puL and then incubated
at 37 °C with shaking and fluorescence as relative fluorescence units was recorded every 30
minutes for 25 hours. BH1651 reached a stationary phase at a lower bacterial load than N16961

under the same conditions (Fig. 7.8D).

Together these results suggest a therapeutic window where polymers can be used to control V.
cholerae cytotoxicity. Concentrations of 0.05 mg/mL of P1 and 0.5 mg/mL of P2 and P3 were
enough to induce clustering, induce a less virulence phenotype and prevent polymer toxicity
against host cells. This observation is in agreement with previous assays as reduction in the
transcription of virulence factor genes and minimising the bacteria burden attached to host cells
contribute to interfere with the course of infection. Also, the low cell density locked strain
BH1651 showed reduced virulence only with P1 at 0.05 mg/mL. However, the strain seemed
less infective overall compared with the wildtype. Although the cytotoxicity is reduced and
there is reduction in virulence factor expression, it was not clear if the polymers are preventing

the production of the major V. cholerae virulence factor, cholera toxin.
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Figure 7.5. Cytotoxicity effect of clustered V. cholerae on epithelial cells. Caco-2 cells were
seeded forming a monolayer and V. cholerae was added at an MOI of 10. Seven hours post
infection, LDH activity was measured. P1 (A), P2 (B) and P3 (C) at different concentration
were added to epithelial cell layer to determine the cytotoxicity of the materials (upper
pannels). N16961 was incubated for 1 hour with different concentrations of P1 (A), P2 (B) and
P3 (C) at 30 °C and added to Caco-2, followed by measurement of LDH activity in the culture
supernatant (middle row). BH1651 was incubated 16 hours with a different concentration of
P1 (A) and P2 (B) at 30 °C and added to Caco-2 cells, and LDH activity was measured (bottom
row). Results were normalised to untreated cells (0%) and cells lysed with the detergent Triton
X-100 (100%). D) Comparison of growth rates between N16961 (red line) and BH1651 (blue
line) following the expression of GFP. The measurement was done in clear DMEM, and GFP
was measured every 30 min. Results are means £ s.e.m. of three independent experiments.
Analysis of variance, followed by Tukey’s post hoc test was used to test significance. Statistical
significance was defined as p<0.05 (*), p<0.01 (**) or p<0.0001 (****).

177



7.2.5 Protective effect of polymers reduced cholera toxin activity on Caco-2 cells.

Capturing V. cholerae into clusters resulted in decreased transcription of virulence-related
genes and a protective effect against bacterial toxicity as well as bacterial attachment to Caco-
2 cells. It remained to be answered if the protective effect was due to lowered production of
cholera toxin or if the protection occurred through other means. Since cholera toxin is
responsible for the accumulation of intracellular cAMP which in turn leads to the high volume
of fluid excretion observed in diseases patients, the intracellular concentration was measured
by enzyme-linked immunosorbent assay (ELISA). Worth to mention that numerous attempts
to detect by western blot both virulence factors, cholera toxin and TCP, fails under these
conditions (Appendix 4). V. cholerae N16961 wildtype and quorum sensing mutant BH1651
were clustered with P1 and P2 at concentrations from 0.005 mg/mL to 0.5 mg/mL, to infect a
monolayer of Caco-2 at an MOI of 10 under the same conditions as infection assays were
performed. After 7 hours of incubation at 37 °C under 5 %CO>, Caco-2 cells were washed with
PBS and treated with 0.1 M HCI. Debris was removed by centrifugation and the immunoassay
was done and readouts detected at 405 nm. The concentration of CAMP was determined by a
calibration curve. There was an inverse relationship between the amount of cCAMP produced
and the concentration of polymer. Clustering V. cholerae with a higher concentration of either
P1 or P2 resulted in a smaller amount of intracellular cAMP in Caco-2 cells, suggesting lower
levels of cholera toxin activity (Fig. 7.6A). This effect was also observed when the infection
was done with BH1651 clustered with P1, while P2 seemed to not have any relation with the

CAMP, similar with the cytotoxicity assay (Fig. 7.6B).

These results indicate that clustering and down-regulation of ctxAB resulted in less cholera
toxin in the media. Higher concentrations of both Pland P2 resulted in less CAMP especially
at 0.05 mg/mL and 0.5 mg/mL for P1 and P2 respectively, which is in line with the cytotoxicity

assay. Similarly, to the cytotoxicity assays, BH1651 showed important reduction at 0.05
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mg/mL of P1 and no protective effect with P2. This result suggests that even though the cells
could be clustering with P2 is not enough to induce the less virulent phenotype. Also, slightly

less CAMP is observed in BH1651 compared with wildtype.
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Figure 7.6. Levels of intracellular cAMP after infection. A monolayer of Caco-2 cells was
infected with clustered or unclustered V. cholerae at a MOI of 10. Bacterial cells were
incubated prior infection with different concentrations of polymers P1 or P2 for 1 hour and
then added to epithelial cells. Seven hours later, Caco-2 cells were homogenised and
intracellular cAMP detected and quantified by ELISA against a calibration curve with known
concentrations of pure cAMP. “Untreated” condition refers to the basal level of cell cCAMP, to
discard potential problems of the kit. A) Intracellular levels of CAMP after infection with V.
cholerae N16961. B) Intracellular levels of cAMP after infection with V. cholerae BH1651.
Results are presented as means + s.e.m. of triplicates. Analysis of variance, followed by
Tukey’s post hoc test was used to test significance. Statistical significance was defined as
p<0.05 (*), or p<0.01 (**).
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7.2.6 Polymer-induced clustering mimics the lack of toxin co-regulated pilus (TCP).

A phenotypic characterisation of a AtcpA mutant was done to compare the effect of clustering
in V. cholerae with the absence of the toxin co-regulated pilus (TCP). Together with cholera
toxin, TCP is the second most important virulence factor of V. cholerae. Although it is not
directly involved in cell attachment, it is actively expressed during infection and its absence is
detrimental to virulence (Almagro-Moreno et al., 2015a). TCP is a pilus used during
colonisation, and is formed by multiple subunits of TcpA forming a filament of 7 nm in

diameter (Li et al., 2008).

The AtcpA mutant (AC2764; kindly provided by D. Grainger) is a derivative of E7946 V.
cholerae Ogawa EI Tor. AC2764 was used to quantify colony forming units attached to Caco-
2, to quantify the cytotoxicity against Caco-2 and to quantify the intracellular cAMP when
infecting Caco-2. These results were compared with the isogenic background E7946 and with
the wildtype V. cholerae N16961, the main strain characterised in this work. The conditions
for the experiment were the same as for the other experiments; the strains were adjusted to an
MOI of 10 in 1 mL of clear DMEM and then used to infect a monolayer of Caco-2 epithelial
cells for 7 hours at 37 °C under 5% CO.. V. cholerae was plated onto TCBS agar after
homogenisation of epithelial cells with 0.5% triton X-100. LDH assays were done to quantify
the cytotoxicity, and cCAMP ELISA was done from homogenised cells with 0.1 M HCI. The
colonisation of clustered V. cholerae N16961 onto Caco-2 at 0.005mg/mL was reduced 100-
fold similarly to AC2764 (10’-10° CFU/mL) (Fig. 7.7A and 7.7D). The absence of TCP
resulted in reduced cytotoxicity reaching 30 % compared with E7946 which was around 70%.
Clustered N16961 with P1 at 0.05 mg/mL and P2 at 0.5 mg/mL had similar reduction in

cytotoxicity reaching 30 % as well (Fig. 7.7B). Regarding the accumulation of cCAMP in Caco-
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2 cells, there were no significant differences as the samples were highly variable, but the mean

value was lower in AC2764 (Fig. 7.7C).

These results suggest that the absence of TCP resembles an avirulent phenotype exhibited by
V. cholerae when clustered with cationic polymers. Despite the fact that the expression of tcpA-
lacZ was not clear as P1 reduced but P2 increased its transcription in the 3-galactosidase assay,
the down-regulation of the regulator toxT-lacZ and ctxAB-lacZ indicates that virulence is
impeded at the transcriptional level. The absence of TCP resulted in less colonisation and less
cytotoxicity. Since ToxT and virulence itself are affected during clustering pressumably, the

functions of TCP regarding colonisation and toxicity could be affected as well.
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Figure 7.7. Infection of Caco-2 with a AtcpA background and its isogenic strain. Infection of
V. cholerae N16961 compared with an Ogawa El Tor (E7946) and a AtcpA strain (AC2764).
This strain was used to compare a virulence-defective phenotype with the clustered-phenotype
of N16961. A) N16961 and E7946 showed similar levels of attachment while AC2764 was
deficient to adhere. Although the colonisation was lower than with clustered N16961, it is
relatively similar to P1 at its protective concentration (0.05 mg/mL). B) LDH assay with Ogawa
El Tor strains. Level of cytotoxicity of the wild type was about 10% low compared with
N16961 however, the lack of TcpA showed levels of cytotoxicity compared with the protective
concentrations of any of the polymers. C) Intracellular cAMP levels were not significantly
different between strains probably due to the variability of E7946. In any case, there seems to
be a trend downward toward the absence of TcpA. Results are presented as means * s.e.m. of
triplicates. Analysis of variance, followed by Tukey’s post hoc test was used to test significance.
Statistical significance was defined as p<0.01(**), or p<0.001 (***). D) Micrographs of
infection with E7946 and AC2764. Caco-2 cells under the same condition for infection as for
N16961 has a change in morphology with the wildtype while, infection with AC2764, cells
showed a normal phenotype.
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7.2.7 Clustering of V. cholerae diminishes colonization of zebrafish larvae.

Zebrafish (Danio rerio) have been established as an animal model for V. cholerae colonisation
and transmission as well as for other Vibrio species (Mitchell et al., 2017, O'Toole et al., 2004,
Runft et al., 2014, Zhang et al., 2016). The protective effect seen during infection of Caco-2

cells led us to test whether a similar effect may be observed in an in vivo host model.

As zebrafish can be infected with Vibrio species, larvae were infected and imaged. V. cholerae
at a concentration of 10’ CFU/mL were clustered with 0.05 mg/mL of P1 and 0.5 mg/mL of
P2 for 16 hours prior to incubation in E3 media at 30 °C without shaking. After that,
supernatants, where mostly planktonic cells are located, were separated from aggregates
formed at the bottom where mostly clustered bacteria are located. Both samples were used to
infect larvae, and bacterial burdens compared to those achieved with untreated V. cholerae.
Zebrafish larvae were immersed in media containing V. cholerae planktonic or clustered in 1
mL of E3 under rotation for 6 hours at 25 °C. After that larvae were euthanised and
homogenised with 1% triton X-100. Serial dilutions of the homogenised larvae were plated
onto TCBS agar and incubated for 16 hours at 37 °C and CFUs were counted. The infection
with sessile bacteria resulted in less burden compared with infection with planktonic bacteria,
which is in agreement with attachment assays done on Caco-2 cells (Fig. 7.8A-B). This result
was supported with images of larvae infected GFP labelled V. cholerae under the same
conditions as above.Larvae were immobilised by sedating with 160 pug/mL tricaine and pictures
were taken at 10X. Less green signal was observed in the digestive tract when larvae were

infected with clusters, while planktonic bacteria normally infected (Fig. 7.8C).

These results suggest that the polymers were able to reduce the bacterial burden after uptake
by zebrafish embryos. The defective colonisation is comparable to the reduction in attached
bacteria seen on epithelial cells. At the same time, the bacterial burden was visibly lower

compared with planktonic bacteria, as a 100-fold reduction in CFU/mL was quantified. Under
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the conditions were zebrafish infection was done it seems that bacteria were efficiently
removed from contaminated media subjected to polymer treatment, which could be useful for

ex vivo applications such as enhancement of filtration in water treatment.

185



A) Sessile B) Planktonic

10°, 10°
-
= E qg¢
E 1 DE—: 5 10
E Wk . ﬁ
[&]
1044 104
1024 102
¢ & <
&.‘\‘Q e
g hd
Qﬂ Q‘QF‘
C) AR R ”;'5-?{%22:'

L s .
/ v b ?})_;r"{‘.':.':.":_ Sl e i
g_,-wg t;

No Infection

2 P

V. cholerae N16961

Figure 7.8. Colonisation of zebrafish digestive tract with clustered V. cholerae. Zebrafish
larvae were infected by immersion with subpopulations of planktonic or clustered V. cholerae
N16961 from the same clustering process. Bacteria were incubated with polymer 16 hours in
1 mL of E3 media, then supernatants (mainly planktonic cells) were separated from sedimented
(mainly clustered bacteria). Larvae were immersed and incubated 16 hours to facilitate
colonisation. The colonisation was quantified and imaged. A) Number of colony forming units
per mL (CFU/mL) of sessile V. cholerae N16961 from homogenised larvae (N=10). B) Number
of colony forming units per mL (CFU/mL) of planktonic V. cholerae N16961 from
homogenised larvae (N=10). Results are presented as means + s.e.m. of triplicates. Analysis of
variance, followed by Tukey’s post hoc test was used to test significance. Statistical
significance was defined as p<0.001 (***). C) Overlay of fluorescence and optical micrographs
of zebrafish larvae left uninfected (panel i), infected with GFP-V. cholerae (ii), GFP-V.
cholerae clustered with P1 (iii) or P2 (iv), or the remaining decanted supernatant following
removal of clustered V. cholerae with P1 (v) of P2 (vi). P1 was added at 0.05 mg/mL and P2
at 0.5 mg/mL.
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7.3 Discussion

This chapter described the reduction of V. cholerae virulence as a result of clustering. The
reduction in virulence was a result of both effects at transcriptional level that translated into
less toxicity as a result of less cholera toxin produced, and less attachment and less cell damage
at particular polymer concentrations. This effect was observed with an epithelial cell model
and colonisation in an animal model. Also, this is the first report to show that clustering reduces

the virulence of V. cholerae.

Clustering V. cholerae with cationic polymers was demonstrated to be an effective way to
control virulence, as host cell damage was prevented and colonisation of the digestive tract was
impaired. By capturing the bacteria, there is a forced transition from planktonic to a sessile
lifestyle, detrimental for expression of virulence factors (Fig. 7.3). Since the binding of these
polymers to the bacteria occurs through non-specific interactions, it is hard to pin down the
mechanism by which virulence is downregulated. Considering that immobilisation interferes
with virulence, the clustering might be a signal to induce an avirulent phenotype. This avirulent
phenotype seems to be expressed when the clustering occurs at a high concentration of polymer
but before the polymer’s toxic threshold (concentration where the polymer alone induces cell
damage of the host; Fig. 7.5A-C upper row and Appendix 3) is reached. The strong cationic
nature of P1 causes V. cholerae to develop this avirulent phenotype at a concentration 10-fold
less compared with P2 and P3. At the same time, beyond this concentration, P1 starts to affect
also the host as the excess of cationic charges could be interacting with the membrane of
epithelial cells. Likewise, below 0.05 mg/mL for P1 and 0.5 mg/mL for P2 and P3, there is a
major unclustered population able to develop infection normally (Fig. 7.5A-C middle row).
Using the strain BH1651 which is more toxigenic compared with wildtype due to a mutation

in LuxO, P1 was able to protect Caco-2 cells. The mutation on this quorum sensing regulator
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mimics a low cell density phenotype, however since quorum sensing controls many cell
functions, the metabolism of the strain is slower compared with the wildtype which can explain
the difference in the percentage of cytotoxicity (Fig. 7.5A-B bottom row). Also, the physical
capturing and immobilization is detrimental for motility which is important during infection as
it is directly related to attachment (Utada et al., 2014). Taking together these results, polymers
prevent virulence at a defined concentration which opens a therapeutic window where
polymers can be used. Since the binding activity from these materials lies in the cationic
binding groups, at higher concentrations they were harmful to the host. Therefore efforts are
put into developing strategies with a focus on the specificity toward a microorganism. Ligands
recognised by receptors in the pathogen may increase the specificity toward V. cholerae,

discussed in Chapter 5.

At the transcriptional level, the avirulent phenotype caused by polymers is associated with low
induction of virulence-related genes. The transcription of the regulator toxT and the cholera
toxin ctx were significantly lowered, while tcpA had low levels even in untreated cells. The
low transcriptional levels of toxT-lacZ may explain the reduction of ctxAB-lacZ transcription.
This was observed in a AtoxT background by Lee et al. showing almost undetectable levels of
CTxand TCP (Lee etal., 1999). Under these conditions, a mutant in toxT would be appropriate
to determine if the presence of polymers is enough to downregulate virulence through ToxT or

if the regulation responds to other proteins.

On the other hand, the low levels of tcpA-lacZ transcription could be explained by the length
of the promoter region used. This region corresponds to a fragment of the intergenic region
between tcpPH and tcpA of 542 bp that include not only the regulatory elements associated
with ToxT (toxbox) but others such as CRP binding sequence. In a study done with a Classical
0395 strain, different fragments of this promoter were used for beta-galactosidase assays, and
a 95 base pair fragment gave the highest activity, fragments shorter or longer than this length
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were low in reporter activity (Hulbert and Taylor, 2002). However, the segment in V. cholerae
N16961 was different, and the ToxT binding motif was located far upstream nearly 300 bp
from the transcription initiation site; further improvements could be done with this reporter
removing the upstream region from the ToxT binding site. Another relevant regulator is AphA
which respond to low cell density. Although the transcription was low and slightly variable for
this gene, aphA was significantly downregulated during clustering. This effect may indicate
that polymers were able to induce a signal of high cell density locally. Quorum sensing
responds to the ratio between AphA and HapR to regulate downstream genes. Ideally, one
would measure the expression of HapR to capture bacterial response to polymers in more detail.
However, the transcription of this regulator is constitutive, while the translation is dictated by
Qrrl-4 sRNAs. A time-course B-galactosidase assay done with the aphA-lacZ, toxT-lacZ and
ctxAB-lacZ showed that the peak of induction for ctxAB-lacZ occurs at around 7 hours which

is correlated with the optimum time found for the LDH assays under these conditions.

The poor transcription of virulence-related genes, especially cholera toxin, was correlated with
low levels of intracellular cAMP. The cAMP produced by Caco-2 cells infected with clustered
V. cholerae showed a dose-dependency with polymer concentration (Fig. 7.6A). This effect
could be because less concentration of polymer is equal to more planktonic cells similarly to
what is seen with the cytotoxicity assay. This effect was contrasted with a BH1651 strain which
showed a similar result with wildtype using P1, while the cAMP levels when P2 was clustering
were similar as un-clustered condition (Fig. 7.6B). This indirect method to determine the action
of cholera toxin was adopted after multiple failed attempts to detect cholera toxin by western
blot. In clustering conditions, it is challenging to normalise the biomass between samples, as
ODesoo measurements commonly used elsewhere, are not appropriate. Measuring total protein
concentration under optimised conditions seemed to work better as a means of normalisation.

However, the detection of either the whole toxin or the subunit B gave strong and unspecific
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signals possibly due to poor performance of the antibody in the tested conditions which may

require further purification of the toxin

Clustered V. cholerae exhibited poor attachment to Caco-2 cells. Together with the reduction
in the expression of virulence factors, the attachment was compromised as fewer bacteria were
obtained from homogenising Caco-2 cells. The immobilisation interferes directly with the
motility and ultimately with colonisation (Fig. 4.3 and Fig. 7.4). The reduction of virulence
could be due to physical impairment of motility and transcriptional effect on adhesion

production which could be subject to future studies.

This effect was also observed by fluorescent microscopy, as not many bacteria were found
attached to epithelial cells especially at high concentrations of any of the polymers (Fig. 7.4).
Also, it can be observed the effect that polymers have upon contact with the host, this agrees
with the LDH assay. This is in contrast to results with strain BH1651, where attachment seems
not to be affected to a big extent as there were no significant differences in the number of
bacteria attached to cells. This observation was supported by the images, as a green signal from
the bacteria was more appreciable in all samples. These differences between strains could be
explained by the fact that BH1651 expresses higher levels of TCP than N16961 which is
translated into better colonisation (Krebs and Taylor, 2011). This advantage in colonisation has
been reported before, but toxicity of this strain is not significant compared with the wildtype
(Jung et al., 2015). Using a tcpA deletion background confirmed the obtained results, as the
absence of the TCP filament has been described to be critical for the infective process showing
low attachment, reduced cytotoxicity and poor induction of CAMP in the host cell (Fig. 7.7).
However, the effect of polymer on this virulence factor is not as clear as with cholera toxin
judging from the transcriptional assays. During clustering, cholera toxin seems to be more

affected than TCP (Fig. 7.3), which is enough to reduce the virulence.
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Finally, an animal model was used to test the hypothesis of the protective effect of polymers in
vivo. Zebrafish larvae were able to be infected with clustered, and unclustered V. cholerae and
the infection could be seen in real time. V. cholerae seemed to accumulate and attach
preferentially at the mid-intestine, which is similar to a human cholera infection where the

corresponding small intestine is the main site of infection (Hsiao et al., 2014).

Larvae were infected with different subpopulations of the same clustering treatment, i.e.
supernatant and aggregates. Both populations were able to be taken up, as green signal is strong
especially in the foregut region, which is anatomically equivalent to the stomach. Then, only
the planktonic population signal is observed within the intestine. The CFU counting shows
more bacteria within the fish with planktonic cells rather than clustered bacteria. Moreover, the
values of attached bacteria were similar with both tested polymers (Fig. 7.8). These results
suggest that, even though V. cholerae is inside the fish, it is not able to accumulate in the

digestive tract as colonisation is impeded.
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Chapter 8: General Discussion
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This work describes the impact of clustering on V. cholerae with cationic polymers. This
clustering resulted in a lifestyle transition from planktonic to sessile cells and induces a quorum
sensing controlled phenotype that included the downregulation of virulence-related genes, and
an increase in biofilm synthesis. This avirulent sessile lifestyle was characterised by phenotypic

and transcriptional assays using cellular and animal models.

Vibrio cholerae pandemics has been historically associated to the O1 classical biotype, but the
ongoing pandemic has been attributed to the El Tor biotype (Dziejman et al., 2002). The
genome sequence of this strain has helped to explain the displacement from classical to El Tor,
showing that the a 13.5 % of the genome is differentially expressed under ToxR-inducing
conditions (Beyhan et al., 2006). These differences are mainly related to biofilm synthesis,
chemotaxis and transport of amino acids, iron and peptides, in other words, cellular functions
that enhance the ability of the pathogen to persist in the environment (Beyhan et al., 2006).
Within El Tor biotypes, there are three subclasses, Inaba, Ogawa and Hikojima. At
immunochemical level, the LPS O- A, B and C for Hikojima. Between Inaba and Ogawa, an
2-O-Methyl group is present at the O-specific polysaccharide of the LPS in Ogawa and absent
in Inaba (Villeneuve et al., 1999). Differences in the LPS resulted in reduced cross-reactivity
when the Ogawa specific vaccine is used against Inaba (Johnson et al., 2012). At genetic level,
Inaba present differences in the quorum sensing regulator HapR, since the open reading frame
present an early stop codon that result in a frameshift mutation on hapR (Joelsson et al., 2006).
Since only a fragment of HapR is present, the strain could fail to control the virulence properly
through cell density, as the affinity of HapR might be reduced as result of the early stop codon.
Therefore, even if the cell density is high, N16961 will remain virulent. These differences
might explain how N16961 El Tor has replace Classical strain in the ongoing cholera pandemic

and highlights the importance to study the virulence in relation to this strain.
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Clustering bacterial cells with cationic materials under sublethal conditions has been described
before (Louzao et al., 2015) and induction of bioluminescence in V. harveyi has been described
(Lui et al., 2013, Xue et al., 2011), but no studies have addressed the effect on virulence by a
physical capturing. This clustering effect, although simple, seems to be detrimental for the
course of infection as cell density and movement are critical to starting an infection. The
polymers used mainly differ in the cationic group exposed, using a primary amine, a secondary
amine and an imidazole ring covering a pKa of nearly 10, 9.5 and 6.5, respectively (Fig. 2.1).

Therefore, it is expected that all polymers would be protonated at physiological pH.

Several reviews have suggested the potential of non-conventional approaches to control
pathogen’s virulence either interfering with at the host-pathogen interface, disrupting the effect
of toxins or interrupting the cell-cell communication (Clatworthy et al., 2007, Rutherford and
Bassler, 2012, Defoirdt, 2017, Defoirdt et al., 2013). The cationic polymers used in this work
appear to be potent tools to manipulate the physiology of bacterial cells. These materials are
easily “tuneable” allowing the control of their cytotoxic properties by the rational design of the
structure. As is demonstrated in Chapter 4 and Chapter 7, at defined concentrations cytotoxicity
is prevented, but the polymers are still able to modify bacterial physiology. Usually, cationic
polymers are used for their cytotoxic properties which are mainly due to their charge and
hydrophobicity interfering with membrane structures (Yang et al., 2017). As reported by others
(Grace et al., 2016) and here, by modifying the charged group, there is less cytotoxicity since
the fine-tuning of structural features can modulate the polymer toxicity against bacterial cells.
Even though the binding mediated by electrostatic interaction is non-specific, the bacterial
membrane was not largely affected (Fig. 4.5). Studies have hypothesised that the binding of
cationic compounds to LPS portions allows the formation of phospholipid channels were
lipophilic compounds can cross while the overall integrity of the membrane remains (Vaara,

1992).
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The physical capturing also suggests the inhibition of movement which is critical in some
motile bacteria to start virulence. As shown in Chapter 4 figure 4.3A, polymers are able to
reduce the motility and the increase of the ionic strength restore the motility as electrostatic
interaction are displaced. Motility is an important cue for virulence as in the related species V.
parahaemolyticus this occurs mediated by the surface sensing program where the bacterium
switch from swimming to swarming to initiate colonisation and virulence. This switching is
correlated with lower concentration of the second messenger c-di-GMP that modulates gene
expression accordingly (Gode-Potratz et al., 2011). Although the surface sensing program in
V. cholerae and V. parahaemolyticus differs, the inhibition of flagella movement or the absence
of it reduces the colonisation ability of V. cholerae (Richardson, 1991, Almagro-Moreno et al.,
2015a). Non-motile mutants of V. cholerae N16961 are unable to properly colonise rabbit ileal
mucosae (Richardson, 1991) and tend to auto agglutinate when growing in liquid media under
permissive conditions (LB pH 8.5), reducing the adhesion as the fewer adhesion factors fucose-
sensitive hemagglutinin and HEp-2 adhesins are produced (Gardel and Mekalanos, 1996). The
relation between motility regulatory proteins and their impact on virulence expression in V.
cholerae is still not fully understood, but it has been suggested that the movement of the
flagellum allows for the correct spatiotemporal expression of colonisation-related genes (Syed
et al., 2009). Although non-motile mutants upregulate virulence genes (Gardel and Mekalanos,
1996), the inability to colonise leads to a reduced bacterial burden and thus toxicity overall. It
would be useful to compare the colonisation under clustering conditions with a non-flagellar

mutant.

Virulence and biofilm in V. cholerae are tightly related processes and the activation of both
mostly simultaneous (Silva and Benitez, 2016). Activation of such processes have in common
guorum sensing regulators, therefore, the cell density plays an important role. A relevant

phenotype observed was the active production of biofilm during clustering with any of the three
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polymers, discussed in Chapter 5. It is known that biofilm is a form of defence against toxic
compounds (Teschler et al., 2015, Hansen et al., 2007). Despite the fact that P1, P2 and P3
showed low antimicrobial potential, biofilm was induced significantly (Fig. 5.2). The synthesis
of biofilm seems to respond to many other pathways and not only cell density. As explained
above, the induction of biofilm is subjected to modulation by c-di-GMP (Tischler and Camilli,
2005), the stationary phase alternative sigma factor rpoS (Yildiz et al., 2004) or carbon
starvation via CAMP receptor protein (CRP) molecule (Fong and Yildiz, 2008). The clustering
mediated by P1, P2 or P3, although they increase the local cell density, the induction of biofilm
seems to not correlate to cell density, and could be the result of other signals in a strategy to
defend from the binding groups. Furthermore, the capturing and biofilm synthesis might form
a hybrid matrix between polymers and exopolysaccharide which prevents the bacteria to
disperse by normal enzymatic rearrangement of the matrix. The impediment to disperse from
the clusters might also explain the defects on colonisation of Caco-2 cells and zebrafish
intestinal tract in the sense that the bacteria cannot dissociate from the polymer, discussed in

Chapter 7.

Within the biofilm structural component, extracellular DNA draws our attention. Here we
developed a simple microscope-based method to detect and quantify it by staining with Hoechst
and rendering orthogonal projection of the biofilm of digested and undigested eDNA (Fig. 5.2
and Fig. 5.3). There was more eDNA when V. cholerae was clustered at higher concentration
of polymer. The wide role of eDNA within biofilm suggest that is a versatile component and
easily manipulable by the bacteria (Okshevsky and Meyer, 2015, Seper et al., 2011). It is likely
that the presence of eDNA in the cluster mediated biofilm responds to a charge buffering effect

to control the cationic groups.

Results presented in Chapter 5, 6 and 7 may suggest that clustering is a cue of high cell density
at local level. This effect might be helping to induce the quorum sensing route as the
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concentration of autoinducers within clusters might be higher, and possibly the
permeabilisation of the outer membrane helps the autoinducers to reach their receptors. The
clustering with P1, P2 or P3 had a significant impact on the expression of virulence genes as
discussed in Chapter 7. In V. cholerae virulence is related to high cell density as the absence
of AphA will prevent the ToxR regulon expression. Similarly to biofilm production, virulence
is modulated by numerous regulators (Skorupski and Taylor, 1997). Despite the fact that
virulence is usually active during low cell density, its control is tightly regulated by
environmental conditions as well. Although there was a reduction in the transcription of
virulence-related genes which correlates with less CAMP due to poor expression of cholera
toxin, it is necessary to support this protective effect with a non toxT or non-virulence factors

background, allowing to compare phenotypic switch from virulent to avirulent phenotype.

In order to shed light on the effect of the clustering induced quorum sensing phenotype, the
guorum sensing route was dissected using V. cholerae mutants, discussed in Chapter 6. So far,
the quorum sensing route seems to be intact upon clustering and phenotypic output has been
observed in V. harveyi. The clustering enhances the V. harveyi luminescence, similarly to the
effect showed here with V. cholerae pBB1, with polymers and dendrimer with similar amine
groups as P1 and P2 (Lui et al., 2013, Leire et al., 2016). Introducing the lux operon in V.
cholerae resulted in its heterologous expression during clustering when using P1 and P2. The
maximum induction of luminescence mainly occurs at 4 hours, after that the luminescence peak
drops to undetectable levels (Fig. 6.2). This luminescence pattern was observed also when
nutrient was added to the media, especially peptone which increase the luminescence at levels
similar to the clustering by polymers suggesting that nutrients such as amino acids and

polymers may share an inductive property of the luminescence (Fig. 6.3).

In the same sense, iron starvation triggers HapR independent luminescence activation in V.
fischeri (Haygood and Nealson, 1985). Likewise, carbon starvation induces lux operon in V.
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fischeri via CRP. Under starvation conditions adenylate cyclises increase the cAMP
concentration inducing the regulatory activity of cCAMP-CRP which not only interact with the
guorum sensing route but with other important cell functions (Friedrich and Greenberg, 1983).
Activation of a quorum sensing phenotype due to limited diffusion of nutrients within the
clusters has been suggested. Here, it was demonstrated that nutrients can diffuse across the
clusters while quorum sensing phenotype is still induced. Also, the presence of CRP is
important for the induction as no CRP background resulted in no induction of luminescence
which correlates with phenotype exhibit by E. coli Acrp (Dunlap and Greenberg, 1988). The
activation of luminescence was followed by pictures showing a coordinated effect since every
cluster glow simultaneously (Fig 6.2H). The microenvironment formed within the cluster lead
to think that diffusion of nutrients induced a starvation state that seems to modulate the
luminescence through cAMP receptor protein (CRP), however, the addition of nutrients
maintains the luminescence of clusters suggesting that diffusion is not limited within clusters
and starvation is not happening in the clusters. Moreover, the CRP is vital to maintaining the
luminescence. Since the quorum sensing circuit has a positive feedback, the phenotype induced
by clustering seems to induce a normal activation of quorum sensing since this feedback is
unaltered. At the same time, the Vibrio-specific communication (CAI-1) has been reported to
be dominant over the inter-species communication (Al-2) (Rutherford and Bassler, 2012). The
clustering does not represents negative effect over the quorum sensing route and autoinducer

production is normal.

The potential of polymers to reduce virulence and adhesion was tested in an in vivo model.
Zebrafish are a natural host model for V. cholerae colonisation and transmission (Wang et al.,
2012, Runft et al., 2014) since the gastrointestinal tract of the fish is similar to the mammalian
in terms of physiology and development (Ng et al., 2005). A decrease in the colonisation

suggests a protective effect of polymers in this model and images support this as less bacterial
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burden was observed (Fig. 7.8). Due to animal licence restrictions, the survival could not be
assessed in order to test if the protective effect of polymers would persist over an extended

period.

The reduction of the virulence due to polymer-mediated clustering indicates the complexity of
the interaction between the polymers and the bacterial cell envelope. These interactions could
result in perturbations on the bacterial cell envelope which activate cell envelope stress
pathways like & or Cpx (Grabowicz and Silhavy, 2017). Such pathways have been associated
with diminished virulence in Vibrio species. Mutants of V. parahaemolyticus in rpoE,
homologous to E. coli of, are defective in their ability to colonise adult mice (Haines-Menges
et al., 2014). Moreover, insults on the V. cholerae outer membrane activate the Cpx pathway
inhibiting the expression of toxT through an unknown CRP-dependent pathway (Acosta et al.,

2015).

Another question that remains open is how to improve the selectivity of these materials. Since
the interaction of these materials is non-specific and their toxicity on mammalian cells is
significant, studies are necessary to improve and enhance their selectivity. Chitinous materials
were used to explore their potential to capture V. cholerae. In nature, V cholerae is usually
found attached to the exoskeleton of zooplankton and crustacean where uses the chitin as
carbon source (Svitil et al., 1997). Therefore, it seems feasible to explore chitinous materials
as source of attachment for V. cholerae. Here, V. cholerae chitin metabolism was active when
in contact with chitin flakes or chitin beads; extracellular chitinases and regulator chiS were
transcribed 3-4-fold compared with bacteria growing in the absence of the material (Fig. 5.5A).
Then, the clustering with P1 and P2 resulted in no changes in the expression of the lacZ
reporters which may suggest that chitin metabolism is active in clustered cells and chitinous
oligomers are in contact with the ChiS cognate periplasmic chitin binding protein (Li and
Roseman, 2004). In addition, the adhesion of V. cholerae to chitin flakes and chitin bead was
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quick since after 5 minutes of exposure, both materials were colonised in high numbers (Fig.
5.5C). The adhesion is mediated by chitin binding proteins (CBP) which mediated specific
binding with the surface. This sessile lifestyle usually leads to the formation of biofilm
(Watnick et al., 1999). Two type 1V pili used by the V. cholerae to establish the adhesions are
GbpA and MSHA. GbpA is especially important since it has been reported that mediates
specific binding to chitin as well as the binding to mucin during infection of mammalian host
due to carbohydrate binding domains in its structure (Wong et al., 2012). Also, the MSHA
pilus mediates both adhesion to chitin and to non-metabolisable mannose residues during host
infection (Utada et al., 2014). Moreover, since the adhesion is mediated by conserved structures
across Vibrio species, chitin seems to be a good candidate to enhance the selectivity not only
to V. cholerae but for example to the important human pathogen V. parahaemolyticus. These
two structures highlight the potential to use chitin-derivates as ligands to increase the

specificity towards V. cholerae.

Finally, this work demonstrates how the clustering of non-bactericidal cationic polymer
reduced the virulence of V. cholerae at transcriptional level, at the same time quorum sensing
is induced and biofilm as well. Since clustering creates micro-environments where nutrients
can diffuse freely, the sensing of quorum-sensing autoinducers is enhanced due to the short
distances between bacteria. The bacteria within the cluster exhibit a sessile avirulent lifestyle
which is similar to high cell density where virulence and quorum sensing are activated.
However the induction of biofilm is high. Biofilm regulation is complex and responds to
several other cues than quorum sensing such as the second messenger c-di-GMP. Since the
impact of the clustering at global level is still unclear, it is not surprising that routes other than
guorum sensing is being activated, where motility seems to be important to explore due to
immobilisation by clustering. Still is important to explore new polymers and new binding

groups to improve the specificity of the material and reduce the side effect over the host. With
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this cationic polymer, the clustering induces a sessile non-virulent phenotype with an increase
in the biofilm production as result of a force immobilisation switching from planktonic to
sessile lifestyle (Fig. 8.2). The capturing by electrostatic interaction perturbs the structure of
the outer membrane favouring the permeability where autoinducers movement and sensing is
improved. A high cell density phenotype is induced in the cluster with reduction of virulence
and motility and enhancement of quorum sensing traits and biofilm through a yet unclear

mechanism.
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Figure 8.1. Schematic representation of V. cholerae infection and effect of polymers reported
in this work. A) During infection V. cholerae is associated with colonisation of the intestinal
tract and increase levels of virulence and biofilm. Once polymers cluster the bacteria, the

colonisation is impeded.
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Appendix

Appendix 1. Brightfield images from time-lapse of the luminescence assay.

Brightfield images were acquired at the same time as the images showing clustering of V.
cholerae pBBL1 expressing bioluminescence. Each still shown follows the dark images shown

in figure 6.2H and 6.21. The conditions of incubation are detailed in section 2.11.2.

Artificial marine water

0 mg/mL P1 0.005 mg/mL
P10.05 mg/mL P1 0.5 mg/mL
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P2 0.005 mg/mL P2 0.05 mg/mL

P2 0.5 mg/mL

0 mg/mL P1 0.005 mg/mL
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P10.05 mg/mL P1 0.5 mg/mL

P2 0.005 mg/mL P2 0.05 mg/mL

P2 0.5 mg/mL
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Appendix 2. Time course assay of the virulence-related lacZ reporters.

During the clustering of V. cholerae reporter strains (NP5002, NP5003 and NP5005) with P1
(0.05 mg/ mL), P2 (0.5 mg/ mL) and P3 (0.5 mg/mL), LacZ activity was measured. Strains
were adjusted to an ODeoo 0of 0.2 with polymers at indicated concentrations in 1 mL of DMEM.
Next, cells were washed with 200 mM PBS and a -galactosidase assay was conducted as

described in section 2.10.

In line with the assays presented in section 7.2.1, clustering reduced the transcription of the
reporters tested. Interestingly, the untreated ctxAB-lacZ reporter showed increased
transcription, with a maximum level at around 6-7 hours of incubation. In agreement with this,
multiple LDH assays (Sec. 7.2.4) done prior to the B-galactosidase assays, showed that 7 hours

was an optimal time frame to observe significant differences under the conditions assayed.
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Appendix 3. Caco-2 cells exposed to P1.

At the same time that Caco-2 cells were infected with clustered V. cholerae, cells were exposed
to the same concentration of polymer without bacteria (results shown in section 7.2.4). Samples
were prepared for imaging by fluorescence microscopy. The figures below are representative
images of Caco-2 exposed to different concentrations of P1. The morphology changes observed
are appreciable. Cells turned from irregular to round, with denser nuclei (Hoechst). The
cytoskeleton (rhodamine phalloidin) is packed into spots, suggesting that higher concentration
of polymers induced cellular changes, possibly due to toxicity. The same pattern was observed

with P2.

P1

0 mg/mL 0.005 mg/mL 0.05 mg/mL 0.5 mg/mL
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Appendix 4. Western blots of TcpA and cholera toxin subunit B.

The main virulence factors of V. cholera N16961 (and 623-39) were immunodetected from
clustered cells. Bacterial cells at an ODeoo Of 1.0 were incubated with P1, P2 and P3 at indicated
concentrations in DMEM for 16 hours at 30 °C. Western blot analysis was done with anti-

TcpA, custom made from an immunogenic fragment of TCP, and anti-CTxB.

Despite multiple attempts to detect the virulence factor, the conditions tested made it difficult
to normalise the biomass to load equal amounts of sample. Initially, ODgoo Was not consistent
as explained is section 4.2.4, and the quantification of protein from lysates that were previously
clustered showed cross-reactivity with the material. In order to avoid these issues, the presence
of cholera toxin was estimated by measuring the second messenger cCAMP from infected
epithelial cells (section 7.2.5). The detection of cholera did not show a defined band at the
expected molecular weight (12 kDa), but a considerably bigger band appeared. In the case of
TcpA, the detection was clean, but there was poor consistency and poor reproducibility across
the experiments. The image shown was the best detection obtained, nevertheless, the loading

control is inconsistent, so reliable conclusions cannot be made.

No palymer P1 p2 P3 CtxB TepA

1.00 Homgimt

M 0.005 mg/mL
MWoos mgmL
MWos5mg/mtL

0.75

CixB
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- - B B TepA
- 0.00

Relative Intensity
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